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Summary

The light intensity in a focused femtosecond laser pulse can be high enough to initiate
non-linear absorption of the radiation in otherwise transparent dielectric media. The highly
localized energy deposition into the material results in permanent changes in its chemical
and physical properties which can be used in the fabrication of various photonic and
microfluidic devices. In this thesis we study the morphology and optical properties of the
modification induced by focused femtosecond laser radiation inside fused silica and other
inorganic glasses. The characterization of the modified regions is performed using a
microreflection refractometry technique and the ultra-high spatial resolution technique of
weak selective chemical etching followed by atomic force microscopy (AFM) and scanning
electron microscopy (SEM). We demonstrate that the sample irradiation conditions strongly
affect the modification morphology. Specifically, for a tight focusing geometry we identify
the pulse duration-pulse energy parameter space where three distinct regimes of modification
can be achieved. We also address the effects of optical aberrations on the shape, position and
the intensity threshold values of the femtosecond laser induced modification. We use the
combination of femtosecond laser dielectric modification and selective chemical etching to
fabricate high-quality microchannels in fused silica glass. We show a dramatic dependence
of the etch rate on the laser polarization and demonstrate that the high differential etch rate
inside the modified regions is determined by the presence of polarization-dependent self-
ordered periodic nanocracks or disordered nanoporous structures. These nanostructures are
much smaller than the wavelength of the femtosecond radiation used for their formation and
are the smallest objects ever created by light inside dielectric materials. Exciting potential

applications of the nanostructures will be discussed.
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Statement of originality

This is an article-format thesis based on five published articles (ARTICLES I-V) and one
submitted manuscript (ARTICLE VI). ARTICLES I-V are direct reprints taken from the
journals. The thesis presents mainly experimental work on ultra-high spatial resolution
characterization of femtosecond laser modification of glasses, but also includes some
simulations and modeling. One notable exception is ARTICLE I where the microreflection
technique (reflection refractometry) which we extensively used to characterize the refractive
index changes produced by a focused femtosecond laser beam in various glasses was applied
to study electron-beam written optical waveguides in germanium doped flame-hydrolysis
silica. ARTICLE I was conceived and written by Dr. Garcia-Blanco. The text and data
pertaining to the microreflection technique were provided by me.

The experimental study of the femtosecond radiation-induced modification in glasses
included two major stages: i) irradiation of the samples and ii) characterization of the
modification morphology and the optical properties of the induced changes. The
femtosecond writing was done by Dr. Simova, Dr. Bhardwaj and Dr. Rajeev, whereas I
performed the characterization of the samples and fabricated the microchannels using
chemical etching. The experimental setups used for the diagnostics were designed and built
by me with critical suggestions offered by Dr. Taylor (my thesis supervisor). All the data
acquisition (except scanning electron microscopy), processing, simulations, and analysis
were done by me. The nanoplasmonics model of the nanograting formation (included in
ARTICLE VI and Section 2) was proposed by my colleagues.

In ARTICLE II I analyzed the refractive index changes in, and the morphology of the
femtosecond laser-modified regions using the microreflection technique and the technique of
selective chemical etching followed by atomic force microscopy, respectively. ARTICLES
III-VI were written by me with the crucial input of my thesis supervisor and the coauthors.

The work presented in my thesis is, to the best of my knowledge, new and original.
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Introduction 1

Introduction

The laser provides a unique tool for machining a wide variety of materials. The
advantages of laser-assisted material processing over other methods stem from the relative
ease with which the laser beam can be delivered to and manipulated at the sample. Laser
processing is inherently contactless, it does not require sophisticated vacuum equipment and
easily adapts to various sample shapes. In general, the technique is based on the conversion
of light into heat and is therefore strongly dependant on the dynamics of heat deposition into
the medium. By using femtosecond (1 fs = 10" s) laser pulses the material heating caused
by the radiation-matter interaction becomes deterministic, highly localized and efficient. In
this regime the heat diffusion from the interaction volume and, consequentially, the heat
affected zone surrounding the machined area are significantly reduced allowing high quality
microstructuring of the sample. Commercially available laser systems generating powerful
sub-picosecond (or femtosecond) pulses have been used to achieve unmatched accuracy
(down to 50 nm) in micromachining of various materials [1]. Even though virtually any
material can be machined with the same femtosecond laser, the radiation absorption
mechanism can be quite different depending on whether the medium to be processed is
transparent at the laser wavelength or not. In opaque materials, e.g., metals and narrow
bandgap semiconductors, linear absorption will be the dominant mechanism to modify the
material. On the other hand, in transparent, wide bandgap dielectrics the radiation absorption
is governed by essentially non-linear ionization processes. To achieve extremely high light
intensities necessary to initiate multiphoton absorption, the femtosecond radiation has to be
focused tightly inside transparent materials. Due to the essentially nonlinear nature of the
laser pulse-matter interaction in this case, the material surrounding the focal volume remains
unaffected by the light passing through it, nominally allowing structures to be written with
sub-micrometer accuracy at any depth in three-dimensions (3-D).

In this thesis we study properties of modification induced by focused femtosecond (fs)
laser radiation inside inorganic optical glasses. The main effort has been dedicated to 3-D
characterization of the modification morphology in fused silica (synthetic quartz glass)
which is one of the most widely used materials in various fs laser-assisted micromachining

applications. The previous work in this field has demonstrated that in some glasses (and
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crystals) fs irradiation induces the production of positive refractive index changes in the
modified zones and enables fabrication of optical waveguides and other micro-photonic
devices embedded in bulk material [2-8]. Focused fs laser radiation has also been used to
either assist [9-11] or directly fabricate microchannels [12-13] in various glassy media. The
microchannel fabrication technique based on the fs irradiation of the samples with
subsequent selective chemical etching in a water solution of hydrofluoric acid (HF) is the
technique explored in the thesis [13]. The ability to fabricate microchannels and micro-
photonic elements in 3-D and integrate them in a single block of glass using one writing
laser makes femtosecond laser-assisted micromachining a promising alternative technique to
the design of micro-total analysis systems (u-TAS) and biochip devices [14] designed for
high-speed and efficient analysis of nano- (and pico-) liter volumes of (bio)-chemical
reagents and biological species.

Although the basic physical mechanisms involved in the fs radiation absorption in
transparent medium are becoming understood, there is still no clear picture of how the
modification is actually produced. Studies of fs laser modified regions inside various glasses
have identified different regimes depending on the light intensity at the focus, viz. the
production of: i) smooth refractive index changes [2, 15] ii) inhomogeneous modification
[15, 16] and iii) micro-voids [17]. This is not a very surprising result, as the non-linear
absorption is highly dependent on the light intensity. The intensity itself is a function of the
pulse duration and pulse energy, but also depends on how tightly the laser béam is focused
in the material, which immediately makes the numerical aperture of the focusing optics a
crucial parameter. In addition, the air-sample interface introduces spherical aberration which
dramatically alters the peak intensity and the shape of the focal volume depending on the
focusing depth and, once again, the numerical aperture. Investigation of the fs laser dielectric
modification becomes even more challenging, if one takes into account that the order of the
non-linear absorption as well as the theoretical minimum focal spot size in the material are
determined by the laser wavelength, another parameter. The radiation intensity at the focus,
however, is not the only major parameter affecting the modification process. During my
thesis research we have found that the state of the laser beam polarization appears to be one

of the key, if not dominant, factors influencing the modification morphology.
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The purpose of my research is to establish the link between the laser parameters and other
writing conditions and the modification morphology and to define regimes of modification
most suitable for 3-D integration of optical waveguides and microchannels into a single
block of glass. The presented thesis is based on five published articles (ARTICLES I-V) and
one submitted manuscript (ARTICLES VI). We first develop and refine ultra-high spatial
resolution diagnostics techniques of selective chemical etching followed by atomic force
microscopy (AFM) (resolution ~ 15 nm) and/or scanning electron microscopy (SEM)
(resolution ~ 5 nm) to study the morphology of fs radiation modified zones. The article
which describes this technique is included in Appendix B. We also use a high resolution
technique based on microreflection to characterize refractive index changes in fs laser-
irradiated glasses and near-field scanning optical microscopy (NSOM) to characterize the
mode structure at the output of fs laser-written waveguides. The detailed description of the
microreflection technique is presented in ARTICLE I, where it was applied to map the
refractive index profiles of electron beam-written optical waveguides in germanium doped
flame-hydrolysis silica. In ARTICLE II this technique has been successfully used to obtain
refractive index profiles of the fs radiation-induced modification in synthetic quartz glass
(fused silica, Si0O;) and other multicomponent optical glasses and to validate the technique of
chemical etching and AFM. ARTICLES III and IV are dedicated to ultra-high resolution
studies of the effects of the laser parameters and writing conditions on the morphology and
shape of fs radiation induced modification. ARTICLE III describes ultrahigh resolution
studies of the photo-induced modification in fused silica produced at various depths by
tightly focused femtosecond laser radiation affected by spherical aberration. Even though
spherical aberration has been the subject of extensive theoretical and experimental studies, in
the fs laser dielectric modification domain we are the first to demonstrate that shapes of the
irradiated zones near the threshold for modification can be predicted by taking proper
account of spherical aberration caused by the refractive index mismatched air-glass
interface. ARTICLE IV investigates the formation of polarization-sensitive nanogratings in
the moving fs laser focus inside fused silica and identifies regimes suitable for fabrication of
low loss optical waveguides and microchannels. ARTICLES V and VI, reinforced with the
previous findings on the modification morphology, demonstrate the capabilities of fs laser

micromachining to assist in fabrication of microchannels in glasses. In ARTICLE V we
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discover a dramatic dependence of the etch rate on the fs laser polarization and establish the
existence of a pulse energy threshold at which etching of the laser-modified zones becomes
highly polarization selective. In ARTICLE VI we provide a detailed description of the
dielectric modification morphology and correlate it with the etch rate of microchannels
produced by fs irradiation of fused silica with subsequent etching in hydrofluoric acid. By
studying the modification morphology and the dynamics of fluorescent dye penetration into
the modified regions in fused silica we show for the first time that the mechanism
responsible for the highly selective chemical etching is caused by the formation of
polarization-dependent self-ordered nanostructures - nanocracks for linear polarization and
nanovoids for circular polarization - inside the fs laser modified zones. We also demonstrate
that only certain types of modification morphology, which are determined by the fs laser and
writing parameters, ensure the production of millimeter-long microchannels with regular
cross-sectional shapes and smooth walls.

This thesis consists of the Introduction (Sections 1 and 2), the Main part, and the
Conclusion. Section 1 introduces basic mechanisms affecting femtosecond pulse
propagation and non-linear interaction with transparent media. Section 1 also provides a
theory of spherical aberration caused by focusing through a dielectric interface and thus
complements ARTICLE III where we present mainly the experimental data and results of
simulations. Section 2 describes different types of fs radiation-induced modification in
glasses and overviews the diagnostics techniques we have developed and used for its
characterization (selective chemical etching followed by AFM/SEM, microreflection
technique (reflection refractometry), and NSOM). Section 2 also provides additional
technical details pertaining to the diagnostics techniques that went beyond the scope of the
ARTICLES I-VI. In the Main part, which constitutes the body of the thesis and is comprised
of ARTICLES I-VI, we apply the diagnostics techniques to characterize the modified
regions in different glasses and elaborate on the tight link between the writing conditions
(such as the laser polarization, pulse energy and pulse duration, quality of the laser focus)
and the modification morphology. We also establish the regimes of modification that are
most suitable for the fabrication of microchannels and waveguides. In the Conclusion we

review the results of the thesis research work and discuss possible further experiments.
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Section 1. Femtosecond pulse interaction with dielectrics

The modification of pure wide bandgap dielectrics with femtosecond laser pulses is
initiated by rapid ionization of the medium. The excitation of the electrons can induce
modification in the medium via several mechanisms. The electron plasma produced by
nonlinear absorption of the radiation will locally heat the medium by the electron-lattice
collision interactions. Local heating means that the extent of the distributed heat source
represented by the hot electron plasma will be confined to the volume where the light
intensity was sufficient to ionize the medium. The low heat capacity of electrons allows
them to be heated to extremely high temperatures (>>10° K) [17] keeping the lattice cold due
to the relatively long electron-phonon relaxation time (107'% s) [18]. Eventually after a few
picoseconds the lattice will also be heated up and structural changes due to melting and
resolidification of the material may develop depending on the amount of energy deposited.
Nonlinear absorption can also lead to the formation and accumulation of color centers and
other defects whose presence alters the properties of the irradiated medium. A discussion of
possible mechanisms of fs laser dielectric modification is postponed to Section 2.

In practice the potential of the fs laser dielectric modification technique is determined by
the ability to predict and control the fs laser light intensity distribution inside the material
both in space and time. On its way from the laser system to the volume inside the material
where the modification occurs the pulse is first focused with external optical elements, then
refracted at the sample surface and, finally, it nonlinearly interacts with the dielectric
medium. Pulse focusing and refraction can be described using the formalism of linear optics
and diffraction theory. On the other hand, the light intensity near the focus inside the sample
becomes very high and the nonlinear optical response of the medium to the electromagnetic
field associated with the pulse has to be taken into account. Inside the sample, an intense
focused laser pulse alters optical properties of the medium and ionizes it, which, in turn,
affects the space-time intensity distribution in the pulse and therefore its capability to
interact with and induce changes in the dielectric. Section 1 first considers different
nonlinear optical mechanisms affecting the ultra-short pulse propagation and then
concentrates on the effects causing pulse distortion in the focusing optics and at the sample

surface.
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Nonlinear refractive index

The light interaction with transparent nonmagnetic medium can be described in terms of
the light-induced electric polarization P and associated with it other macroscopic optical
characteristics such as dielectric constant (dielectric permittivity) ¢ and refractive index n.
An incident electromagnetic field E polarizes the medium and each volume element then
becomes a source of secondary waves whose strength is related to P. The secondary waves
interfere with each other and with the incident wave thus forming the total electromagnetic
field propagating in the medium. A wave equation for the electric field in the medium can be
derived from the Maxwell equations, where the source term represented by P accounts for

the influence of the medium on the field [19]

1 &2 0*

In this equation o is the permeability of free space.

For strong fields, the response of the medium to the propagating field can be expressed by

expanding P in powers of E

F = 80( ‘('I)Ej +X$c)EjEk +X:§'2EjEkEl +“'), ' (2)

)

where the tensors denoted by X;"’ are the optical susceptibilities of the n-th order and E; are

the components of the electric field vector E. This expansion also assumes that the terms of

the series become smaller as their number increases. The ratio of two successive terms can

be approximated as [20]
|X(n+1) E.

jomeiEjonst| | E |

| x0E, , | |E.

which shows that the perturbing field should be much weaker than the characteristic atomic
field Ey (~10° V/em).

In linear optics only the first term is retained and for not too strong electric fields the

« 1, (3)

terms above the 3-rd order in expression (2) can be discarded. In an isotropic medium, due to

the symmetry properties imposed on the system, (e.g., glasses) only diagonal

elements ) = 'V are left, all 2-nd order terms vanishy() =0, and the remaining

44

(3) 3

independent nonzero 3-rd order components ., x;; and )(;j,) are constrained with a
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condition y) + xi + x) = x5 = x® [19]. The off-diagonal 3-rd order terms can be a

nhu

source of the nonlinearly induced birefringence in isotropic materials. For the simplest case

of linearly polarized light expression (2) then reduces to
P=so(x“> +%x“)|E{2)E=aox(1)E, “

where the dependence of the susceptibility on the light intensity / is emphasized. Obviously,
an intensity dependence is also imposed on both the dielectric permittivity of the medium e,
defined by ¢ = eo(1+x), and the refractive index » related to & via n = (eu/equo)"’>. For
dielectrics, u is very close to uo and the refractive index can be defined as n = (g/gg)'”? or,

using (4), as

n=\/l+x(”+%x(3)|E|2 (5)

By defining the “linear” refractive index no as n, = 1/1+ ¥ and taking into account that the

field-dependent term is usually small, (4) can be rearranged as

3X(3)

2 b
4e,cny

n=ny,+n,l, n,=

(6)

where the nonlinear refractive index »n, is introduced. The intensity dependence of the
refractive index (optical Kerr effect) can be caused by different physical mechanisms. In
undoped glasses, non-resonant electron excitation processes with characteristic response
times on the order of ~10"° s provide the main contribution to the nonlinearity in the
refractive index, which is typically ny ~10"°-10"° c¢cm¥W [20]. However, the slower
response (Raman response) due to nuclear vibrations excited by the optically induced
perturbation of the electronic structure can provide up to 20% of the total nonlinear response
of the medium [21]. The characteristic Raman response time is on the order of 107" s.
Smaller n; usually correspond to faster response times.

Solving the full vector wave equation (1) in a nonlinear medium is very difficult because
of the linear and nonlinear coupling between the components of the electric vector E. To
simulate the propagation of an intense laser pulse in a non-absorbing medium equation (1) is
usually approximated with the nonlinear Schrédinger equation (NLSE) [22]. NLSE
describes many aspects of the pulse propagation but is much easier to solve than (1). Strictly

speaking, the NLSE accounts only for an instantaneous Kerr nonlinearity, dispersion and
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diffraction. However, higher order effects such as third order dispersion and non-
instantaneous effects such as stimulated Raman scattering (the response time ~100 fs ) can
also be included into the NLSE [21]. The nonlinear response of the medium affects the
spatial and temporal characteristics of the propagating fs pulse in different ways. The
spectrum of the initially bandwidth or Fourier limited pulse can substantially broaden and
become asymmetric, which in the extreme case of weakly focused and powerful pulses
results in the white light continuum generation [23]. The spatial intensity distribution across
the pulse can change dramatically and the pulse itself can split both in time [21] and space
[24]. Some important effects predicted by the NLSE, viz. self-focusing, self-phase
modulation and splitting of fs pulses are briefly described below.

Self-focusing. The inhomogeneity in the refractive index induced by the propagating pulse
leads to nonlinear refraction. The field (intensity) over the front of a typical (Gaussian) laser
beam is higher on the beam axis, which, provided that », is positive, will produce a
refractive index distribution with its maximum also lying in the beam center. The induced
graded index lens will deflect off-axis light towards the axis and therefore promote self-
focusing of the beam. The diffraction occurring on the induced index inhomogeneity,
however, tends to defocus the beam and the regime of propagation will depend on which
effect dominates. Numerical calculations performed' for laser radiation with a Gaussian

spatial profile at a wavelength of A showed the existence of a critical power P, [25]

_3.774°

P =
8nnyn,

cr

()

above which self-focusing will prevail and eventually lead to the beam collapse in the
medium within the Rayleigh range (i.e., the beam confocal parameter) for both prefocused
and collimated geometries. Experiments have also shown that the power threshold for
supercontinuum generation coincides with the critical power for self-focusing, e.g., [26].
Supercontinuum generation is observed with weakly focused fs pulses, whereas otherwise
identical but tightly focused pulses can cause material modification without supercontinuum
generation. For an externally focused laser beam self-focusing shifts the focus towards the
lens from its original position and at powers P < P./4 decreases the focused spot size

1/2

approximately by a factor of (1-P/P.) ", which leads to the intensity enhancement given by

(1-P/P) near the focus [25]. When the input power is significantly greater than P, /4 the
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more complete numerical solution must be used in order to compute the reduced focal spot
size (or enhanced intensity) due to self-focusing. A comparison between the above
approximation and the exact numerical solution provided in Ref. [25] can be found in the
article by Soileau ef al. [27]. Although this approximate formula cannot be used for accurate
calculations of the intensity enhancement, it correctly predicts the beam collapse at a power
of P.:. As the laser focus is approached, however, dispersion effects together with defocusing
and absorption caused by the plasma formation due to photoionization (See below) come
into play and prevent the beam from the predicted collapse to singularity. Moreover, at the
very high intensities occurring near the focus the approximations made in (3) and (4)
become inaccurate and higher order nonlinear terms should be considered. In applying
formula (7) to pulsed radiation, it is the peak power Pnax of the pulse that should be
compared with the critical value. Py is related to the pulse duration 7, (full width at half
maximum, FWHM) and pulse energy E,, by Pnax = 0.94 E,/7, for a pulse with a Gaussian
spatial and temporal profiles and by Pnax = 0.88 E, /7, for a pulse with a Gaussian spatial
profile and sech® temporal profile [28]. In any case, it appears that Pp,x can be approximated
by Ey/1p.

_In using ultrashort pulses for dielectric modification self-focusing and other nonlinear
effects can be reduced' by focusing them with high numerical aperture (NA) optics® and
operating at low peak powers. The above mentioned approach is based on the fact that
ionization needed to modify the material is determined by the light intensity, whereas self-
focusing is both an intensity- and power-dependent -phenomenon. Tight focusing of low

pulse energy pulses allows one to reach the material modification threshold intensities® /i

' At this point it should be emphasized that the widely accepted negative role of self-focusing in fs laser
material modification is determined by the difficulty to control this essentially nonlinear phenomenon rather
than by some inherent features associated with it which would adversely affect the modification process.

? In microscopy the numerical aperture, NA, is defined as the product nsin(), where 6 is the semi-angle of the
cone of rays from the axial object point which is intercepted by the front lens of the objective and » is the
refractive index of the medium (e.g., immersion fluid) of the object space [30]. In using objectives to focus
light, 8 defines the maximum angle between the marginal rays leaving the objective and the optical axis. In
focusing in air with n = 1 (‘dry focusing’ as opposed to focusing in immersion liquids with # > 1) NA = sin(6).
3 The pulse peak intensity [, is related to the pulse peak power P by lnax = Pua/Sem Where Ser is the
effective minimum cross-sectional area of the focal spot. The radial intensity distribution of the fs laser beam

2r2
incident on the focusing objective can be approximated by a Gaussian intensity profile /(r) e »' . where w

denotes the radius at which the intensity falls to 1/ of its peak or axial value. The focusing objective aperture
inevitably truncates the incident beam, which affects the intensity distribution in the focus. In calculations it is
helpful to introduce the truncation ratio 7 = w/ry, where r, is the beam-limiting aperture radius. It can be
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while keeping the power essentially below P, where self-focusing can be neglected [29]. For
example, for fused silica I, ~ 1.5 x 10"> W/cm?® at a wavelength of 0.8 pm can be achieved
at a pulse duration of 7, = 100 fs and a pulse energy of only E; ~ 55 nJ in using a NA = 0.45
focusing objective (one of the NA’s used in the experiments in ARTICLE VI), which keeps
the peak power in the pulse (Pnax = 0.55 MW) almost an order of magnitude below the
critical power for self-focusing P; ~ 4.3 MW [34]. The situation is dramatically changed in
focusing with low-NA optics. For NA = 0.1 and 7, = 100 fs, the threshold intensity can be
achieved at a peak power of Pnaxx =~ 11 MW, which exceeds P,. We will show later in
ARTICLES 1V, V and VI, where we extensively use a NA = 0.65 objective, that the most
interesting and practical regimes of modification in fused silica are observed at 50 nJ < E, <
400 nJ and 7, ~ 100 fs, 1.e., even for the most energetic pulses Ppay is below P, In order to
study how self-focusing affects the shape and size of the modified regions we analyzed the
modification in fused silica produced at varying pulse durations 40 fs < 7, < 500 fs while E,
as well as all other experimental parameters were kept at fixed values. We operated at pulse
energies allowing us to be well below the critical power P, with long pulses (500 fs) and
exceed P with very short (40 fs) pulses. The technique of selective chemical etching

followed by AFM revealed that the modified regions in the yz-cross-sections® are only ~10-

shown [31,32] that the radial intensity distribution at the focal plane, I;, of a truncated Gaussian beam is given

/ﬁ 2

i
by I;(rs)ec| e Ty o(mpre )pdp |, where p= r/ry, is the normalized aperture coordinate, re = 2NA
0

IW1-NA?2

is the normalized focal coordinate (¢ is the radial distance from the optical axis in the observation plane), A is
the wavelength in the medium, and J, is a Bessel function of the fist kind of the zero order. If the objective
truncates the beam at the 1/e’-level, i.e., 7= 1, the minimum achievable focal spot diameter at the 1/e*-level is
approximated by dyi, = 2wy ~ A/NA. At this level ~ 86% of the pulse energy is confined within the focal spot

¢

size. Therefore, one may adopt the 1/e*-level criterion for the focal intensity to define Sy as Sy = wws . It is

also possible to approximate the essentially non-uniform focal intensity distribution by a uniform “top hat”
distribution with the same peak intensity and energy confinement, which results in a two times smaller S [33].
Obviously, /.. as well as the threshold intensity /,, depends on the definition of S.. In our calculations we
use the S = nwé definition. On the other hand, e.g., Schaffer er al. [34] adopt the “top hat” definition
resulting in a two times higher /y,.

Several different techniques can be used to determine the intensity threshold Iy, for bulk modification in
transparent materials, e.g., Ref. [34]. In order to measure /, we used i) optical microscopy (in the bright
illumination mode) and ii) the combined technique of selective chemical etching and AFM on cut and polished
samples. The threshold is defined as the minimum intensity producing an optical and/or topographic signature,
respectively.

*The z-axis is aligned along the pulse propagation direction and the y-axis is perpendicular to the writing
direction which coincides with the x-axis. In ARTICLE VI we describe the writing geometries and explain in
detail how the irradiated samples are prepared for the characterization.
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20% longer and narrower in the strong self-focusing regime than in the case when essentially
sub-critical powers were used.

Self-phase modulation (SPM). The intensity dependence imposed by strong fields on the
refractive index also makes it vary in time. The extremely fast response time of the refractive
index change in glass also allows it to follow the variations in the pulse intensity almost
instantaneously. In this case, a refractive index modulation follows the traveling pulse. The
maximum change occurs in the center of the pulse and then it gradually decreases towards
the pulse leading and trailing edges thus mapping the intensity distribution along the
propagation direction. The confinement of the pulse inside such an inhomogeneity of the
refractive index leads to a phase change along the pulse (self-phase modulation, SPM)
resulting in a significant broadening of the pulse spectrum. An expression for the phase

variation in time d¢/0¢ [20]

9p _ L dl(t)
ot c dt’

®)

where w is the pulse carrier frequency, shows that the instantaneous frequency (i.e., phase
time derivative) becomes lower at the leading edge of the pulse ( dl/df > 0) and higher at its
trailing edge (dl/dt < 0) and the magnitude of this effect grows with the propagation length
in the medium, z. SPM leads to pulse spectral broadening, which, due to the group velocity
dispersion (GVD)®, causes pulse spreading in space and decreases its peak intensity (and
power). This, in turn, weakens the intensity-dependent self-focusing effect.

Pulse splitting. Self-focusing sharpens a propagating pulse both in space (and time)
concentrating the off-axis energy near the pulse peak. Increasing the peak intensity
intensifies SPM and therefore promotes the generation of new spectral components in the
pulse. The pulse envelope, due to GVD, will start reshaping with the maximum
transformations occurring in the most modulated part of the signal, viz. in the center of the
pulse where intensity is highest. GVD tends to redistribute the energy from the center
towards the pulse leading and trailing edges, which eventually leads to pulse splitting [21].
This effect also reduces the peak intensity in the pulse and therefore counteracts self-

focusing.

3 The group velocity dispersion is usually defined as the derivative of v with respect to the wavelength, i.e.,
dvgldi.
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In spite of the complexity of the effects associated with the induced nonlinearity in the
medium, Luther ef al. [35] have shown that the solutions of the NLSE in normally dispersive
media (which is the case for many optical glasses for A < 1300 nm) describing the
propagation of a Gaussian fs pulse are determined by only two parameters: i) the ratio of the
diffraction length Lpg to the dispersion length® Lps, # = Lor/2Lps measuring the strength of
the dispersion relative to the diffraction and ii) the ratio of the peak input pulse power P to
the critical power P, p = P/P.. The pulse evolution is determined by the relation between

the nonlinear dispersion length scale zy;gvp [35]

5 n 12
.38+52(p2-1)] —1.84}

Zyiovo (D5 1) = O'SLDF{ 157p

and the self-focusing length scale zsp [25]

0.183L
ZSF(p) ~ ) 5 2 173
[(p*? -0.852)> - 0.0219}

In Ref.[34] the authors also introduce a threshold power Py = py P, at which znLgvp = zsr.
For p’s below the threshold value py, the nonlinear effects are weak and only slightly affect
the pulse propagation. As p approaches and exceeds the threshold value the nonlinear
response of the medium becomes critical in defining the evolution of a fs pulse. For
example, the model predicts pulse splitting occurring at or before the focus of the pulse and
pulse filamentation for p’s well above py,. Simulations performed by Luther et al. [35] show
that for n <« 1 (i.e., diffraction dominated regime of high-NA focusing) py, is close to unity,
but increases with # and at # ~ 1 it equals ~ 4. Therefore, for very weakly focused fs pulses
propagating in dispersive media the self-focusing threshold power is significantly higher
than for continuous radiation (or non-dispersive media). On the other hand, for tightly

focused pulses operation below the critical power P, is essential to avoid difficult to control

2 2
® The dispersion length is defined as Lpg = T% » [20], where k" is k" = Lz A2 d—: [20]and zg for a
2k 27c di

Gaussian pulse is related to the pulse duration t, FWHM as 1.177t5 = r,. Bandwidth limited Gaussian pulses

2
double their length after propagation of ~ 1.662 Lps [20]. The diffraction length is Ly = mtw% , where n is

the refractive index of the medium, wy is the laser beam waist, and 4 is the pulse central wavelength. For fused
silica at 4 = 800 nm, d®n/dA* = 0.40 x 10" [um™] [20] and the dispersion length of a 100 fs pulse is ~ 4.8 cm.
The diffraction length of a tightly focused beam (w, ~ 0.5 um) is a much smaller quantity on the order of
microns. Therefore, Lps > Lpr and 7 < 1.
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effects caused by self-focusing. However, in using high-NA optics (See below) the effects
associated with the electron plasma formation dominate over self-focusing and diminish its

role in determining the shape and size of the modified regions.

Electron plasma generation
Multiphoton ionization. In a defect-free wide bandgap dielectric, where single photon (or
linear) absorption cannot directly promote electrons from the valence to the conduction
band, nonlinear absorption comes into play. In this case, simultaneous absorption of multiple
photons must occur to ionize the material. The minimum number of photons m to achieve
this is determined by the relation mZw > E,, where E, is of the energy bandgap of the
dielectric and 7w is the photon energy expressed in terms of the angular laser frequency w.
In amorphous media there is no well defined bandgap structure due to the absence of long-
range order in the material and in this case an effective bandgap (also denoted by E,)
correlated with their absorption edge [36, 37] can be defined. Even though there are no well-
defined bands for glasses, the calculated density of states can still identify the valence band
maximum and the conduction band minimum [38]. Ionizing radiation, particle irradiation or
optical excitation (e.g., fs laser irradiation) can generate vacancies and interstitials in
originally ‘pure’ material and the presence of such induced defects can shift the absorption
edge of the glass, e.g., Ref. [39]. In silicate glasses E; ranges from approximately 3.5 eV
(multicomponent glasses) to 7.5-8.2 eV (UV-grade synthetic quartz glass (SiO;)). The
multiphoton ionization rate is determined by on/”, where oy, is the cross-section of m-photon
absorption’ (absorption coefficient) and / is the radiation intensity. The absorption
coefficient of a multiphoton process (e.g., at least 5 photons at the laser wavelength of 800
nm need to be absorbed for Si0,) is usually a small number and the fs laser beam has to be
focused tightly to obtain the needed light intensities.

The multiphoton ionization can also be localized to sub-diffraction volumes [1, 40]. This
can be illustrated by the following simple analysis . For a Gaussian TEMyq laser beam (an

ideal situation), the lateral intensity distribution in the laser focus is defined by 7 = Iyexp][-

7 The intensity / (or energy flow) of an electromagnetic wave is the power (in energy/sec) transmitted through a
unit area (e.g., cm?) oriented perpendicular to (normal to) the propagation direction of the wave, and the
ionization rate (the probability per unit time) has the units of sec”'. Then, the m-photon cross-section has the
units [o,,] = cm*™sec™', which reduces to the usual units of cm? for linear absorption (m = 1).
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2(r/wo)’], where r is the radial coordinate and wy is diffraction-limited focal spot radius at the
1/e*-intensity level. The essentially nonlinear dependence of the m-photon ionization rate on

the intensity (~ I) will tend to confine the absorption process to a lateral size given by

exp[-2 (rVm [w,)?1, which is by a factor of Jm less than one would expect in the case of
linear absorption.
Tunneling ionization. The superposition of the nucleus’ Coulomb field and the laser
radiation electric field produces an oscillating potential well confining the electrons. For
very strong fields the potential barrier during the oscillation period can be suppressed
enough to allow the electrons to tunnel through it and escape the atom. The tunneling
ionization rate is proportional to exp[-2 (2m*Eg3)1/2/3ehE], where E is the strength of the
applied electric field (i.e., the laser field) and m* and e are respectively the effective mass
and charge of an electron. This expression is nothing else than the probability of extracting
an electron from a potential well of a depth E, with a constant electric field E [41]. The
contribution of tunneling ionization to the electron plasma production is expected to become
significant at intensities /> 10'* W/cm? attainable with very short and energetic laser pulses.
Both multiphoton ionization and tunneling ionization have been considered using one
theoretical model by Keldysh [42], where he calculated the transition probability of an
electron from the initial unperturbed state to the final state perturbed by the external field.
Keldysh also introduced the édiabaticity parameter (known as the Keldysh parameter), y,

determining the transition between the two ionization mechanisms. The Keldysh parameter

in solids can be defined as w(2m* E,)"/eE or (m*cney Eg/I)'w/e [34] in terms of the

amplitude of the laser electric field £ or laser radiation intensity /. In these expressions c is
the velocity of light, # is the refractive index of the material, and g is the permittivity of free
space. The Keldysh parameter, in a semi-classical treatment of tunneling through the
potential barrier in an oscillating field, can be interpreted as the ratio of the reduced
tunneling time, Ty, and the period of the laser field oscillation, Tosc, i.€., ¥ = Twn/Tosc [43].
When the Keldysh parameter is much larger (3 > 1) or smaller (» < 1) than unity, the
electron plasma is solely formed by multiphoton ionization or tunneling ionization,
respectively. The intermediate case (»~ 1), which is most difficult for theoretical analysis, is

considered as a combination of both ionization mechanisms. For fused silica, the
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modification threshold light intensity of /i, ~ 1.5 x 10> W/cm? at 4 = 0.8 pum yields » =~ 2.5
corresponding to the intermediate regime.

Avalance ionization and hole-assisted ionization. Electrons generated in the conduction band
in the leading edge of the pulse by photoionization start absorbing radiation through
scattering of phonons (free carrier absorption or inverse Bremsstrahlung) as the rest of the
pulse travels through the ionized material. When the energy of an electron in the conduction
band exceeds the energy bandgap of the material, it can collisionally ionize a bound electron
in the valence band. After this interaction two electrons near the conduction band minimum
are produced. This process can repeat itself many times, provided that the laser pulse is
intense and long enough, which will result in an exponential growth of the electrons in the
conduction band or an electron avalanche. The dynamics of electron density (denoted by N)
growth caused solely by avalanche ionization is described by a differential equation dN/dt =
B(DN, where the avalanche ionization rate, S(J), according to different models can depend on
the light intensity either linearly [44] or as a square root of it [45, 46]. To account for the
production of free electrons by, e.g., multiphoton ionization the above rate equation is
modified as follows dN/dt = B(I)N + ol pa, Where py is the background atom density. The
electron population growth in dielectrics is also affected by other processes occurring on a
femtosecond time scale. Recombination of free carriers with a characteristic time 7, (for
fused silica 7, ~ 150 fs) can be included in the previous rate equation as: dN/dt = B()N +
Onl"pas — Nit, [47].

At very short pulses (< 50 fs) providing no time for the traditional avalanche to fully
develop, two other physical mechanisms which exponentially accelerate ionization become
important [48, 49]. The first mechanism is collision-assisted multiphoton excitation where
the energy to promote an electron from the valence to conduction band is supplied by both
the laser radiation and an electron in the conduction band whose energy is less than E,. This
free electron can collisionally excite the electron from the valence band to a virtual state
from which it will be excited to the conduction band by taking the rest of the needed energy
from the laser photons. The other assisting mechanism is hole-assisted multiphoton
absorption. In this case, the ionization rate of an atom neighboring an ion (hole) is
significantly (exponentially) increased as the atom experiences the combined electric field of

the ion and the incident light. Newly created ions will continue this trend in an avalanche
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manner. The latter mechanism also does not require any heating of the electrons in the
conduction band.

To model pulse propagation in the regime of plasma formation additional terms can be
phenomenologically included in the NLSE to account for the plasma absorption, plasma
defocusing and the absorption due to photoionization [47, 50]. In this case the modified
NLSE is solved together with the rate equation for the electron density N. In general, the
produced electron plasma counteracts self-focusing and arrests the catastrophic collapse of
the laser beam to a singularity. At a point near the laser focus where the intensity is
sufficient to ionize the medium nonlinear absorption clamps the applied maximum intensity
in the material close to the ionization threshold intensity Z; (for glasses ; ~ 10" W/cm?) [51].
This reduces the positive intensity-dependent refractive index change on the axis and
significantly weakens the self-focusing effect even for the initial peak powers well above P;.
On the other hand, in the presence of free electrons the real part of the refractive index of a

dielectric medium is reduced according to [52]

2 %
ey - N, = LS | ©)
2n,N e

where N is the critical plasma density (N, ~ 2 x 10*' cm™ at A = 0.8 um) and N is the
electron plasma density. The plasma will be generated faster and the electron density is
expected to be highest at the beam axis where light intensity is maximum. In this case, the
refractive index is smallest on the beam axis and increases outwards to reach its unperturbed
value of ny where the medium is not ionized. Therefore, the produced plasma will defocus
light acting as a diverging lens. By combining expressions (6) and (9) a refractive index
change 6n caused by both the optical Kerr effect and plasma defocusing can be obtained:

N
2n,N,

dn=n,l —

At N ~ 10'-10"® ¢m™ the plasma and nonlinear contributions to the refractive index change
cancel each other.

Besides suppressing self-focusing, the plasma produced by photoionization and avalanche
ionization also attenuates the laser pulse due to absorption, reflection and scattering. As the

plasma density grows, the absorption becomes stronger and a significant fraction of the pulse
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energy can be dissipated in the plasma formation region. The absorption depth d (i.e. depth
at which the energy density falls to 1/e of the initial value) is given by (e.g., [53])

_eny(1+0’l)

d
wﬁ]“

2 _ 2 *
, 0, =N e"/eym

where [ is the decay (or relaxation) time on the order of femtoseconds for metals. When the
plasma density reaches its critical value N; light propagation in the medium becomes
impossible due to very strong absorption, but even at one tenth of the critical density® the

absorption depth at 4 = 0.8 pm is only about 10 um [28].

Focusing of femtosecond pulses

Distortion of femtosecond pulses in lenses. Tight focusing of femtosecond pulses necessary
to initiate nonlinear light absorption in transparent media is usually achieved with lenses
(objectives) or mirrors. However, focusing of ultrashort laser pulses using even a single lens
(singlet) can lead to a significant pulse broadening and, therefore, reduction of the pulse
intensity in the focus. Two effects are responsible for this. First, the pulse front, defined as
the surface where the peak intensity is achieved, propagates in the lens with group velocity,
whereas the phase front moves with phase velocity, i.e., the pulse front lags behind the phase
front. This delay varies across the lens aperture depending on the optical path in the lens
medium. For a converging lens, the delay is minimal for the marginal rays and is maximal
for the paraxial rays’, which allows the marginal rays to reach the focus first and the paraxial
rays last. Such a delay or propagation time difference (PTD) observed at the laser focus can
be interpreted as a pulse broadening (see Fig 1). The second mechanism of pulse broadening
is caused by the group velocity dispersion (GVD) in the lens material. In his pioneering
paper dealing with these effects Bor [54] showed that the temporal delay AT(r) between the
pulse front and the phase front is given by

% A typical electron density required to cause modification in fused silica [47].

® The term paraxial means “near the axis”, which implies that the inclination of paraxial rays to the optical axis
is small. In paraxial optics, rays in an optical system are traced using an approximation where the sines of the
inclination angles can be replaced by the angles themselves, i.e. sin(d) ~ 8 (See Fig. 1). Marginal rays reach the
focus from the edge of the lens aperture [30].
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Fig.1. Pulse broadening caused by the beam-radius-dependent pulse propagation time difference in a single

lens.

AT(,,):r"Z—rz[_’1 @jzr"z_rz AR (10)
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where fis the focal length of a singlet and A is the wavelength in vacuum. For r = 0,

corresponding to the maximal delay, expression (10) reduces to [54]
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where 8 is the angle between the marginal and axial ray (shown in Fig. 1).

Beside the temporal broadening of the pulse given by (11), the pulse is also subject to a
spatial broadening due to chromatic aberration in the lens which makes different spectral
components associated with a short pulse to intercept the optical axis at different locations.
The chromatic spread of the focus Af of a bandwidth limited Gaussian pulse can be
estimated as [20]:

[ dn,. /' 044ldn

Yooz T dey r, di

(12)

where A/ is the pulse spectral bandwidth and 7, is the pulse duration (FWHM) related to
each other by Al = 0.44124%/ ct, [20].
Temporal pulse broadening in a singlet caused by GVD is given by [54]
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According to (13), the delay varies across the lens aperture and attains its maximum value on

the optical axis (» = 0) where the optical path for the rays is longest. It can also be seen from
(10), (12) and (13) that the temporal broadening caused by PTD is determined solely by the
focusing lens, whereas the GVD temporal broadening and the PTD spatial broadening
depend both on the laser pulse and the lens. The given formulae are derived in the
geometrical optics approximation neglecting spherical aberration in lenses and therefore
their use, strictly speaking, can provide only an estimate of the effects. Analysis based on the
diffraction theory in the presence of spherical aberration can be found elsewhere [55, 56].

The magnitude of the space-time pulse distortion in'a lens due to PTD can be appreciable,
e.g., focusing of 50 fs pulses with a central wavelength 1 = 800 nm in a laser beam 10 mm in
diameter (ro =5 mm) with a /=25 mm lens made of BK7 '° will result, according to (11) and
(12), in ATmax = 7, and Af = 20 um (= 25 % of the full width of the unaberrated axial
intensity distribution given by ~ 44/6%). On the other hand, using (13) for the same
conditions gives a temporal GVD broadening of less than a femtosecond, which can be
neglected.

To minimize the PTD effect, the main contributor to the pulse distortion, complex lens
systems have to be used. The focal length of an ideal achromatized objective does not
depend on the wavelength, df/dA = 0, and the space-time broadening given by (11) and (12)
vanishes (provided that the objective is also corrected for spherical aberration, which is
usually valid for achromatized objectives). In this case; the delay between the pulse front and
the phase front becomes constant across the objective aperture and the pulse temporal
broadening is caused only by the GVD, which contribution is now also constant for a given
objective. The magnitude of the GVD-induced broadening, however, can become
appreciable since high-quality objectives (especially high-NA or specialty objectives) consist
of many lens elements some of which are made of highly dispersive glass. The total
thickness of the optical glass in such optics can be ~2-3 cm, i.e., 20-30 times more than in
the single lens considered in the previous example. In our experiments we always use

achromatized microscope objectives (achromats) and the fs pulse temporal broadening due

' For BK7 optical glass at A = 800 nm dn/dA =-2.0 x 10 [um™"] and &?n/dA> = 0.50 x 10™' [um?] [20].
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to the GVD in the microscope objectives (and other optical components) is compensated by
pre-chirping the laser pulse in the compressor. Without such compensation the GVD
temporal pulse broadening in some objectives (e.g., Nikon achromat, NA = 0.45, extra long
working distance objective used in ARTICLE VI) can be as high as 100 fs.

Another solution is to use chromatic aberration-free reflecting optics (mirrors) or

diffractive-optics elements to focus pulses. For tight focusing, mirrors should be aspheric
(parabolic) to compensate for spherical aberration which can also be a source of a very
significant pulse spreading both in time and space. It also should be noted that, in general
case, only off-axis mirrors or on-axis two-element reflecting objectives (Schwarzchild
objective) are practical, because otherwise the laser beam is inevitably intercepted (and
altered) by the sample on its way to the mirror.
Spherical aberration effect. Distortion of femtosecond pulses at the air-sample interface.
Before entering the sample, a fs laser pulse, as well as any other electromagnetic
disturbance, is refracted at the sample surface which is considered in the analysis that
follows as an interface between materials of mismatched refractive indices. The magnitude
of the index mismatch is maximal for dry focusing (air-sample interface) and is significantly
minimized in the case of immersion focusing when the refractive index of the immersion
fluid is chosen to be as close as possible to that of the sample. The effects associated with
focusing through a dielectric interface are described in the framework of the ‘classical’
diffraction theory and are frequently underestimated or neglected mainly because the
interaction of femtosecond pulses with medium is considered a purely nonlinear
phenomenon. Although the dielectric modification is indeed caused by nonlinear ionization
processes, these processes themselves are governed by the light intensity distribution in the
interaction volume, which, at least in the case of high numerical aperture focusing, appears
to be dominated by the effects associated with the presence of a refractive index step in the
path of the pulse. During the research presented in this thesis (ARTICLE III) we have
demonstrated for the first time that spherical aberration due to a planar air-silica interface
accounts for the shapes and positions of the modified zones and determines the variation of
the threshold pulse energy for dielectric modification as a function of the focusing depth.

When focusing occurs through a refractive index mismatched interface an aberration

(spherical aberration) distorting the wavefront of the converging spherical wave is
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introduced. This aberration causes significant spreading of the intensity distribution along
the beam propagation direction near the focus. To model the intensity distribution near the
focus Toérok et al. [S7] developed an elegant theory based on the vectorial generalization of
the Debye integral for the case of the diffraction of a converging spherical wave propagating
through a planar dielectric interface. This theory was subsequently extended to the case of a
stratified medium [58]. In the Debye theory the electromagnetic field in the focal region is
approximated as a superposition of plane waves with the propagation vectors k confined
within the geometrical cone with it base determined by the lens aperture and the vertex
coinciding with the focus (e.g., [59]). Other theoretical approaches addressing the same
problem give very similar results [60].

Strictly speaking, the Torok theory considers monochromatic radiation. In our simulations
presented below (Fig. 3) the Debye integral was calculated only for the central wavelength (1
= 800 nm) of the fs laser radiation. The effect of spectral broadening on the focused intensity
distribution becomes noticeable only for very short ( <10 fs) laser pulses. However, even in
this extreme case the changes touch only the fine structure of the intensity distribution,
whereas the main features remain essentially intact [61, 62].

The focusing geometry is presented in Fig. 2 where a plane x-polarized monochromatic
electromagnetic wave is first focused without aberrations (i.e., after the lens the wavefront is
spherical) and then refracted at the planar dielectric interface separating media with the
refractive indices »n; and n, (1 < ny). The propagation vector k of the plane wave as well as
the optical axis of the focusing objective are assumed to be perpendicular to the interface.
The origin of the coordinate system O is where the focus is located in the absence of the
dielectric interface (i.e., n; = ny). The interface intercepts the optical axis at a distance F
from O. The position O', which denotes the position of the paraxial focus (i.e., the focus
produced by the central zone of the focusing lens), is located at a distance D ~ (ny/ ny)F from
the interface.

According to the Debye approximation, each point on the converging wave front is a
source of plane waves which upon the refraction at the interface change their propagation
directions. The electromagnetic field distribution in .the medium described by 7, can be

found by integrating all the partial plane waves with the allowed propagation vectors k.
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Fig. 2. Focusing of an electromagnetic wave through a planar dielectric interface.

Torok ef al. [S7] showed that the electric field E(r) at an observation point P(r) is given by

E(r)=C{I, +cos )L, Je, +sin(2p Le, +2icos(p)L,e,} "

where
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0
r, ¢ and z are polar coordinates of the observation point P(r) and ey, e, and e, are unit vectors
in the x, y and z direction, respectively. Interestingly, the wave initially polarized along the
x-direction after focusing and refraction produces the field distribution with non-zero E, and
E, components. The explanation of the depolarizing effect can be found elsewhere (e.g., [62,

63])." In (14a) 6 max is maximum angle between the marginal rays and the optical axis in the

"' Boivin and Wolf [64] using the Debye approximation show that in the case of unaberrated focusing of a
plane x-polaized monochromatic wave in air E, is zero at the focus itself and in the azimuthal plane ¢ = n/2.
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first medium, 6, and 6, are the angles of incidence and refraction at the interface,
respectively (See Fig. 2), ko, k1 and k, are the wave numbers in vacuum, medium with »; and
medium with »,, respectively, Jo, J1, and J, are Bessel functions of the fist kind of the zero,
first and second order, A(8)) is the apodization function (for an objective satisfying the Abbe
sine condition A(8)) = cos"*(8)) [62]), t, and t, are the Fresnel transmission coefficients for

an electromagnetic wave with the electric vector parallel and perpendicular to the plane of
incidence [30], respectively, and, finally, ®(6),) is the phase function given by

®(9,) = —F[n,cos(8,) - n,cos(,)]
In a general case, the intensity distribution /() in the second medium, according to (14),
becomes

I(r)~ EX(r) = cl[|10|2 +acos* (L] +|L[" +2cos2p)Red, I;‘)J , (15)

where C; denotes a normalization constant. Taking into account that for » = 0 only Jo # 0

(viz., Jo(0) = 1), for the axial intensity /(z) expression (15) reduces to
2
I(r)~ C,[L| (16)

Fig. 3 demonstrates two examples of calculated intensity distributions in the yz-section (¢
= m/2) of the focal volume inside fused silica. Simulations were performed for x-polarized
radiation at A = 800 nm (central wavelength of a Ti:sapphire femtosecond laser system). The
refractive index of fused silica at A = 800 nm is n, = 1.453. Fig. 3(a) corresponds to focusing

through an air-silica interface (n; = 1) 350 um subsurface using an objective lens with the

The E,-component has maxima along ¢ = 0 with the largest one occurring at approximately half a wavelength
from the axis where it can be ~ 28 % of the maximum value which the transverse component E, attains at the
focus (Boivin and Wolf performed their calculations for NA ~ 0.7 corresponding to the maximum focusing
angle of n/4). However, taking into account that the material modification process with focused fs pulses is

determined by the light intensity 7 o« |E |2 (e,

of E, compared with that originating from the dominant component E, can be neglected at intensities close to
the material modification threshold intensity /. In focusing through a dielectric interface it can be shown that

E, |2 ~ 10|Ez|2 ) and occurs mainly on the axis, the contribution

Iy > I, > I, [62] and the contribution of the depolarizing E, and E,-components which are determined by I, and

L,, respectively, is also small and can be neglected unless the modification is performed at the high intensities
of I ~ 10 I. During the experiments presented in ARTICLE III we operated at low intensities close to / when
the depolarization is expected to be negligibly small.
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Fig.3. Normalized calculated intensity distributions in the focal volume inside a fused silica sample (a) affected
by spherical aberration caused by focusing 350 um subsurface through the air-silica interface and (b) without
aberrations. In both cases simulations were done for a NA = 0.75 aberration-free microscope objective. The
arrows indicate the light propagation direction. The shown intensity distributions are symmetric with respect

the optical axis coinciding with the z-axis.

numerical aperture NA = 0.75."2 In Fig. 3(b) the intensity distribution is modeled under the
assumption that the wave front in the second medium is spherical, i.e., it corresponds to the

perfect compensation of the interface induced aberration. In both cases the rays in the second

12 Using our definitions, NA = sin(f},,), where ), is the upper integration limit in 14(a).
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medium are confined within the same cone of angles given by arcsin(0.75/n;). The focusing
depth is identified with the paraxial focus in the second medium D (See Fig. 2), which also
approximately gives the position of the main maximum with respect to the interface [65]. As
D increases, the following trends in the axial intensity distributions are observed: i) a
dramatic drop in the magnitude of the main maximum, ii) relative growth of the secondary
maxima with a gradual increase of the separation between the main and second maxima, and
ii1) spreading of the distribution along the beam propagation over distances exceeding many
times the unaberrated intensity distribution approximated by 4n,A/NA? (base or full width)'®
[30], where 4 is the wavelength in vacuum and NA denotes the numerical aperture of a dry
objective. In ARTICLE III we calculate the drop in the peak intensity with depth for
objectives with different NA’s and show that focusing pulses with high NA optics is
restricted to a few tens of microns under the surface unless the laser power is raised
dramatically in compensation. In Fig. 3 the severity of the spatial distortion is apparent even
for a moderate writing depth of 350 pm, where the intensity distribution spreads from the
unaberrated value of ~ 8.5 um (Fig. 3(a)) to more than 110 pm (Fig. 3(b)).

In focusing fs pulses with high-NA objectives (NA > 0.5) spherical aberration plays a
double role. It dramatically reduces the peak intensity in the pulse and therefore weakens the
undesirable, difficult to control nonlinear effects. On the other hand, spherical aberration
severely distorts the intensity distribution in the focus causing the formation of multiple
modified regions, which coincide with the intensity maxima along the pulse propagation
direction (See Fig. 3(a)). We also note that it is difficult to arrest this process because even if
dense electron plasma is formed near the first intensity maximum it cannot efficiently absorb
the pulse energy moved away from the optical axis and thus prevent multiple-spot irradiation
in the focal region. In ARTICLE III we demonstrate the formation of multiple modified

regions in the aberrated laser focus and also show how to avoid this effect.

" The intensity distribution along the z-axis is approximated by a function [sin({)/¢]%

.2

sin” (0 . . .

where { =n—(m‘1’ilz , and Oy, and 4, denote respectively the maximum angle between the marginal rays
m

and the optical axis and the wavelength in the light propagation medium (i.e., i,, = A/n,, where n, is the

refractive index of the medium and 4 is the wavelength in vacuum). The first zero of the intensity on the axis is

determined by { = = m. Using this condition, the base (or full) width of the axial intensity distribution can be
4

writtenas A,p =—————.
sin“ (0.« )
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Although accurate modeling of the intensity distribution in the second medium can be
achieved only by using the rigorous diffraction theory, the basic effects of focusing through
a dielectric interface can be predicted by geometrical optics. This approach allows one to
assess the magnitude of the longitudinal intensity spreading without performing laborious
numerical simulations. Fig. 2 shows that the marginal rays intercept the optical axis further
from the interface than the paraxial rays, which means that the interface introduces spherical
aberration. Using the geometrical optics approach (See Appendix A), the magnitude of this

longitudinal spreading A, caused by spherical aberration is given by a simple expression

. 2 2
N :D{\/l—[sm(ﬁlmax)n]/nz] 4}:1){ 1- (NA/n,) 1}, -

1—5in® (6, ) 1-(NA/m)®

where NA = #n18in(Onax). For ny = 1.453, ny = 1, NA = 0.75, and D = 350 pm formula (17)
yields A; ~ 110 pm, which is in a very good agreement with the corresponding value of 108
um given by the modeling based on the diffraction theory (Fig. 3(2)).

Spherical aberration introduced by the interface also changes the temporal behavior of a
pulse in the focal region. The electromagnetic disturbance associated with a pulse first

reaches the paraxial focus and after a time delay AT approximated by (See Appendix A)

2 2 2 2
ar=2" "l[ : _1}2”2 é SRR (18)
¢ ny [ €08(6)) c n o |[i-(NAm)?]

it arrives at the marginal focus. This delay, however, is not a temporal pulse broadening per

se as the pulse arrival at different points in space is considered. Formula (18) after
substitution of the numbers that were used earlier to estimate the longitudinal spreading A,

yields a very significant A7 of 450 fs.

Discussion }

As it was mentioned earlier, fs laser modification of transparent dielectric materials is a
highly nonlinear process driven by light absorption and ionization of the medium. The key
parameter determining the probability and localization of ionization and the modification
itself is the laser light intensity. Multiphoton ionization together with tunneling ionization

provide seed electrons in the conduction band and then avalanche ionization accelerated by
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collision- and hole-assisted excitation processes exponentially increases the electron
population. The produced electron plasma strongly absorbs electromagnetic radiation and the
pulse energy is dissipated in the plasma formation region. Although the relative
contributions of photoionization and avalanche ionization to the electron plasma formation
vary with the pulse duration, it is important that the seed electrons are mainly provided by
photoionization processes rather than by excitation from impurities and defects, which is
typical of long, low intensity laser pulses. This makes fs laser dielectric modifications a
deterministic, self-initiated process with the modification threshold determined by the
bandgap energy of the material. The intensity required to ionize (and modify) the medium
with short pulses is achieved at low pulse energies and therefore the amount of energy that is
deposited into the medium and eventually converted into heat is also low. The heat affected
zone where cracks and other thermally induced defects can form is therefore dramatically
reduced, so that the extents of modification can be localized on a sub-micrometer scale. The
deterministic nature of, and minimum collateral damage associated with fs radiation-induced
modification make fs lasers a unique tool for micromachining.

Previous studies have shown that modification produced in transparent media strongly
depends on whether the focusing of femtosecond pulses is achieved using high- or low-NA
objectives (e.g., [28] and references therein). To achieve the material modification threshold
intensity in a weak focusing geometry the peak pulse power should be high and nonlinear
effects can dominate the laser pulse propagation. A dynamic balance between self-focusing
and photoionization usually leads to a filamentary (self-trapped) propagation accompanied
with a significant spectral broadening of the pulse (white light-continuum generation). In
this regime highly elongated modification which can stretch many hundreds of microns
along the pulse propagation direction is produced [66, 67].

The majority of applications, however, require a localization of the modified zones on a
micrometer and sub-micrometer scale (e.g., optical data storage) and the ability to arrange
them in 3-D rather than along one direction. This can be achieved using tightly focused
pulses at low peak powers (i.e., below P) when self-focusing effects are small or can be
neglected and the dimensions of the modified regions are related to the size of the focal
volume given by diffraction theory. As we already mentioned, the nonlinear dependence of

the multi-photon ionization rate on the intensity promotes the confinement of the electron
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plasma formation region and the resultant modification to sub-diffraction-limited volumes.
Although high-NA focusing theoretically provides such a capability, in practice other
aspects of the pulse focusing become critical. Even if the focusing objective is perfect
(corrected for all types of optical aberrations) and the temporal pulse broadening in it (which
can be significant) is totally compensated by pre-chirping the pulse in the laser system,
spherical aberration introduced by the sample-surrounding medium interface will strongly
affect the spatial and temporal characteristics of the pulse in the medium. The axial
spreading of the intensity distribution, which increases with increasing the focusing depth
and the refractive index mismatch at the interface, results in the formation of multiple,
axially stretched modified regions. Although writing with conventional dry high NA optics
at depths exceeding several hundred microns becomes impractical due to the mentioned
severe drop in the peak intensity and intensity spreading, we show in ARTICLE III that
specially designed objectives can be successfully used to write diffraction limited structures

deep into the material.
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Section 2. Study of femtosecond laser-induced modification in glass

Different regimes of fs radiation-induced modification in fused silica glass

As it was mentioned earlier, the use of fs-lasers radiation to modify transparent dielectrics
(glasses) is based on its ability to induce localized changes to the refractive index of the
medium in 3-D which allows one to fabricate various passive microphotonic components
such as waveguides [2], couplers [3], high-density optical storage [4], gratings [5], and fiber
Bragg gratings [6] as well as active devices such as laser amplifiers {7, 8]. It has also been
demonstrated that fs-laser modified regions can etch selectively with respect to the
unmodified surrounding material and thus form nanostructures and microfluidic channels
[12, 13].

Although various potential applications of fs-laser induced modification have been
demonstrated and discussed in numerous reports, much work has yet to be done to
understand basic mechanisms responsible for the photo-induced physical and chemical
transformations occurring in bulk material at the atomic level. The understanding of possible
origins of the fs modification is complicated by the fact that the properties and morphology
of the modified regions are very strongly affected by both the material composition and the
irradiation conditions. The work presented in this thesis is primarily on the ultra-high spatial
resolution imaging and characterization of structural changes occurring in glassy media
during fs irradiation rather than on the study of mechanisms leading to these changes. Since
this thesis concentrates on the study and applications of the modification in fused silica, the
discussion of the characterization techniques as well as possible mechanisms underlying fs
laser-induced physicochemical changes is mainly dedicated to this material.

Previous research has shown that three distinct typés of modification can be identified for
fused silica depending on the laser intensity: i) homogeneous modification associated with a
smooth positive refractive index change (e.g., ‘type I damage’ in Ref. [15]), ii) sub-
wavelength nanogratings (linear laser light polarization) [68] and disordered nanostructures
(circular polarization) (ARTICLE VI), and iii) disruptive modification (voids,
microexplosions) at high light intensities [4, 17] and ARTICLE IV. The intensity threshold
for each type of modification also strongly depends on the combination of the pulse duration
and pulse energy (ARTICLE IV) as well as on the focusing geometry (the NA of the
focusing optics and focusing depth). For example, for a low-NA focusing (NA = 0.2) we did
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not observe the regime of nanograting formation within the pulse energy-pulse duration
parameter space that we used in ARTICLE IV with a 0.65 NA focusing objective. This
argument makes the quantitative analysis meaningful only if certain writing parameters are
fixed (e.g., in ARTICLE IV the NA and focusing depth were kept constant). Each type of
modification will be considered separately.
Regimel: Homogeneous modification. This type of modification in fused silica is associated
with a smooth positive refractive index change and finds its application in the fabrication of
waveguiding and grating components. The homogeneous index change (typically An ~ 5 x
10”), which can be achieved with high-NA focusing geometry (NA > 0.4) only within a
narrow pulse energy-pulse duration operating window close to the material modification
threshold (See ARTICLE 1V), is necessary to minimize scattering losses in the waveguides.
Several mechanisms have been proposed to account for the observed small index change.
Even at low laser intensities due to the highly localized heating of the medium the
temperature can reach the glass-liquid transition point. Rapid cooling and resolidification of
the molten material occurring within a few microseconds after the pulse will lead to an
increase of the fictive temperature 77 in the modified region compared to the surrounding
unmodified material [70]."* For silica glass in the region of 1000-1500°C an increase of Ty
leads to an increase in the density and the refractive index since these parameters are linearly
related to each other. It has also been found that higher Tt lead to smaller Si-O-Si bond
angles and strained Si-O bonds which are more chemically reactive than those inside the
unstrained unmodified material. In between 1500 and 2000°C the density drops as Tt grows,
however this drop occurs slower than the increase observed at lower fictive temperatures and
the density over the whole temperature range of 1000-2000°C appears to be higher than

below 1000°C [71]. Raman spectroscopy of fs-laser modified silica indicates an increase of

'* The structure which is frozen in the glass during the liquid-solid transformation persists at all lower
temperatures as the viscosity of the liquid rapidly increases with decreasing temperature, and atomic
rearrangement slows down dramatically. Thus, a glass has a configurational or fictive temperature T; that may
differ from its actual temperature. The fictive temperature is the temperature at which the glass structure would
be in the equilibrium if suddenly brought to that temperature from its given state. It describes the structure of a
glass as it relates to the cooling rate (thermal history). A fast-cooled (quenched) glass has a higher fictive
temperature than a slowly cooled glass. In industry, in order to avoid the generation of mechanical stress in
glass it is cooled down from the melt slowly, i.e. the fictive temperature of a silica glass sample is expected to
be lower than that inside the melted and quenched fs-laser irradiated regions.
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3- and 4-fold ring structures'” indicative of an overall decrease in the bond angle and
densification of the material [70].

The refractive index change can also be caused by the formation of color centers (defects
consisting of interstitials and vacancies) in the irradiated regions inside initially perfect
dielectrics. The presence of these light absorbing species in a dielectric is equivalent to the
introduction of the imaginary part into the refractive index. The real and imaginary parts of
the complex refractive index are related through the Kramers-Kronig relations allowing one
to determine the full complex refractive index as a function of wavelength from an
absorption spectrum of the material. Because of the high electron density produced by the
intense fs-laser radiation there can be sufficient number of defects produced to change the
real part of the refractive index via the Kramers-Kronig mechanism. Electron spin resonance
and photoluminescence data obtained in modified fused silica and borosilicate glasses
showed an increase in the concentration of the E' centers (paramagnetic positively charged
oxygen vacancies: =SieSi=, absorption band at 5.8 eV; or neutral dangling Si bonds, =Sie),
non-bridging oxygen hole centers (NBOHC: dangling oxygen bonds, =S—O0e, absorption
band at 4.6 eV), oxygen deficient centers (ODC: neutral oxygen vacancies, =Si—Si=,
absorption band at 5.1 eV), peroxy radicals (POR: =S—0—Owe, absorption bands at 2.3 and
4.8 eV), and other unidentified defects with broad absorption bands [5, 74]. Color center
formation occurs at intensities as low as 7 ~10'> W/cm? and has no sharp onset intensity.
This phenomenon has been observed in optical borosilicate crown glasses, high purity alkali
silicate glasses and in fused silica [75, 76]. Annealing of the material above ~150°C causes
the color centers to disappear, whereas the induced refractive index change shows a
significant decrease only at much higher temperatures of ~400-600°C depending on the
material. As the annealing temperature is increased the color-center signal also decreases
faster than the induced refractive index change, which makes it unlikely that the index

change is solely due to the color-center formation [76].

' Various theoretical models supported by experimental techniques (X-ray diffraction, nuclear magnetic
resonance, infrared, and Raman spectroscopy) suggest that the structure of ¢-SiO, (amorphous or fused silica)
is a network of SiO, tetrahedra containing irregular rings of order m, where m is the number of Si atoms in the
ring [72]. The m-order ring also includes m O atoms. The most common ring in a-SiO; is with m = 6. The Si-O-
Si bond angles have wide distribution with a peak at most probable value of 152°, whereas the O-Si-O angle is
more narrowly distributed around the tetrahedral value of ~ 109.5° [73].
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There is also a possibility that, by analogy with ultraviolet (UV) light-induced
modification [77], a non-thermal mechanism is responsible for the structural changes in
fused silica (and other glasses) caused by fs irradiation. It was found, that fused silica
undergoes densification or compaction after being exposed to UV radiation, which at high
irradiation doses can lead to a significant increase in the refractive index. The densification
in this case is attributed to the reduction in the average m-number occurring by directly
breaking and rearranging the bonds. The process of compaction cannot go beyond the
formation of 2-membered rings [72].

The presence of network modifiers in multicomponent glasses makes the understanding
of the modification process even more difficult as the migration of network modifiers
leading to a variation in the chemical composition across the fs-irradiated region can also
lead to the changes in the refractive index.

Regime II: Sub-wavelength nanogratings and disordered nanostructures. Previous research
has shown that in fused silica above a certain laser intensity level in the focus a second type
of modification consisting of birefringent (‘type II damage’) [15], anisotropic scattering [69]
zones is produced. It has also been shown that this type of modification is still present after
annealing at high temperatures > 1100°C [78] as compared to ~ 600-900°C sufficient to
erase the homogeneous modification that was described earlier. The formation of modulation
of the refractive index with a sub-wavelength periodicity has been suggested as an
explanation to the observed anisbtropy [69]. The existence of periodic structures, further
referred to as nanogratings, which are always oriented perpendicular to the laser
polarization, was first confirmed by Shimotsuma et al. [68] in a fixed focus, when a fused
silica sample was irradiated by 150 fs, 800 nm laser pulses 100 pm subsurface. The
nanograting lines were characterized using backscattering SEM and Auger electron
spectroscopy in 2-D after polishing down the sample to the level of the modified zones. In
an independent effort to study this type of modification at a nanometer scale, we have
recently performed a complete 3-D study of the modified regions produced under different
irradiation conditions by scanning the laser focus through the sample and found that these
polarization-dependent nanograting lines are in fact nanoplanes and maintain their
periodicity over the entire writing range (ARTICLES IV, V, VI and Ref. [79]). The very fact

that grating-like structures can be optically formed inside the diffraction limited focal
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volume requires a major investigation of both the basic concepts of fs laser dielectric
modification and possible applications of the technique. The study of this type of
modification constitutes the core of this thesis and therefore will be presented in more detail
than other types of modification.

To explain the formation of self-organized nanogratings, Shimotsuma et al. proposed a
model based on the interference between the electric field of an electron plasma wave inside
the ionized volume and the incident light field. This interference imposes a periodic
modulation on the electron plasma density causing a corresponding periodic modification in
the material. The electron plasma wave is a longitudinal wave and for a 1-D plasma, in the
presence of the driving field, it is launched at an angle to the direction of propagation of
light. For coupling between the plasma wave and the incident light field, momentum has to
be conserved. The momentum of the plasma wave, and consequently the grating period,
depend on the density N, and temperature 7. of the excited electrons. Since both these
parameters are functions of the energy deposited in the focal volume, Shimotsuma et al. [68]
predict that the grating period changes with the pulse energy and number of shots. Although
the interference-based approach is intuitive in explaining the formation of regular structures,
this model uses unrealistically high plasma temperatures (> 10’K or 1300 eV) and densities
(> 95% of the critical density N) to explain the experimental observations. Kilovolt electron
energies are usually associated with X-ray radiation from surface plasmas generated by 10'®
W/cm? laser pulses, in contrast to the intensities of under 10" W/cm? operative in dielectric
modification. The near-critical N, assumed by Shimotsuma et al. [68] is very restrictive
since light will not penetrate the plasma once the critical density is exceeded. On the other
hand, according to Shimotsuma et al. [68], lower N, will lead to even higher T, to reproduce
the experimentally observed spacing. Further, knowing the volume of the modified region
from our 3-D measurements we estimate that a minimum E, of 10 pJ is required to achieve
electron temperatures of ~ 10’ K at near the critical plasma density of ~ 2 x 10*' cm™. This
simple energy balance assumes that all of the laser pulse energy is deposited in the modified
zone and in the electron plasma. In contrast, we have found that the threshold for
nanostructure formation is typically only 100-200 nJ. It also is not obvious from the
interference model how the order is maintained when the focus is scanned along the sample.

On the contrary, one would expect that the structures formed due to interference between
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light and plasma waves are washed out since plasma waves are bound in each focal spot and
are independent from spot to spot. However, the long-range order apparent in our results
(ARTICLES 1V, V, VI and Ref. [79]) implies that the structures formed in one focal spot
have a control over the modification induced in the neighboring spot.

We have developed an alternative model based on nanoplasmonic theory to account for
the observed trends in the nanograting formation [79]. According to our model, the
nanograting evolution is a three-step process, which takes place over many laser shots,
including 1) inhomogeneous dielectric breakdown and formation of nanoplasmas, ii)
modification of the material on the nanoscale to create a ‘memory’ of previous nanoplasma
formation and growth of the modified regions into nanoplanes, and iii) self-organization of

the nanoplanes.

Fig. 4. A schematic diagram adopted from Ref. [79] showing how the local fields around a nanoplasma
promote its growth into a nanoplane. k denotes the direction of propagation of the laser beam and E is the
¢clectric field in the medium associated with the fs laser pulse. Eeq and £yq are the local fields found at the
equator and poles of the sphere, respectively. ¢’ is the ratio of the permittivity of the nanoplasma sphere to the
surrounding dielectric medium. When ¢’ < 1 (i.e., when the plasma density is less than the critical density) field
enhancement occurs around the equator (shown as a strip) and a spherical nanoplasma evolves into a

nanoplane.
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Dielectric breakdown can be inhomogeneous for several reasons. The high non-linearity
of the process may result in instabilities that lead to an intrinsic inhomogeneity, color centers
and defects may act as nucleation centers and hole-enhanced ionization may also play a role
[48]. All of the above can lead to the production of localized nanoplasmas in the material.
The nanoplasmas are underdense during most of the time of their interaction with the
incident laser pulse. The electric field inside an underdense plasma exceeds the laser field,
which further enhances the local nature of the breakdown. The boundary conditions require
that the electric field around the equator of an underdense spherical nanoplasma with the
polar axis aligned along the laser polarization is enhanced as compared with the pole regions
where the electric field is suppressed (Fig. 4). Thus, underdense nanoplasmas must grow into
sheets oriented perpendicular to the laser polarization. Even when the plasma density
increases, since the nanoplasmas will have a density gradient, their outer boundary remains
always underdense, ensuring that they grow into nanoplanes.

The process of nanoplane growth occurs over many laser shots leading to alteration of the
material. This implies a memory of the cumulative effect of previous shots that we relate to a
lowering of the multiphoton ionization threshold in material that has been previously
ionized. In the early stages of material modification these changes might be the result of the
creation of defects. In the later stages the material structure itself can be significantly altered
on the nanoscale and may even become a planar nanocrack (i.e., a very narrow ~10 nm wide
slot). The ionization and recombination processes are expected to be especially efficient at a
nanocrack [80].

The self-organization of the nanoplasmas is postulated to be a result of their semi-metallic
properties (i.e., obtained in the later stages of nanoplasma development when the plasma
electron density approaches the critical density) which affect the field propagation in a way
similar to planar metallic waveguides. Growth of the planes will be favored if they support
modes whose field distribution reinforces their own growth or where the field is enhanced by
a suitably placed neighbor. The spacing is solely determined by the mode structure and
therefore scales linearly with the wavelength independent of the laser pulse energy, as
indeed was confirmed in our experiments which showed that the average period of the
nanogratings produced at 4 = 800 nm is two times larger than in the case when the

wavelength of the writing laser beam was decreased to 4 = 400 nm by frequency doubling
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[79] (Shimotsuma et al. predict a non-linear wavelength dependence [68]). For the lowest
order optical mode structure, the nanoplasmonics model predicts a minimum nanograting
period of A/2n, where n is the index of refraction of the medium. The bulk value of # (i.e., for
fused silica n = 1.453 at A = 800 nm) can be used if plasma formation and material
modification predominately occurs at the transient quasi-metallic grating planes. Our model
prediction for the minimum nanoplane spacing in fused silica is therefore 275 nm, which is
in reasonable agreement with an average value for the experimentally observed spacing of
250 + 20 nm (measured in the xy-plane using thousands of grating planes).

With a moving focal volume and laser electric field E parallel to the writing direction S,
the mode structure in the previous spot determines where the nanoplanes would grow in the
newly exposed region. In the case when E is perpendicular to S, order is imposed on new
material via the field distribution at the boundaries of the nanoplanes. Thus self-ordered
periodic nanoplanes can be produced when the sample is moved. In the case of circular
polarization we expect the nanoplasmas to develop into prolate ellipsoids with their long
axis aligned with the beam propagation vector k. This is because the field is only continually
enhanced at boundary points close to this axis under circular polarization. Our experimental
results largely show disordered structures consistent with there being no mechanism to
impose long-range order.

Regime 1II: Disruptive modification (microvoids/microexplosions in bulk material). When
high energy femtosecond laser pulses are focused with very high-NA (liquid immersion
focusing, NA = 1.2-1.4) objectives the radiation absorption is confined to a volume with
dimensions as small as 1 pm® [17]. In this regime the fs radiation propagates inside the
material at intensities /> 10'* W/cm?®. The material within a tiny interaction region is almost
instantaneously (in a few ps) heated up to temperatures ~10°K and the pressure caused by
the sharp rise in temperature in a constant volume can reach enormous numbers on the order
of hundreds of GPa. Under such conditions the very hot electron-ion plasma explosively
expands out of the interaction region into the surrounding cold medium, which leads to the
formation of a voxel (volume element) of rarefied material (or a void in the extreme case)
enveloped with a shell of densified material [17]. The sub-micrometer size combined with a
high refractive index contrast of microexplosions make this type of modification very

attractive for high density 3-D optical data storage. Although the regime of microexplosions
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can also be achieved using lower NA’s at increased laser powers, the resulting larger extent
of the modification will compromise its use in such a demanding application. In ARTICLES
IV and VI we demonstrate that relatively long pulses (z, = 200 fs) at pulse energies of ~ 500
nJ focused with a NA = 0.65 objective also produce extensive disruptive modification
(microvoids) in the top portion of the modified regions (Regime IIl in ARTICLE IV). In the

Conclusion we discuss the importance of this type of modification for microfluidics.

Diagneostics techniques

Numerous techniques have been used by researchers to characterize fs radiation induced
modification in optical glasses. Of all techniques tradifional optical microscopy is the easiest
to implement and, consequentially, is the most commonly used. This inherently diffraction
limited technique, however, mainly visualizes the modified regions with a spatial resolution
of = 300 nm and provides only limited information on the morphological changes occurring
in the material. X-ray diffraction, nuclear magnetic resonance, electron spin resonance,
Raman, infrared and fluorescence spectroscopy do reveal structural changes in the material
at the atomic level but due to a poor spatial resolution this information is essentially
averaged over many modified regions. Ultra-high spatial resolution (~10 nm) techniques,
used to study sub-micrometer features of the modification morphology, include AFM, SEM
(secondary and backscattered electron imaging), Auger electron spectroscopy on cleaved or
polished samples and AFM or SEM on chemically pre-etched surfaces. Among these
techniques backscattered electron imaging and Auger spectroscopy are also sensitive to the
chemical composition or density of the material on the surface.

In this thesis we study the modification in various glasses using a microreflection optical
technique, AFM and SEM on polished and etched surfaces and SEM on cleaved surfaces.
Whereas AFM and SEM studies of fs laser modified regions on cleaved and polished
surfaces have been performed by other authors, to the best of our knowledge, we are the first
to apply the technique of weak selective chemical etching followed by AFM to characterize
fs radiation-induced glass modification. We are also unaware of any reports related to the
use of a microreflection technique in the fs modification domain. We first reported on the
use of both the etching-AFM and microreflection based techniques for fs modification

diagnostics in Ref. [81] which can be found in Appendix B of the thesis. A detailed
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description of sample preparation and implementation of the etching-AFM/SEM technique is
provided in ARTICLE VI. To characterize the electromagnetic field distribution (mode
structure) at the output of fs laser-written waveguides we used near-field scanning optical
microscopy (NSOM) in the light collection mode with custom made chemically etched
metallized probes [82, 83]. Three of the mentioned techniques, viz. etching-AFM,
microreflection and NSOM, were implemented using a scanning probe microscope Digital
Instruments Inc. Dimension™ 3000. In order to achieve full flexibility in performing
measurements, the SPM head of the microscépe containing the piezoelectric scanner has
been modified to allow operation in any orientation (typically horizontal) as opposed to the
original fixed vertical deployment [84].

Technique of selective chemical etching and AFM/SEM. In 1994 Zhong and Innis showed
that the technique of selective chemical etching followed by AFM can be used to deduce
refractive index profiles in optical fibers [85]. They demonstrated that in a water solution of
HF the doped core of a germanosilicate fiber etches selectively relative to the cladding and
that the etch rate of the core linearly depends on the dopant concentration. Since the
refractive index of the core also linearly depends on the dopant concentration, by measuring
the topographic profile of the etched depression in the core region it is possible to deduce the
relative core-cladding refractive index change. AFM allows one to measure topography with
a 10-20 nm lateral resolution and a sub-nanometer height resolution and therefore very
accurately map refractive index profiles of fibers.

The potential of the technique of selective chemical etching followed by AFM to study fs
radiation-induced modification in glasses is also based on a difference in chemical properties
between the modified and unmodified material. When an irradiated sample is immersed into
an aqueous solution of hydrofluoric acid, the modified regions etch at a different rate than
the unmodified material. This translates the structural changes occurring in the material into
a topographic profile which can be measured using AFM or SEM with a nanometer
resolution. There is another very important aspect of acid etching in revealing the
modification morphology. During sample preparation, which usually includes cutting and
polishing, the sample surface becomes covered with a very thin (~10 nm) polishing-induced
layer of processed material which masks the fine features, e.g., nanogratings, inside the

modified regions. Without removing this layer via weak etching neither AFM nor SEM
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would provide any meaningful information on the morphology. The AFM and SEM
techniques are complimentary. SEM increases contrast of abrupt deep topographic changes
but is almost insensitive to smooth relief on a nanometer scale which is easily mapped by
AFM. On the other hand, analysis of AFM images becomes difficult due to loss of contrast
when smooth topographic background masks very narrow and deep (> 50 nm) features (e.g.,
polarization-dependent periodic nanostructures studied in ARTICLES IV, V and VI) whose
actual depth is underestimated in this AFM-probe limited regime.

In fused silica the decrease in the bond angles inside the modification can make the
oxygen atoms more chemically active in reactions with acids due to the deformation of their
valence electron configuration. In the regime of smooth modification in fused silica the etch
rate of modified regions is found to be faster than that of the surrounding material. The etch
rate in this glass is also approximately in a linear relationship with the induced positive
refractive index change (Appendix B). The linear dependence between etch depth and index
may, however, applies only to fused silica. The refractive index modification exhibits a
strong dependence on the glass composition and can be positive, negative or nonuniform
while the etch rate in all those cases is faster in the modified regions than in the unmodified
material (See ARTICLE II). Even though there is generally no correlation between the index
change and the etch rate in the modified regions, the technique very accurately maps their
morphology, shape and size, which can provide crucial information regarding potential
applications of the material, as reported in ARTICLES IV, V and VI.

Microreflection technique (reflection refractometry). The development of high spatial
resolution refractive index profilometry is tightly linked with the use of optical fibers in
telecommunications. Among several optical techniques developed to map the refractive
index across optical fibers the refracted near-field method (RNF) is a unanimous leader as it
can detect index variations on the order of An ~ 10°-10"* and also provides a high spatial
lateral resolution of ~ 1.224/2NA determined by the diffraction limit of light [86]. The RNF
technique has also been applied for studies of the fs radiation-induced refractive index
changes in various glasses (e.g., Ref. [76] and ARTICLE II). There is, however, another high
resolution technique based on microreflection [87] which is much easier to implement in the
case of relatively large and irregular glass samples (cubes, slabs, cylinders) typically used in

fs modification experiments. In both RNF and microreflection techniques the fs-modified
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regions are illuminated by a focused probe laser beam and the difference in the techniques is
simply determined by the collection mode of the signal originating from the refractive index
inhomogeneity associated with the modification: in RNF geometry the refracted signal is
analyzed, whereas the microreflection uses the reflected component of the probing light. The
main argument against using the microreflection geometry in high spatial resolution studies
is related to the theoretical model of the normal incidence approximation [87]. This
approximation is based on the assumption that the sample is illuminated at a normal

incidence with a probe laser beam (i.e., focusing is achieved with low-NA objectives) and
therefore a simple expression for the surface reflectivity $& = [(#-1)/(n+1)]*can be used [30].

In this expression n denotes the refractive index of the sample probed with the laser beam
and the refractive index of the ambient air is assumed to be 1. However, in order to increase
spatial resolution the laser beam has to be focused tightly with high-NA objectives, which
implies the use of rays with a large spread of angles of incidence to probe the refractive
index changes. Since the reflection coefficients given by the Fresnel formulae show angular
dependence [30], which becomes especially pronounced for large angles of incidence, the
analysis based on the normal incidence approximation becomes inaccurate and the
theoretical model underlying the microreflection technique should be modified to address
this issue [88]. Below we will show that i) the normal incidence approximation in fact gives
accurate results for NA’s up to 0.6 and ii) in general, a correction factor can be introduced to
account for the contribution of the angled rays.

A schematic of the basic microreflection setup used in our experiments is shown in Fig. 5.
The sample is mounted on a high-accuracy xyz-piezo scanner which moves under the fixed
focus of the probe laser beam. The optical axis of the focusing objective is normal to the
sample surface. The reflected signal R(x,y) (= 4% of the incident light) is redirected with a
beam splitter (BS) towards the detector and recorded as function of the sample position
(x,y), as described in ARTICLE 1. The refractive index of the unmodified material ng is
assumed to be known and the refractive index change caused by fs irradiation is denoted by
An. The diagram also shows the presence of a polishing-induced surface layer with the
refractive index of ng+dn and thickness of 4. The effects of this layer on the reflected signal

will be considered later. For microreflection it is also imperative to have excellent index
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detector

Fig. 5. Microreflection experimental setup showing presence of a polishing-induced surface layer.

matching at the exit surface of the waveguide since any reflected signal from this surface
will be guided back to the front surface where it can compete with the signal reflected from
the front surface. In our experiments the back surfaces of the samples are roughened and
terminated in a specialty epoxy with the refractive index very close (to within 0.0005) to that
of fused silica at the probe laser wavelength.

The reflected power from the surface of the sample is directly related to the refractive
index of the sample. The microreflection technique allows one to measure the reference
reflected signal Ry from the unmodified material with ny and a change in the reflected signal
AR from Ry caused by the induced refractive index variation An. The following points
should also be emphasized: i) focusing with any NA can be used for the measurements
depending on the required spatial resolution, however both measured reflected signals Ry and
AR depend on the used NA and ii) the deduced magnitude An of the refractive index
variation depends on the approximation/model used to interpret the microreflection data, i.e.,
the actually measured Ry and AR.

The model used in the normal incidence approximation [87] establishes a simple
relationship between the reference reflected signal Ry, a change in the reflected signal AR,

and a small An < ng causing this change
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An(x, y) = [”"4_ 1} ARI(:’ Y (19)

which makes the calculation of An a straightforward procedure.

In the case of strongly focused beams Novotny et al. [89] have shown that in general case
(i.e., for any NA) the electric field of initially x-polarized plane wave with the amplitude Ej
after focusing on the sample surface, reflection and recollimation (i.e., the field at the
detector; see Fig. 5) is given by

E,, =-Ey{[cos’(p)r,(0) —sin’ (p)x,(O)]e, + %5sin2p)[r, (6) +1,(0)]}e, (20
where 6 is the angle of incidence, ¢ is the azimuthal angle in the xy-plane, r, and r, are the
Fresnel reflection coefficients for an electromagnetic wave with the electric vector parallel
and perpendicular to the plane of incidence, respectively [30], and e, and e, are unit vectors
in the x- and y-direction, respectively. For normal incidence, (i.e., 8 = 0) r, = -r; and Eg¢ = -
Eoey, which is, except for the minus, identical to the input field. Again, as in the case of (14),

the focusing objective depolarizes light. The total power of the reflected light at the detector
(i.e., the reflected signal R(x, y)) is given by an integral

Ornax 2n
R j sin(6)d6 J‘[Edet(go, o) do 21)
0 0

where Ona = arcsin(NA). It can also be seen from (21) that in the considered general case a
simple analytical relationship (viz., formula (19) between Ry and AR-signals and An does not
exist any more and a more involved procedure, which is outlined below, has to be used in
order to deduce the magnitude of the refractive index change based on the reflected signals.
Fig. 6 shows the results of simulations based on (19) and (21) for fused silica. The
refractive index of fused silica used in the simulations is taken ny = 1.457, which
corresponds to microreflection measurements at A = 632.8 nm (the red wavelength of the
HeNe-laser). In Fig. 6(a) the refractive index change caused by fs irradiation is fixed at a
typical value for this material of An = 0.005 (See Appendix B and ARTICLE II) and the NA
of the focusing objective is varied, whereas in Fig. 6(b) An is varied and the calculated
AR/Ry-ratios are plotted for different fixed values of NA. Fig 6(a) demonstrates that for NA

< 0.5 the difference between the calculated AR/Ry-ratios given by the normal incidence
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Fig. 6. Microreflection measurements using the normal incidence approximation and the model accounting for
the dependence of the reflectance on the angle of incidence. (a) calculated reflectivity change induced by an
index inhomogeneity with An = 0.005 in using focusing objectives with varying NA’s. (b) calibration curves
plotted for NA = 0.6, 0.7, 0.8, and 0.9 for a range of An corresponding to the observed refractive index changes
in fused silica (0 < An < 0.01).

approximation (19) and the rigorous theory of microreflection (21) is very small. With an
increase in NA the AR/R-ratio drops but even for 0.8 NA focusing it is still within 10% of
the normal incidence value. For very high numerical apertures in the range of 0.8 < NA <
0.95 the use of the normal incidence approximation in interpreting the data results in a
serious underestimation of the induced An (~ 25%). The NA-dependence of the AR/Ro-ratio
can be accounted for by simply using the calibration introduced in Fig. 6(b). Since the
numerical aperture as well as the unmodified no are known parameters'®, An can be deduced
from the measured AR/Ro-ratio using a procedure shown in the graph. Such calibration
curves can be built for any material, any numerical aperture and for any range of An.
Another effect that may lead to inaccurate measurements of the induced An is due to the
presence of a surface layer produced by polishing (Fig. 5). Early studies of this effect by
Lord Rayleigh showed that the reflectance of polished fused silica and other glasses was

changed by the optical polishing procedure [90]. In using immersion fluids index-matched to

' The back aperture of the focusing objective has to be essentially overfilled with the probe laser beam (which
is assumed to be a Gaussian TEMg, mode) to avoid an apparent reduction in NA due to a decrease of the beam
intensity from the axis towards its periphery.
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the bulk material he found that the reflection amplitude of the outer surface of the polishing-
induced layer was significantly higher than that of its inner surface, which implied a
refractive index variation from » = 1.46 to 1.60 across the layer. The thickness of the layer
(= 30 nm) was determined by etching the polished surface in weak hydrofluoric acid
followed by interferometric measurements. More recent measurements of the refractive
index distribution normal to the polished surface of fused silica were performed using
ellipsometry accompanied with gradually thinning the layer by acid etching [91]. The
samples were lapped with several abrasives (emery followed by cerium oxide) having
successively smaller mean grain sizes. The results showed that the refractive index initially
drops in the first 5 nm very quickly from a surface value of ~ 1.74 to ~ 1.48 and then slowly
reduces to the bulk value over a significant depth of almost 200 nm. Although there is no
consensus on the surface layer formation mechanisrh, it is a well known fact that both
thickness and refractive index of the layer are strongly affected by the polishing procedure
(dry, wet, chemical-mechanical, flame polishing, etc.) [90].

The effect of the presence of a dielectric film on the reflected signal can be estimated
using the following model. The reflectivity # at normal incidence for a homogeneous

dielectric film with a refractive index of n = ny+0n, i.e., surface layer, on the surface of a flat

glass substrate with a refractive index ny (dn < ng) is approximated by [92]

2
R (n,,n) ~| 22 U4 24 &n —Mcos(ﬂnoh) (22)
ny +1 ny —1 (n, +1) A

where 4 is the film thickness and A is the wavelength of the probe beam (See Fig. 5).
Calculations show that when a sample is covered with a polishing-induced surface layer with
on > 0, the AR/Ry-ratio given by

o I (n, + An, dn) - K (n,,dn)
I (n,,on)

AR/R,

will be lower than that without such a layer. For example, if a fused silica sample is covered
with a 30 nm-thick layer with n = ny+dn = 1.6, the AR/Ry-ratio corresponding to a refractive
index change of An = 0.005 measured at 4 = 632.8 nm will be ~ 85% of the value measured
without the layer.

In our experiments we wet-polished samples to a high optical quality to avoid scratches,

which produce complex diffraction patterns masking the true reflected signal. AFM
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measurements performed on polished and etched samples show that even after a very short
etching (< 20s) in 0.5% HF the modified regions are already revealed. This implies that the
thickness of the surface layer based on its estimated etch rate is less than 10 nm and
therefore should not significantly affect our microreflection measurements. This layer can
also be completely removed by pre-etching the sample without causing significant variations
in topography over the selectively etched modified regions. Even though a 10% error in
determining the refractive index on polished samples is still possible, this error will affect
the absolute value of the measured refractive index rather than the actual index profile of the
modified region.

Near-field scanning optical microscopy (NSOM). Very briefly, NSOM is an optical
technique allowing one to achieve ultra-high optical resolution exceeding many times the
resolution which is usually referred to in conventional microscopy and as the diffraction
limit of light (i.e.,  1.22A/2NA). There are three main modes of operation of NSOM:
illumination, collection and reflection [93]. In our experiments we operated in the collection
mode where an optical probe is positioned at a very short distance from the sample (i.e., the
output of the waveguide) and the light coupled into the optical waveguide is collected
through a sub-micrometer (typically ~100 nm) aperture at the tip of the probe(Fig. 7(a)). The
collection mode can also be used to measure the intensity distribution in the focal volume of
objectives and lenses (Fig. 7(b)) to assess the effects of sample induced spherical aberration
and the degree of aberration compensation achievable with specialty objectives designed for
these purposes. The optical superresolution of NSOM is attained because the light collection
area is determined by the size of the aperture (tens of nanometers), rather than the
wavelength (hundreds of nanometers) and the light is collected only from the region
immediately below the aperture, i.e., it is within the near field where it is not diffraction
limited.

The NSOM probes were fabricated from GeO,-doped optical fibers (core diameter
typically 4-8 um, cladding diameter 125 um) using a multi-step process [82] including i)
bending of the fibers in an electric spark-discharge apparatus to allow their accommodation
into a special holder compatible with the microscope SPM head, ii) a two-step selective

chemical etching of the fibers in solutions comprised of HF and ammonium
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Fig. 7. Schematic diagram of a NSOM setup in the light collection mode to probe the intensity distribution
(a) at the output of a fs laser-written optical waveguide in a fused silica glass sample (Si0,) and (b) in the focal

volume of a high-NA objective.

fluoride (NH4F), iii) coating of the etched fibers with ~100-150 nm of aluminum, and iv)
cutting off the probe tip with a focused ion beam to define the aperture. In Ref. [83] we
demonstrate that these double-etched probes offer a number of advantages, viz. two orders of
magnitude higher transmission, well-defined circular aperture, and durability, compared to
commercially available pulled probes which are usually used by researchers. A cross-
sectional view of a typical NSOM probe is shown in Fig. 7(a). The probe-sample distance
regulation in performing scans on polished silica samples containing fs laser-written
waveguides is based upon light deflection from the Al-coated, highly reflecting surface of a
bent probe (Fig. 7(a)). The beam of a semiconductor diode laser built into the SPM head is
directed downward to the top surface of the probe, where it is reflected and sent to a
quadrant detector. When a NSOM probe follows topographic variations at the surface the
reflected signal changes and the differential signal between the detector elements provides a

feedback to the piezoelectric transducers moving the probe holder in the z-direction. During
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the intensity distribution scans in the foci of microscope objectives the distance regulation
laser is switched off and the z-motion of the SPM head is provided by a stepper motor with a
step resolution of 140 nm. Scanning along the x- and y-directions in both cases is achieved
with the piezoelectric transducers.

Examples of the intensity distributions at different wavelengths at the output of a fs laser-
written waveguide in fused silica obtained with NSOM are shown in Fig. 8. The mode
structure of the waveguide is determined by the elongated shape of the modified region in
the y-direction (See, e.g., Fig. 4 in Appendix B and Fig. 2(a) in ARTICLE VI). It is also seen
that a multimode operation of the waveguide is allowed at A = 633 nm, whereas only a single
mode ‘can be supported at a longer wavelength of A = 1550 nm. The advantage of using
NSOM to study the mode structure of waveguides is that this technique maps the intensity
distribution with a very high spatial resolution (in this case ~ 150 nm) directly at their
outputs. Other techniques including far field measurements and the use of high-NA
objectives to image the intensity distribution lack such a resolution and may be difficult to
interpret. In the first case the fine mode structure will be masked by the diffraction effects
developed in the far field and in the latter case the observed intensity pattern should be
deconvolved with the point spread function of the imaging objective, which, in general case,
has also to be measured.

Another very powerful application of NSOM in the collection mode is related to 3-D
characterization of the electromagnetic fields in the focal region of high-NA objectives [94].
Other techniques proposed for these purposes including the use of CCD cameras,
photosensitive films, and the knife edge, cannot achieve the resolution (which can easily be
as good as 50 nm) and easiness of implementation provided by NSOM. A notable exception
is another high resolution (~ 100 nm) technique based on analyzing the scattering from
small conducting particles [95] or tips [96], which, however, is nothing else but apertureless
NSOM [97]. Since scanning of the laser focus is performed in free space (i.e., it is not in
contact with any surface) the scan rate of the NSOM probe can be high and a xy-section of
the focal volume is obtained in 5-10 s. By moving the SPM head in the z-direction with a
stepper motor the whole 3-D intensity distribution can be retrieved. This allows one to

characterize the focal volume in a simple and direct manner and assess the actual
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Fig. 8. NSOM image of the intensity distribution (mode structure) (a) at 1 = 633 nm and (b) at A = 1550 nm at
the output of a fs laser transversely written waveguide in fused silica. The lateral resolution is determined by

the NSOM probe aperture diameter, which is ~ 150 nm for both (2) and (b).

performance of sophisticated high-NA objectives. The use of the NSOM technique becomes
especially useful when focusing is performed in the presence of aberrations determined by
the individual or cumulative contributions from the laser beam, the focusing optics itself,
and the sample.

Fig. 9 demonstrates the potential of NSOM to study the effects of aberrated focusing with
a long working distance (up to 2.2 mm) specialty microscope objective (Zeiss LD Plan
Neofluar®, 63x, NA = 0.75) allowing variable coverglass correction (up to 1.5 mm). In this
experiment a HeNe-laser beam at A = 632.8 nm was spatially filtered, collimated, expanded
and focused through a 1.475 mm-thick fused silica etalon (Suprasil® 2 Grade A from
Heraeus, np = 1.457 at A = 632.8 nm). The diameter of the expanded beam was = 4 times
wider than the entrance aperture of the objective. These samples have also been used in the
studies presented in ARTICLES III, IV, V, and VI. As it was mentioned earlier in Section 1,
the Debye integral describing the diffraction of a converging spherical wave propagating
through a planar dielectric interface can be generalized for a stratified (i.e., consisting of flat

parallel layers) medium, which in this case is represented by a layer of fused silica interfaced
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Fig. 9. Comparison of (a) calculated and (b) measured axial intensity distributions in focusing through a fused
silica etalon. (c) assessment of the degree of correction provided by a by Zeiss LD Plan Neofluar®, 63x, NA =

0.75 objective.

with air from both sides. Fig. 9(a) shows the aberrated axial intensity distribution I
calculated for the above input parameters using the theory presented in Ref. [58] and Fig.
9(b) demonstrates the aberrated axial intensity (i.e., no compensation by the
objective)measured using a NSOM probe with the aperture ~ 100 nm in diameter. Fig. 9(c)
shows calculated unaberrated intensity in the limiting case of an infinitely thin fused silica
pelicle (“theory”) together with the measured /y corresponding to the focusing in air when

the sample is removed and the correction is set for no compensation, i.e., 0 sample thickness
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(“Exp. no sample”), and focusing through the 1.475 mm thick sample with the correction set
to compensate for spherical aberration introduced by the sample (“Exp. corrected”).

Several conclusions can be drawn based on the data presented in Fig. 9. There is a good
agreement between the generalized theory of T6rok and Varga [58] and experiment, which
allows one to reliably predict intensity distributions inside samples when the laser radiation
is focused through a single sample-air (immersion fluid) refractive index mismatched
interface. As a matter of fact, it is the simplest special case of this theory. Although there
have been no doubts about the validity of the theory proposed by Térok and Varga, to the
best of our knowledge, we are the first to perform ultra-high resolution studies of the
intensity distribution in the focal volume in the presence of spherical aberration introduced
by a diclectric interface. We believe, that the deviation of the experimental data from
thetheoretical prediction is caused by the residual aberrations introduced by the objective
itself. Fig. 9(c) shows, e.g., that the “real” intensity distribution measured in the absence of
the sample, which represents the optimum performance of this objective, is slightly
asymmetric and about 15% broader than that predicted by the theory. In the case of corrected
focusing through the sample, the axial FWHM of the distribution is almost two times greater
than for the focusing in air, but is still incommensurately narrower than the uncompensated
distribution (See Fig. 9(b)). At the central wavelength of the Ti-Sapphire fs laser system (1 ~
800 nm) the compensation of the objective is expected to deteriorate as it is optimized for
the operation in visible light (450-700 nm). We are currently setting up experiments to
perform NSOM studies of focused Ti-Sapphire fs laser beams, which will allow us to i)
assess how the quality of the fs laser beam and objectives affects the intensity distributions
in the focus and ii) investigate the possibility of shaping the focal volume by inserting phase-

amplitude masks in the beam.

Discussion

The pronounced dependence of the modification on the laser parameters and the material
requires diagnostics techniques enabling characterization of both the morphology and
physicochemical properties of the induced structural changes. These changes generally occur
on a microscopic scale but in the regime of nanograting formation their extent can be less

than 10 nm (e.g., typical width of the planar nanocracks forming nanogratings). This
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immediately implies that the diagnostic tools should provide a spatial resolution adequate to
visualize and characterize extremely fine features. There is no single technique which would
allow one to meet the ultra-high resolution criterium and simultaneously provide information
on the optical, physical and chemical properties of the modified regions. However, a
combination of different diagnostic methods can be successfully employed to complement
each other. In this thesis the modification morphology is studied using the etching-
AFM/SEM techniques (resolutions ~ 15 nm/ 5 nm, respectively), the refractive index
changes are characterized by the microreflection technique (resolution ~ 400 nm), and the
actual performance of the fs laser-written waveguides is assessed using NSOM (resolution
~50-100 nm). In the Main section of the thesis we demonstrate that these techniques have
allowed us to establish the link between the writing conditions and the morphological

transformations occurring in different glasses.
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In this letter, we report on the detailed refractive index distribution of optical waveguides induced
by electron-beam irradiation of Ge-doped flame hydrolysis silica and its variation with dose. The
characterization was performed using microreflectivity measurements. © 2004 American Istitute

of Physics. [DOIL: 10.1063/1.1784541]

Planar silica is extensively used for the production of
integrated optical circuits for communications systems and
more recently for optical bio-sensing applications.l However,
the production of these circuits involves a number of process
steps, including optical lithography, reactive ion etching, and
overgrowth. The etching step, which introduces surface
roughness, needs to be accurately controlled to ensure verti-
cal sidewalls and is time consuming. In recent years there
has been a growing interest in alternate methods for the fab-
rication of waveguides in silica, based on irradiation with
UV lasers,’ high energy ions, and focused electron beams.*
These processes cause a change in the structure of the silica,
which in turn, leads to a change in the refractive index. By
controlling the exposure, the beam size, and position it is
possible to directly write waveguides and optical circuit ele-
ments.

The refractive index change induced by irradiation of a
slab waveguide with 50 keV electrons has been previously
characterized by analysing the effective refractive indices of
the different propagation modes supported by the structure
(m-lines technique).” However, for accurate design of optical
circuits, knowledge of the two-dimensional distribution of
the index of refraction of the waveguide is important. This is
particularly true for large area planar lightwave circuits,
which rely on precise control of the phase of the optical
mode.

Different techniques have been used to characterize the
refractive index distribution of the core of optical fibers and
waveguides,® such as near-field profiling (i.e., refracted near-
field method and bound near-field method), far-field profil-
ing, interferometry, and reflection. More recently, techniques
offering a higher spatial resolution, such as selective etching
followed by scanning with an atomic force microscope’ and
NSOM (near-field scanning optical micr‘oscopy}8 have been
receiving interest. In  this letter, a microreflectivity
technique,9 with a spatial resolution of ~400 nm, was used
in order to characterize the two-dimensional refractive index
distribution of optical waveguides written in germanium-
doped silica by irradiation with an energetic electron beam
and its variation with irradiation dose.
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The samples consisted of a silica layer, co-doped with
gemmanium and boron, deposited by flame-hydrolysis depo-
sition (FHD)lU on a silicon substrate which had 15 zem of
thermal oxide previously grown on it. The thickness of the
FHD silica layer was measured to be ~5 um by selectively
etching part of the layer in concentrated (40%) hydrofiuoric
acid (HF) followed by surface profilometry. The results were
consistent with those obtained by optical microscopy with
dia-illumination. The average germanium content of the lay-
ers was 7 wt% as measured by energy dispersive x-ray
analysis (EDX). To avoid charge accumulation during the
irradiation, a 30-nm -thick layer of NiCr was evaporated on
top of the FHD silica substrates and subsequently removed
by wet-etching. Electron-beam irradiation was performed us-
ing a 400-nm-diam electron beam, with an acceleration en-
ergy of 50 keV, a current of 100 nA and doses ranging from
0.01 to 1 C em™’. Waveguides with a nominal width of
10 xm were written using these conditions. Prior to the mi-
croreflectivity measurements, the end-facets of the sample
were carefully polished to a high optical quality in order to
minimize the influence of artifacts on the measurements. If
the end-facets of the sample present topography, care must
be taken in the interpretation of the measured data. In the
present case, a step smaller than 20 nm was observed by an
atomic-force microscope between the FHD silica layer and
the thermal oxide. This topography is attributed to the un-
avoidable differential etch rate of the two layers during the
chemical-mechanical polishing. However, artifacts are not
expected to be significant for step heights below 50 nm. This
was verified by wet-etching the end-facet of a SMF-28 fiber.
The germanium-doped core etches faster than the cladding.
Microreflectivity measurements were performed atter each
etching step. Only for height differences of more than 50 nm
between core and cladding did the microreflectivity measure-
ments show any artifacts. The refractive index values of the
top 500 nm of the FHD layer may exhibit a small artifact,
due to the large index step between the air and the material.
The output facet of each waveguide was terminated by
seratching it and depositing a bead of epoxy in order to mini-
mize any reflected feedback to the front surface.

The setup used for the microreflectivity measurements is
shown in Fig. 1(a). The beam from a Power Technology Inc.
laser diode with a maximum power of 15 mW and a wave-
length centered at 635 nm was coupled into a 30 m length of

© 2004 American Institute of Physics
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FIG. 1. (a) Microreflectivity experimental setup: (b) reference points taken
for the measurements.

a single model (at A=633 nm. HeNe) optical fiber. The out-
put of this fiber was expanded and collimated using a 10X
microscope objective with a numerical aperture (NA) of
0.25. The fiber played a role of a spatial filter to improve the
spatial characteristics of the diode laser beam. Any feedback
to the laser was removed by means of an optical isolator (a
polarizer combined with a A/4-wavcplatc). The laser bcam
was focused on the sample surface with a Carl Zeiss 50X,
NA=0.8 microscope objective. The power of the incident
beam after the focusing lens was adjusted to ~1 mW using a
neutral density filter placed immediately after the isolator.
The sample was mounted on a \'YZ-piezo scanner (the scan-
ning head of a Digital Instruments Dimension-3000 atomic
force microscrope). The piczo-scanner has an typical accu-
racy of 1% of the maximum selected scan size and 16 bit
electronic resolution on all axes. The light reflected from the
end-facet of the sample was redirected with a nonpolarizing
cube beam-splitter onto the detector (model 818-UV) of the
Newport 1830-C optical power meter. The sample was ori-
ented in a special holder in such a way that the diameter of
the collimated reflected beam was constant during the scan.
This ensured that the sample surface was kept at the same
position with respect to the focus. The Fresnel equations for
normal incidence reflection from a surface relate the refrac-
tive index of the materials present at the interface with the
reflectivity. as

53
Garcia-Blanco et al. 1315

o ng—nE\ [ 1-nm)\?

R =( - ) =( .
r) Ny a(r) 1+n(r) ()

where 1, is the refractive index of the incidence medium. in
this case air (n,=1) and n(r) is the refractive index at the
measurement position +. From Eq. (1) it can be derived:

n(r)2—1 AR
n=————

4 R(r)’ (2)

where n(r) and R(r) are the refractive index and reflectivity
at the position r and An and AR are the increments of refrac-
tive index and reflectivity from the reference point r. If we

-call the reference position 7, the refractive index at a dif-

ferent position »’ can be calculated as

N(Fer)? = TR ) = R(Fpep)

4 R(rep) 3)

alrr) —nlre) =
The reference point has to be chosen so that the refractive
index for that point is known. In the present case. we have
taken as reference the thermal oxide. for which the value of
refractive index at 633 nm is 1.4582. Using Eq. (3). the re-
fractive index difference between two positions. », and r,. on
a single cross section along the FHD layer can be calculated
as:

1 5 Rlr) = R(r)

An=n(ry) —nir) 4(n(rref) 1) Ro) (4)
where the different parameters arc indicated in Fig. 1(b). A
more rigorous theory of micro-reflection’" takes into account
the cone of light rays incident onto the sample surface and
not just normal incident rays. For a measured AR/R the nor-
mal incidence calculation undcrestimates the An for numeri-
cal apertures in excess of =~0.75. The focusing lens used in
the experiments has a NA=0.8 just cxceeding this value,
however the laser beam underfilled the entrance pupil of the
lens thus decreasing its effective NA. A commercially avail-
able SMF-28 telecom fiber, from Coming Inc.. with a known
core~cladding refractive index step (An=0.0033 at 633 nm)
was used to check whether the normal incidence approxima-
tion was enough or whether rigorous approaches were nec-
essary in the data analysis. The micro-reflection data ob-
tained at 635 nm on a number of SMF-28 fiber samples
using the normal incidence approximation gave an averaged
An of 0.0052+0.002. This number is in a good agreement
with the manufacturcr’s data and so there is no nced to in-
troduce a high NA-related correction factor.

Figure 2(a) shows the refractive index distribution across
the end-facets of two waveguides (nominal width 10 um)
written with doses of 0.1 C cm™ (top) and 1 C cm™ (bot-
tom). For the smaller dose, 0.1 C cm™2, the shape of the
waveguide clearly resembles the way the electrons are pre-
dicted to deposit their energy inside the material. This can be
seen in Fig. 2(b). which shows the cnergy deposition inside
the material calculated by Monte Carlo simulations per-
formed on silica material doped with an average germanium
content of 7 wt %. As the dose increases the index of refrac-
tion profile becomes more complex exhibiting higher refrac-
tive index regions surrounding the volume where the elec-
trons were thought to have deposited most of their energy.
This results in significant widening of the written
waveguides with respect to their nominal width. The effect
of the irradiation is also found in the thermal oxide arca.
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FIG. 2. (a) Refractive index profiles induced by electron-beam irradiation of
Ge-doped FHD silica after a dose of 0.1 C em™ (top) and 1 C em™ (bot-
tom) measured by microreflectivity. The nominal width of the waveguides is
10 um and the acceleration voltage used was 50 keV, (b) Monte Carlo
simulation of the energy deposited into Ge-doped silica by a 50 keV elec-
tron beam with dose 0.1 C cm™2,

although smaller than in the FHD silica layer, due to the
lesser amount of energy deposited by the electrons at that
depth and the different sensitivity of this matcrial.

The reason for the complicated distribution of the index
of refraction profiles and their variation with electron dose is
not fully understood. From Fig. 2(a) it can be clearly scen
that two features are present. Even for small doses,
0.1 C cm™?, the refractive index change extends further than
the width irradiated on the surface, producing a widening of
the waveguides. This effect was observed by Leick er a/.'*
for waveguides fabricated with UV irradiation. They mea-
sured an increase in the width of the waveguides with ap-

54

Garcia-Blanco ef al.

plied dose to double the size of the focused laser spot size.
Similar broadening was observed using NSOM to measure
the width of UV-written optical wav<33g11idesS and after irra-
diation with a focused proton beam."® However. due (o the
different nature of those irradiations, the reasons for the wid-
ening of the waveguides in each case might be due to differ-
ent mechanisms, such as local heating, scattering of the ra-
diation inside the material or stress. In the casc of electron
beam irradiation, the dominant contribution seems to be scat-
tering of the electrons as they enter the material. The second
feature present in the waveguides is the ring-like zones of
index modification which at higher dosage result in two re-
gions of higher index of refraction surrounding the irradiated
area. This effect could possibly be attributed to the stresses
originating between the irradiated and nonirradiated regions
due to compaction of the structure. Another reason could be
migration of germanium outside the region where most of
the energy was deposited. Figure 2(b) also shows an increase
of the refractive index towards the surface for the 1 C cm™
waveguide. A densification region near the surface was re-
ported before for the same material and dosage® and can be
attributed to the nature of the Ge-doped FHD silica, which
presents lower density and germanium content near the sur-
face. Further in-depth studies of the structural changes across
the cross section of the waveguides by confocal micro-
Raman spectroscopy and birefringence measurcments with
polarized light microscopy, together with elasticity simula-
tions of the compaction mechanisms, are being carried oul.

In summary, a microreflectivity technique was used to
obtain high resolution (=400 nm) refractive index profiles of
optical waveguides fabricated by electron-beam irradiation
of germanium-doped FHD silica. The analysis of the col-
lected data show that (1) the regions of refractive index modi-
fication are wider than the irradiated areas for all dosage, (2)
for the higher dosages (0.5 and I C cm™) the refractive in-
dex proliles show a complex ring-like structure.

The authors would like to thank NSERC for support
through the research network on agile all-photonic networks
and the Nanoelectronics Research Center of the Electronics
and Electrical Engineering of the University of Glasgow for
access to the beamwriter.
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We present a comprehensive study on femtosecond laser-induced refractive index modification
in a wide variety of multicomponent glasses grouped as borosilicate, aluminum-silicate, and
heavy-metal oxide glasses along with lanthanum-borate and sodium-phosphate glasses. By using
high-spatial resolution refractive index profiling techniques, we demonstrate that under a wide range
of writing conditions the refractive index modification in multicomponent glasses can be positive,
negative, or nonuniform, and exhibits a strong dependence on the glass composition. With the
exception of some aluminum-silicate glasses all other glasses exhibited a negative/monuniform
index change. We also demonstrate direct writing of waveguides in photosensitive Foturan® glass
with a femtosecond laser without initiating crystallization by thermal treatment. Upon ceramization
of lithium-aluminum-silicate glasses such as Foturan®, Zerodur®, and Robax® we observe
switching of laser-induced refractive index change from being positive to negative. The measured
transmission losses in the waveguides at 1550 nm agree with the index profile measurements in
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alkali-free alummum-silicate glasses. © 2005 American histitute of Physics.
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I. INTRODUCTION

Femtosecond lasers, with their ability to deposit energy
in materials with spatial and temporal precision, are increas-
ingly finding applications in the areas of microfabrication,
laser surgery, photenics, integrated optics, biomedical imag-
ing, and nanotechnology.l'7 Current research in modification
of dielectric properties inside bulk transparent materials such
as glasses with a femtosecond laser is driven by its ability to
directly fabricate three-dimensional photonic devices and
nanostructures. "

The laser-glass interaction proceeds through a nonlinear
multiphoton process providing high-spatial resolution and
three-dimensional access while ultrashort pulse duration en-
sures the process is deterministic with minimal thermal dam-
age to the surrounding material.” Localized changes to the
refractive index of glass can be induced leading to the fabri-
cation of waveguides, the basic building blocks of any
photonic device,” high-density - three-dimensional optical
storage,8 and nanostructures.’

Passive devices such as splitters, couplers, interferom-
eters, and gratings along with waveguides in amplifying me-
dium have been fabricated reviving the interest in glass inte-
grated optics. Also, the laser-modified region in glass can
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undergo selective chemical etching forming nanostructures
and microfluidic channels.”'" Therefore, dieleciric modifica-
tion by a femtosecond laser is emerging as an alternate tech-
nique to fabricate the three-dimensional (3D) optical chips
and micrototal analysis systems.

Glass has a high optical damage threshold associated
with the large material band gap, making it an attractive
material in photonic and biophotonic applications. Fused
silica is the most widely used material in which waveguides,
nanostructures, and microfluidic channels have been
fabricated.*”'’ However, multicomponent glasses are indis-
pensable to fabricate active integrated devices since their net-
work structure can be easily altered to accommodate mol-
ecules that provide the desired active and nonlinear
properties. They are also important in biophotonics where
photonic devices are incorporated along with microfluidic
channels.

Femtosecond laser-induced localized refractive index
modification has been demonstrated in a wide variety of op-
tical glasses [such as Ge-doped silica, borosilicate, borate,
phosphate, fluorophosphates, fluoride, chalcogenide, soda—
lime, and fluorozirconate (Refs. 4 and 11-15)] under differ-
ent experimental conditions. The possibility of writing active
devices has also been demonstrated in Er—Yb and Nd-doped
silicate glasses.'!” The magnitude of the refractive index
modification in most of these glasses has been estimated in-

© 2005 American Institute of Physics
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directly from numerical aperture (NA) measurements and
near- and far-field pattemn analyses.'? In very few cases re-
fractive index profiles of the waveguides were measured us-
ing either a microellipsometer’ or a refractive near-field
technique ***

Also, selective etching of the laser-modified region
in few glasses has been investigated. Photosensitive glass
Foturan® 1s one such glass which was studied extensively
leading to fabrication of embedded micro-optical compo-
nents and microchannels.>'® However, a detailed study on
refractive index modification in a wide variety of multicom-
ponent glasses has not been conducted to assess their suit-
ability for photonic applications.

We present a comprehensive study on femtosecond laser
modification of refractive index in a wide variety of multi-
component glasses from SCHOTT AG. They are grouped
into four categories: borosilicate (BK7, lithium-borosilicate,
and D263), aluminum-silicate [8261 alkali—aluminum sili-
cate, and lithium—aluminum-silicate (LAS) glasses and their
ceramics], heavy-metal oxide glasses (lead-silicate SF57 and
bismuth-silicate), and other optical glasses (I0G-1 and
lanthanum—borate).

Using high-spatial resolution techniques such as
microreﬂectivity,19 refractive near field (RNF), and chemical
etching/atomic force microscopy™ (AFM) we measure the
refractive index profiles of the laser-modified regions. We
report negative (or nonuniform) refractive index changes in
all glasses except for some aluminum-silicate glasses where
waveguiding is possible. Below we highlight the important
results:

* We observe a uniform negative index change in boro-
silicate glass BK7 in the low-energy regime.

* We can directly induce index changes in Foturan® glass
without any thermal annealing.

+ Index change is positive in LAS glasses whereas their
respective ceramics show a negative index change.

+ Weak index change in lanthanum-borate glass is due to
color-center formation. Index profile in sodium-
phosphate glass is nonuniform with negative index
change in the center followed by positive side lobes.

* Glasses containing high alkali and heavy-metal content
do not show selective etching of the laser-modified re-
gions. Selective etching is independent of the sign of
laser-induced index change.

In Sec. II, we present a brief description of conditions
under which waveguides were tabricated along with different
characterization techniques. Experimental results are pre-
sented in Sec. 11 followed by a discussion in Sec. I'V on the
possible mechanisms responsible for the observed index
changes in multicomponent glasses.

Il. EXPERIMENT

In two sets of experiments, different regeneratively am-
plified Tisapphire femtosecond lasers were used for wave-
guide fabrication with the central wavelength at 800 nm. In
the first set, we use a variable repetition rate laser
{10-100 kHz) producing ultrashort pulses that are 50 fs in
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duration and 2.4 xJ in energy. The pulse energy is varied
with a variable neutral density filter before a spatial filter
The laser beam 15 focused 350 um below the sample surface
with a 40 % (NA=0.65) microscope objective. The structures
are fabricated in transverse geometry by translating the
sample perpendicular to the propagation direction of the la-
ser beam with variable translation speeds from 10 to
200 um/s and light polarization along the translation
direction.

Since the waveguide cross sections are highly elliptical
in transverse geometry, a long focal length (40 cm) cylindri-
cal lens is used in front of the microscope objective at angles
of 5°, 10°, and 15° with respect to the translation direction to
vary the waveguide cross sections® The multicomponent
glasses that were investigated under these conditions are
SCHOTT’s BK7, lithium-borosilicate, 8261 aluminum—
silicate, alkali aluminum-silicate, SF57 lead-silicate, I0OG-1
sodium-phosphate, and lanthanum-borate glasses.

In the second set of experiments, we use a 1-kHz repeti-
tion rate laser producing 80 fs pulses with a laser output
power between 35 and 65 mW. A semitransparent mirror
(R60/T40) splits the incoming beam and a power meter con-
stantly monitors the laser power of the transmitted beam. The
power of the reflected beam is reduced by a combination of
neutral density filters. A microscope Zeiss Achroplan 20
> (NA=0.45) objective then focuses the beam into the
sample at a depth of about 250 um. A two-dimensional mo-
tion controller enables the writing of straight waveguides and
bent structures. In order to find the optimum energy for
waveguide writing, sets with varying writing velocities (63,
125, 250, 500, and 1000 gm/s) and varying laser power
were written into each glass. For most glasses, an acceptable
range for the velocity was found to be 125-250 um/s.

The multicomponent glasses that were investigated un-
der these conditions are SCHOTT’s LAS glasses such as
Zerodur®, Robax®, and Foturan® and their respective glass
ceramics along with BK7 and D263 borosilicate, IOG-1
sodium-phosphate, SF57 lead-silicate, and bismuth-silicate
glasses. Two of the LAS glasses were also structured with
different wavelengths, 620 nm (1-5.3 xJ at sample) and
960 nm ( 7-12.5 1¢J at sample) that lie near the two-photon
or three-photon absorption of cerium. These wavelengths
were produced by doubling the tunable output of an Optical
parametric amplifier pumped by a Ti—sapphire laser. The
pulse duration is 150 fs and the beam is focused into the
sample with a 50> (NA=0.75) microscope objective.

Characterization of the fabricated waveguide structures
1s carried out with a conventional microscope, micro-
reflectivity,’” RNF technique, combined selective etching
and AFM,” and transmission loss measurement. For the mi-
croreflectivity and the selective etching/AFM, the glass
blocks are cut into two pieces perpendicular to the translation
direction and the inside surfaces are polished and character-
1ized. The obtained index profiles are independent of the cut
location. A detailed description of the experimental setup and
validation of the microreflectivity technique is presented
elsewhere.'® The microreflectivity technique allows detection
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of positive and negative refractive index profiles with a spa-
tial resolution of 400 at 633 nm and a low limit in the order
of An~0.0005.

After the microreflectivity measurements, the glass
samples are etched in 1% hydrofluoric acid (HF) solution
typically for 6 min. The etched surfaces are then scanned
with AFM to reveal the topography in the modification re-
gions, which indicates the fine structure and uniformity of
the refractive index change. The technique of selective
chemical etching followed by scanning with AFM, proposed
and validated for fused silica,™ offers a higher spatial reso-
lution of 20 nm. Transmission loss mcasurements are carried
out at 633 and 1350 nm. Light is coupled to the sample by a
single-mode tapered fiber and a multimodc fiber collects the
exiting light onto a detector with no index matching oil on
the sample facets.

lil. RESULTS

To highlight the important experimental observations ob-
tained under a wide range of writing conditions, we assort
the multicomponent glasses into four main groups: (a) boro-
silicate (BK7 and lithiwm-borosilicate and D263), (b)
aluminum-silicate (8261, alkali-aluminum-silicate, and
LAS glasses and their ceramics), {c) heavy-metal oxide
glasses (lead-silicate SF57 and bismuth-silicate), and (d)
other optical glasses (I0G-1 and lanthanum-borate).

A. Borosilicate glasses

They are optical grade glasses that provide excellent
transmission through visible to near-infrared spectra and are
a good alternative to fused silica. We report the femtosecond
laser-induced refractive index modifications in BK7, lithium
borosilicate and D263 glasses investigated with microreflec-
tivity. RNF. and chemical etching/AFM techniques.

In BK7, the modification was induced by both high and
low repetition rate femtosecond lasers. Figure 1 shows typi-
cal two-dimensional scans of refractive index profiles of the
waveguides in BK7 obtained by microreflectivity and chemi-
cal etching/AFM techniques. The uniform dark area revealed
by microreflectivity measurements at 633 nm, Fig. 1(a). cor-
responds to a negative refractive index change. The magni-
tude of the negative refractive index change in BK7 is An
~0.004£0.0001 averaged over many samples within the
waveguide cross section, as shown in Fig. 1(b).

The chemical etching/AFM technique [Fig. 1(c)] has a
better spatial resolution than the optical technique and re-
veals a 25% modulation in etch depth with a period of
~500 nm. This modulation. which was also observed in
fused silica. could provide an additional loss mechanism in
the written waveguides. The origin of this modulation is un-
der investigation and will be the subject of another paper.
Although this technique has high-spatial resolution and the
cich depth could be correlated to the magnitude of index
change.™ it cannot reveal the sign of the index change.

The vniform negative refractive index change in BK7 is
achieved under specific writing conditions. When the dosage
(defined as energy deposited per unit volume) is increased an
island of unmodified regions appears within the center of the
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FIG. 1. 2D scans (20X 20 um?) of the modified area in BK7 glass: (a)
microreflectivity, (b) measured refractive index profile averaged over
20 scan lines, and (¢) chemical etching/AFM technique. The writing condi-
tions are 250 mW, 100-kHz repetition rate. 100- zm s translation speed, and
5% angle of the cylindrical lens.

waveguide cross scction. At even higher dosages the refrac-
tive index becomes nonuniform with islands of positive in-
dex change. The negative index change is also confirmed by
the experiments with lower repetition rate laser. Here, the
microscope images and RNF both showed a waveguide pro-
file that has a negative An in the center and positive, weakly
guiding side lobes. The relative position and intensity of the
side lobes varied with pulse energy.
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The negative refractive index change in BK7 is in con-
trast with the results obtained in other borosilicate glasses by
various research groups. Waveguiding in borosilicate Corn-
ing glass 7890 (Ref. 4 ) and 0211 (Ref. 11 ) has been shown
with a refractive index modification of An~0.0045 esti-
mated by using RNF technique and NA measurement and
An~0.0003 from beam divergence.'” Also. in another Corn-
ing boron-doped silicate glass, the NA measurement esti-
mated a refractive index change of An~0.002-0.005 for
different writing paramctcrs.14

In lithium-borosilicate glass, which additionally con-
tained aluminum and zinc oxide, the high repetition laser
was used to induce refractive index modification. The mi-
croreflectivity data from the structures always show a weak
nonuniform negative index change An~—0.0003+0.0002
under a wide range of writing conditions. This glass could
not be investigated by chemical etching/ AFM technique. as it
does not show sclective ciching. This is because relatively
higher alkali content in such glasses renders them to have
less chemical stability than alkali-free glasses. The lowest
measured losses are 10 dB/cm at 633 nm for a writing angle
of 15° of the cylindrical lens, independent of the translation
speed.

D263 is a general-purpose borosilicate glass made from
high-purity raw materials and is very resistant to chemical
attack with low alkali mobility. It is designed for thin glass
and microsheet applications such as electroluminescent dis-
plays. liquid-crystal displays (L.CDs). solar cells, charge-
coupled device (CCD) lenses, and diagnostic slide substrates.
Waveguides were fabricated with low repetition rate femto-
second laser and their analysis with RNF technique revealed
negative index change.

B. Aluminum-silicate glasses
1. Alkali-free and alkali containing glasses

Schott glass 8261 is an alkali-free aluminuin-silicate
glass containing alkali carth metals such as magnesium, cal-
cium, strontium, and barium. Becausc of its high heat and
chemical resistance along with low coefficient of thermal
expansion and absence of alkali metals it finds tremendous
applications in electronic and display industry as an ideal
substrate for thin-film transistors and active matrix LCD.

Figure 2(a) shows the refractive index profile of a wave-
guide structure in glass 8261 obtained with microreflectivity.
The structures were fabricated with the high repetition rate
femtosecond laser using a cvlindrical lens at 6° writing
angle. Glass 8261 shows a uniform positive refractive index
change of An~ +0.003+£0.0002 under the specific writing
conditions (the parameters are 24 and 240 mW in power, 10
and 100 kHz in repetition rate, respectively. and 100 and
200 pum/s in translation speed).

The measured transmission losscs of the waveguides in
8261 decrease with increasing dosage. The lowest loss
(4.0 dB/cm) waveguides in 8261 are obtained at high dos-
age, 10-25-um/s translation speed and at 10° and 15° writ-
ing angle of the cylindrical lens. Slightly lower losses (by
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FIG. 2. Measured refractive index profile averaged over 20 scan lines in (a)
aluminum-silicate glass 8261, (b) alkali-aluminum-silicate glass. and (c)
2D microreflectivity scan of modified arca in alkali-aluminum- silicate
glass. Laser parameters are 50 fs and 100 KHe.

0.3 dB/cm) are measured for laser polarization parallel to
the translation direction compared to the perpendicular
polarization.

Replacing alkali earths and boron in 8261 glass with
sodium and lithium results in alkali-aluminum-silicate glass
which exhibits higher coefficient of thermal cxpansion and
lower chemnical stability. The laser-induced modification in
alkali-aluminum-silicate glass exhibits nonuniform refrac-
tive index change, with islands of positive An ~0.0004 at the
edges. and negative An~—0.0012+0.0002 in the center, as
shown in Fig. 2(b). Typical microreflectivity two-
dimensional (2D) scan for this case of nonuniform refractive
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FIG. 3. Measured RNY scan of a waveguide in Foturan®, Inset shows
microscope image of the waveguide. Laser parancters are 80 fs and 1 KHz.

index modification is shown in Fig. 2(c), where the dark
(bright) areas correspond to negative (positive) refractive in-
dex changes.

Therefore, as a result of this exchange not only the ther-
mal and chemical propertics of the glass deteriorate, but also
the refractive index change An switches from being positive
to nonuniform. The selective etching of the modified areas is
not pronounced in alkali-aluminum-silicate glass due to
poor chemical stability. High losses are measured in alkali-
aluminum-silicate glass, which suggest that no waveguiding
occurs under these writing conditions, as cvident from the
microreflectivity data in Figs. 2(b) and 2(c).

2. LAS glasses and glass ceramics

LAS glasses are interesting because they can be partially
crystallized in a well-controlled manner leading to transpar-
ent glass ceramics that provide a combination of properties
that otherwise cannot be achieved. One such property of
LAS glass ceramics is their low/zero coefficient of expan-
sion. Using the 1-kHz repetition rate femtosecond laser we
investigated laser-induced refractive index modification in
Foturan®, Zerodur®, and Robax®@ before and after ceram-
ization (heat treating). We show that positive refractive index
changes of up to 1.5 1073 can be generated in these glasses
while the induced index changes are negative upon their
ceramization.

Foturan® is a photosensitive glass that can be structured
with light for a variety of applications in micro-optic and
biotechnologies. 3D cmbedded structures such as micro-
optical components, microfluidic channcls, buried gratings.
and waveguides have been fabricated.>"**"** The standard
structuring process involves photo-oxidation of Ce®” and re-
duction of Ag" to the metallic statc upon exposure 1o UV/IR
light.21 A subsequent two-step thermal treatment leads to ag-
glomeration of the silver atoms, which then act as crystalli-
zation sceds for segregation of crystalline phase of
Li-metasilicate. Presence of cmbedded metallic nanopar-
ticles in a diclectric medium changes the refractive index.

Figure 3 shows that it is possible to directly fabricate
buried waveguides with a femtosecond laser without any
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(2

(b)

©)

FIG. 4. (a) Measured 3D-RNF scan (relative values) in glassy Robax®. (b)
microscope images of a waveguide cross section in glassy, and (¢} ceram-
ized Robax®. Laser parameters are 80 fs and 1 KHz.

thermal treatment. Refractive index profile of the waveguide
is shown along with a microscope image of the waveguide
structure in the inset. In contrast, with the experiments with
UV lasers,” no discoloration of the samples was observed.
These results indicate that a different mechanism is respon-
sible for femtosecond structuring. Some of the possible
mechanisms are discussed later.

Similar results were obtained for Zerodur® and Robax®
glasses, however the achievable positive index change is an
order of magnitude smaller than in Foturan®. Figures 4(a)
and 4(b) show a 3D RNF scan and microscope image of the
waveguide cross section, respectively. in glassy Robax® in-
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dicating a positive refractive index change. Upon ceramiza-
tion of Robax®, the laser-induced refractive index change is
negative. Figure 4(c) shows the microscope image of a wave-
guide cross section with negative index change in the center
with positive side lobes in Robax®: ccramic.

C. Heavy-metal oxide glasses

These glasses possess large nonresonant nonlinear re-
fractive indices making them ideal materials for photonics
applications like all-optical switching devices.™ They con-
tain ~70-80 wt % of heavy-metal cations like Pb and Bi
which are not just network modifiers but actually play a role
as network formers. The large nonlinear refractive index of
these glasses is attributed to the hyperpolarizability of the
constituent metal ions. We investigated laser-induced dielec-
tric modification of lead-silicate SF37 and bismuth-silicate
glasses with 100- and 1-kHz femtosccond laser systems, rc-
spectively. In lead—silicate glass SF37, microreflectivity mea-
surements showed a uniform negative refractive index
change of An<-0.003+£0.0002 under the chosen writing
conditions. However, duc to poor chemical stability this
glass tends to form surface films due to polishing and han-
dling, which could have affected the medsurement. The mea-
sured waveguide losses arc 9 dB/cm at 633 nm, independent
of translation specd. Also. the modified areas showed low
ctching sclectivity for AFM measurements. Experiments
with lower repetition rate also showed negative index change
at low intensities. At higher laser intensities we observed
destruction rather than the formation of smooth structurcs.

(a (b)
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FIG. 5. Microscope image of waveguide cross sections
in bismuth silicate glass at different writing speeds.
Laser parameters are 80 fs and 1 kliz.

In bismuth-silicate glass not only the laser-induced in-
dex changes are negative. but also cracks and double core
structures are formed for increased writing velocities
>200 pm/s, as shown in Fig. 5.

D. Other glasses
1. Lanthanum-borate glass

This glass and the systems derived from it have a very
high refractive index and can be host materials for optically
active rare-earth ions. The femtosecond laser-induced refrac-
tive index modification in this glass is verv weak. Figure 6(a)
shows the optical microscope image of the cross section of
the modificd structure in the plane of the beam dircction
(perpendicular to the translation direction). As seen from the
figure, the modification follows the laser beam waist all the
way from the top surface. In comparison, in other glasses
that are studied the modification is limited to the focal vol-
ume, The difference is most likely due to a color-center for-
mation via a low-order interaction with the laser light. The
color-center formation is indicated by bleaching after anneal-
ing at the moderately low temperature of 140 °C [Fig. 6(bj].
Others have reported that Raman spectra in borate glass sug-
gest crystalline formation around the focal spot under certain
irradiation conditions.”

2. SCHOTT 10G-1

This glass is a sodium-aluminum—phosphate glass de-
veloped for use in fabrication of active waveguide structures
by ion exchange. It can be doped with optically active rare-
earth ions such as erbium and ytterbium leading to the de-
velopment of monolithic waveguide laser.”® Microreflectivity

FIG. 6. Color centers in lanthanum-borate glass upon
irradiation with 30 fs, 100-KHz femtosecond laser
observed under microscope (a} before and (b) after
annealing at 140 °C.
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measurements on femtosecond laser-modified structures in-
dicate a nonuniform index change. The accuracy of this mea-
surement would have been affected by polish-induced topog-
raphy (up to 35 nm, increasing with decreasing translation
speed and independent of the writing angle) that was ob-
served with AFM. Also, selective etching 1s not observed in
the modified areas even after hours of etching. The measured
losses are 12 dB/cm under the chosen writing conditions
conforms to the microreflectivity measurements. Indeed,
these results and the results of structuring with 1 kHz sup-
port the ones published in Ref. 27, where waveguides fabri-
cated in IOG-1 glass showed a negative index change 1 the
center and waveguiding in the outer regions possibly due to
stress. Additionally, structuring the fluorophosphate glass
LG 810 with a 1-kHz laser also produced negative index
changes.

IV. DISCUSSION

The mechanisms of femtosecond laser-induced refractive
index changes in glasses are not clear. However, it is known
that the interaction proceeds through a nonlinear, multipho-
ton absorption of energy only in the focal volume of the laser
beam. This is because most glasses do not absorb near-
infrared light (800 nm) through a linear single-photon pro-
cess. Upon absorption of laser energy, free electrons are pro-
duced by multiphoton ionization of the glass matrix. This is
a deterministic process and eliminates the need for presence
of impurities or other defects in glass to produce the seed
electrons. The short pulse duration ensures that there is no
time for coupling of electron energy to the surrounding lat-
tice resulting in a localized energy deposition and plasma
formation®

In fused silica, the refractive index changes in low pulse
energy regime can be attributed to the structural rearrange-
ment of glass upon laser irradiation.*®* The structural net-
work typically consists of a predominantly large number of
five- and six-fold ring structures.® Micro-Raman spectros-
copy of the laser-irradiated region revealed that some of the
bonds are broken and subsequent structural rearrangement
results in an increased number of three-and four-fold ring
structures.® This is accompanied by a decrease in a
Si—-O-31 bond angle leading to the densification of glass.
When the pulse energy 1s high, a different mechanism sets in.
After the formation of localized plasma, a microexplosion
occurs due to high pressures caused by an increase in tem-
perature in a confined volume of the material. This results in
shock waves that are responsible for the localized modifica-
tion of glass forming a void or less dense material sur-
rounded by densified material >°

The presence of network modifiers in multicomponent
glasses makes it more difficult to understand the mechanisms
of laser-induced dielectric modification. There is no single
mechanism that can explain the observed results in multi-
component glasses. Microexplosion within the material
could be one such mechanism that can lead to reduction of
density and thus a negative index change in the center of the
modified region, often with positive side lobes due to stress.
The negative index change has been observed in fused silica
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and was attributed to laser-induced birefringence.** How-
ever, the microexplosion mechanism cannot be generally ex-
tended to aluminum-silicate glass such as 8261 where posi-
tive index change was observed. It also fails to explain the
uniform negative index change observed in BK7.

Migration of network modifiers in multicomponent
glasses could also lead to the changes in refractive index.
Alkali migration 15 well understood in the context of an ion-
exchange process that has been extensively used to fabricate
waveguides in glass.® Tn the ion-exchange process, highly
mobile sodium ions are exchanged with monovalent alkali
ions such as Li*, Cs*, K* or TI*, and Ag* yielding a positive
change in the refractive index. In alkali containing
aluminum-silicate glasses, it is possible for the alkali ions to
migrate from a laser-irradiated region to the surrounding ar-
eas. For example, migration of smaller lithium ions can lead
to reduction in density and hence refractive index, while mi-
gration of highly polarizable silver ions also reduces the re-
fractive index.

Migration of lithium ions might explain the drastic
change in the refractive index from being positive to nega-
tive in alkali-free (8261) and alkali containing aluminum-
silicate glasses. However, we observe a positive refractive
index change in LAS glasses such as Foturan®, Zerodur®,
and Robax®. In these glasses silver ions can play a signifi-
cant role in the refractive index modification process. To test
the migration mechanism we irradiated an ion-exchanged
aluminosilicate glass where 20 wt % of sodium has been
completely exchanged with silver. As silver is very mobile,
the observed index change in this glass should be dominated
by ion migration. As expected we observed a negative index
change in such a glass. This is contrary to what has been
observed in LAS glasses suggesting that ion migration is not
the mechanism of refractive index modification.

LAS glasses are unstable upon thermal treatment, so be-
sides density changes and 1on migration, segregation of mi-
crocrystallites, such as high quartz solid solution or
Li-metasilicate, could be involved in the modification
mechanism. As high quartz solid solution is denser than the
residual glass, the mechanism of laser-induced refractive in-
dex modification in LAS-type glasses and glass ceramics
(polverystalline solids prepared by controlled heat treatment
of glasses resulting in nucleation and crystallization of vari-
ous crystalline phases) could be local ceramization or
destruction of the crystallites, respectively. The results of
Foturan® corroborate this model as Li-metasilicate also has
a higher refractive index than the surrounding material.

Foturan® has been specially developed for photostruc-
turing with UV light in which a redox reaction between Ag*
and Ce®* ions (Ag'+Ce® — Ag+Ce'") forms metallic par-
ticles in the irradiated areas. After heat treatment, crystalli-
zation occurs as a result of metal colloids**** In the case of
femtosecond laser structuring where the light wavelength 1s
nonresonant with glass absorption it has been shown that
photoreduction of silver is possible even in the absence of
Ce* and that Ce** ions do not take part in the
photoreaction>?* However, heat treatment is essential for
crystallization that leads to an increase in refractive index.
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FIG. 7. Mcasurcd RNF scan of a waveguide in Foturan® variations with {a)
reduced SiO, content and (b) free of silver. Insets show microscope images
of the waveguide cross sections.

Contrary to this, in our experiments we obscrved a positive
femtosecond laser-induced refractive change without any
thermal annealing.

To gain insight into the index modification mechanism,
various Foturan®-type glasses have been prepared. contain-
ing no Ag’, no Ce*", or none of both ions as well as a melt
with the SiO, content reduced by about 15% (by increasing
the Al,O; and B,0; content). Figure 7 shows two exemplary
RNF linc scans of the end faces of femtosccond-written
waveguides in Foturan®-type remelts with reduced SiO,
content and no silver ions, respectively. All Foturan®-type
remelts exhibited positive refractive index change upon
structuring with 800-nm light. At 800 nm, it has been shown
that there is no crystallization in silver-free Foturan® ****
The fact that silver-free Foturan® shows a positive index
change in our experiments indicates that a different mecha-
nisin is responsible.

If crystallization could already be initiated by a fenito-
sccond irradiation, Ag/Ce-containing sodium-aluminum-—
silicate (NAS) glasses should produce negative index
changes as NaF has a lower index than the residual glass
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(1.32 and 1.49, respectively). However. in our cxperiments
we observed a positive refractive index change in such
glasses. It is further assumed that nonbonding oxygens
(NBOs) take the role of clectron donors in the photoreaction
Ag"+NBO— Ag+NBQO". This result was also confirmed by
our multiphoton resonance experiments with 620 and
960 nm. Both the silver-free Foturan®' variation as well as
the reduced-SiO, variation show negative index changes
with intense positive side lobes.

V. CONCLUSION

In summary, we have presented an extensive study on
femtosecond laser-induced refractive index modification in a
wide variety of multicomponent glasses from SCHOTT AG.
Except for some aluminum-silicate glasses atl other investi-
gated glasses exhibited a negative refractive index change
upon laser irradiation. We find the process is highly glass
composition dependent. The modification in different glasses
can result in uniform positive or negative or nonunifonn re-
fractive index changes under the same writing conditions. In
addition, a single glass under different irradiation conditions
can show negative or positive index changes. Further, the
shape of the index profile strongly varies with changing pa-
rameters. This makes refractive index profiling imperative
for each glass composition under a wide range of writing
conditions. Further experiments on clemental analysis of ir-
radiated and unirradiated glass by energy dispersive spec-
troscopy would provide insight into the migration mecha-
nism. Glasses with negative refractive index modification
can be useful in a variety of applications, such as precursors
for microfluidic channels and photonic crystals. as well as
for writing depressed-index-core photonic devices, such as
doughnut-shape waveguides.™
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An ultrahigh-resolution (20 nm) technique of selective chemical etching and atomic force
microscopy has been used to study the photoinduced modification in fused silica produced at various
depths by tightly focused femtosecond laser radiation affected by spherical aberration. We
demonstrate that shapes of the irradiated zones near the threshold for modification can be predicted
by taking proper account of spherical aberration caused by the refractive index mismatched air—
silica interface. We establish a depth dependence of the pulse energy required to initiate
modification and characterize the relationship between numerical aperture of the writing lens and
practically achievable writing depth. We also show that spatial characteristics of the laser-modified
zones can be controlled by a specially designed focusing system which allows correction for a
variable amount of spherical aberration, © 2005 American hstitute of Physics.

[DOI: 10.1063/1.1944223]

I. INTRODUCTION

Femtosecond laser dielectric modification (FLDM) is
recognized as a promising platform technology for three-
dimensional (3D) photonics. Thete have been several ex-
amples of the production of Waveguides,1 simpleﬁpassive de-
vices, such as directional couplersi and splitters,” 3D optical
data storage,‘1 and even active laser gain components.5 In
addition, a combined approach of FLDM followed by chemi-
cal etching can produce channels inside glasses allowing the
fabrication of 3D microfluidic devices.*’ The 3D capability
originates from the nonresonant interaction of femtosecond
laser light with transparent media. The intensity required for
this highly nonlinear process is achieved by focusing the
laser beam tightly. By keeping the pulse short the pulse en-
ergy can be low and modification can be controlled and lo-
calized on the micrometer scale.? The material surrounding

. the focal volume remains unaffected by the light passing
through it, nominally allowing structures to be written at any
depth in 3D fashion.

In practice FLDM is complicated by the presence of a
dielectric interface between materials of mismatched refrac-
tive indices (e.g., air and the material to be processed) in the
optical path of the focused laser beam. The interface intro-
duces an aberration distorting the wave front of the converg-
ing spherical wave and causes significant spreading of the
intensity distribution along the beam propagation direction
near the focus. This effect is well known and has been ex-
tensively studied both theoretically and experimentally in op-
tical microscopy,”!! production of 3D optical data storage in

VBlectronic mail: cyrilhnatovsky @nre.ca

0021-8979/2005/96(1)/013517/5/322.50

98, 0135171

two-photon bleaching polymers,12 laser microsurgery,13 and
optical trapping.m’15 However, in femtosecond-laser micro-
fabrication in glasses the role of the intensity distribution
near the laser focus in shaping the photoinduced modifica-
tion is usually underestimated and only recently has begun to
be clarified. Working with a very high numerical aperture
{NA =1.35) oil immersion objective at intensities above the
modification threshold, Marcinkevidius et al. demonstrated
an increase in the size and distortion of the shape of the
modified regions when the refractive index of the sample
was slightly different from the value for which the focusing
objective was designed.16 They also remarked on the depth
dependence of the modification threshold and on the appear-
ance, at intensities well above this threshold, of secondary
modification associated with the elongation of the focus. The
observations were made over a 100-um depth range using
confocal microscopy.

In this report we address the effects of spherical aberra-
tion on FLDM carried out through a large index change air—
silica interface near the photoinduced modification threshold.
This regime is important for controlled refractive index
modification at the depths required for true 3D optical wiring
and device fabrication. We use an ultrahigh spatial resolution
(20 nm) technique to image submicron features of FLDM at
depths up to 1.5 mm. We demonstrate a significant depth
dependence and show through simulations that spherical ab-
erration due to a planar air-silica interface accounts in gen-
eral for the shapes and positions of the modified zones. We
show that spherical aberration determines the variation of the
threshold pulse energy for FLDM as a function of the focus-
ing depth. We also demonstrate that the shape and size of the
femtosecond-radiation modified zones in fused silica can be

© 2005 American Institute of Physics
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controlled by focusing the laser beam with a dry (strong
index mismatch) high numerical aperture (NA=0.75) long
working distance (up to 2.2 mm) microscope objective al-
lowing variable cover glass correction (up to 1.5 mmy). This
is important for 3D femtosecond-assisted fabrication of op-
tical waveguides and microfluidic devices at depths varying
on a millimeter scale. Dry, specially corrected objectives be-
come the preferred tool to perform these tasks since at such
depths the use of high NA immersion optics is inconvenient
due to the necessity of manipulating submerged samples and
the limited correction range of the commercially available
designs. Understanding the limitations and possible ways Lo
improve the performance of dry optics to achieve the re-
quired spatial characteristics and high spatial resolution of
FLDM is a significant issue and will be discussed in this
paper.

Ii. EXPERIMENT

Regeneratively amplified Ti:sapphire laser pulses (70-fs
full width at half maximum after the compressor, 100-kHz
repetition rate, central wavelength A=800 nm) were spatially
filtered and focused inside a Suprasil II synthetic quartz glass
substrate with an infinity-corrected Zeiss LD Plan Neoftuar®
(63X ,NA=0.75) microscope objective allowing adjustable
compensation tor spherical aberration caused by cover glass
of varying thickness (0—1.5 mm) and refractive index of n
=1.5. Lines of modification were produced by moving the
sample perpendicular to the direction of propagation of the
laser beam at 100 pm/s resulling in an effective exposure of
=1000 shots/um of travel. Laser polarization was along the
translation direction.

To map the cross-sectional morphology of the modificd
zones the samples were cut in two pieces perpendicular to
the translation direction. The inside surfaces were polished
and characterized using selective chemical etching [3 min in
a 1% aqueous solution of hydrofluoric acid (HF)] followed
by atomic force microscopy (AFM). This technique maps the
structural change that is associated with the refractive index
change induced by FLDM and has a spatial resolution of
20 nm.”

In the first set of experiments the correction collar of the
microscope objective was set at its no correction position and
lines of modification were written at ditferent depths. To de-
termine the threshold pulse energy for modification Ey,, for
cach depth the pulse energy £, was varicd from under
threshold to above threshold values in steps of 5 nJ for fo-
cusing depths up to 550 um and in sieps of 10 aJ for a
deeper focusing. After irradiation the sample was examined
using a bright-illumination high-resolution optical micro-
scope. Eyy, was determined as the minimum pulse energy
measured after the objective at which a visible continuous
line of material modification was produced. The observations
showed that the transition from no modification to a continu-
ous modification is achieved abruptly by varying E,, usually
by less than 5% around the E,,. The threshold determined in
this way is =30% above the threshold for observation by
AFM/etching under the same writing conditions (see betow).

In the second set of experiments E, was set slightly
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FIG. 1. A schematic of the experimental layout.

higher (40 nJ) than the previously obtained threshold of
30 nJ at 10-pm subsurface and FLDM was performed at
different depths with the correction collar adjusted to com-
pensate for spherical aberration. The “safely factor™ in the
pulse energy was introduced to compensate for possible in-
accuracy in the correction collar settings.

Ill. RESULTS AND DISCUSSION

To model the intensity distribution in the limit of no
absorption near the focus we adopt the theory of Torok ef al.
based on the vectorial generalization of the Debye integral
tor the case of the diffraction of a plane monochromatic lin-
early polarized electromagnetic wave focused through a pla-
nar dielectric intertace.'® Other theoretical approaches ad-
dressing this problem give very similar results.”**" Tn our
analysis the Debye integral was calculated only for the cen-
tral wavelength (A=800 nm) of the laser radiation. The ef-
tect of spectral broadening on the focused intensity distribu-
tion becomes noticeable only for very short (<10 fs) laser
pulscs.m'22 However, even in this extreme case the changes
occur mainly in the fine structure of the intensity distribu-
tion, whereas the main features remain essentially intact, We
also assume that the objective obeys Abbe's sine condition™
and the illumination is homogeneous as the width of the
incident Gaussian beam at 1/e? level is two times wider than
the entrance pupil of the objective lens.

Figure 1 shows a sketch of the focusing geometry used
in the experiments. The origin of the coordinate system O is
where the focus is located in the absence of the dielectric
interface. O’ which denotes the position of the paraxial fo-
cus, i.e., the tocus produced by the central area of the focus-
ing lens, is located at a distance of D==(n,/n))F from the
air—silica interface, where n; and n, designate the refractive
indices of air (n, = 1) and fused silica, respectively. The elec-
tric vector of the incident wave is aligned along the X axis.

Figure 2 shows the calculated axial laser intensities I as
a function of the focusing depth D. As D (taken as the posi-
tion of the main maximum with respect to the interface

. . . . . . 19.24
which approximately coincides with the paraxial focus ™)
increases, the following trends in the axial intensity distribu-
tions are observed: (i) a dramatic drop in the magnitude of
the main maximum. (ii) relative growth of the secondary
maxima with a gradual increase of the separation between
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FIG. 2. Normalized axial intensity distributions calculated for focusing in-
side fused silica at different depths with a NA=0.75 lens through an air/
silica (n,=1.453 at =800 nm) interface.

the main and second maxima, and (iii) spreading of the dis-
tribution along the becam propagation over distances exceed-
ing many times the unaberrated confocal parameter approxi-
maled by 4n,A/NA?, where X is the wavelength in vacuum
and NA denotes the numerical aperture of a dry olzsjcctive.23
In Fig. 2 the severity of the spatial distortion is apparent even
for a moderate writing depth of 350 um, where the intensity
distribution spreads from the unaberrated value of 8.5 um
to 110 pm.

Figure 3 compares the computed maximum axial inten-
sity (corresponding to the peak values of the first maxima)
Inax and the experimentally obtained £y, values as a function
of D. When [, drops with D due to the distortion of the
focal volume by the aberration introduced by the dielectric
interface, the pulse encrgy must be raised in compensation
yielding the inverse correlation between /., and Iy, shown
in the figure. Ey, for an uncorrected (0.75-NA objective ranges

- 40.036
x 10|
£t 40.030
Z o8}
a | 4 0.024
g 06 o NA =0.75 (experiment) <
il NA = 0.75 (calculated) Joots 2
I =
& qo.012 <
‘s - ]
£ 02
s 9 4 0.006
I
0ol — . T 0.000
0 400 800 1200 1600

Depth, D (um)

FIG. 3. Calculated maximum axial intensity /., as a function of focusing
depth for NA=0.75 (line). 1,,,, corresponds to the first peak of the intensity
distribution for each depth and is normalized to unity at the air/silica inter-
face. Also shown are experimentally determined threshold energies (@) for
different depths with a NA=0.75 objective at which the modified structures
are observed. The ordinate on the left corresponds to the calculated intensi-
ties while the ordinate on the right shows the reciprocal of the experimental
threshold energies.
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FIG. 4. Calculated maximum axial intensity /. as a function of focusing
depth for different NA's.

by over an order of magnitude on going from a focusing
depth of 10 wm (£, =30 nl) to 1400 wm (E4,=530 nJ). The
correspondence with theory allows us to predict how spheri-
cal aberration limits performance at other NA's. The charac-
teristic focusing depth Dy, at which I, reduces to half of
its maximum value, was empirically delermined to be in-
versely proportional to =(NA)#? of the focusing lens.

Figure 4 shows the calculated drop of [, with depth for
objectives with different NA's. With a dry objective of NA
=0.2 it is possible to write at depths of over 10 mm without
concern for the intensity drop due to spherical aberration,
whereas dry writing with a 0.9-NA objective can be re-
stricted to a few tens of microns under the surtace unless the
laser power is raised dramatically in compensation or the
writing is_done at fixed depths where the optics are
corrected.”

The cross sections of the modified zones wrilten at three
different depths with the uncompensated lens are shown in
Fig. 5(a). They are compared with intensity distributions in
the YZ plane. Iy calculated at the corresponding depths.
The calculated intensity distributions are arranged so that the
main maximum is centered on the major modified area.

In the focal volume, we expect that modification starts
upstream of the paraxial focus due to nonlinear absorption
switching on at the point where the axial intensity reaches .
In general, the absorption limits the delivered intensity close
to 4y, up to the focal plane and below it thereafter.”® An
aberrated beam feeds energy around this region extending
the modilied zone forward. Taking into account the sharp rise
in the aberrated intensity distribution on the focusing optics
side (see Fig. 2) and the near-threshold pulse energies used in
the experiment, the location of the modified zones should be
close to the paraxial focus.

At D=350 pm with E,=160 nl] the AFM technique de-
tects a single structure, whereas at D=960 pm with I,
=370 nJ and D=1350 pm with F,=520 nJ double structures
consisting of the main component and a secondary structure
separated by 21 and 26 pum from center to center. respec-
tively, are observed. The corresponding computed values are
21.5 and 25 pm, in good agreement with the experiment, No
signature of the tertiary maxima at D=960 and 1350 pwm and



ARTICLE III

013517-4 Hnatovsky ef al.
@ A A—— I
£ 0.65 vz
3]
2 st <fy,,>

(b) T

AFM depth scale
+25nm

0nm

-25nm

z’ um
0 2 4 6

FIG. 5. {a) Intensity distributions with the corresponding AFM images in
the YZ plane for the uncorrected focusing at three different depths. At each
depth D the top plot is the calculated intensity distribution. The peak inten-
sities of the first maxima are normalized to unity (black level on the gray-
scale). The middle plot. labeled (/y7). is the same distribution with all values
below 70% of the maximum intensity filtered out. The bottom plot in each
panel is an AFM image of the moditied region. The dark regions on the
AFM scans correspond to selectively etched femtosecond-laser-modified
zones. The pulse energy k£, is 160, 370, and 520 nl for D=350, 960, and
1350 pm, respectively. All calculated intensity distribution plots show only
the first two maxima. The number inside each plot indicates the magnitude
of the second maximum as a fraction of unily. (b) AFM images of the
modified regions with the corrected focusing. £,=40 nJ for all depths. For
(a) and (b). AFM depth scale is the same and light propagates from left to
right.

secondary maxima at D=350 pm was revealed by either vi-
sual ingpection or the AFM technique. This suggests that in
these cases the peak /yz in the second maxima was just above
threshold for D=960 and 1350 um and below it for D
=350 pwm. From the calculated ratios of Iz at the first and
second maxima [Fig. 5(a)], the peak Iy in the first maxima
was approximately 30% above that threshold value.

For a spherically aberrated focus where the second in-
tensity peak is above [, we expect to see two modified zones
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separated by approximately the distance between the pre-
dicted maxima, as observed. A dynamic equilibrium between
self-focusing and defocusing by the electron plasma gener-
ated by weakly focused femtosecond radiation can poten-
tially lead to the formation of multiple modified zones along
the laser beam propagation.ﬂ'l'he role of selt-focusing in our
experiment is believed to be small since (i) the peak laser
powers were generally less than the critical power for self-
focusing in fused silica [4.3 MW at A=800 nm (Ref. 25)]
and (i) tight focusing of the femtosecond beam obtained
using a relatively high NA lens (NA=0.75) allowed the peak
laser intensity to exceed the sharp threshold for nonlinear
absorption (=~1.1X 10" Wem™ for fused silica®™) thereby
reducing the laser peak power below the critical power for
self-focusing.

Raising E, (o the values at which the interpeak (or val-
ley) intensity reaches the modification threshold will cause
merging of the modificd zones. The axial growth in both
directions accompanied with lateral expansion would tinally
lead to an extensive modification which may stretch over
many tens of microns along the beam propagation. Other
researchers working with tightly tocused femtosecond-laser
beams reported similar axial stretching of the modified zones
al a fixed depth below the fused silica surface.

Our results on uncorrected focusing are also supported
by the studies on the effect of spherical aberration caused by
focusing optics on picosecond-laser-induced breakdown in
gases,m“’o where the observed distinct regions of intcnse ton-
ization were associated with the main axial intensity peaks of
the calculated diffraction patterns near the lens ocus.

Figure 5(b) summarizes the results of the corrected fo-
cusing experiment. The structures written at different depths
varying from 140 to 900 pum exhibit reproducible shapes
and lengths of =4 pm, which is considerably less than the
uncorrected lengths of =20 xm shown in Fig. 5(a). The pro-
aressive bending of the structures with D can be caused by
off-axis aberrations introduced by nonpertect coaxial align-
ment of the lens groups inside the microscope objective. The
misalignment may accumulate during the relative motion of
the lens groups as the correction collar is adjusted for a
deeper focusing. The high etching selectivity occurring on
the top parts of the modified zones is due to the complex
morphology developing at above threshold (X 1.3) writing
conditions.”’ The laser-pulse energy required for the onset of
visible modification in fused silica for the corrected focusing
at 900 wm is an order of magnitude lower than in the uncor-
rected case.

IV. CONCLUSIONS

In conclusion. we have demonstrated, using ultrahigh
spatial resolution diagnostics, that the shapes and separations
of femtosecond-laser-modified zones in fused silica can be
correlated to aberrated intensity distribution in the focal vol-
ume of the focusing optics. This allows us (o assess how
spherical aberration limits the depth performance obtainable
with any NA objective and to choose between using a high
NA objective to write small features over a limited depth and
a lower NA objective to produce larger features but over a
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greater depth. We also show that a dry microscope objective
allowing adjustable compensation for spherical aberration
can effectively control the threshold pulse energy and size of
the modification. Structures as short as 4 gm can be written
at depths of ~1 mm with 0.75-NA optics. The diffraction
limited writing deep in bulk material at a fixed near-
threshold pulse energy by simply and potentially dynami-
cally adjusting spherical aberration correction of the focusing
objective is important for 3D optical data storage and tabri-
cation of integrated photonic and microfluidic devices where
the production of identical structures at widely different
depths becomes a critical issue.
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Femtosecond laser radiation tightly focused mn bulk fused silica is used to generate self-ordered
nanogratings when the sample is translated under the lens at constant speed. The nanogratings are
preserved over a length scale of millimeters. We demonstrate that nanogratings are formed for all
pulse durations tested, ranging from 40 to 500 fs, and that the pulse energy threshold for this
phenomenon increases with decreasing pulse duration. We use high spatial resolution diagnostics
based upon selective chemical etching followed by atomic force microscopy and scanning electron
microscopy to reveal the morphology of the nanogratings. © 2005 American nstitute of Physics.

[DOI: 10.1063/1.1991991]

Focused femtosecond (fs) laser radiation can induce
highly localized permanent changes in the chemical and
physical properties of transparent dielectrics allowing femto-
second laser dielectric modification (FLDM) to be used in
fabrication of photomc1 2 and mMoﬂuxdlcq components, op-
tical a.torage and nanostructures.” Studies of fs-laser modi-
fied regions inside various glasses have identified different
regimes as the light intensity at the focus is increased, viz.
the production of: (i) smooth refractive index changes, (ii)
birefringent zones,® and (iii) microvoids (dxsruptxons) The
birefringence induced by focused fs radiation is ascribed ei-
ther to laser-induced stress,” or to the formation of self-
ordered nanogratings of subwavelength periodicity orien-
tated perpendicularly t to the laser light polarization leading to
anisotropic reflection.”

The nanogratmgs have been observed in the static focus
of a fs-laser beam using backecattermg scanning electron mi-
¢roscopy (SEM) Recently, using the technique of selective
chemical etching combined with SEM we have shown that,
when long range structures are written by continuous motion
of the sample under the laser focus, the polarization-
dependent nanogratm(gc maintain their periodicity over the
entire writing range,

In this letter we measure the pulse energy threshold for
the formation of polarization-dependent self-ordered nan-
ogratings in the moving focus [numerical aperture (NA)
=0.65] of a fs-laser beam for pulse durations ranging from
40 to 500 fs. We demonstrate that the threshold for initiating
nanogratings significantly increases with decreasing pulse
duration. Using an ultrahigh spatial resolution technique of
selective chemical etching combmecl with atomic force mi-
croscopy (AFM) (15 nm resolution)'! and SEM (5 nm reso-
lution) we also reveal transformations occurring in the mor-
phology of the modified regions as pulse duration and energy
are varied. SEM images of cleaved samples show that the
nanograting plane thickness can be less than 5 nm and indi-
cate that these well-defined planes are rather photoinduced
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nanocracks than layers of modified material. Qur results en-
able optimization of the FLDM parameter space to fabricate
high-quality nanogratings.

Prior research on the pulse duration dependence of
FLDM has mainly been dedicated to establishing the mate-
rial modification (or breakdown) threshold through observ-
ing front surface damage or detecting the plasma emission
from the optical breakdown in the sample. 121 Those experi-
ments were carried out in a weak focusing geometry and
polarization effects were not considered. Study of the depen-
dence of FLDM morphology in bulk material on pulse dura-
tion has been performed so far only for weakly focused
beams (NA=0.08) using optical microscopy and no evidence
of nanogratings was found.'

A regeneratively amplified mode-locked Ti:sapphire la-
ser operating at ».=800 nm with a minimum pulse duration
of 40 fs and repetition rate of 100 kHz is used in the experi-
ments. The linearly polarized Gaussian laser beam, spatially
filtered and attenuated by a variable density filter, is tightly
focused with a microscope objective (Nikon, Achromat,
x40, NA=0.65) 100 xom under the surface of a fused silica
sample (Suprasil I from Heraeus). The laser irradiation is
carried out by translating the sample perpendicularly to the
direction of propagation of the laser beam using a motorized
X-Y micropositioning stage at 30 um/s speed. The laser
light is polarized perpendicularly to the writing direction.
The sample moves by only 0.3 nm between consecutive laser
shots at this repetition rate thus being irradiated by thousands
of pulses per micron of travel.

The pulse duration is varied from 40 to 500 fs by adjust-
ing the grating separation in the pulse compressor with a
computer-controlled translation stage. Pulse characterization
is performed by interferometric autocorrelation. The fs pulse
temporal broadening due to group-velocity dispersion in the
microscope objective is compensated by pre-chirping the la-
ser pulse in the compressor. After laser irradiation the sample
is cut in half, normal to the writing direction and the two
inside surfaces are wet polished. The samples are then etched
at room temperature in 1% by volume hydrofluoric acid or

© 2005 American Institute of Physics
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FIG. 1. Cross-sectional images of the modified regions: (a) AFM and SEM
and (b) SEM on the etched sample (240 s in 1% HF): (¢} SEM on the
cleaved (unetched) sample. (b) and (c) show only the top portions of the
modified regions. For SEM the samples are coated with 1.5 nm of Pt. Light
propagates from right to left and is polarized perpendicularly to the writing
direction and nanograting planes. Darker regions in AFM and SEM images
correspond to deeper topography.

cleaved and cross-sectional images of the modified regions
are obtained using AFM (Digital Instruments Dimension
3000, contact mode with silicon nitride probes) and SEM
(Hitachi 8§-4700, secondary electron imaging). To avoid SEM
imaging artifacts caused by surface charging, both etched
and cleaved samples are coated with a 1.5 nm layer of P
Figures 1(a)-1(c) present AFM and SEM images of the
cross-sectional morphology of fs-laser modified regions for
various pulse durations, 7,, and pulse energies, £, obtained
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on selectively etched as well as cleaved samples. The two
imaging techniques are complimentary. SEM increases con-
trast of abrupt deep topographic changes but is almost insen-
sitive to smooth relief on a nanometer scale which is easily
mapped by AFM. On the other hand. analysis of AI'M im-
ages becomes difficult due to loss of contrast when smooth
topographic background masks very narrow (<20 nm) and
deep (>50 nm) features whose actual depth is underesti-
mated in this AFM-probe limited regime.

For short 7,(<C150 fs) with the laser pulse energy above
the material modification threshold (E,=50 nJ), AFM re-
veals well-defined unitormly etched regions of smooth modi-
fication [Fig. 1(a); AFM, 50 fs, 100 n}]. This smooth modi-
fication has been associated with refractive index changes on
the order of 5 X 10" At higher pulse energies (=150 nl) a
second 7,-dependant threshold for nanograting formation,
Ey (1), is reached. The grating pattern is embedded within
and covers the full extent of the smooth modification [Fig.
1(a); AFM and SEM. 30 fs, 300 nJ]. The quasiperiodicity of
the nanogratings (250 nm on the average) is independent of
7, and E, within the sludied range. The etch rate of the
interplane modification, as measured by the depth of the
AFM image, is =70% of that of the unitorm modification
obtained just below the nanograting threshold.

For longer 7,(>185 fs), however, nanogratings are ob-
served at a lower threshold Ey(7,)=75-100 nJ [Fig. 1{a);
AFM, 185 fs, 100 nJ atso shown in Fig. 1(b)]. For these
pulse durations no material modification is detected either by
optical microscopy or AFM/SEM at E,=50 nJ. This suggests
that the £, range allowing smooth nanograting-free modifi-
cation narrows down as 7, increases and eventually tends to
zero for 7,2 185 fs. The thresholds for smooth modification
and nanograting formation are found to be independent of
the orientation of the laser beam polarization with respect to
the writing direction within measurement uncertainty. AFM
images also show that there is a trend towards increasing
widths and decreasing lengths of the modified regions as 7,
increases for a fixed E,,. This trend is especially pronounced
for high E,(E,> 500 nJ).

The SIEM images in Fig. 1(h) demonstrate the transtor-
mations in the modification morphology occurring above
Enl7,) for different 7, At Ey(7,)<E,<3Eu(7,) and 7,
> 185 fs the nanogratings are fully developed in the top por-
tion of the modified regions and merge with the uniform
modification in their bottom portions. The etch rate ol the
interplane material in the top portion shows almost no etch-
ing selectivity (<3%) as compared Lo the uniformly modi-
fied fused silica. At E,=3Ey(7,} and 7,> 185 fs disruptive
modulation of the nanoplancs builds up in the top portion of
the modified regions and becomes massive as L), is increased
beyond 5 Ey(7,). The threshold for the disruption formation
dramatically increases as 7, decreases and for 7,=40~50 fs
no such disruption is observed for E, up to 2500 nJ.

SEM images of the cleaved sample [Fig. 1(c)] reveal that
the observed morphology is very similar to the case of the
polished and etched sample for given 7, and £,. The nano-
planes are straight and uniform for 7,=50 s at all used £,’s
and for 7,=185 fs at £,<<200 nJ (e.g.. Fig. 1{c), 50 fs, 200
nJ). In this case, the thickness measurement is limited by the
SEM resolution to 5 nm. For longer 7, SEM detects fractur-
ing of a variable thickness of 6135 nm even al £,<200 uJ
(Fig. 1(c), 500 fs, 100 nJ). At higher E,’s the fracturing be-
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FIG. 2. Threshold pulse energies for different regimes of FLDM in fused
silica. E,’s between W and @ (regime 1) produce smooth modification. E,’s
between @ and ¥ (regime 2) produce nanogratings embedded into smooth
modification, E,'s above ¥ (regime 3) produce complex morphology com-
prising of disrupted regions. nanogratings, and smooth modification.

comes highly disruptive. SEM images of the cleaved sample
showing topography indicative of narrow slots and the fact
that the etch rate inside the nanoplanes is at least two orders
of magnitude higher than that of the uniform modification'®
lead to the conjecture that the nanoplanes are photoinduced
nanocracks.

We are developing a nanoplasmonic model based on un-
derstanding the formation and orientation of nanoplanes in
terms of local field enhancements occurring during inhomo-
gcncous optical breakdown in diclectrics. The plasma density
within the nanoplanes can reach supercritical values causing
severe highly localized changes in the dielectric structure and
even nanocracks. The model uses optical mode coupling in
the laser-produced quasimetallic nanoplasma planes to ac-
count for the seli-replication mechanism.

Threshold £,’s of the observed morphological changes
as a function of 7, arc summarized in Iig. 2. Regime 1
corresponding to the formation of nanograting-free smooth
modification is most suitable for writing low loss optical
waveguides. The graph also emphasizes that smooth moditi-
cation in a tight focusing geometry is achicvable only for a
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narrow E,-operating window which increases in size at the
shortest 7,. Regime 2 defines a region to produce self-
ordered nanogratings which could allow the direct writing of
Bragg filters, taps. and attenuators in fibers or waveguides.
‘This regime is also of practical importance for the production
of periodic nanoslots and fs-laser assisted microfluidic chan-
nel fabrication. The produced nanogratings allow high etch
raies along the modified nanoplanes'“ and the low E's
(100 nJ < £, <300 nJ) result in smooth sidewalls of the se-
lectively etched microchannels. The onset of disruptive
modification (regime 3) at modest pulse energies may im-
pose limitations on the applications of FLDM at longer pulse
durations (=185 fs).
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Polarization-selective etching in femtosecond
laser-assisted microfluidic channel fabrication
in fused silica
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We fabricate microchannels in fused silica by femtosecond laser irradiation followed by etching in diluted
hydrofluoric acid. We show a dramatic dependence of the etch rate on the laser polarization, spanning 2
orders of magnitude. We establish the existence of an energy-per-pulse threshold at which etching of the
laser-modified zones becomes highly polarization selective. The enhanced selective etching is due to long-
range, periodic, polarization-dependent nanostructures formed in the laser-modified material. © 2005 Op-

tical Society of America
OCIS codes: 140.3390, 230.4000, 230.3990.

Biochip devices require fabrication techniques allow-
ing integration of photonic and microfluidic compo-
nents in a single substrate. Planar microfluidic as-
semblies are made by creating channels in a glass
surface by a variety of methods and subsequently
sealing them with a cover sheet.! Femtosecond (fs)
laser-assisted micromachining is a promising alter-
native technique to produce 3-D devices in transpar-
ent dielectrics. It has the advantage that devices can
be written directly inside a single block of material.
This is due to the highly nonlinear nature of the
light-matter interaction, which leads to material
modification with high spatial precision determined
by the focal volume.

The modified material undergoes preferential
chemical etching, allowing the fabrication of micro-
structures that follow the pattern written by moving
the laser focus through the material. This approach
has been_ applied to make microchannels® and
nanowells® directly in fused silica and photostructur-
able glasses with an additional step involving heat
treatment.® The potential of the technique to achieve
long, high-aspect-ratio channels depends on control-
ling the etch rate of the modified material.

We demonstrate that the etch rate of fs-laser-
fabricated microfluidic channels in fused silica can be
controlled by changing the angle between the electric
vector of the linearly polarized fs-laser beam and the
writing direction. We show that by varying the light
polarization we increase the etch rate of the modified
material up to 2 orders of magnitude. We also find an
energy-per-pulse threshold at which chemical etching
of the laser-irradiated zones becomes highly polariza-
tion selective. In addition, the etch rate can be con-
trolled by a factor of 40 by varying the energy-per-
pulse for certain polarizations of the writing beam.
We show that both the polarization-selective etching
and the energy threshold are related to the morphol-
ogy of the irradiated zones.

A schematic of the experimental setup is presented
in Fig. 1. Focused pulsed radiation from a regenera-
tively amplified Ti:sapphire near-infrared laser (A
=800 nm, 40 fs pulse duration after the compressor,

0146-9592/05/141867-3/$15.00

100 kHz repetition rate) is used to produce modified
zones inside an optical grade fused silica block (Su-
prasil). The laser beam is spatially filtered and fo-
cused with a NA=0.65 lens 100 um under the sur-
face. The angle 0 (Fig. 1) between the electric vector
of the linearly polarized output laser beam, E, and
the writing direction, X, is varied with a zero-order
half-wave plate.

To write the structures, the sample is translated
perpendicular to the direction of propagation of the
laser beam, Z, (transverse writing), as shown in Fig.
1, with a speed of 30 um/s. Under these conditions
the sample moves by only a few tenths of a nanom-
eter between two consecutive laser shots and is ex-
posed to several thousand laser shots per micrometer
of travel. The energy-per-pulse, E,, is varied with a
variable attenuator from 50 to 1000 uJ. After irradia-
tion the sample is cut into two pieces. One half is pol-
ished from the end face (yz plane) and immersed in a
2.5% aqueous solution of hydrofluoric acid (HF) at
20°C to preferentially etch the modified zones and
produce microchannels? The microchannels are
characterized under a bright illumination optical mi-
croscope after predetermined etching periods. The
other half of the sample is cut and polished parallel

; Femtosecond laser
N beam
Focusing )
optics

Fig. 1. Schematic of the experimental setup. ¢ is the angle
between the writing direction (x axis) and the electric vec-
tor of the fs beam, E. The light propagates along the z axis.

© 2005 Optical Society of America
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to the top surface to intercept the laser-modified
zones, etched for 20 min in a 0.5% aqueous solution of
HF, and examined under a scanning electron micro-
scope (SEM) to reveal the morphology.

Figure 2 shows optical images after etching of mi-
crochannels fabricated in the fused silica block at dif-
ferent E, and 4. The channels have smooth walls
with a sharp transition between modified and non-
modified material. At E,=100 nJ for all polarizations
the modified zones exhibit very weak etching. How-
ever, at £,=200 nJ and above, the structures written
at 9=90° etch highly selectively, indicating a sharp
transition from weak to high selectivity in etching,
ie., an energy threshold for this polarization. No
such threshold is observed for #=0° and 45°. For
200 nJ <E,< 1000 ndJ and for all polarizations (0=0°,
45°, 90°), the etch rate gradually increases with E,,,
with the fastest growth occurring for #=45°. A simi-
lar sharp increase in the etch rate with E,, of fs-laser-
fabricated channels on the surface of fused silica was
observed by Bellouard et al.,” but the polarization
state of the laser light in the experiments was not in-
dicated.

The trends observed in the images in Fig. 2 are
summarized in Fig. 3, where the etch rates of the
modified material, E,,, are plotted as a function of
energy-per-pulse, E,, for three linear polarizations
(6=0°, 45°, 90°). For the fast etching structures, the
etch rate, R,,, is determined as the ratio of the chan-
nel length, L, to the etching time. As the channels
penetrate deeper into the material, it becomes more

100 nd

200 nd

300 nJ

500 nJ

600 nJ

700 nJ

800 nJ

645 B

100 nJ 200 nd 300 nJ
Fig. 2. Optical images of the microchannels in a Suprasil
sample after 480 min of etching in a 2.5% aqueous solution
of HF acid: (a) In each panel corresponding to a different
energy-per-pulse, E,,, the channels from top to bottom are
shown for 0=0°, 45°, 90°. (b) Magnified images of micro-
channels fabricated at low E,, to determine the etch rate ra-

tio from cone angle ¢ (see text).
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Fig. 3. Etching of the fs-laser-modified zones for different
polarizations of the writing beam as a function of
energy-per-pulse.

difficult for the fresh acid to reach and for the etched
material to be removed from the microchannel tips.
This causes an apparent decrease in the etch rate. To
stay in the regime where L is linearly proportional to
the etching time, the value of L chosen for measure-
ments is shorter than 60 pm. For the weakly etching
structures R,, is calculated using the relationship
R,,/Ry=1+1/tan(¢/2),* where the cone angle ¢ is in-
troduced in Fig. 2(b) and the etch rate of nonmodified
material, By=0.012 pum/min, is independently deter-
mined as the thinning rate of a nonirradiated sample
in a 2.5% aqueous solution of HF.

Figure 3 shows that, at £,=200 nJ, the etching se-
lectivity R, /R,= 3.8 for 0=0°, whereas R,,/R,~280
for #=90°. This results in a polarization-etching se-
lectivity of R, (0=90°):R,(0=0°)=70:1. At E,
=1000 nJ this high ratio drops to 12:1 for #=0° and
to a mere 2:1 for #=45°. For =45°, R,, changes by a
factor of 40 with E,, ie., R,(E,=1000nd):R,(E,
=200 nd)=40:1.

The dramatic difference in the polarization-
selective etch rates can be explained by analyzing the
SEM images of the fs-laser-irradiated and chemically
etched structures. At low energy-per-pulse, 50 nJ
<E,<100 nd, the laser-induced modification is uni-

form and_ polarization  independent  with
R, /R)= 3.5.7 At the energy-per-pulse threshold,
100 nd <E,<200nd, where the polarization-

selective etching starts, SEM images reveal long-
range gratinglike nanostructures. Figure 4 shows
SEM images of these periodic nanostructures formed
along the writing direction for different 0, where the
technique reveals that the laser-irradiated zones con-
sist of thin slabs (a few tens of nanometers) of
strongly modified material separated by thicker lay-
ers (=250 nm thick) of weakly modified (less than
10% of the modification inside the slabs) fused silica.
The gratinglike pattern is always oriented perpen-
dicular to the electric vector of the laser beam and
can be controlled by rotating it. The persistence of a
constant average period over the entire writing range
(many hundreds of micrometers) despite the sample
movement suggests a self-replication mechanism un-
derlying the grating formation.® Similar polarization-
dependent self-organized nanogratings in bulk fused
silica have been observed in the static focus of the fs-
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Fig. 4. (a)-(c) Top view {(xy-plane) SEM images of long-
range periodic nanostructures formed along the writing di-
rection for different ¢ at E,=300 nd. (d) £,=900 nJ. The
structures were revealed after 20 min of etching in a 0.5%
aqueous solution of HF.

laser beam using SEM analysis.” The phenomenon
was interpreted in Ref. 9 as interference between the
incident light field and the electric field of a bulk elec-
tron plasma wave. Currently, we are developing a
model based on optical mode coupling in laser-
produced periodic nanoplasma sheets to account for
the long-range self-replication mechanism.

In the grating structures with the planes perpen-
dicular to the writing direction [Fig. 4(c)], the acid
encounters alternate layers of modified and unmodi-
fied material (that etches slowly), which reduces the
cumulative etch rate of a microchannel written with
the polarization vector along the writing direction.
However, when the grating planes are aligned with
the writing direction [Fig. 4(a)], the cumulative etch
rate is very high as the etching is confined inside the
strongly modified thin slabs, which have a high etch
rate. In this case, the acid flow is virtually unob-
structed and proceeds along large distances in paral-
lel fashion.

As the energy-per-pulse is increased, the periodic
grating planes are gradually destroyed and are even-
tually substituted with disruptive modification [Fig.
4(d)]. In the high E, regime, as can be seen in Fig. 3,
the polarization sensitivity in etching is significantly
reduced.
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In conclusion, we have demonstrated polarization-
selective etching in fs-laser-fabricated microfluidic
channels in fused silica. We have shown that the etch
rate of the modified material changes up to 2 orders
of magnitude by rotating the writing beam polariza-
tion under the specified writing conditions. The po-
larization sensitivity is caused by the formation of
periodic nanoplanes inside the fs-laser-irradiated
zones, whose polarization-controlled orientation with
respect to the acid flow direction determines the etch
rate of the microchannel. The observed energy-per-
pulse threshold at which the etch rate becomes polar-
ization selective coincides with the onset of grating-
like nanostructures. The all-optical control of the
etch rate that is achieved by varying the polarization
state of the fs radiation provides a new method for se-
lective chemical etching of dielectric materials and
may have a significant effect on the whole domain of
laser-assisted micromachining.

C. Hnatovsky's e-mail address is cyril.hnatovsky
@nrc.ca.

References

1. M. S. Giridhar, K. Seong, A. Schiilzgen, P. Khulbe, N.
Peyghambarian, and M. Mansuripur, Appl. Opt. 43,
4584 (2004).

2. A. Marcinkevicius, S. Juodkazis, M. Watanabe, M.
Miwa, S. Matsuo, H. Misawa, and J. Nishii, Opt. Lett.
26, 277 (2001).

3. R. S. Taylor, C. Hnatovsky, E. Simova, D. M. Rayner,
V. R. Bhardwaj, and P. B. Corkum, Opt. Lett. 28, 1043
(2003).

4. Y. Li, K. Itoh, W. Watanabe, K. Yamada, and D.
Kuroda, J. Nishii, and Y. Jiang, Opt. Lett. 26, 1912
(2001).

5. Y. Bellouard, A. Said, M. Dugan, and Ph. Bado, Opt.
Express 12, 2120 (2004).

6. B. A. F. Puygranier and P. Dawson, Ultramicroscopy
85, 235 (2000).

7. R. 8. Taylor, C. Hnatovsky, E. Simova, D. M. Rayner,
M. Mehendale, V. R. Bhardwaj, and P. B. Corkum, Opt.
Express 11, 775 (2003).

8. C. Hnatovsky, R. Taylor, R. Bhardwaj, E. Simova, D.
Rayner, and P. Corkum, “Long-range periodic planar
nanostructures produced in glass by femtosecond laser
dielectric modification,” paper to be presented at
Conference on Lasers and Electro-Optics 2005,
Baltimore, Md., May 22-27, 2005.

9. Y. Shimotsuma, P. Kazansky, J. Qiu, and K. Hirao,
Phys. Rev. Lett. 91, 247405 (2003).



ARTICLE VI

75

Fabrication of microchannels in glass using
focused femtosecond laser radiation and
selective chemical etching

C. Hnatovsky, V. R. Bhardwaj
University of Ottawa, Physics Department,
150 Louis Pasteur, Ottawa, Ontario KIN 6N5, Canada

R. S. Taylor

Institute for Microstructural Sciences, National Research Council of Canada,
1200 Montreal Road, Ottawa, Ontario K14 OR6, Canada

E. Simova, P. P. Rajeev, D. M. Rayner, and P. B. Corkum
Steacie Institute for Molecular Sciences, National Research Council of Canada,
100 Sussex Drive, Ottawa, Ontario K14 0R6, Canada

Abstract:

We use the combination of femtosecond laser dielectric modification and selective
chemical etching to fabricate high-quality microchannels in glass. The photoinduced
modification morphology has been studied in fused silica and in borosilicate glass BK7
using ultra-high spatial resolution techniques of selective chemical etching followed by
atomic force or scanning electron microscopy. The analysis shows that the high
differential etch rate inside the modified regions is determined by the presence of
polarization-dependent self-ordered periodic nanocracks or nanoporous structures. We
also investigate optimum irradiation conditions to produce high-aspect ratio

microchannels with small symmetric

I. INTRODUCTION

Microchannels are the key components of a broad
class of micro-total analysis systems (u-TAS) and
biochip devices designed for high-speed and efficient
analysis of nano- (and pico-) liter volumes of (bio)-
chemical reagents and biological species.” Currently,
the fabrication of p-TAS is mainly based on the
photolithographic techniques. Although,
photolithography is well established, it is an inherently
planar technology requiring multiple processing steps
(stacking, bonding, sealing, etc.) to integrate photonic
ancl2 microfluidic components in three dimensions (3-
D).

Femtosecond (fs) laser-assisted micromachining is
a promising alternative technmique to produce 3-D
devices in transparent dielectrics. The 3-D capability
originates from the non-resonant interaction of
femtosecond laser pulses with transparent media. The
intensity required for this highly non-linear process is
achieved by tightly focusing the laser beam. Short
pulses also minimize the heat affected zone and allow
modification to be controlled and localized on a sub-
micrometer scale. The material surrounding the focal
volume remains unaffected by the light passing
through it, nominally allowing structures to be written
at any depth in 3-D fashion. In some glasses

1

cross-sections and smooth walls.

femtosecond laser irradiation produces positive
refractive index changes in the modified zones and
enables fabrication of optical waveguides embedded in
bulk material > * * ¢ Femtosecond laser radiation can
also either assist or be directly used to fabricate
microchannels allowing their integration with the
optical waveguides using one writing laser.

Focused femtosecond laser radiation has been used
to fabricate microchannels by drilling surface channels
and subsequently sealing them with a coversheet.” True
3-D' femtosecond laser-assisted microfabrication
techniques reported so far are based on: 1) drilling bulk
quartz® and silicate glasses® in air, ii) drilling glasses
with focused radiation in water'® and other liquids,"
i) irradiation of photosensitive glasses with
subsequent stages of baking, chemical etching in
hydrofluoric acid (HF)'? and post-annealing,” and iv)
irradiation of fused silica followed by chemical etching
in HF.** Drilling in air requires high pulse energies to
ablate the material (> 100 wJ) and is limited to the
fabrication of axial microchannels whose straightness
and wall roughness may become issues. Only short
channels have been demonstrated with drilling in
liquids, so far. The technique also requires relatively
high pulse energies (> 1 pJ) to disrupt the material
causing significant channel wall roughness. Fabrication
in specialty photosensitive glasses is a four-step
technologically demanding process.
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In this paper we concentrate on the last technique
for microchannel fabrication by femtosecond
irradiation of fused silica with subsequent etching in
diluted HF. This simpler true 3-D technique allows
writing capabilities and speeds® similar to those
demonstrated in photosensitive glasses. Moreover, we
have recently demonstrated the capability of all-optical
control of the etch rate achieved by varying the
polarization state of the writing beam.'® Although
previous research has demonstrated the potential of this
technique in fabrication of 3-D high aspect ratio
microchannels and microchambers, the very
mechanism of the preferential chemical etching
remains unclear, >

We establish the direct effect of the dielectric
modification morphology on the etch rate. We show
that the selective chemical etching is caused by the
formation  of  polarization-dependent  ordered
(nanocracks) and disordered nanostructures inside the
femtosecond laser modified zones. These observations
are supported by measurements showing pronounced
fluorescent dye penetration into the modified regions in
fused silica. We also identify optimum conditions to
produce smooth, long and narrow microchannels in
fused silica. In addition, we investigate a borosilicate
glass (BK7), in which there is an absence of self-
ordered nanostructures, and show that the etching
selectivity of modified zones in this material is much
weaker than that in fused silica under the same laser
irradiation and etching conditions.

The paper is organized as follows: the description
of the experimental setup and sample characterization
procedures are presented in Sec. IL In Sec III, we
demonstrate  distinct regimes of the modification
morphology in fused silica and their effects on
selective chemical etching and the corresponding etch
rates. In Sec. IV, we present the results on BK7. The
discussion in Sec. V focuses on the physical
mechanisms underlying microchannel fabrication using
this technique.

II. EXPERIMENT
A. Writing geometries

A schematic of the experimental setup is presented
in Fig. 1. A regeneratively amplified mode-locked
Ti:Sapphire laser operating at a central wavelength
Ao= 800 nm with a minimum pulse duration of 40 fs
after the compressor and a repetition rate, £ of 10-250
kHz is used to produce modified zones inside optical
grade glass blocks [synthetic fused quartz (fused silica)
from Heraeus (Suprasil® 2 Grade A) or BK7 glass from
SCHOTT AG]. Other samples of high grade synthetic
fused quartz including wafers (used, e.g., for bioarrays
and photomasks) from HOYA and Suprasil® 1 KiF
Grade from Heraeus have shown similar performance
to Suprasil® 2 Grade A. The linearly polarized
Gaussian laser beam is spatially filtered and attenuated
by a variable density filter. The orientation of the linear
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polarization is controlled with a zero-order half-wave
plate, whereas the circular polarization is produced
with a zero-order quarter-wave plate. The laser beam is
tightly focused with one of two microscope objectives
with different numerical apertures (NA) [Nikon,
Achromat, NA = 0.65 or Nikon, Achromat, Extra Long
Working Distance (13 mm), NA = 0.45] under the
sample surface. The laser beam overfills the entrance
aperture of the focusing optics therefore providing the
nominal values of the numerical apertures. Straight
regions of modification were made by translating the
sample i) perpendicularly to the direction of the laser
beam propagation, k, (Fig.1(a), transverse writing
geometry) or ii) parallel to k& (Fig.1(b) and (c), axial
writing geometry), by using a motorized X-y-z micro-
positioning stage. The writing direction, S, defining the
direction in which the modification in the sample is
produced, is therefore directed opposite the sample’s
actual motion. The writing speed, v, is varied between
1-1000 pm/s for the transverse geometry and is kept
constant at 110 pm/s for the axial geometry. Most of
the experiments are performed at f= 100 kHz and v =
30-110 pmy/s. Under these conditions the sample moves
by less than a nanometer between two consecutive
laser shots and is exposed typically to several
thousands laser shots per micrometer of travel. The
axial writing has two distinct modes when the laser
focus is moved i) from the top to the bottom surface
(Fig.1(b)) and ii) from the bottom to the top surface of
the sample (Fig.1 (c)). The pulse energy, E,, is varied
from 50 nJ to 2.5 WJ delivered to the sample. The pulse
duration, 1,, is varied from 40 to 500 fs by adjusting the
grating separation in the pulse compressor with a
computer-controlled  translation  stage.  Pulse
characterization is performed by intensity
autocorrelation. To achieve the nominal 7, inside the
sample, the femtosecond pulse temporal broadening
due to group-

Figl Schematic diagram of the ferrtosecond laser-induced
modification in glass samples. () transverse writing geometry. Axial
writing geometry is represented by () top-to-bottom and (¢) bottom-
to-top modes. Morphology is studied along xy- and yz-sections.
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velocity dispersion in the microscope objectives and
polarization components is compensated by pre-
chimping the laser pulse in the compressor.

To study the penetration of a dye (filtered solution
of rhodamine 6G in tsopropanol) through modified
regions, the cut and polished samples are pre-etched in
2.5% HF, soaked in the dye solution for 3 hours and
then bright-illuminated with an argon-ion laser
radiation at 488 nm. The excitation light is cut off
using a long-wave pass filter (cut-off wavelength 550
nm) and images of the etched modified regions in the
fluorescence light are recorded with a CCD camera.

B. Sample characterization and microchannel
fabrication

To characterize the modification morphology,
samples are i) cut and polished (or cleaved)
perpendicular (yz-plane, Fig. 1) and/or parallel to the
top surface (xy-plane, Fig. 1) to intercept the laser-
modified zones, ii) etched at room temperature in a
weak aqueous solution of hydrofluoric acid (HF), and
iii) analyzed using atomic force microscopy (AFM)"
(Digital Instruments Dimension 3000, contact mode
with silicon nitride probes; spatial resolution 15 nm)
and scanning electron microscopy (SEM) (Hitachi S-
4700, secondary electron imaging; spatial resolution 5
nm). To study fine morphology using both AFM and
SEM, the HF concentration used is 0.5% by volume (1
part of 49% HF water solution in 99 parts of water) and
the etch time is typically 1-4 min. To reveal the effects
of the modification morphology on the etching process,
the samples are etched for either longer times in 0.5%
HF (15-20 min.) or in 2.5% HF for (3-6 min.) and
examined by SEM. To avoid SEM imaging artifacts
caused by surface charging the samples are coated with
a 1.5-3 nm layer of Pt The AFM and SEM techniques
are complimentary. SEM increases contrast of abrupt
deep topographic changes but is almost insensitive to
smooth relief on a nanometer scale which is easily
mapped by AFM. On the other hand, analysis of AFM
images becomes difficult due to loss of contrast when
smooth topographic background masks very narrow (<
20 nm) and deep (> 50 nm) features whose actual depth
is underestimated in this AFM-probe limited regime.

To fabricate microchannels the samples are wet
end-polished to avoid edge/surface effects (see Sec. I1I
C) and immersed into a 2.5% aqueous solution of HF
at 20°C to preferentially etch the modified zones. The
length of the microchannels is measured under a bright
illumination optical microscope after predetermined
etching periods and the etch rate is deduced as
described in detail in Sec. III B and C.

III. RESULTS: FUSED SILICA
A. Fundamental morphology of modification

Previous studies of femtosecond laser modified
regions in fused silica have identified different regimes
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depending on the laser parameters and focusing
conditions, viz. the production of: i) smooth refractive
index changes,’ ii) birefringent zones'® caused by the
laser-induced stress'® or the formation of self-ordered
nanogratings,”” and iii) micro-voids/microexplosions.?'

1. Regime of smooth modification

Under tight focusing conditions (NA > 045)
explored in our experiments, smooth modification is
achieved only in a namow E,-7, operating window
which increases in size for very short rp’s.22 The regime
of smooth modification is observed for any
polarization state of the femtosecond laser writing
beam for both transverse and axial writing geometries
above a polarization-independent pulse energy
threshold, typically around S0 nJ. This smooth
modification has been associated with uniform positive
refractive index changes in the order of 5x10~ and is
most suitable for writing low loss optical waveguides®
and ' producing nanowells integrated with optical
waveguides.* However, due to a very weak selectivity
in etching!” this regime is not suitable for fabrication of
microchannels.

50 1M

Fig. 2 AFM images of the modified regions produced in the regime
of smooth modification in the transverse writing geometry 65 um
subsurface with linear polarization; NA = 0.65, 5, =50 f5, f= 100
kHz. (a) yz-section, Ep = 200 nJ, v = 30 um/s () xy-section, &, =
150nt, v=1 pnys. The samples were etched for 4 min. in 0.5% HF.

Figure 2 shows the cross-sectional AFM images of
femtosecond laser uniformly modified regions written
in the transverse geometry in fused silica samples
prepared as described in Sec. II B. The roughness
inside the modified zones is in the order of a few
nanometers.

2 R‘egime of nanostructire formation

In the regime corresponding to writing with higher
pulse energies, Ep, and longer pulse durations, z,, self-
ordered periodic nanostructures are formed by a
linearly polarized femtosecond laser beam. The
nanostructures orientated perpendicular to the electric
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Fig 3 DPolarization-dependent nanostructure formation i the
transverse writing geometry. SEM and AFM ((b), top panel) images
of modification produced 65 um subsurface with linear polarization
(a) and (b) at 7, = 125 fs, and (¢) circular polarization at 7, = 300 fs.
For (a)-(c) top and bottom panels correspond to yz- and xy-sections,
respectively, NA = 0.65, B, =300 nJ, /=100 kHz, v= 30 pm/s. The
samples were etched for 3 min. in 0.5% HF.

vector of the laser beam, E, were first reported in the
static focus of a femtosecond laser beam inside bulk
material using back-scattering SEM and Auger electron
spectroscopy in one plane at a fixed depth (corresponds
to the xy-section in Fig. 1).”° The phenomenon was
interpreted in Ref. 20 as the interference between the
incident light field and the electric field of a bulk
electron plasma wave. We discuss the appropriateness
of this model to our results in Sec. V. Using the
technique of selective chemical etching combined with
SEM we have shown that, when long range structures
are written by continuous motion of the sample under
the laser focus, the polarization-dependent
nanogratings are formed in 3-D and maintain their
periodicity over the entire writing range.'® The
nanograting planes are separated by thicker layers (=
250 nm thick) of weakly modified fused silica. The
persistence of a constant average period despite the
sample motion suggests a self-replication mechanism
underlying the nanograting formation. The produced
nanogratings show dramatic differences in the etch rate
for different orientations of the electric vector with
respect to the writing direction.'® Cross-sectional SEM
and AFM images of the nanogratings produced in the
transverse writing after weak chemical etching are
presented in Fig. 3(a) and (b). In Fig. 3(b) the polished
end face of the sample partially intercepts a

78

Fig. 4 Polarization-sensitive nanostructure formation in the axial
writing geometry. AFM images of the modification xy-sections 100
um below the top surface (the bottom-to-top writing mode) with (a)
linear polarization and (b) circular polarization. For (a) and (b) NA =
045, 7, = 120 fs, E, = 200 nJ, f= 100 kHz, v = 110 um/s. The
samples were etched for 4 min. in 0.5% HF.

Fig. 5 Evidence of the nanocrack nature of the nanostructures on
cleaved unetched samples. SEM images of yz-sections of
modification produced in the transverse writing geometry 65 pum
subsurface with linear polarization, NA = 0.65, f = 100 kHz, v = 30
pmis. (a) 7, = 50 fs, E, = 200 nJ. (b) 7, = 500 fs, E, = 500 nJ. The
images show only the top portions of the modified regions. Light
propagates from right to left for (a) and (b), i.e the images are
oriented 90 deg. with respect to those shown in Fig, 3.

nanograting plane in the top portion of the modified
region, but mainly lies in between the nanograting
planes revealing smooth weakly etched modification,
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best mapped with AFM. Quite different modification
morphology is produced with circularly polarized
femtosecond radiation within a similar E,-7, parameter
space, as seen in Fig. 3(c). Instead of nanogratings
typical of linear polarization, circular polarization
produces disordered nanostructures varying in size
between 30 and 300 nm. The formation of
nanogratings for linear polarization and disordered
nanostructures for circular polarization is also
confirmed for the axial writing within the same regime
of writing conditions. The nanostructures for the axial
writing are demonstrated in Fig. 4 (a) and (b) for linear
and circular polarization, respectively.

Evidence that the nanogratings consist of photo-
induced nanocracks is provided in Fig. 5 by SEM
images on samples cleaved along the yz-plane. The
images reveal morphology indicative of extremely
narrow cracks which is nearly identical to the case of
polished and etched samples for given pulse duration
and energy.”? The nanocracks are straight and uniform
for 7, < 185 fs with the thickness measurement limited
by the SEM resolution to 5 nm (Fig. 5(a)), whereas for
longer 7, SEM detects modulated, highly disruptive
fracturing and a variable thickness of 6-15 nm (Fig.
5(b)). The etch rate inside such a nanograting is at least
two orders of magnitude higher than that of the smooth
modification (Fig. 2)."® Studies of the fluorescent dye
penetration into modified regions produced with both
linear and circular polarizations provide further support
for the nanocrack/nanovoid nature of femtosecond
radiation induced modification in this regime (See Sec.

V).

B. Effects of the morphology on selective
chemical etching

The etch rate, R,,, of microchannels produced in the
transverse writing geometry is strongly affected by the
state of polarization of the writing femtosecond laser
beam. In the nanograting structures with the planes
perpendicular to the writing direction (Fig. 6(a)), the
acid encounters alternate thick layers of weakly
modified material (that etches slowly) separated by
nanocracks, which reduces the cumulative etch rate of
a microchannel written with the polarization vector
along the writing direction. The etch rate of the inter-
plane modification, as measured by the depth of the
AFM image, is less than 70% of that of the uniform
modification obtained just below the nanostructure
threshold (Fig. 2). However, when the nanocracks are
aligned with the writing direction (Fig. 6(b)), the
cumulative etch rate is very high as the acid flow is
virtually unobstructed and proceeds along large
distances in paralle]l fashion. The straightness of the
nanocracks depends on how accurately the laser
polarization is aligned with respect to the writing
directions. Experiments show that a 3-degree deviation
from the perfect orthogonality between E and .S limits
the continuity of the planes to ~ 10-15 um, whereas a

Fig. 6 Polarization-selective etching enabled by the nanograting
formation. SEM images of xy-sections of modification produced 65
um subsurface in the transverse writing geometry with linear
polarization (a) parallel and () perpendicular to the writing
direction, S, NA =0.65, 5,= 150 fs, £, = 300 nJ, /=100 kHz, v=130
um/s. The samples were etched for 20 min. in 0.5% HF. (c) optical
images of channels etched for 480 min. in 2.5% HF. The top cone-
shaped, very low-aspect-ratio channel corresponds to (a), the bottom
channel correspends to (&), and the channel in the middle
corresponds to linear polarization with £ at45°to &

1-degree misalignment can result in nanocracks
extended over many tens of micrometers along S.

The dramatic difference in the etch rates of
channels with the nanograting aligned perpendicular
and along the scan direction is illustrated in Fig. 6(c),
where the top cone-shaped etched structure
(corresponds to Fig. 6(a)) etches almost two orders of
magnitude slower than the microchannel shown at the
bottom (corresponds to Fig. 6(b)).
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Fig. 7. Polarization-selective etch rates for the transverse wnting
geometry. Femtosecond laser modified zones produced 65 pm
subsurface, NA = 0.65, f= 100 kHz, v = 30 um/s. 5, = 150 fs and
130 fs for linear and circular polarization, respectively.

The etch rates of microchannels fabricated with
different states of polarization in transverse writing are
presented in Fig. 7 as a function of pulse energies, E,,
for circular polarization and linear polarization parallel,
perpendicular and at 45° to S. For the fast etching
structures, R,, is deduced from the measurements of the
channel length, I, versus the etch time, 7. As the
channels penetrate deeper into the material, it becomes
more difficult for the fresh acid to reach and for the
etched material to be removed from the micro-channel
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tips. This causes an apparent decrease in the etch rate
as L increases (See Sec. III C). For consistency the
value of L chosen to determine the etch rates, R, is 50
pum for all microchannels. For the weakly etching
structures, the R,, calculations are based on measuring
the vertex angle of the cone-shaped structures.'® **
Figure 7 demonstrates that the ratio of polarization-
selective etch rates, R,,(EL S)R,(E || S) is higher than
70:1. Other orientations of linear polarization provide
etch rates lying in between the limiting cases of
perpendicular and parallel polarizations. As the energy,
E,, 1s increased, the nanograting planes become less
regular and at 7, > 185 fs (See below) can eventually be
substituted with a disruptive modification. This
accelerates the etch rate and partially reduces the
polarization sensitivity for microchannels written with
linear polarizations, parallel and at 45° to .S at high
E.’s. As seen from the graph, microchannels written
with circular polarization show etch rates similar to
those for linear polarization perpendicular to S. The
observed high etch rates, R, for circular polarization
are due to the formation of disordered nanostructures
(possibly nanovoids) (see Fig. 3(c)), which can be
interconnected allowing fast penetration of the acid
along the written modification.
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Fig. 8. Polarization-selective etch rates for the axial writing
geometry. The etch rates in the femtosecond laser modified zones are
measured near the top surface; NA = 045, 7, = 120fs, f= 100 kHz, v
=110 pm/s.

For the axial writing geometry the high etching
selectivity is also determined by the formation of
nanostructures in the modified regions. However, in
this case linear polarization does not provide the
control of the etch rate, R,, because of the axial
symmetry of the fabrication process. This geometry is
also more susceptible to variations in the laser and
other writing parameters owing to the combined action
of the sample-induced optical aberration” and the
overwriting effect (See Sec. III C). In the axial writing,
the etch rate dependence on pulse energy shows
different trends for linear and circular polarizations and
also varies with the writing direction, i.e. top-to-bottom
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vs. bottom-to-top (Fig. 8). For linear polarization, at
high pulse energies, E,, the nanograting becomes less
organized and consequentially more obstructive to the
acid flow, whereas high energies for circular
polarization increase the disordered nanostructure
density thus facilitating the acid propagation for this
case. This qualitatively explains the shown dependence
of R, on E, for linear and circular polarizations for the
bottom-to-top writing direction. A similar, but a much
weaker trend is observed for the transverse writing
(See Fig. 11) at short pulse durations (7, < 130 fs). For
the top-to-bottom writing the overwriting effect and the
distortion of the laser focus by the already modified
regions upstream of the laser beam can cause strong
disordering and interruptions in the produced
nanostructures resulting in a systematic decrease in
etch rates. For longer pulses (7, > 150 fs) the sensitivity
of the etch rate on writing direction becomes less
pronounced.

The effect of energy, E,, and pulse duration, 7,
with the linearly polarized transverse writing beam on
the morphology of modification and, as a consequence,
on the etching properties of the modified zones is
presented in Fig. 9. The case of linear polarization with
E oriented perpendicular to S is considered. Generally,
the nanogratings are embedded into the smooth
modification stretched along the beam propagation
direction. The modification caused by the nonlinear
absorption is confined to a volume where the
femtosecond radiation intensity exceeds the material
modification threshold. The modified region will
expand both axially and laterally as energy is raised
and can stretch over many tens of microns along the
beam propagation direction (Fig. 9(a) and (b) at E, =
1000 nJ). The fraction of the modified region which is
occupied by the nanograting, however, is strongly
affected by the E,-7, writing regime. The nanograting
covers the full extent of the smooth modification (i.e.,
it is embedded into the smooth modification) at short
pulse duration (7, < 130 fs) for energies ranging from
the 7,-dependent nanograting formation threshold,
Ey(t,) (100-400 nJ) to more than 1000 nJ.** At high
pulse energies, however, the average length of
nanocracks is reduced in both xy- and yz-planes, their
density becomes smaller and the order is weaker than
for less energetic pulses (Fig. 9(a)). At longer pulse
durations the nanograting formation zone shifts
towards the top portion of the smooth modification
leaving its tapered tip portion essentially featureless.
Operation at high pulse energies in the transitional
regime of 130 fs < 7, < 185 fs results in progressive
disordering of the nanograting and interconnection
between some grating planes becomes possible. At
energies, E, > 3 Eu(1,) and pulse duration, 7, > 185 fs,
disruptive modulation of the nanogratings builds up in
the top portion of the modified regions and becomes
massive for E, > 5 Ey(z,) (Fig. 5(b) and Fig 9(b)). The
threshold for the disruption formation dramatically
increases with decreasing pulse duration and for 7, =
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40-50 fs no such disruption is observed for energies,
E,, up to 2500 nJ.2

Morphological changes occurring with the
modification produced with circular polarization as
energy, E,, and pulse duration, z,, are varied show

Fig. 9. Dependence of the modification morphology on the pulse
duration and pulse energy. SEM images of yz-sections of
modification produced in the transverse writing geometry 65 pm
subsurface with linear polarization; NA = 0.65, /=100 kHz, v =30
um/s. (a) 5, = 50 fs. ) 5, =185 fs. The samples were etched for 6
min. in 2.5% HF.

trends similar to those observed with the writing with
linear polarization. Short pulse duration (z,~ 50-130 f5)
for a wide energy range (£, ~ 100-1500 nJ) produce
well-defined, weakly interconnected disordered
nanostructures embedded into the smooth modification,
whereas longer pulse duration (7, > 300 f5) even at
moderate energies (£, > 300 nl) induce greater
disruption consisting of merged micro- and
nanostructures. The disordered nanostructures tend to
form in the top portion of the modification, even for

&1

short pulses (, = 50 fs) and the density of
nanostructures increases with E,. The fraction of the
modification occupied by the nanostructures generally
decreases as E, and 17, are increased, similar to the case
of linear polarization.

2
4

Fig 10. Irregular cracking at the bottom portions of the modification
caused by long pulse durations SEM images of modification
produced in the transverse writing geometry 65 pm subsurface, NA =
0.65, f=100kHz, v= 30 pmvs. (a) yz-sections, linear polarization, 5,
=300 fs, £, =500 nJ. (b) yz-sections, linear polarization, 7, = 500 fs,
E, =650 nJ. (c) yz-sections, circular polarization, 5, = 500 fs, &, =
1000 nJ. (d) xy-section intercepting the cracks, circular polarization
at different £, and §, 5, = 500 fs. Etch time in 2.5% HF: (a)-0b) 6
min. and (d) 30 min.

At long pulse durations (z, > 300 f5) and E, = 5
E,(z,), irregular cracking (not to be confused with the
periodic nanocracks, ie. nanograting patterns,
discussed above) occurs around the tip portions of the
modification (Fig. 10). This phenomenon, which was
observed both for linear (Fig. 10(a) and (b)) and
circular (Fig. 10(c) and (d)) polarizations, affects the
wall roughness as well as the minimum achievable
cross-sectional area of microchannels and can have
serious implications for their microfluidic properties.
These cracks become longer and more developed as £,
and 7, are increased and can be found many microns
from the main modification as shown in Fig. 10(c) and
(d) at E, = 1000 nJ, where the cutting plane (white
dotted line) happened to intercept one of the long-
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protruding cracks. A very dramatic observation is
shown in Fig. 10(d). The longitudinal xy-sections of
modifications reveal that the irregular cracks, for both
linear and circular polarizations, branch out from the
instantaneous location of the laser focus and tend to
propagate in the writing direction S towards the region
of unmodified material. The nature of this remarkable
phenomenon is unclear at the moment.

1 (a)

~— Aea—a

14 / -8-7T,=18515. 7 =150 s
0- il 50 fs

0 200 400 600 800 1000
Pulse energy, £, [nJ]

=
£ %] .
S »
£ 51 PR
=4 . B ey
\—l_ 4 e - .'_.0
< 3] ) ,r.....s..::w;;:\_:
P—‘-{ [ '// \L‘
©
=
J]
w

7,
E (b) e -
< ¢ /;ua._. N
=% g T
g % o
52| if
§ 1] ./. . Tp=300f¢.~,...ﬂ. tp=130fs
w 0 " +tl’= 50 fs

v L T e S S
0 260 400 600 800 1000 1200 1400
Pulse energy, Lp, [nJ]

Fig. 11. Etch rate dependence on the pulse energy E, for different
pulse durations t,’s in the transverse writing geometry. The
femtosecond laser modified zones were produced 65 pm subsurface
with (a) linear polarization perpendicular to § and (b) circular
polarization. NA = 0.65, f=100 kHz, v= 30 pm/s.

The etch rate dependence of modified zones
transversely written with circular and linear
polarizations on the pulse duration, 7,, and pulse
energy, E,, is shown in Fig. 11. At energies exceeding
200 nJ and 7, > 130 fs, the etch rates, R,, grow with E,
for both polarizations. The reverse trend observed for
7, = 50 fs (more pronounced for linear polarization) can
be qualitatively explained by the SEM images of the
modification morphology presented in Fig. 9(a) for E,
= 1000 nJ. In this case, as it was mentioned earlier, the
density and length of nanocracks is smaller than for
lower pulse energies, E,, and it takes longer for the
etchant to penetrate the modified zones and dissolve
the slowly etching material in between the nanocracks.
Even though initial etch rates (measured at L = 50 um)
increase by a factor of three for long pulses and high
energies, the magnitude of this effect will be
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significantly diminished by the etch rate saturation
observed with long channels (See Sec. III C).

C. Fabrication of microchannels

The high etching selectivity of femtosecond laser
modified zones governed by the formation of
nanostructures is the key parameter determining the
potential of the technique to fabricate long and high
aspect ratio microchannels. To utilize the capabilities
of this technique fully, however, other aspects of the
fabrication process should be taken into account.
Factors affecting the production of microchannels can
be subdivided into the following major categories: 1)
edge effect associated with the transverse writing
geometry, ii) femtosecond laser beam scattering effect
produced by the material surface ablation in the axial
writing (top to bottom), iii) spherical aberration caused
by focusing through the air-sample refractive index
mismatched interface, iv) overwriting and beam
distortion effects accompanying axial writing, and v)
saturation in the etch rate of long microchannels. All of
the mentioned phenomena are universal and will affect
to a greater or lesser extent amy laser assisted
microchannel-fabrication techmque in 3-D.

1) The edge of the sample intercepting the
converging femtosecond laser beam allows only a
portion of the radiation to be focused in the material
and produce modification. The rest of the beam
remains focused outside the sample in the air at a depth
different from that in the material. This discontinuity
causes a depletion of the laser power delivered to the
focus and gradual disappearance or significant
distortion of the modification near the end faces of
transversely written modified zones. This effect is
especially strong for deep focusing with high-NA
optics and requires either removal of significant layers
of the material to reach the unaffected modification or
submersion of the sample into an index matching fluid.

ii) In the axial writing geometry, when the laser
focus crosses the air-sample interface from the top
surface (Fig. 1(b)), the initial surface damage caused
by ablation creates a scattering zone followed by a
volume where the radiation deposited into the sample
is attenuated below the nanostructure formation
threshold required for the highly selective etching. As
the laser focus moves deeper into the sample, the
surface damage zone intercepts a smaller fraction of
the laser beam at the surface and the deposited energy
eventually reaches the threshold for nanostructure
formation and high etching selectivity. As a result, for
the top-to-bottom writing geometry we observe initial
weak selectivity in etching until the unmodified
volume is etched away. When the beam is moved from
the rear surface upwards (Fig. 1(c)), however, the laser
beam is not affected by the surface damage scattering
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Fig. 12. Optical images showing the effects of the wnting direction
in the axial writing geometry (a)-(c) on the etching process due to the
beam scattering caused by surface ablation and (d) on the
microchannel wall roughness due to the overwrting effect The
microchannels were written with linearly polarized femtoseconds
radiation; NA = 0.45, 7, = 200 fs, B, = 1000 nJ, /= 100kHz, v=110
wrys. (a) 70 min. in 2.5% HF. () 300 min. in 2.5% HF. (¢) 1450
min. in 2.5% HF. {d) 1450 min. in 2.5% HF, “1” and “2” correspond
to the top-to-bottom and bottom-to-top modes, respectively. The
separation between the channels is 25 pm The sample orientation
and the beam propagation direction isthe same for (a)-(d).

as it continuously propagates through the unmodified
material

Fig. 12(a)-(c) show stages in the etching process of
microchannels written axially in both the top-to-bottom
(left group of channels) and bottom-to-top (right group
of chamnels) modes. Fig. 12(a) demonstrates that
initially no selective etching occurs beyond the
ablation craters in the top-to-bottom produced
modification, whereas the bottom-to-top modification
etches highly selectively. Fig. 12(b) shows that in some
locations the weakly etching zones following the
ablation craters have been etched away and the highly
selective etching has started in these locations. In Fig.
12(c) all the top-to-bottom channels etch highly
selectively. The channel length variation is caused by
the randomness in the breakthrough times. The
scattering effect can be overcome by either writing
channels in the bottom-to-top mode or by polishing off
some 20-25 microns of the material from the top
surface, Writing in an index matching fluid may be
another possible solution to the problem.

iii) In practice writing channels both transversely
and axially is complicated by the presence of the

83

dielectric interface between materials of mismatched
refractive indices (e.g., air and the material to be
processed) in the optical path of the focused laser
beam. The interface introduces an aberration in the
wavefront of the converging spherical wave and causes
significant spreading of the intensity distribution along
the beam propagation direction near the focus. This
spreading is also accompanied with a drop in the peak
light intensity near the focus,”* #’ which, under certain
conditions, can bring the intensity below the
nanostructure formation or even material modification
thresholds. The drop in the intensity with the focusing
depth occurs much faster in writing with high-NA
optics. With a 0.2 NA dry objective it is possible to
write at depths of over 10 mm without serious concern
for the intensity drop due to spherical aberration,
whereas dry writing with a 0.9 NA objective can be
restricted to a few tens of microns under the surface
unless the laser power is increased dramatically in
compensation or the writing is done at fixed depths
where the optics are corrected.”

So far, we have explored in great detail writing
with a 0.65 NA objective which allows one to modify
glass at hundreds of microns subsurface without
catastrophic deterioration of the laser focus due to the
interface-induced spherical aberration. This NA is
sufficiently high to minimize self-focusing effects
typical of weak focusing geometries.’* ¥ We have also
used a 0.45 NA-optic and confirmed the existence of
the nanostructure regime of modification enabling
fabrication of microchannels at even greater depths
without serious effect on the cross-sectional size and
shape of the channels. Etch rates of the channels
fabricated with 0.45 NA-focusing are similar to those
achieved with a 0.65 NA. In experiments with a 0.45
NA objective we found that the threshold for the
nanostructure formation increases from £, =75 nJ near
the top surface to =~ 300 nJ at the bottom surface of a
1.5 mm-thick fused silica block, in a good agreement
with- our theoretical calculations accounting = for
spherical aberration.”” The shapes of the femtosecond
laser modified zones in fused silica can also be
correlated with the aberrated intensity distribution in
the focal volume of the focusing optics.”> ** The
negative effects of the interface-induced aberration can
be alleviated by a microscope objective allowing
adjustable compensation for spherical aberration.
Using this approach, we have demonstrated diffraction
limited writing with a 0.75 NA specialty objective deep
(~ 1 mm) in bulk material at a fixed near-threshold
pulse energy, E,. B

iv) When the femtosecond laser focus axially
traverses the sample from the top to bottomn the
converging laser beam is distorted/scattered by the
already modified material and the modification
downstream of the laser beam is therefore carried out
with a modified intensity distribution. This can lead to
less modification and possibly poorer quality
nanostructures. Furthermore, for axial writing of the
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sample the highly tapered modified structures (top
images in Fig. 3) are drawn through each other. The
overwriting process with a tapered beam may cause
partial erasure and disruption to the previously written
structures. This can lead to alteration in the quality and
spacing of the grating planes. When transverse writing
is employed the modified nanostructures are mapped
onto themselves with little distortion.

Although taking into account all these effects is
very difficult, it is plausible to anticipate that the
channels written transversely versus axially and top-to-
bottom versus bottom-to-top will etch differently. For
example, Fig. 12(d) shows that the channels written in
the top-to-bottom direction are rougher than their
bottom-to-top counterparts, and Fig. 8 shows that etch
rates for linear and circular polarizations are
dramatically affected by the writing direction.

v) Another phenomenon which strongly affects the
fabrication process is saturation of the etch rate of
microchannels. Wet chemical etching of fused silica in
aqueous HF solution has been the subject of a broad
research effort and substantial progress has been
achieved in the understanding of the etching
mechanism > The dissolution of femtosecond radiation
modified fused silica into an aqueous HF solution is a
much less studied area, but a heterogeneous chemical
reaction requiring several steps to break the chemical
bonds in the processed material most likely govemns the
etching process. The ability of an HF solution to react
with the modified material is determined by the acid
concentration and will depend on the mass transport
properties of the microchannel. As the microchannel
length increases, the amount of fresh acid able to reach
its end reduces and the etch rate gradually decreases,
l.e. saturates. This saturation leads also to the
production of microchannels with lower aspect ratios.
We observe this trend with microchannels written both
axially and transversely using different states of
polarization. The reduction in channel etch rate with
channel length seems to be a universal phenomenon,
not restricted to the described fabrication technique.
Similar etch rate saturation has been reported, e.g., in
microchannels patterned lithographically.”®

The magnitude of the saturation effect is
exemplified in Fig. 13 presenting the dependence of
the channel! length, L, on etch time and the dependence
of the etch rate, R,,, on L for different pulse energies
E,. The initial E -dependent etch rate of microchannels
which can be as high as 7-8 um/min reduces to 1-2
pm/min at L ~ 200 um and further drops to a mere 0.5
um/min for a millimeter-long microchannel. Increased
microchannel lengths also reduce the initial contrast in
etch rates, R,, of the high-energy, fast etching
microchannels and their low-energy counterparts (see
Fig. 13(b)). To measure L-dependent etch rates of
microchannels, R,-saturation curves are plotted for all
of them and etch rates, R, are linearly extrapolated at
a fixed L (see inset to Fig. 13(b)). The linear fit used
for the extrapolation is based on the first 2-3
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measurements of R, made when the channels are
shorter than S0 pm. At L = 50 um, chosen for
measurements, the etching process stabilizes and
becomes representative of the microchannel.
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Fig. 13. Etch rate saturation effect observed in microchannels
produced in the transverse writing geometry. The channels were
written 65 pm subsurface with linear polarization perpendicular to §,
NA =0.65, 7, = 300 fs, f= 100 kHz, v=30 pm/s. (a) dependence of
channel length on etch time, (b) dependence of channel etch rate on
channel length.

IV. RESULTS: BK7

The technique of femtosecond irradiation followed
by chemical etching to produce microchannels has
been demonstrated so far only for fused silica (quartz
glass). In the quest for a cheaper alternative to fused
silica, we have applied this fabrication technique to the
best-known representative of the borosilicate crown
glass family-BK7 (SCHOTT AG nomenclature)
optical glass. Chemical stability combined with
excellent transmission through visible to near-infrared
spectra would make this glass very attractive for
various microfluidic applications provided that the high
discrimination in etching of the laser-modified versus
surrounding material can be achieved.
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BK7 is tested within a broad space of laser
parameters (50 fs < 7, < 500 {5, 50 nJ < E, < 2500 nJ,
10 kHz < f< 250 kHz, focusing (0.45 < NA < 0.9,
focusing depth (20-800 pm) and scanning (1 um/s < v
< 1000 pmy/s). To correlate the morphology of
modification with the femtosecond irradiation
conditions the samples are prepared as described in
Sec. II B and studied using AFM.
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Fig 14. Regimes of BK7 modification morphology produced in the
transverse writing geometry. AFM images represent two distinct
types of morphology in the yz-section typical of Regime I (&, = 50
nJ, v = 300 um/s) and Regime O (&, = 200 nJ, v = 3 um/s)
Modification was produced 65 pm subsurface with linear

polarization perpendicular to §, NA = 0.65, 7, =70 f5, /= 10 kHz.
The sarmples were etched for 2 min. in 0.5% HF.
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Fig. 15. Etching profiles of the modification in BK7 obtained by
AFM. The modification was produced in the transverse writing
geometry 65 um subsurface with linear polarization perpendicular to
S, NA =0.65, 7, =70 fs, f= 10kHz. (@) £, =50 nJ, v= 7300 pm/s. (b)
E, =200 nJ, v=3 um/s () B, = 900 nJ, v =3 um/s. The etching
profiles correspond to (a) Regime I and (b)-(c) Regime II The
samples were etched for 2 min. in 0.5% HF.

AFM reveals two distinct types of morphology i)
smooth modification and ii) modification consisting of
elevated and depressed filamentary structures. The two
regimes allowing the formation of smooth and
filamentary modification can be visualized in an
energy-dosage diagram, E,-D-diagram, where the
irradiation dosage, D, is defined as D = E, f/v. Within
the studied parameter space, the E,-D-diagram in Fig.
13 (f = 10 kHz) shows a quasi-inverse dependence
between E, and D separating the two regimes. In both
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Fig.16 The modification morphology in BK7 corresponding to
Regime II. AFM images of the yz-sections of modification produced
in BK7 in the transverse writing geometry 65 um subsurface with
linear polarization; NA = 0.65. (a) £ parallel to 8§, 7, =70 fs, £, =
300n], f=10 kHz, v=3 um/s. (b) E perpendicular to §, 3, = 70 fs,
£, =300 nJ, f=10 kHz, v=3 um/s (c) £ perpendicular to §, 5, =
200 fs, B, =900 nJ, f= 100 kHz, v =30 pm/s. (d) E perpendicular to
8, 1, =500 fs, E, = 1500 nJ, /=100 kHz, v =30 um/s. The samples
were etched for 2 min. in 0.5% HF.

Regimes I and II the length of the femtosecond
modified zone is determined by the pulse energy, E,.

In Regime II the morphology varies depending on
the irradiation conditions. An increase in the E,/v-ratio
at constant pulse duration, 7,, and pulse repetition rate,
/., accentuates the filaments. Fig. 15 presents AFM
topographic sections across etched smooth and
filamentary modifications to follow this trend. The
sections were obtained at the bottom portions of the
modified regions presented in Fig. 14 and Fig. 16(a).
At energy and dosage near the boundary between the
regimes, a reversal in the etching selectivity is
observed in the middle of the step-like etching profile
corresponding to smooth modification. At this stage,
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however, the filament still etches faster than the
surrounding unmodified glass (Fig. 15 (b)). As the E,-
D-point moves further away from the boundary, the
etch rate, R,, in the filament first equals to and then
starts lagging behind the etch rate of the unmodified
glass (Fig. 15 (c)). In addition, writing at high E,’s and
D’s produces a granular-like pattern consisting of tiny
molten beads, in the top portion of the modification
(Fig. 16(a) and (b) with the corresponding zoom-ins on
the top portions). By increasing the repetition rate, f,
and writing speed, v, at a constant dosage D, the
filaments at E, > 500 nJ are transformed into
turbulences (Fig. 16(c)). The granular structures also
tend to disappear at high energies. This trend is
confirmed for 50 fs <7, <500 fs. At f> 100 kHz, 7, >
200 fs and E, > 900 nJ, the lateral expansion of the
bulbous top portion of the modification is accompanied
with the formation of regions exhibiting high etching
selectivity with respect to the unmodified glass (Fig.
16(d)).

The most striking dissimilarity between the
femtosecond radiation induced modification in fused
silica and BK7 is the absence [Fig. 16(b), (c¢) and (d)]
of nanograting patterns in the latter material under any
of the mentioned experimental conditions. Since
nanograting planes promote fast polarization-
controllable etching in the modified regions the use of
BK7 glass in microfluidic applications is severely
limited. The etch rates of modified regions in BK7 are
essentially independent of the polarization of the laser
beam for the same writing parameters and slowly vary
from 0.2 to 0.4 um/min as E, is increased from 100 to
900 nJ. In the regime of long and high energy pulses (z,
= 500 fs, E, = 1500-2500 nJ) conducive to the
formation of fast etching regions in the top and bottom
portions of the modified zones (Fig. 16(d)), the etch
rates R,,, can be as high as 1-2 pm/min, which is close
to a typical R, in fused silica. However, even these
high values do not allow one to produce high-aspect-
ratio microchannels owing to an order of magnitude
higher etch rate of the unmodified BK7 in 2.5% HF
(0.11 um/min) as compared to that of fused silica
(0.012 um/min). The essentially non-uniform
distribution of the zones of high etching selectivity
over the extensive modified regions results in the
production of wide channels with irregular cross-
sectional shapes.

V. DISCUSSION
A. Mechanism of nanograting formation

The crucial role of the self-ordered periodic
nanocracks in enabling highly differential etching of
the modified regions requires analysis of possible
mechanisms underlying their formation. Sub-
wavelength periodic ripples have been observed over
the years on the surface of fused silica as well as other
dielectric materials irradiated by lasers operating at
different wavelengths and pulse durations. Ripple
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formation has generally been of short range (microns)
and attributed to the interference between the incident
laser radiation and scattered or excited surface
waves > ** 3% In most cases the ripple orientation was
found to be perpendicular to the incident light
polarization. Recently long-range periodic
nanostructures with a period of » 220 nm have been
produced on the surface of a fused silica sample with
tightly focused 4 = 800 nm, 100 fs duration laser
pulses® The authors claim that the incident light can
interact with excited surface plasmons which are not
totally restricted to the surface but rather travel inside
the material due to the production of a subsurface
quasi-metallic plasma.

To explain the formation of nanogratings in bulk
material, Shimotsuma et al.*® proposed a model based
on the interference between the electric fields of the
incident light and an electron plasma wave. This
interference imposes a periodic modulation on the
electron plasma density causing a corresponding
periodic modification in the material. The model
predicts a significant dependence of the grating period
on the electron plasma density, N,, and temperature, T,,
i.e., on the laser pulse energy. However, to explain the
observed grating spacing, the T, required by this
model, has to be close to an unrealistically high 10" K
(corresponds to an electron energy of ~ 1300 eV) and
N, must approach the critical density N, ~ 1.75 x 10*
cm”. Knowing the volume of the modified region from
our 3-D measurements we estimate that a minimum £,
of 11 7;,1] is required to achieve electron temperatures of
~ 10" K at a plasma density N, ~ N, This simple
energy balance assumes that all of the laser pulse
energy 1s deposited in the modified zone and in the
electron plasma. In contrast, we have found that the
threshold for nanostructure formation 1s typically only
100-200 nJ. The near-critical density N, assumed by
Shimotsuma et al. is very restrictive since light will not
penetrate the plasma once the critical density is
exceeded. On the other hand, if N, is less than N,, then
T, must be even higher to reproduce the experimentally
observed spacing,

In an independent effort to study the modification
morphology at a nanometer scale, we have performed
many measurements with a large number of fused
silica samples and found that the nanoplane spacing in
the laser-modified regions is independent of both the
laser polarization and the laser pulse energy, E,, as
reported in our paper’’ However, in agreement with
Shimotsuma et al.,”® we do observe a decrease in the
spacing with a high number (= 10* ) of laser pulses per
micrometer of scanning. Specifically, this trend is
observed for nanogratings formed near the top of the
modified regions. However, the average period of the
fully developed nanogratings occupying the central,
largest portions of the modification is essentially
independent on the number of pulses used for
irradiation.
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We have developed an alternative model based on
nanoplasmonic theory to account for the observed
trends in the nanograting formation.”” According to our
model, the nanograting evolution is a three-step
process, which takes place over many laser shots,
including 1) inhomogeneous dielectric breakdown and
formation of nanoplasmas, ii) modification of the
material on the nanoscale to create a “memory” of
previous nanoplasma formation and growth of the
modified regions into nanoplanes, and ii1) self-
organization of the nanoplanes.

Dielectric breakdown can be inhomogeneous for
several reasons. The high non-linearity of the process
may result in instabilities that lead to an intrinsic
inhomogeneity, color centers and defects may act as
nucleation centers and hole-enhanced ionization may
also play a role® All of the above can lead to the
production of localized nanoplasmas in the material.
The nanoplasmas are underdense during most of the
time of their interaction with the incident laser pulse.
The electric field inside an underdense plasma exceeds
the laser field, which further enhances the local nature
of the breakdown. The boundary conditions require
that the electric field around the equator of an
underdense spherical nanoplasma with the polar axis
aligned along the laser polarization is enhanced as
compared with the pole regions where the electric field
is suppressed. Thus, underdense nanoplasmas must
grow into sheets oriented perpendicular to the laser
polarization, as observed experimentally. Even when
the plasma density increases, since the nanoplasmas
will have a density gradient, their outer boundary
remains always underdense, ensuring that they grow
into nanoplanes.

The process of nanoplane growth occurs over many
laser shots leading to alteration of the material. This
implies a memory of the cumulative effect of previous
shots that we relate to a lowering of the multiphoton
ionization threshold in material that has been
previously ionized. In the early stages of materal
modification these changes might be the result of
metastable color centers, bond breaking and the
creation of defects. In the later stages the material
structure itself can be significantly altered on the
nanoscale. The self-organization of the nanoplasmas is
postulated to be a result of their semi-metallic
properties (i.e., obtained in the later stages of
nanoplasma development when the plasma electron
density approaches the critical density) which affect
the field propagation in a way similar to planar metallic
waveguides. Growth of the planes will be favored if
they support modes whose field distribution reinforces
their own growth or where the field is enhanced by a
suitably placed neighbor. The spacing is solely
determined by the mode structure and therefore scales
linearly with the wavelength independent of the laser
pulse energy, as indeed was confirmed in our
experiments at A = 400 nm’®’ (Shimotsuma et al. predict
a non-linear wavelength dependence®). For the lowest
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order optical mode structure, the nanoplasmonics
model predicts a mimimum nanograting period of A2,
where # is the index of refraction of the medium. The
bulk value of n (i.e., for fused silican = 1.453 at 1 =
800 nm) can be used if plasma formation and material
modification predominately occurs at the transient
quasi-metallic grating planes. Our model prediction for
the minimum nanoplane spacing in fused silica is
therefore 275 nm, which is in reasonable agreement
with an average value for the experimentally observed
spacing of 250 + 20 nm (measured in the xy-plane
using thousands of grating planes).

With a moving focal volume and laser electric field
E parallel to the writing direction .S, the mode structure
in the previous spot determines where the nanoplanes
would grow in the newly exposed region. In the case
when E 1s perpendicular to .S, order is imposed on new
material via the field distribution at the boundaries of
the nanoplanes. Thus self-ordered periodic nanoplanes
can be produced when the sample is moved. In the case
of circular polarization we expect the nanoplasmas to
develop into prolate ellipsoids with their long axis
aligned with the beam propagation vector &. This is
because the field is only continually enhanced at
boundary points close to this axis under circular
polarization. Our experimental results largely show
disordered structures consistent with there being no
mechanism to impose long-range order.

We are continuing to develop the theoretical model
to more quantitatively describe the dynamics of how
nanoplasmas evolve and organize into long-range
periodic nanoplanes. We are particularily interested in
understanding how short duration (z, < 180 fs ) laser
pulses first produce a uniform modified region above
the material modification threshold then above a
second threshold Ew(r,) generate very narrow (5 nm)
nanoplanes (Fig. 5) embedded within a uniform
modified region such as is shown in Fig. 4(a) and
described in Ref. 22.

B. Capabilities of the technique

Pulse duration and pulse energy for any laser
polarization play a crucial role in defining the regime
of nanostructure formation necessary for the high
etching selectivity and the regime of smooth
modification to write waveguides which can potentially
be integrated with the microchannels produced after
etching. The operating windows for both regimes for
0.65 NA focusing have been presented elsewhere ?

The ability to control the distribution and size of
nanostructures over the modified region by changing
pulse energy, E,, and pulse duration, 7,, is important
for microchannel fabrication. To produce channels
uniformly etched over their cross-sections, it is
desirable that the nanostructures cover the full extent of
the modification.

This requirement can be strictly fulfilled within a
wide energy range only for linear polarization and 7, <
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130 fs (See Fig. 9). Fig. 17 shows microchannels
fabricated under optimum conditions at different E,’s
and writing speeds, v. Fig. 17 also demonstrates that
the shape and size of microchannels can be controlled
by varying E,, whereas changes in the writing speed, v,
have a minor effect on shaping the microchannel cross-
sections. Etch rates of the channels are essentially
independent of “v” except at the lowest energy, (E, ~
150 nJ) close to the nanograting formation threshold in
which case the etch rate, R, increases with decreasing
“y”, Inspection of the entrance of the slots with SEM
reveals a wall roughness < 50 nm.

Fig. 17. Cross-sectional and top-view optical images of the
microchannels written transversely 65 um subsurface with linearly
polarized fs-radiation; NA = 0.65, 7, =120fs, , /=100 kHz. For each
E, = 150, 300 and 400 nJ corresponding to (a), () and (¢),
respectively, 4 different writing speeds v =3, 10, 20, and 30 pm/s
were used. The arrow by the writing speed notation“ v* in each panel
shows the direction in which ”v” is increased. The separation
between the channels is 50 pm. The channels were etched for 920
min. in 2.5% HF.

In general, for microchannel formation long pulse
duration (z, > 300 f5) and high energy (£, > 400 nJ) are
not suitable because of increased channel wall
roughness associated with uncontrollable cracking
under these conditions (See Fig. 10). Even though
prolonged etching smoothens the walls near the wide
channel entrance, the cracking will seriously affect the
channel roughness and shape near its end
compromising the use of such channels in microfluidic
applications. For long pulses, in order to maximize the
coverage of the modified region with the nanogratings,
pulse energy should be kept close to Ep(r,). This
applies for both linear and circular polarization.

Another practical issue affecting the use of a
femtosecond laser in microchannel fabrication is the
time required to modify and etch fused silica blocks.
To fully develop the nanograting 500-3000 laser shots
per micrometer of scanning are required. This number
is determined by the laser repetition rate f divided by
the scan speed, v. We consistently observe the
formation of periodic nanocracks in fused silica at 10
kHz < f' < 250 kHz and at writing speeds ensuring
hundreds of shots per micrometer of scanning. The
repetition rates attainable with our setup (f,x = 250
kHz) has allowed a writing speed, v = 200 pm/s, to
produce fast etching microchannels. Since the periodic
nanostructures are still present after annealing at
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temperatures > 1100°C ** they may also be present at
MHz repetition rates when the characteristic thermal
diffusion time becomes comparable to the time
between laser pulses.*® Repetition rates of 1-2 MHz,
for which no heat accumulation effects have been
observed in fused silica,*! combined with 500 shots per
micrometer of scanning required to produce high-
quality nanogratings leads to an impressive potential
writing speed in the range of 2-4 mm/s, which is still a
conservative estimate.

By combining different regimes of writing and laser
polarizations complex channel shapes can be produced
in 3-D. As a matter of fact, circular polarization is not
very sensitive to the writing direction and allows
scanning the sample along any path in 3-D without
continuously aligning E and .S as required in the case
of linear polarization. The maximum length of a
microchannel that can be achieved without sacrificing
the microchannel aspect ratio (See Sec. III C) is the
factor that severely limits the use of the technique so
far. Maximum lengths of narrow microchannels
attained by us (e.g, Fig. 12) and other authors'® !> 2
are limited to 1-2 mm for the etching proceeding from
one end. This length budget can easily be exhausted in
3-D integration of microchannels. Longer etch times
provides only a small increase in channel length at the
expense of significantly poorer aspect ratios. Possible
solutions to this problem may include: i) perfect
alignment of the nanoplanes along the writing direction
when using linear polarization, ii) optimization of the
etchant to increase etching selectivity,* iii) raster scan
the laser beam to create larger zones of modification to
compensate for the tapering effect, and iv) operation
with laser parameters which produce significant
disruption and promote the acid flow over long lengths
by microcapillary forces. This can initiate simultaneous
dissolution of the modified material along the channel
and potentially result in the production of high-aspect-
ratio > 500:1), 2-4 mm-long microchannels.

The feasibility of the latter approach is
demonstrated in Fig. 18. The left-hand panel shows
images of channels filled with a dye solution (See
SecIl A) in visible light, whereas the right-hand
sequence corresponds to the fluorescent images of the
same channels. Fig. 18(a) demonstrates that at short
pulse duration (7, = 50 fs), for which no significant
disruptive  modification and/or interconnecting
nanocracks occurs the dye penetration, is confined
within the visible lengths of the microchannels. At
longer pulse durations and high pulse energies (Fig.
18(b) and (c)), for both linear and circular
polarizations, the dye solution penetrates well beyond
the point where the bulk etching has stopped. On the
fluorescence images, the ends of the microchannels
conveying the dye beyond their actual termination are
encircled for clarity. In fact, the dye penetrates up to
the very end of the modification lying ~ 3 mm to the
right. SEM images (Fig. 9(b)) of the modification
morphology of the channels in Fig. 18(c) show
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significant disruption in the top portions of the
modified regions at E, > 500 nJ. The partially
destroyed nanogratings perforated with numerous
interconnected disordered nanostructures (see Fig. 9(b)
at E, = 1000 nJ) can now be penetrated by various
liquids including the etchant.

Fig. 18 Fluorescent images demonstrating the dye penetration
beyond the etched length of microchannels. Optical images in bright
illumination (left) and fluorescent light (right) of the microchannels
written transversely 65 um subsurface with circularly polarized (a)-
(®) and linearly polarized (¢) fs-radiation; NA = 0.65, , = 50, 300
and 185 fs for (@), () and (¢), respectively, /= 100 kHz, v = 30
urt's. For (a) and (b) E, decreases from top to bottom as 1500, 1000,
800, 600, 400, 300, 200, and 150 nJ; £, = 150 nJ is not shown for
®). For (¢) B, decreases from top to bottom as 1000, 800, 500, 300,
200, 100, and 75 nJ. The separation between the channels 1s 50 pm.
Etch time in 2.5% HF: 1940 min. for {a)-(b) and 1830 min. for (c).

This observation further confirms that i) the
nanostructures play the dominant role in transferring
the acid along the modified regions and ii) the etching
process in long microchannels is essentially diffusion
limited, because otherwise the etching would occur
along the full length of the modification. It also
suggests that the etch rate saturation problem can be
alleviated by frequently interrupting, i.e. cycling the
etching process. During each cycle acid will be
replenished in the narrow modified regions and the
saturation effect decreased.

The ability to produce controlled periodic
nanocracks in 3-D has important implications on the
field of nanofluidics. The polarization sensitive etching
suggests that the acid flows efficiently into very narrow
nanocracks whose width at low pulse duration can be
as small as few nanometers.”? Operation near the
nanograting formation threshold, for the case of the
laser polarization perpendicular to the writing direction
S, allows the production of a solitary uninterrupted
nanocrack extending many tens of micrometers
through the modified region along .S In the yz-cross-
section, the length of a near-threshold nanocrack is
only 2-4 um. We have observed such single nanocracks
in the transverse writing geometry when we accurately
aligned the laser polarization to be perpendicular to the
writing direction (within a degree). By improving the
alignment as well as the stability of the femtosecond
laser parameters and the translation stage the upper
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length limit of a solitary nanocrack can be probably
pushed even further to hundreds of microns. Such
nanocracks can be very attractive for studies of
nanoflows and nanocapillary effects.**

An extensive study of the morphology and etching
properties of fs-radiation induced modification in BK7
borosilicate glass shows that it is impossible to
generate nanograting patterns and achieve high etching
selectivity in this glass within the explored parameter
space. This result provides further evidence of the
crucial role of the nanostructures in the selective
chemical etching but also restricts the choice of
potential materials to those where they can be
effectively produced in a controlled fashion. The
presence of network modifiers in multicomponent
glasses makes it more difficult to understand the
mechanisms of fs-induced modification. Our studies of
femtosecond induced refractive index changes in
vartous multicomponent glasses, e.g. show that the
index changes can be positive (e.g., SiO;), negative
(e.g., BK7), or nonuniform depending on the glass
composition, which requires an individual explanation
in each particular case.® So far, the nanograting
patterns in the bulk material have been observed in a
scant assortment of materials, viz. $i0; glass and TeO;
crystal® In a multicomponent glass BK7, phase
separation effects (See Fig. 16) and migration of
network modifiers due to local melting, which may
occur on a shot-to-shot basis, can continuously erase
the memory about previous laser exposures thus
impeding the formation of ordered nanostructures. Any
heat accumulation of energy in the modified volume at
high pulse repetition rates makes it even more difficult
to achieve nanogratings. The formation of the molten
beads (Fig. 16 (a) and (b)) and filaments (Fig 14 -16)
and the transformation of the modified region to a
bulbous structure at high repetition rates support this
thermal-based explanation. Further experimental and
theoretical work has to be done to elucidate conditions
promoting or preventing the nanograting formation in
other glasses.

VI. CONCLUSION

In summary, we have used ultra-high spatial resolution
diagnostics to show that the dielectric modification
morphology in fused silica determines the etch rate of
microchannels fabricated using focused femtosecond
laser radiation and selective chemical etching. The
highly differential etching of the modified regions is
comrelated with the formation and orientation of self-
ordered nanocracks in 3-D (linear polarization) and
disordered nanostructures (circular polarization) which
allow the etchant to penetrate into the glass and etch
microchannels. In BK7 glass, where the femtosecond
laser irradiation cannot produce such nanostructures,
the differential etching between laser-modified and
surrounding material is insufficient to fabricate long
high-aspect-ratio microchannels. Only certain types of
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modification morphology, which are determined by the
femtosecond laser and writing parameters, ensure the
production of microchannels with regular cross-
sectional shapes and smooth walls. The demonstrated
control over the etching (and optical) properties of the
photo-modified regions is important for 3-D monolithic
integration of the microchannels with microphotonic
components to fabricate various biochip devices.
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Conclusion

The results presented in this thesis can be subdivided into two major categories: i) ultra-
high spatial resolution studies of the modification produced in fused silica and other glasses
at different fs laser pulse parameters and focusing conditions and ii) and the fabrication of
microchannels using the technique of selective chemical etching of the fs radiation-induced
modification in fused silica. We start the discussion by establishing the link between the
glass composition, fs laser parameters and focusing conditions on one side and the optical
properties and morphology of the modification on the other. Then we show how the
morphology affects the fabrication of microchannels. We conclude this thesis with outlining

new potential applications of the fs laser dielectric modification technique.

Effects of glass composition on induced refractive index change

In ARTICLE 1II we have performed an extensive study on fs laser-induced refractive
index changes in a wide variety of multicomponent glasses from SCHOTT AG in order to
assess their suitability for photonic applications. The microreflection technique described in
ARTICLE 1 and the refractive near-field (RNF) technique were used to obtain high
resolution refractive index profiles of the fabricated waveguide structures. The
intercomparison of these two techniques performed on selected glasses confirmed that they
yield similar results. As it was mentioned in Section 2, the microreflection technique
provides the best compromise between resolution and accuracy which can be achieved and
the easiness of implementation. The data showed that except for some aluminum-silicate
glasses all other investigated glasses exhibited a negative refractive index change upon laser
irradiation. The modification in different glasses can result in uniform positive (e.g., Si0»),
uniform negative (e.g., BK7) or nonuniform refractive index changes (alkali-aluminum-
silicate glasses) under the same writing conditions. Moreover, a single glass under different
irradiation conditions can exhibit negative or positive index changes. The shape of the index
profile also strongly varies with changing the writing parameters. The observed pronounced
variability between glasses makes refractive index profiling imperative for each glass

composition under a wide range of writing conditions. It also appears that fused silica glass
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is a preferable material for the fs laser fabrication of waveguides as it provides the highest

and most uniform photo-induced refractive index change among other studied glasses.

Influence of irradiation conditions on modification in fused silica glass

Spherical aberration induced by the air-sample interface. In ARTICLE III we address the
effects of an optical aberration on the shapes and positions of the fs laser-modified zones in
fused silica glass. Spherical aberration introduced by the dielectric interface between
materials of mismatched refractive indices (e.g., air and the material to be processed) causes
significant spreading of the intensity distribution along the beam propagation direction near
the focus of a fs laser beam. This spreading is also accompanied with a drop in the peak light
intensity near the focus and can easily bring the intensity below the nanostructure formation
or even material modification thresholds.

The threshold pulse energy values for the different regimes of modification (Regimes I-
IIT) described in the thesis and ARTICLES IV and VI were obtained with a NA = 0.65
objective ~60 micrometers below the sample surface where the estimated drop in the
intensity is below 10% of the original unaberrated value. The operation at higher NA’s and
larger focusing depths requires compensation of spherical aberration to avoid inaccuracy in
determining the threshold values. We also note that investigation of the self-focusing effects
in the tight focusing geometry on the shape and size of the modified regions should be
carried out only in the absence of spherical aberration because otherwise it will mask the
possible contribution of the nonlinear response of the medium. In ARTICLE III we have
demonstrated, using the etching-AFM technique, that the shapes and separations of fs-laser
modified zones in fused silica are correlated with the aberrated intensity distribution in the
focal volume of the focusing optics. This allows one to assess how spherical aberration
limits the depth performance obtainable with any NA objective and to choose between using
a high NA objective to write small features over a limited depth and a lower NA objective to
produce larger features but over a greater depth. In ARTICLE III we also show that spatial
characteristics of the laser-modified zones can be controlled by special objectives designed
to provide correction for a variable amount of spherical aberration. This is important for 3-D
fs-assisted fabrication of optical waveguides, optical data storage and microfluidic devices at

depths varying on a millimeter scale. Dry objectives become the preferred tool to perform
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these tasks since at such depths the use of high NA immersion optics is inconvenient due to
the necessity of manipulating submerged samples and the limited correction range of the
commercially available designs.

Laser polarization, pulse duration and pulse energy. In ARTICLES IV and VI we have
shown that the morphology of fs laser modified regions in fused silica is determined by the
combination of these three laser parameters. The pulse energy threshold values were
obtained for a NA = 0.65 objective.

1) At short pulse durations (< 150 fs) with the laser pulse energy above the material
modification threshold, the etching-AFM/SEM diagnostics techniques reveal well-defined
uniformly etched regions of smooth modification. This smooth modification (Regime I) has
been associated with positive refractive index changes on the order of 5x10~ and is most
suitable for writing low loss optical waveguides. Heating the sample to 900°C can erase this
type of modification. The microreflection technique combined with NSOM used in the
collection mode allow one to characterize the magnitude and the profile of the induced index
changes and assess the actual performance of the fs laser-written waveguides. It also
appears, that the smooth modification is achievable only for a narrow pulse energy-pulse
duration operating window which increases in size for very short pulses ( ~ 50 fs). The
regime of smooth modification is observed at approximately the same pulse energy for any
polarization state of the fs laser writing beam for both transverse and axial writing
geometries.

2) Above a certain pulse energy threshold value which strongly depends on the pulse
duration nanostructures are formed within the modified region (Regime II). Linearly
polarized radiation produces nanogratings with an average period of ~ 250 nm orientated
perpendicular to the electric vector of the laser beam, whereas circular polarization tends to
form disordered nanostructures (nanovoids) varying in size between 30 and 300 nm. Using
the etching-AFM/SEM techniques we show that the polarization-dependent nanogratings are
formed in 3-D and maintain their periodicity over the entire writing range when the
modification is produced by continuous motion of the sample under the laser focus of a
linearly polarized fs laser beam. The nanograting structures, at least for long pulses, consist
of ordered nanocracks with the width on the order of 10 nm separated by thicker layers of

weakly modified fused silica. The formation of nanogratings or disordered nanostructures is
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imperative for the fs laser-assisted microfluidic channel fabrication to provide the required
high etching selectivity of the modified regions. The self-ordered nanogratings produced in
Regime 2 may also allow the direct writing of Bragg-filters (in Ref. [98] we show that the
nanograting period can be controlled by adjusting the wavelength of the fs laser radiation),
taps and attenuators in fibers or waveguides.

The formation of the nanograting structures in the volume has been reported so far only
for fused silica glass and tellurium dioxide crystal (TeO,) [99]. Our studies of fs laser-
modified zones in BK7 borosilicate glass reveal i) a different morphology consisting of
smooth modification or filaments and turbulences depending on the irradiation conditions
and ii) an absence of self-ordered nanostructures. This result emphasizes the crucial role of
the material composition in the grating formation mechanism. Further experimental data
obtained on other dielectrics is sorely needed to clarify in which way the physical and
chemical properties of the material determine its propensity to form nanostructures during fs
irradiation. It is also worth reiterating that only ultra-high spatial resolution techniques can
allow one to unambiguously detect and study these nanometer-size structures.

3) At high pulse energies the extent of individual nanograting planes is reduced, their
density becomes smaller and the order is weaker than for less energetic pulses. The effect of
high energies for circular polarization is mainly associated with an increase in the disordered
nanostructure density. For relatively long pulses (= 200 fs) the etching-AFM/SEM
techniques also detect the onset of disruptive modification in the top portion of the modified
regions (Regime III). At even higher pulse energies the disruptive modification becomes
very significant. In the case of linear polarization the nanogratings are perforated with
distinct nano- and microvoids, whereas in the modified regions produced with circular
polarization the disordered nanostructures grow in numbers and merge to eventually form
nanoporous modification. The threshold for the disruption formation dramatically increases
as the pulse duration decreases and for 40 fs pulses no such disruption is observed for the

pulse energies up to 2500 nJ.

Femtosecond laser-assisted fabrication of microchannels in glass
In ARTICLES V and VI we demonstrate that polarization-dependent nanostructures (i.e.,

nanogratings or nanovoids) formed inside the fs laser-modified zones determine their high
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etching selectivity and that the all-optical control of the etch rate becomes possible by
varying the polarization state of the fs radiation. These findings significantly enhance the
existing capabilities and indicate new potential applications of the technique. The low
threshold required for the nanostructure formation (~ 100 nJ) makes the channel fabrication
possible at high pulse repetition rates (hundreds of kHz) and high writing speeds (~ 1-5
mm/s). The inherent insensitivity of circular polarization to the writing direction allows one
to modify the material in 3-D along any path. The cross-sectional area of a microchannel can
be controlled by using the focusing optics with different NA or adjusting the laser power.
Operation near the nanograting formation threshold allows the production of a solitary
uninterrupted nanocrack extending many tens of micrometers through the modified region
along the writing direction (the laser polarization is assumed to be perpendicular to the
writing direction). We believe that the upper length limit of a solitary nanocrack can be as
high as hundreds of microns. Such nanocracks can be very important for studies of
nanoflows and nanocapillary effects. In the case of circular polarization, high pulse energies
( = 500 nJ) and relatively long pulse durations ( = 200 fs) the nanovoids covering the
modified regions merge and produce a sponge-like nanoporous structure which becomes
permeable for liquids without any chemical etching. The cross-sectional area of such a
nanoporous region is typically 5 x § umz, but it can be controlled by adjusting the laser
parameters. We have observed penetration of a fluorescent dye into such capillaries over
millimeters. The penetration rate depends on the pulse energy and is slower for less
energetic pulses. This discovery has very important implications for the whole field of
microfluidics. A nanoporous capillary, for example, could separate molecules by their size
and shape or be used to produce a controllable leak in the sample introduction system of a
mass spectrometer.

Unfortunately, this technique of microchannel fabrication still remains limited to fused
silica. In this material, the nanostructures facilitate the etchant penetration into the material
and ensure the highly differential etching of the modified regions. In BK7 glass, where the
femtosecond laser irradiation cannot produce nanostructures, the differential etching
between laser-modified and surrounding material is insufficient to fabricate long high-
aspect-ratio microchannels. We also speculate that this trend is general, and only those

materials where the regime of nanostucture formation is possible are suitable for the
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microchannel fabrication using the combination of femtosecond laser modification and

selective chemical etching in hydrofluoric acid.

Final thoughts

Femtosecond lasers provide very high quality of micromachining in a wide range of
materials. One particular domain where femtosecond lasers allow one to achieve unequaled
results 1s bulk modification of glasses. The key factors which determine this unparalled
performance are the ability to initiate nonlinear light absorption in a medium transparent at
the laser wavelength and the energy deposition into this medium on a time scale essentially
smaller than the characteristic electron-lattice relaxation time. During the study of the
modification morphology in fused silica we have identified the regimes that provide smooth
modification necessary to produce waveguides and nanograting-nanovoid modification
required for the etching of high-quality microchannels. The next step will be the integration
of the waveguiding structures and microchannels in a single block of glass to build a micro-
total analysis system (u-TAS). The integration process is quite demanding from the
engineering point of view as it requires a sub-micrometer accuracy and repeatability from
the micro-positioning unit which moves the sample under the femtosecond laser focus. To
continue the work on prototyping a microfluidic chip within NRC’s Genomics Health Care
Initiative project on pathogen detection we have purchased a state-of-the-art 3-D stage
meeting these strict requirements. The nanoporous modification mentioned in the
Conclusion may form a foundation of new potential applications of the femtosecond
processing of glasses. We are currently studying (article in preparation) the properties of
these interesting structures.

We also continue exploratory work on the fundamental issues related to the interaction of
femtosecond laser pulses with transparent materials. One of the most puzzling features of
the material modification dynamics is the formation of nanogratings or disordered
nanostructures inside the modified regions. Our very recent studies (article in preparation)
demonstrate that the morphology of the modification produced with circularly polarized fs
laser radiation strongly depends on the handedness of the polarization. Inside the modified
regions we observe left-handed or right-handed nanovortices which are less than 0.5 pm in

diameter depending on the state of the circular polarization. Once again, only ultra-high
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spatial resolution diagnostics can be used to reveal and characterize such tiny objects. These
experimental discoveries demonstrate that the physical processes involved in the nonlinear
interaction of femtosecond light and matter are very far from being finalized and the studies

in this interesting field will continue.
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Appendix A

Calculations of the spreading of femtosecond laser pulses in space and time due to
spherical aberration caused by focusing through a planar dielectric interface between

refractive index-mismatched media: Geometric optics approximation.

ray 2
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/
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Fig. A. Refraction of a spherical pulse front at a planar dielectric interface between two media with the
refractive indices n; and »,. Rays 1 and 2 represent paraxial and marginal rays, respectively. O" denotes the

position of the marginal focus. F, D, O, and O' are defined in the text and Fig. 2 of Section 0.1.

The derivation of formulae (17) and (18) is based on the assumption that the focusing
objective is 1) corrected for spherical and chromatic aberration and ii) that upon the
refraction at the interface the pulse front remains parallel to the phase front. The first
assumption leads to the coinciding, perfectly spherical pulse and phase fronts propagating in
the first medium with »; after the focusing objective. The latter assumption can be justified
by estimating the magnitude of the angle, a, between the normal vectors to the refracted
pulse and phase fronts which initially coincide. In Ref. [20] it is shown that for an air-glass

interface a is given by
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_( —Adn/d) sin(4,)
tan(a)—[n—ldn/dijm, N

where 7 is refractive index of the second medium. For an air-fused silica interface (n =
1.453, dnldi. = -1.7 x 107 [um™] at A = 0.8 pm [20]) and 6, = arcsin(NA) = arcsin(0.75) (i.e.,
the maximum angle) formula (Al) yields tan(a) ~ a ~ 0.32°, which can be neglected in
comparison with the angle of refraction for the phase front (6, ~ 30°) given by Snell’s law.
I) Formula (17) is derived from Snell’s law, which reads n;sin(6)) = npsin(é;), and a
simple geometry presented in the Figure:
tan(9)) _ , sin(8))/cos(6,) _ , mcos(0,) _ .my Jl—[sin(@l Y, I, I
tan(d,) sin(6,)/cos(6,) n,cos(6,) n, 1-sin®(6,)

D@)=F (A2)

By noting that the position of the paraxial focus is given by D =~ (n, /n))F and the magnitude
of the longitudinal spreading caused by spherical aberration is defined as A, = D(@max)-D

one can easily obtain (17):

A, =D(6pe) D= D{\/ Ll )| 1} (A3)

1 - Sin2 (Hlmax )

IT) One can derive (18) by considering the difference in the pulse propagation times along
the marginal and paraxial rays shown in Fig. A. From Fig. A and (A2) it is seen that the path
along the marginal ray 2, L(6)), is

L(0,) = D(0,)/cos(0,) = Dicos(6,) (A4d)
and the corresponding propagation time 7(6;) is
T(6,)=L6\)/v, = L6/, =L(0)n,/c= Dn, 1 , (AS)
& cos(6,)

if, in order to simplify the derivation, the phase velocity v, = ¢/n; is used instead of the group
velocity vy = c/(n2-Adn/dj). For a pulse propagating along a paraxial ray the propagation time

from the initial position on the spherical pulse front to the paraxial focus O' is given by

Dﬂ{#—l} |
7, ~ 2 L050) +2=2{ﬁ[—1 —1}+n } (A6)
° c € ¢ |n,|cos(8,) 2
hy n,

" The angle of refraction for the pulse front is 6,-a.
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At A = 800 nm the difference between the phase and the group velocity is small (for most
glasses including fused silica |Adn/dA| < 0.05) and this approximation gives an error less than
5% [20].”" The delay between the pulse arrival at the marginal and paraxial foci can be
obtained by subtracting (A6) from (AS):

22
AT=T®,,)-T,=22""m L 4| (A7)
c n2 cOs(elmax)

which gives expression (18).

" In the near ultraviolet (NUV) spectral region, however, the dispersion is much stronger (e.g., at » = 248 nm
for SiO, the term Adn/dl ~ -0.58) and the group velocity should be used in expressions (A5) and (A6). In the
NUYV, the angle between the pulse and wavefront also becomes significant, which results in a smaller cone of
angles produced in the second medium.
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1. Introduction

In 1994 Zhong and Inniss discovered that weak chemical etching in hydrofluoric acid (HF) of
a cleaved germanosilicate fiber, followed by atomic force microscopy (AFM) to measure the
resulting topography, could be used to deduce the fiber’s index of refraction profile [1]. The
index profile could be measured with a spatial resolution of 20 nm, some 20 to 30 times better
than what could be achieved with conventional optical indexing techniques [2, 3] that are
restricted by the diffraction limit of light. It is possible to improve the spatial resolution to
beyond the diffraction limit of light using reflection Near-Field Scanning Optical Microscopy
(R-NSOM). However, R-NSOM experiments are difficult to perform and it is not
straightforward to transform the reflection data into meaningful index data [4]. The AFM etch
technique successfully mapped out the refractive index profile, because it was shown
experimentally that i) for Ge doped fibers the core etches faster than the cladding and 11) the
differential etch rate of the core versus the cladding in HF was linearly dependent on the core
dopant concentration [1]. Since the index of refraction of the core was also linearly dependent
on the dopant concentration, the inverted etch profile represented the index of refraction
profile of the fiber. It should be noted that the etch depth cannot be used to give the absolute
value for the index change, An, but it can provide a relative measure, allowing one to compare
index changes of germanosilicate fibers with different dopant concentrations. The linear
relationship between etch rate and dopant concentration was not obvious since the chemistry
of etching pure silica never mind doped silica is very complicated [5]. The high spatial
resolution of the technique has proved useful over the years for obtaining accurate index
profiles of small core GeO, doped fibers [6].

There i1s presently a need for such high spatial resolution index profiling to map out
induced index changes in dielectrics such as glass produced, for example, by VUV (157 nm)
laser radiation [7] as well as produced by high intensity femtosecond laser (800 nm) radiation
[8]. However, there is no a priori reason to expect that the AFM/etch technique can be applied
to these cases. In fact, the formation mechanisms responsible for both these laser induced
index changes are not well known [7, 8] and they clearly differ from the doped fiber case
mentioned above. In reference [7], we used high resolution (400 nm) microreflectivity
measurements of the type described in [9, 10] to confirm the validity of using the AFM
technique to map out a very narrow (l/e width = 800 nm) region of VUV induced index
change at the core cladding interface of hydrogen loaded Corning SMF-28 telecom fibers.

In this paper, we show that the combined use of selective chemical etching and AFM can
also be used to predict the index profiles produced when Ti:Sapphire femtosecond laser
radiation at a wavelength of 800 nm is focussed into a block of silica to form waveguide
structures. The modification process is highly non-linear and some of the induced index
changes have feature sizes as small as 50 nm, which cannot be measured with standard
optically based index profiling techniques. Detailed knowledge of these fine structures has
very recently allowed us to fabricate sub-micron holes and channels in silica [11]. In other
research on femtosecond laser modification of dielectrics scanning electron microscopy [12],
third harmonic generation microscopy [13] and transmission electron microscopy [14] have
been used to image the modified structures with sub-micron resolution. However, none of

#2207 - $15.00 US Received March 05, 2003; Revised March 24, 2003
(C) 2003 OSA 7 April 2003/ Vol. 11, No. 7/ OPTICS EXPRESS 776



Appendix B v 103

these techniques are able to measure the index of refraction profile which is key to assessing
the potential of a modified structure for waveguide applications. We also show in this paper
that the AFM/etch technique is particularly well suited to measuring index profiles of arrays
of waveguides.

2. Experimental

A regeneratively amplified Ti:Sapphire laser operating at A=800 nm over a repetition rate
range of 10-250 kHz and with a maximum average power of 270 mW measured after a spatial
filter was used in the experiments. The laser pulse duration was nominally 40 fs. A 40x,
NA=0.65 microscope objective was used to focus the laser radiation transverse to a polished
block of high grade fused silica at a depth of approximately 100 pm. Waveguides were written
by translating the sample with scan rates in the range of 10-200 pum/s.

The use of the NA=0.65 microscope objective results in a focal volume that is significantly
stretched in the direction of light propagation. We have found that the insertion of a long focal
length (40 cm) cylindrical lens before the objective to produce a line focus at an angle to the
sample scan direction can be used to decrease the ellipticity of the focal volume [15].
Waveguides with more circular cross-sections were produced in this way for index profiling
analysis. We also used reflective optics to write waveguide structures longitudinaily (i.e.,
sample translation is in the direction of the laser beam). Here the laser beam was brought
through the work-piece and reflected back into it using a 50 mm focal length mirror with an
effective aperture of 8 mm.

After laser writing the waveguides the silica block was cut into two pieces perpendicular to
the scan direction and the two inside surfaces were polished for index profiling analysis using
a standard pitch polishing technique. The two inside surfaces were chosen for analysis to
eliminate the problem of laser damage, which often occurred on the outside surface.
Furthermore, focussing light transversely through the edge of a block results in distortions
within a few microns of the natural ends of the waveguide. We have verified that the
uniformity of the waveguides down the length of the block of silica was excellent so that the
same index profile could be obtained independent of exactly where the block was cut and
polished.

To validate the AFM/etching technique and to obtain the absolute value An,
microreflectivity was performed on one of the two non etched polished inside surfaces. The
sample was glued onto a probe holder at the base of a scanning probe microscopy (SPM) head
of a Digital Instruments Dimension 3000 AFM. The AFM has been modified to permit a
tethered mode of operation allowing the SPM head to be decoupled from its vertical position
in the main microscope body and deployed horizontally to scan the sample [16]. A 50x,
NA=0.8 microscope objective focussed unpolarized He-Ne light (633nm) to a near-diffraction
limited spot on the sample. Light reflected from this surface returned through the lens and was
directed by a cube beamsplitter onto a Newport model 1830-C powermeter for detection.
Blockage of the laser beam before the lens provided a reference signal to estimate the
core/cladding index difference using the Fresnel equations for an air/glass reflection [10].
Blocking the light after the lens verified that backreflection and backscattering from the lens
was negligible. The back surfaces of the waveguides were terminated with a bead of index
matching epoxy to ensure that negligible back reflected light returned to the front surface. The
microreflection technique could detect index changes as small as 1x10™ with a lateral spatial
resolution of approximately 400 nm.

The second piece of silica block was used for the AFM/etch analysis. The AFM was
operated in the contact mode with silicon nitride probes. Prior to etching we confirmed that
polishing did not produce any significant topography (£ 1 nm) change over the waveguide
region. Etching took place in a room temperature bath of 1% by volume hydrofluoric acid
(HF) for typically 3 to 6 minutes. The sample was rinsed in distilled water then cleaned in
1isopropanol, dried and mounted and placed under the AFM. The etching generally produced a
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structure approximately 2040 nm deep. The lateral resolution of the AFM image is
determined by the sharpness of the probe tips, estimated to be between 15 nm and 20 nm. The

vertical resolution is generally sub-nm although for very large image scans (240 um) the
vertical accuracy was a few nm.

3. Results

Figure 1 shows an inverted image of the AFM topography profile of an etched longitudinally
written waveguide. It is the claim of this paper that the inverted AFM image represents the
index of refraction profile. The waveguide is circular with a diameter of only 1.7 wm much
less than the estimated diameter (8 um) of the focussed laser beam waist. Similar observations
have been made in references [12-14]. We have performed a preliminary theoretical analysis
which suggests that at laser pulse energies of = 40 nJ (peak power of ~IMW) there is a sudden
onset of a six photon absorption process (based upon the femtosecond laser photon energy of
1.4 eV and an =~ 8 eV band-gap for silica) which compensates for self-focussing to prevent
catastrophic collapse of the modified zone resulting in the uniform circular structure shown in
Fig. 1.

Figure 1 demonstrates the importance of using an ultra-high resolution index profiling
technique. The AFM image shows that there is a very sharp (100 nm) transition to the induced
index change again indicative of highly non-linear processes being responsible for the
material modification. There is also an immediate transition to a flat-topped index profile
suggesting saturation in the magnitude of the induced index change. A section analysis
through the center of the inverted AFM image is shown in Fig. 2. Normalized index data
obtained from microreflectivity measurements on the sample before etching are also shown
for comparison. Considering the poorer resolution of the microreflectivity technique (400 nm)
the agreement between the two index profiles shown in Fig. 2 is good providing validation for
the AFM etch technique.

1.000 pn/div
25.000 om/div

Fig. 1. Inverted cross-sectional AFM image of a chemically etched longitudinally written
waveguide. The laser was operated at a repetition rate of 250 kHz and an average power of
175 mW. The scan rate was 100 pum/s. The width of the flat-topped region is = 1.7 um.
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Fig. 2. Index of refraction profiles (arbitrary units) across the
longitudinally written waveguide shown in Fig.l and obtained using the
chemical etching/AFM and microreflectivity techniques.

We have verified for a number of different experimental conditions that the etch depth
(1% HF) for both longitudinally and transversely written waveguides depends linearly on etch
time at least up to etch depths of 100 nm. We have also observed that the shape of the etched
profile is invariant with etch time showing no change for a five times increase in etch
duration. There is an optimum etch time for a given etch concentration. If the etch time is too
short then a shallow trench is formed which results in a poorer signal to noise ratio on the
AFM image. If the etch time is too long then deep (>100 nm) trenches are formed. In this case
the AFM probe tip does not accurately track the topography of such narrow deep trenches. An
etch depth range of 20-60 nm gives the most reliable results.

In Fig. 3, the average etch depth across a waveguide is plotted as a function of induced
index of refraction obtained from microreflectivity measurements for five waveguides that
were written in the same block of silica using the aspherical lens (microscope objective plus
cylindrical lens). Measurements were made for three different angles (6°, 10° and 15°)
between the line focus produced with the cylindrical lens and the sample scan direction and at

40
35 4
30 -

25 4 /
20 + /(

15 //l/—i—i
10 4 /

o
5/

AFM etch depth [nm]

o 1 2 3 4 5 6 7 8 9 10 11
A N x10° (microreflectivity)

Fig. 3. Average AFM etch depth (1%HF,6 minutes) as a function of induced index
change measured using microreflectivity averaged across the width of five
wavegunides written with an aspherical lens using a femtosecond laser power of
250mW and under the following conditions: @) 15°, 100um/s, @ ) 15°,50um/s, (&)
10°,100pm/s, () 10°, 50 um/s and (@) 6°, S50um/'s. The line shown in the figure is
the best line visually through the data and the origin. The error bars indicate the
experimental uncertainty on the AFM and microreflectivity data, which is higher for
the lower index changes.
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two different scan rates (50 pm/s and 100 pnv/s). The laser power was 250 mW before the lens
combination for each waveguide. The lower scan rate results in a times two higher dosage of
laser energy per micron of scan travel leading to a higher index change. The higher values for
the induced index of refraction with the lower laser writing angles is the result of narrower but
more highly modified waveguide structures. Figure 3 clearly demonstrates that the etch depth
for a fixed HF etch concentration and etch time scales approximately linearly with the induced
index of refraction change. Consequently the inverted topographic profiles of the weakly
etched waveguides represent the induced index of refraction profiles produced by the
femtosecond laser pulses.

The potential of the AFM/etch technique for high resolution index mapping is
demonstrated in Fig.4, which shows an inverted AFM image of a chemically etched
transversely written (lens NA=0.65) conical tapered structure. The structure is highly tapered
in the direction of the focussed light from = 1 yum to a very sharp tip of only = 100 nm width.
The high resolution (20 nm) of the AFM/etch technique revealed for the first time the
sharpness of the tip region (100 nm), the steepness (150 nm) of the transition from the
unmodified to a flat-topped modified region and the uniformity of the index change
throughout the conical structure. This information led to the fabrication of sub-micron holes
and channels in silica [11]. Microreflectivity data supports the AFM /etch data. Similar shaped
conical tapered structures were observed in the microreflectivity images.

Fig. 4. Inverted AFM image of the cross-section of an etched tapered conical structure
in a silica glass sample. The etch depth (before inversion) was = 40 nm over the entire
conical structure. The structure was produced by focussing (NA=0.65) a 30 mW, 100
kHz laser beam =~ 150 pm below the top surface and translating the sample
perpendicular to the laser beam at a scan rate of 25 um/s. The sample was then cut in
two pieces transverse to the scan direction. One of the inside surfaces was polished
then etched (1% HF for 3 min) and placed under the AFM. The focussed femtosecond
laser light entered from the top of the image.

We have performed numerous microreflectivity experiments to measure the index of
refraction profiles of femtosecond laser written waveguides in amorphous silica. The data
consistently confirmed the index profiles predicted by the AFM/etching technique.
Furthermore, the results of Fig. 3 how that the etch depths (for a given concentration of acid
and etch time) of the modified regions created with different laser parameters provide a
relative measure of the magnitude of the index changes. The AFM technique is very
straightforward to use and since all the waveguides written into a block of silica are etched
simultaneously it is possible to obtain index data on tens of waveguides in a few hours. The
technique is simpler to perform and is less sensitive to sample surface quality (i.e., dust,
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scratches) than microreflectivity. The technique is essentially non-invasive since etching
produces topography changes of less than 100 nm, which shouldn’t effect the ability to couple
light out of the waveguide.

4. Discussion

In this paper, we show that the etch rate of femtosecond laser modified silica structures is
approximately linearly dependent on the induced index of refraction change at least up to
index changes of ~ 0.01. The linear relationship between etch depth and index may only apply
to fused-silica and could be completely different for multi-component glasses.

The mechanism, which accounts for the formation of positive index regions in silica glass
using focussed femtosecond laser radiation is not completely clear [8]. The dimensions of
some of the highly tapered modified regions such as shown in Fig. 4 are much smaller than
what would be predicted from just multiphoton absorption. The etched structures reveal a
complex response of the material that develops over a number of laser shots. It is believed that
near the power threshold for material modification changes occur in the silica bond structure
affecting how the bonds pack together. For example, there appears to be an increase in the
number of 3 and 4 member silica ring structures at the expense of 5 or 7 member rings [17].
The reordering into smaller ring member structures reduces the bridging bond angle [17,18].
This process is often referred to as “densification” and is believed to be the primary
mechanism for UV writing of strong Bragg gratings in Ge-doped silica fibers [19].

If the modified structure corresponds to a region of densification then there should also be
a surrounding region of lower density. This region might correspond to the much larger focal
volume prior to the non-linear collapse to form the modified structure. We have used both
microreflectivity and the AFM/etch technique to search for the low density region. In the case
of the AFM technique we highly over-etched the modified structure to produce =~ 2 um deep
holes hoping to pick-up a weak topography transition at larger dimensions between the non-
irradiated silica and a lower density region. To date we have had no success finding such a
low density region.

Marcinkevicius et. al. have suggested that the decrease in bridging bond angle in densified
silica increases the reactivity of the oxygen atoms due to the deformed configuration of their
valence electrons [20]. The increase in reactivity results in greater etching in the modified
zones with respect to the unmodified zones. It is also possible that there is an increase in the
number of non-bridging oxygen atoms due to bond breaking which can enhance the chemical
activity.

More research 1s required to understand the relationship between the etching activity,
densification, index of refraction and the decrease in the bridging bond angle.

5. Conclusions

In this paper, we have shown that selective chemical etching and atomic force microscopy can
be used to measure the index of refraction profiles of femtosecond laser induced structures in
silica glass. The technique is simple to use and provides ultra-high spatial resolution (20 nm).
The high resolution has been used to reveal new information on the shape and size of the
index modifications. :
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