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Controlling the stress in glass after laser exposure is of prime importance not only for photonics applications, but also
for preserving the mechanical integrity of glass components in general. The sub-surface exposure of fused silica to
femtosecond laser pulses can induce a permanent and localized modification to the glass structure. In this work, we
present evidence that femtosecond laser exposure can be used to continuously tailor the stress in the material, from a
tensile to compressive state, as the laser pulse energy is changed. In addition, we demonstrate that this effect can not
only be obtained while transitioning between different laser-induced microstructures, but also at low pulse energy, in
the laser exposure regime particularly relevant for fabricating waveguides. These results demonstrate that femtosecond
laser exposure is a versatile tool for fully controlling the stress landscape in a volume of silica, opening up new tech-
nological opportunities, like for instance, direct write stress-free waveguides, direct-write stress-induced birefringence
state or mechanically reinforced parts, by locally preloading it.
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1. INTRODUCTION

The exposure of dielectric materials to ultrashort laser pulses leads
to a radically different laser–matter interaction than that observed
for longer pulses [1–4]. In particular, ultrashort laser pulses can
be used to induce highly localized structural changes that have
different physical properties from that of the unexposed material.
This capability has emerged as a versatile tool for the direct-write
fabrication of a variety of devices, finding applications as diverse as
integrated photonics [5–10], novel optical components [11,12],
optofluidics [13–16], micromolding [17,18], optomechanics [19],
microactuators [20,21], micromechanics [22], material testing
[23], and electro-optics [24].

In the case of fused silica, different types of structural modi-
fication can be induced. The exact form of this modification is
a function of the laser writing parameters, including the pulse
energy, duration, and repetition rate. When structures are fabri-
cated using pulse durations of approximatively 200 fs, and pulse
repetition frequencies that are sufficiently low to avoid cumulative
heating effects [25] (i.e., the laser interaction is essentially athe-
rmal), two laser-induced morphology regimes are found. In the

first regime, commonly referred to as “Type I” in the literature
[5], when using low pulse energies, a smoothly varying structural
modification is observed in and around the region where the
focused instantaneous power exceeds a first threshold of intensity
[26]. A second regime is accessed by increasing the pulse energy
above a second threshold intensity. In this second regime (referred
to as “Type II”), it is found that the modified region consists
of self-organized nanostructures—commonly referred to as nano-
gratings [27].

While various models have been proposed [27–30] to explain
the formation of nanogratings, the exact nature of their formation
remains elusive. Interestingly, it has been shown that the mor-
phology can be controlled by changing the pulse duration
and/or the pulse energy [31,32]. Thus far, however, little atten-
tion has been paid to the volumetric changes associated with the
morphological transition between the two types of structures,
and more generally, to the stress associated with laser-induced
structural changes.

On one hand, it has been shown that an increase of refractive
index is associated with Type I modifications [5], and that this
increase in refractive index can be correlated to material

2334-2536/16/121285-09 Journal © 2016 Optical Society of America

Research Article Vol. 3, No. 12 / December 2016 / Optica 1285

mailto:yves@bellouard.eu
mailto:yves@bellouard.eu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1364/OPTICA.3.001285


densification using nanoindentation and digital holographic
microscopy (DHM) [33], suggesting a localized reduction of
volume. The most likely densification mechanism, supported by
Raman observations [32,34], is the formation of rings of order
three (corresponding to a D2-peak increase in Raman spectra).
On the other hand, the second regime exhibits a net volume
expansion, as recently shown in [35]. This net volume expansion
can be correlated to the formation of porous structures inside
the nanogratings, as reported in [36,37]. This volume expansion
further leads to stress that depends on the orientation of the
writing polarization [38,39] that controls the nanograting orien-
tation. For instance, linear laser polarization produces nanoplanes
parallel to one another and aligned perpendicular to the laser
polarization direction [27]. More exotic polarization states,
such as azimuthal or radial, produce more complex—yet self-
organized—structures, such as star shapes, concentric circles, or
mixtures of domains [40,41].

Recent observations [42] have shown the existence of different
stress states as a function of the pulse duration, and therefore
as a function of the laser-induced morphologies. In addition,
hints [43] suggest that the exposure dose (or “energy deposited”)
may also play a significant role in the laser-induced stress in the
material.

Here, we investigate how induced stress varies as a function
of laser exposure parameters, in particular during the transition
between Type I and Type II regimes, but also as a function of
energy deposition. Understanding these material modifications
and the associated stress states are key elements required to
unravel the mechanisms underlying sub-surface structural mod-
ifications in silica glass. Furthermore, the proposed methodology
presented here is rather generic. It can inspire other studies dedi-
cated to other material systems exposed to femtosecond lasers.

2. METHODOLOGY

A. Cantilevers as a Probe of Internal Stress

To investigate laser-induced stress states, we used a method based
on microcantilevers, which is explained in detail elsewhere [35].
Since this method plays a key role in the observations reported
here, we briefly outline its main features. The working principle
(illustrated in Fig. 1) is to use an elongated-cantilever femtosec-
ond laser fabricated from glass using the process described in [44].
Following fabrication, the cantilevers are exposed to focused
femtosecond laser pulses, but the layer of exposure is maintained
at a depth of 15 μm and close to the cantilever anchoring point.
Previous studies using surface profiling techniques indicated that
this was sufficient to avoid surface modifications (either ablative
or undulations on the surface). The modified/unmodified areas
define a composite bimorph, such that a change of volume in
the laser-affected zone will bend the cantilever either up or down,
depending on the sign of the volume change. Since the net
laser-induced volume variations are small, the cantilevers were
intentionally fabricated long to mechanically amplify these defor-
mations into a measurable displacement at the end of the beam.
Using this measurement and Stoney’s equation [45], we extract
the equivalent average deformation in the laser-affected zones, as
well as the corresponding average stress of the laser-affected zones.
We highlight the fact that the laser-affected zones, in particular in
the second regime, are known to be composite structures that in-
clude nanobubbles, nanogratings, and other nanoscale features.

As such, the cantilever method would not indicate any local
variations at the composite scale, i.e., at a micrometer scale, but
rather an average stress measurement over the full laser-modified
layer. We have shown in previous work [35] that this analytical
model provides an accurate measurement of the average strain.

In these experiments, the laser polarization was linear, and set
either parallel or perpendicular to the laser writing direction. The
average strain and average stress are given by, respectively,

ϵavg�δ� ≈
�

t sub
2wlaz

�
δ

L
; σxx�δ� ≈

�
Et2sub

6wlaz�1 − ν2�t laz

�
δ

L
; (1)

where t sub is the thickness of the cantilever, t laz is the thickness of
the laser-affected zone, wlaz the width of the laser exposed area in a
direction perpendicular to the cantilever, δ is the deflection of
the cantilever, ν the Poisson ratio, L the length of the cantilever
(measured from the end of the laser-affected section to the tip of
the beam; see Fig. 1), and E is Young’s modulus of the silica sub-
strate. The ratio δ over L effectively accounts for the amplification
factor that can be tuned as needed.

The expression above is valid under the assumption that
the thickness of the substrate is much bigger than the thickness
of the laser-affected layer (i.e., t sub ≫ t laz). Note that a more rig-
orous expression for the average strain when this condition is not
fulfilled can be derived from the bimorph analysis derived by
Timoshenko [46]. Furthermore, the expression above gives an
estimate of the average strain and stress considering a homog-
enized layer. In reality, the laser-affected zone is created by writing
a set of parallel lines with a given density (here every two microm-
eters) (Fig. 2). The width (along X ) and thickness (along Z )
of each laser-affected zone depends on the pulse energy, and to
a lesser extent on the energy deposited.

The effective strain is deduced from the average strain as fol-
lows. Since the cantilever is free at one end, and the shape of the
laser-affected zones is such that its Z 0 > X 0, we can assume that
the average strain is simply the product of the number of lines

Fig. 1. Illustration of the cantilever-based methodology used to accu-
rately measure volume variations induced by femtosecond laser exposure.
The cantilever devices are exposed to a focused femtosecond beam near
the top surface (approximatively at a depth of 15 μm), using a series
of closely spaced (∼2 μm spacing) parallel lines.
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multiplied by the width (X 0) of a laser-affected zone that has
densified or expanded after exposure. For the regime where
low fluences are used (which will be the case here), the shape
of the laser-affected domain boundary can be approximated by
an ellipse whose short and long axes depend on laser pulse inten-
sity, and can be derived by adopting a simple model based on
threshold intensity to capture the nonlinear absorption domain
(see Appendix A for the derivation of the expressions). Using this
formalism, X 0 and Z 0 are

z0�I� � 2

�
πnw2

0

λ

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
I0
I
− 1

�s
; x0�I� � 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2
0

2
log

�
I
I 0

�s
;

(2)

in which I is the focused peak intensity, I 0 the threshold intensity
for nonlinear absorption, n the refractive index of the media, λ the
wavelength of the laser, and w0 the beam waist at the focus. By
using Eqs. (1) and (2), the effective strain in the laser-affected
zones can be deduced from the average strain itself calculated
from the cantilever defection measurements, derived in Eq. (1),
through a proportional relation:

ϵlaz �
�

wlaz

nlinesX 0

�
ϵavg : (3)

Here, wlaz is the total width of the laser-affected zone, X 0 the
width of a single laser-affected zone [calculated using Eq. (2)],
nlines the number of written lines, and ϵavg the average strain
calculated from Eq. (1).

B. Experimental Details: Lasers and Instruments Used

For the work presented here, we used two lasers. The first was a
Yb-based regenerative amplifier (from Amplitude Systèmes),
delivering 150 fs pulses at a wavelength of 1030 nm and pulse
repetition frequency of 100 kHz. The second was a Yb-doped
fiber amplified system (Amplitude Systèmes, 380 fs, here used
at a repetition rate of 800 kHz). According to the work from
Hnatovsky et al. [31], the 150 fs pulses generated by the regen-
erative amplifier lie within the region where both Type I and
Type II structures can be attained through control of the pulse
energy (note that this observation was also confirmed in [32]).
The laser-affected zones consist of lines produced by translating
fused silica substrates (high OH content, >1000 ppm) through a
fixed laser focus using linear translation stages (PI-MICOS).

The focus was formed with a 0.4 NA objective (Thorlabs,
LMH-20X-1064) producing a focal spot diameter of ∼1.5 μm.
Substrate translation speeds were varied from a few micrometers
per second to tens of millimeters per second. The cantilever dis-
placement was measured using a digital holographic microscope
(DHM, Lyncee Tec), which provides nanometer accuracy. The
cantilevers used in these experiments are themselves produced
using the Yb-fiber laser according the process described in [44].

To provide additional insight into the nature of the laser modi-
fication, a second set of modifications were inscribed into an
un-modified silica substrate, using exactly the same exposure
conditions used for inscribing structures on the cantilevers.
Following inscription, the substrate was edge polished to reveal
the cross sections of the inscribed modifications, in preparation
for investigation using scanning electron microscopy. Prior to
SEM observation, the substrate was briefly etched (<5 min )
in a low-concentration bath of hydrofluoric (HF) acid to reveal
any microstructure within the laser-affected zones.

To further correlate the optical properties of the inscribed
structures with the stress state of the material, laser-written lines
were arranged to form waveguides with an approximately rectan-
gular cross section [47–49]. The guided modes of these structures
were subsequently investigated by coupling 633 nm light into one
end of the structure while imaging the output facet onto a CCD
camera. Propagation losses of the inscribed structures were mea-
sured by coupling 633 nm light into the structure under test and
measuring the decay of the scattered light intensity along the
waveguide [50]. An exponential decay was observed along the
propagation direction, as would be expected for a waveguide with
a homogeneous propagation loss profile. The loss coefficient for
each waveguide was then evaluated by fitting an exponential
function to the imaged intensity profile.

3. RESULTS AND DISCUSSION

A. Cantilever Beam Deflection as a Function
of Pulse Energy

In a first set of experiments, a series of cantilevers were modified,
where the pulse energy used for each cantilever was gradually in-
creased from the threshold for modification up to the ablation
threshold. The results from the cantilever experiments using these
parameters are shown in Fig. 3. Two regimes are immediately
identifiable for both laser polarizations, denoted by areas in each
panel of the figure.

In the first regime, the cantilever deflects upward, clearly in-
dicating an overall volume reduction in the laser-affected zone
and, therefore, a localized densification. Here, the maximum up-
ward deflection peak corresponds to an equivalent average tensile
stress of about 40 MPa, which is relatively modest. The densifi-
cation of the SiO2 matrix is related to the formation of metastable
three-ordered rings (note that observations of the increase D2
peak in the Raman spectra of laser-affected zones support this
hypothesis [32]).

In the second regime, a downward deflection is observed, with
an absolute magnitude that is larger than that found for the first
regime, and corresponding to a net volume expansion of the laser-
modified zones. While the overall behavior is the same for both
polarization states, there are noticeable differences between the
two cases. In particular, the transition between the two stress
states occurs at a lower pulse energy when the laser polarization

Fig. 2. Schematic of the cross section of a cantilever with laser-affected
zones (shown in the case of a volume expansion). The laser-affected layer
consists of a series of lines, each spaced by a distance s from its neighbor
and written parallel to one another across the width of the cantilever.
Considering the moderate numerical aperture used in these experiments,
the cross section of the laser-affected zone has the shape of an elongated
ellipse, with X 0 and Y 0 as short and long axes, respectively.
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is oriented perpendicular to the exposed lines’ axis (itself oriented
parallel to the long axis of the cantilever). Furthermore, when the
writing polarization is oriented along the line direction, the am-
plitude of deflection in the second regime is much lower thanthat
observed for the perpendicular polarization case.

It is also worth noting that, even at low energies, in the
so-called “homogeneous” regime range, the amplitude of upward
deflection is noticeably different for the two polarizations,
suggesting that this first regime also exhibits a certain level of
anisotropy, and that the usual classification of “homogeneous”
for this regime is incorrect. Similar observations, this time on
subtleties in the Raman spectra for both polarizations, were made
in [32]. In this work, an increase in the D2 peak that to a certain
extent can be correlated to an increase of silica rings of order three,
were found to be more prominent in the case of longitudinal
polarization than for the transverse polarization. This observation
seems consistent with the experiment reported in Fig. 3. If a
higher compaction takes place for longitudinal polarization,
the amplitude of upward bending of the beam would increase,
as observed.

We note that when reaching higher pulse energy (i.e., around
300 nJ), the strain may decrease (as can be seen in Fig. 3). We
attribute this behavior to the occurrence of cracks, and conse-
quent relaxation phenomena, due to the high level of stress in
the cantilevers.

From these measurements, we can estimate the refractive index
variation that would be expected from compaction, expansion,
and polarizability changes. To do so, we consider the derivation
of the Lorentz–Lorenz relation [51–53]:

Δnλ �
��n2λ −1��n2λ �2�

6nλ

��
Δρ
ρ

�
�1�Ω� withΩ�

�
Δα
α

�
Δρ
ρ
:

(4)

Here, nλ is the refractive index at wavelength λ, α represents
the polarizability, and ρ is the density. The term Ω is the product
of relative polarizability change to relative density change.

Considering that the densification is uniform across the laser-af-
fected volume (this hypothesis is based on thermal conductivity
measurements [32]), we can relate the uniaxial strain with the
relative density variation by the following equation:�

Δρ
ρ

�
≈
�

3

1� 2ν

�
ϵlaz: (5)

In this equation, ν is the Poisson coefficient and ϵ the linear
strain for the laser-affected zones. Reference [53] measured Ω in
the case of a UV laser densified to be about −0.23� ∕ − 0.04.
The same reference aggregates data from other experiments
achieved under a broad range of different densification means
(from hot isostatic pressing to electron irradiation). The literature
suggests that Ω varies typically from −0.15 to −0.22 for various
types of beam exposure conditions, in particular for excimer laser
UV exposure that resembles, to a certain extent, our exposure
conditions. Here, for a first estimate of the refractive index in-
crease, we use these values in the case of the highest measured
densification in the case of Fig. 3 (the relative error corresponds
to the span of possible values for Ω):

Δn‖ � 0.000121� 0.000006; Δn⊥ � 0.000069� 0.000003:

This demonstrates that this experimental technique can also
potentially be used for estimating index variations without any
optical means and/or dependence on optical properties of the
waveguide itself. In the estimate above, we have considered that
the laser-modified zones were homogeneous (as it is commonly
assumed in the literature for the first regime). The fact that re-
fractive index values differ from the two polarizations suggest one
more time that there exists a certain level of anisotropy also in
Type I modifications.

B. Scanning Electron Microscope Cross-Section
Observations

Insight into the transition from one stress state to another can be
gained by careful study of the morphological changes found in the
laser-affected zone as the pulse energy is increased. With this in
mind, lines were again inscribed with the same exposure condi-
tions used for the cantilevers, concentrating on the pulse energy
range where the transition between tensile and compressive stress
is observed. The sample was then sectioned, polished, and briefly
etched before analysis using a scanning electron microscope
(SEM). Since nanogratings are believed to be the underlying
mechanism behind these stress states, observations were con-
ducted only on specimens exposed with the laser polarization
perpendicular to the writing direction, ensuring that the nano-
gratings are oriented properly for observation in the SEM.
These observations, shown in Fig. 4, are particularly interesting,
as a gradual transition between “continuous” and self-organized
structure is observed.

Nanogratings begin to appear near a pulse energy correlated
with the transition between stress states (in these experiments,
between 170 and 190 nJ for nanograting formation, while the
stress-state transition was observed around 185 nJ). This supports
recent observations reported in [36,37] that demonstrated that
nanogratings contain porous media, possibly originating from
a decomposition of the glass matrix and the formation of molecu-
lar oxygen. To test this hypothesis, we performed Raman obser-
vations (shown In Fig. 5) of specimens written with 300 nJ pulses,
i.e., well in the exposure regime where nanogratings are forming.

Fig. 3. Measurements of cantilever deflection after exposure to 150 fs
laser pulses for increasing energy per pulse for both polarizations. The
writing speed was fixed at 4.8 mm/s (repetition rate of 100 kHz).
The estimated relative error on the calculated strain from the measure-
ment is in the range of 10%. The measurement error on the pulse energy
measurement is �5 nJ.
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The Raman spectra reveal, in addition to the expected increase
in the D2 peak at around 600 cm−1 [32], the development of two
new peaks at 1549 and 1556 cm−1, which are due to the presence
of molecular oxygen, validating the glass matrix decomposition
when nanogratings form [37].

It is logical to associate the formation of these nanopores with a
volume expansion and, consequently, compressive stress sur-
rounding laser-affected zones. Equally interesting is the coinci-
dence of nanogratings and a smoothly modified region in the
transition zone between tensile and compressive regions (i.e., a
region of “mixed” morphology). We explain these phenomena
by first recalling that, in this work, a moderate numerical aperture

of 0.4 was used, which results in a focal volume with a confocal
parameter of ∼6 μm. Once the instantaneous energy density is
sufficiently high, nanogratings form, eventually creating multiple
foci (not necessarily periodic) owing to nonlinear self-focusing
and plasma-induced defocusing along the propagation axis.
The nanograting formation may be according to a mechanism
proposed recently in [30] that involves laser-induced plasma wave
formation at the interfaces of seed structures.

From these observations, correlations can be drawn between
the intensity of the propagating laser field and the evolution of
the grating morphology. For a given laser-affected zone (for ex-
ample, at pulse energies above 190 nJ), as the pulse energy is
gradually depleted during light propagation through the material,
the grating periodicity changes according to this reduction in en-
ergy. This also suggests the existence of threshold field intensities
for the production of periodic structures. Indeed, below 190 nJ in
Fig. 4, no nanogratings are visible.

C. Effect of Deposited Energy in the Regime of
Homogeneous Modification

Let us now consider the formation of nanogratings as a function
of deposited energy (i.e., the number of pulses passing through a
given cross section of material). Here, the pulse energy is fixed and
chosen in a regime where nanogratings are formed. Taking the
results shown in Fig. 4 as a reference, a pulse energy of
250 nJ was chosen. The amount of deposited energy was con-
trolled by varying the translation speed of the substrate. In this
manner, full control of the laser exposure fluence is possible, while
maintaining the peak exposure intensity. The results of this ex-
periment are shown in Fig. 6, where it can be seen that segmented
nanograting zones gradually form at different depths, eventually
connecting along the direction of light propagation as the
deposited energy is increased.

These observations support previous models, which attempted
to explain the formation of nanogratings through a localized field
enhancement, known as the “nanoplasmonics” model [28–30].

To test whether nanograting formation is simply a conse-
quence of deposited energy or subject to a threshold field intensity,
an additional test was performed. Similar to the previous experi-
ments, the deposited energy was again controlled by varying the
translation speed, but with a lower pulse energy of 170 nJ, chosen
to lie firmly within the first (or “homogeneous”) modification
regime. A cantilever-bending experiment (as described in Fig. 1)
was conducted, and correlated to SEM observations of the cross

Fig. 4. Evolution of the morphology of individual laser-modified zones
with increasing pulse energy (writing speed was set to 4.8 mm/s, repeti-
tion rate is 100 kHz). These SEM images were obtained by observing the
cross section of a polished silica substrate containing laser-written lines.

Fig. 5. Raman of the laser-affected zone at high pulse energy (in the
nanograting regime) compared to a Raman spectra (dark gray) of the
same glass in the region where it was not exposed to the laser. We note
the presence of two new peaks at 1549 and 1556 cm−1, corresponding,
respectively, to dissolves O2 in the silica network and to molecular O2.
Raman spectra are normalized using the band ω4.

Fig. 6. Morphology of the laser-affected zone as a function of the de-
posited energy. Pulse energy was fixed at 250 nJ (delivered at 100 kHz),
corresponding to a regime in which nanogratings are formed.
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section of laser-affected zones for the same exposure parameters.
The combined results are shown in Fig. 7, from which two
important conclusions can be drawn. The first conclusion is that
no nanograting formation is observed as the deposited energy is in-
creased (i.e., fixed pulse energy, but progressively slower translation
speed). Here, the laser-affected zone is found to expand along the
optical axis, but with the absence of nanogratings. This information
indicates that the pulse energy and, therefore, the field intensity for
sub-200-fs pulse duration, is a key factor for triggering nanograting
formation. This characteristic trait is possibly rooted in the require-
ment of a minimum electron density for excitation of nanoplas-
monic waves, necessary for the initiation of the process of
nanograting formation [28]. The expansion along the optical axis
may be attributed to the increased refractive index that tends to
shift up the focus as more pulses are gradually deposited in the
material.

In these cantilever experiments, a stress-state inversion is also
observed despite the absence of nanogratings. This fact suggests
that the material produced in regime I is not homogeneous,
and may consist of a composite structure, mixing nanopores and
densified zones. This decomposition of the glass matrix and the
formation of pores in the laser-affected zones, as described by
Lancry et al. [37], results in a net volume expansion. De facto,
two competing phenomena are present: one that leads to densi-
fication of the glass matrix (appearance of ring of shorter order as
suggested by Raman observations) and the gradual decomposition
of the glass matrix. The formation of such pores is therefore
uncorrelated with the presence of nanogratings.

These two experiments (i.e., an increase of deposited energy
for either fixed pulse energy or fixed scanning velocity) highlight
the importance of the peak laser intensity and, therefore, the
plasma density in the formation of self-organized nanogratings.
This shows that their formation is governed by three parameters:
pulse energy, pulse duration, and cumulatively deposited energy
for a given (fixed) pulse energy.

To comprehend the role of pulse duration in the transition
between continuous modifications and nanograting formation,
using pulse duration of 270 fs (i.e., above the 200 fs threshold
proposed by Hnatovsky et al. [31]), we conducted cantilever ex-
periments, but this time with deposited energies kept as low as
possible by increasing the scan speed. These experiments consis-
tently yielded the same result, indicating an overall volume expan-
sion but no overall densification regime (data not shown here).
Note that these results are also consistent with the results reported
in [31]. This suggests that the time duration of 200 fs is a critical
time constant in the process of densification.

D. Waveguiding Properties as a Function of Energy
Deposited

Lines inscribed using laser parameters that induce densification
are known to guide light. To confirm this observation, four par-
allel lines were written, each spaced by one micrometer relative to
the other, forming a waveguide with a nearly rectangular cross
section. The pulse energy was set at 160 nJ, so as to be firmly
in the tensile stress regime and with no mixing between different
types of modification, as revealed in Fig. 3. The geometry of these
waveguides is based on work described by Bado et al. [47,48].
SEM images of these waveguides are shown in Fig. 8 as well
as measurements of the propagation losses.

Fig. 7. Results of the cantilever bending experiment performed in the
regime where no nanogratings are found. Here, the pulse energy was
fixed at 160 nJ while gradually increasing the deposited energy by reduc-
ing the writing speed. Similar to the case of increasing pulse energy
(see Fig. 2), an inversion of stress state is observed; however, in this case,
there is no observable correlation with the formation of nanogratings.
(Note: the trend is provided as a visual guide and does not represent
a predictive model.) The laser polarization was perpendicular to the
substrate translation direction.

Fig. 8. Waveguide written in the first regime according the design
from Bado et al. [47] Top: SEM cross section of a waveguide written
at 10 mm/s. The inset shows the Gaussian guided mode at 632 nm.
In this inset, the SEM picture is overlaid in transparency for reference.
Bottom: waveguide propagation losses (measured according the method
described in [50]) as a function of deposited energy and writing velocities.
The various marks (diamonds, triangles, etc.) correspond to different
measurements.
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The waveguides written are clearly too lossy for real applica-
tions (for which some authors have reported losses down to
0.1 dB/cm [47,49]), as well as not properly optimized in terms
of either test wavelength and mode confinement. Here, our
waveguides are used only for validating the possibility to control
stress/strain and to investigate how it may influence propagation
properties.

These experiments show a strong correlation between the pres-
ence of tensile stress around the laser-affected zones that supports
the densification model for structures fabricated in the first regime
and the ability to effectively guide light. Here, the mode size and
shape are consistent with a localized increase of refractive index.
Referring back to the cantilever experiments shown in Fig. 2, this
further agrees with the presence of a higher material density, as
demonstrated by the upward movement of the cantilevers for
the same equivalent deposited energy. Again, comparing loss mea-
surements to the cantilever experiments, we also find that the
waveguide loss is minimized when the stress due to material com-
paction is maximized. However, the stress-state inversion does not
immediately suppress the waveguiding properties. This result is
important as it shows that the laser-affected zones in regime I
have a more complex structure than a simple homogeneously
densified volume. Indeed, if that were not the case, then the
Lorentz–Lorenz relation [Eq. (3)] would predict that the refrac-
tive index contrast would simply go to zero and waveguiding
would disappear in the absence of stress. This is not what we
observe.

E. Interpretation and Modeling

To reconcile the two observations, we postulate the existence of a
nanoporous structure (Fig. 9), also in the first regime. Pores
would have a size much smaller than the visible wavelength.
As the deposited energy gradually increases, the density of pores
will increase as well.

In this case, the material surrounding the nanopores still has a
higher refractive index than that of the bulk, thus allowing for a
net increase in average refractive index in the laser-affected zone,
despite an overall lower density of the material. In other words,
due to the presence of these pores, the effect of densification
that causes an increase of the refractive index is balanced and

compensated (i.e., the net effect is that the volume variation
in the laser-affected zone is zero).

Assuming a porous material, we can attempt to estimate the
actual level of porosity in the material. Based on the observation
of Fig. 7, we assume that the effective increase refractive index in
the non-porous material, at the point where there is no volume
expansion (point B in Fig. 9), is the same as when the deflection is
maximum (point A in Fig. 9, i.e., where there are no pores).
Assuming that the pores are much smaller than the wavelength
(and that the refractive index of the pores is equal to 1, which
would correspond to a gas), the rule of mixtures states

n2eff � �1 − x�n2d � x; (6)

where x is the porosity, and nd and neff are the refractive index in
the densified region and the effective refractive index, respectively
(we assume that the pores refractive index is 1).

On the other hand, considering the conservation of mass
during laser irradiation, at the point where no deflection is observed
(point B in Fig. 9), the following expression holds:

�1 − x�ρdensified � xρpores � ρ0; (7)

assuming ρdensified, the density of the material at the point of maxi-
mum deflection (i.e., assuming that at this point there is only a
dense phase with no porosity). In Eq. (7), ρpores is the density of
the pores and ρ0 the density of the pristine material. Combining
Eqs. (5) and (6) [and using Eqs. (1) and (2)], we finally obtain an
expression of the pore density at the point of no deflection
(see Fig. 6): 8>>><

>>>:

x � A
�ρpores−ρ0�−A

A �
�

3
1�2ν

�
ϵlaz

ϵLAZ �
�

t sub
nlinesX 0

�
δ
2L

: (8)

If we assume the pores originate from the decomposition of
the silica matrix in the formation of an oxygen gas phase
[37,54], ρpores is assumed to have the density of oxygen at ambient
temperature (1419 kg∕m3). According to these hypothesis and
using the set of Eqs. (7) fed with the actual measured data, this
yields to an estimated porosity (at the point of no deflection) of
x � 0.98 × 10−6, which is very low and would produce a variation
of refractive index from the most densified case of about 4 × 10−7,
thus far less than the change of refractive index due to
densification. It would explain why, despite the absence of “meas-
ureable” volume changes, waveguiding is still possible.

This observation has important consequences for practical
waveguide writing. Indeed, this means that one can select a proper
energy deposition level (approximately 6 J∕mm2 in this experi-
ment) to achieve zero net stress outside the waveguide structures
and still a sufficient refractive index increase for waveguiding.

4. CONCLUSION AND OUTLOOK

The formation of nanostructures through the process of
laser–matter interaction using femtosecond lasers is, to date,
not fully understood. In this study, we have revealed several
key observations for the comprehension of femtosecond-laser-
induced modifications in fused silica. One of the main findings
of this work is that, by using a method based on the deflection of
micro-cantilevers, we have demonstrated that femtosecond lasers
can induce a continuous stress-state inversion in bulk fused silica.

Fig. 9. Proposed phenomenological model to account for the stress-
state inversion observed while increasing the energy deposited in the
first regime.
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To the best of our knowledge, this capability is quite unique in
laser-induced processes. Here, stress-state inversion occurs when
the structure of laser-induced modifications switch between con-
tinuously modified zones (Type I modifications) and nanograting
formation (Type II modifications), but can also be achieved by
increasing the deposited energy when writing in the first regime.
These observations support a model where nanopores form under
certain laser-exposure conditions, but are not necessarily corre-
lated with the formation or presence of nanogratings. Whereas
nanopores form when using relatively low pulse energies and
deposited energy, the formation of nanogratings requires a suffi-
ciently high field peak intensity as well as adequate energy
accumulation. Furthermore, this work also demonstrates that a
stress-free regime of waveguide writing can be found. This is
particularly interesting for photonics applications that require
the integration and combination of multiple waveguides, such as
photonic lanterns [55] or quantum photonic circuits [56]. More
generally, it shows that femtosecond laser exposure of silica can
be used to direct-write arbitrary stress states in the volume of
the material, which is of particular interest for controlling bire-
fringence states, as well as for making mechanically reinforced
parts. Finally, we suggest that the laser-affected zones formed
at low energy (in the so-called regime I) has a more complex
structures than one would think.

APPENDIX A

To calculate the elongation and width of the laser-affected zones,
we use a simple model. The intensity at a point z along the optical
axis and r perpendicular to it is given by

I�r; z� � I 0

�
w0

w�z�

�
2

e−
2r2

w�z�2 : (A1)

We define the laser-affected zone as the zone such that

I�r; z� ≥ I t ; (A2)

in which I t is a threshold intensity. This model is simplistic since
it does not take into account self-focusing or other nonlinear
propagation effects related to the dependence of the refractive in-
dex on the intensity. However, it provides a reasonably good
approximation of the elongation and width of the laser-affected
zones in the very low energy regime—which is the energy needed
to produce “continuous” modifications without nanogratings.
If the origin is taken in the middle of the laser-affected zone,
the maximum extents of the laser-affected zones along and
perpendicular to the optical axis are given by (see Fig. 2 for
the definition of X 0 and Z 0)

Z 0 � 2

�
πnλw2

0

λ

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
I0
I t

− 1

�s
and X 0 � 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
w2
0

2
log

�
I 0
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