PHYSICAL REVIEW MATERIALS 4, 023607 (2020)

Elastic properties of self-organized nanogratings produced by femtosecond
laser exposure of fused silica
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Under certain exposure conditions, a femtosecond laser beam focused in the bulk of fused silica leads
to the formation of self-organized structures consisting of a series of “nanolayers,” parallel to one another.
Remarkably, this laser-induced nanoscale anisotropy offers the possibility to locally engineer macroscopic
properties of a given substrate by selectively exposing it in arbitrarily chosen locations to a laser beam with
designed polarization states. Although various physical properties are affected by the laser, this paper specifically
discusses in-plane elastic properties of these nanostructures. Using a method based on monitoring resonant
properties of vibrating cantilevers combined with a mechanical model of the nanostructures, the Young’s moduli
of individual nanolayers are calculated and used to define the stiffness matrix of the composite structure. The
model shows a good agreement with measured mechanical properties of arbitrarily oriented nanostructures. This
work demonstrates the predictability and controllability of laser-induced nanoscale mechanical properties and
offers a framework for engineering arbitrary elastic properties through 3D laser writing.
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I. INTRODUCTION

Femtosecond laser bulk exposure can lead to the forma-
tion of self-organized nanolayers parallel to one another that
are commonly referred to as nanogratings [1]. Since their
discovery at the beginning of the 2000s, their formation
and properties have been extensively studied [2-4]. These
nanogratings are characterized by a self-organized modulation
of nanoporous layers [5], roughly spaced by half the wave-
length (1/2n) [6] and perpendicularly aligned with the laser
beam electrostatic field that defines its polarization state [2].
In fused silica, these structures are typically found for pulse
durations and pulse energies above ~200 fs and ~200 nJ [7],
respectively. Postmortem experimental studies show a clear
evolution of the self-organization with the increasing number
of pulses [8,9], with a temporal pulse separation far longer
than the lifetime of the induced plasma and self-trapped exci-
tons [10], suggesting that the premodified material triggers the
self-organization process [11]. The exact mechanism leading
to the creation of these nanofeatures [2,10-13] is to date not
established. Nonetheless, this type of modification has been
used in various photonics applications, such as polarization
converters [14] or optical memory devices [15], but also
for controlling the stress state in materials [16,17], induc-
ing controlled displacements [18-20], or for tuning proper-
ties, such as the coefficient of thermal expansion [21]. To
date, these changes of thermomechanical behavior cannot be
fully understood, predicted, and controlled without a deeper
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understanding of the mechanical properties of the nanograt-
ings. To fill this gap of knowledge, here we report on the
estimation of the nanolayers Young’s moduli using a reso-
nant cantilever-based experiment combined with a mechanical
model of the nanostructure. From an application point of
view, this precise knowledge of the mechanical properties
is essential for thermal expansion compensating schemes
and thermomechanical devices, as well for stress-induced
functionalities, like, for instance, used in photonics devices
[16,17], mechanical positioners [19,20], and for tuning the
resonance frequency of mechanical resonators.

II. EXPERIMENTAL PROCEDURE

The resonance frequency of a mechanical structure de-
pends on its mass and its stiffness (f ~ +/k/m). Therefore,
by modifying the constitutive material of a vibrating structure
using laser irradiation a noticeable frequency shift of its
resonance is expected, as a change in Young’s modulus and
mass distribution occurs Ref. [18,28]. Here, we use this prin-
ciple to evaluate the local change of Young’s modulus. Our
resonating element consists of a free-end cantilever, shown
in Fig. 1(a), where the red-colored zone illustrates the laser-
modified volume. Considering a maximum volume expansion
of the exposed volume of 0.03% [4], we estimate that the
frequency change due to mass redistribution is negligible.
The lowest resonant frequency of a clamped-free cantilever
is expressed in Eq. (1). p and V are the mass density and the
volume of the cantilever. E and [ are the Young’s modulus and
the second moment of inertia, respectively, with the subscripts
; and, referring to the laser-affected zones (LAZs) and the
nonexposed ones, respectively. In Fig. 1(b), a cross-section
view (y-z plane) of the cantilever is given, with the different
zones indicated. E;; is expressed in terms of the volume
fractions, V; and Vi, the two Young’s moduli E;; or E;,
(i.e., the transverse and the axial moduli), and E, retrieved
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FIG. 1. (a) Schematic of the test device: A cantilever (in gray)
is locally exposed by the laser in its upper and lower volumes
(shown in red). (b) Front and side cross-sectional views of the
laser exposed volumes with the relevant dimensions indicated in
the table at the bottom left. (c) A laser-affected zone (LAZ) with the
transverse and axial Young’s modulus indicated, E;, and E; ,, and in
the magnified views, the orientation of the nanogratings detailed for
two polarization cases, 0° and 90° defined with respect to the writing
direction.

from Eq. (1). When the lines are written perpendicular to
the cantilever, as defined in Fig. 1(c), Eq. 2(a) is used for
obtaining the expression of £;, while Eq. 2(b) is used when
lines are written along the cantilever. Let us for now only
consider the transverse properties [and, therefore, Eq. 2(a)].
The volume fractions are defined in this case as V; = wy/[
andV,=1-V;:

1.875% |E)l, + E,I R E, ,E,
= o + El with £ = 1 E, W
212 PA E Vs + E\V,
E Ei.Es b: E=EN +EV,. ()
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The resonator is fabricated using femtosecond laser ex-
posure and a subsequent chemical etching step according to
the procedure in Ref. [22], and further exposed using the
same femtosecond laser, an Yb-doped fiber amplified system
(from amplitude, emitting 380 fs pulses at a wavelength
of 1030 nm). The roughness of the cantilevers is around
250 nm (Ra), as characterized in Ref. [23]. A piezoelectric
transducer excites the resonator and a contactless displace-
ment sensor (Keyence LKH022) measures the tip displace-
ments. To track down and maintain the system at its resonance
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FIG. 2. Measured frequency shifts and estimated E; ; as function
of deposited energy for two polarization cases. The triangles and
squares represent the 0° and 90° polarizations, respectively, and for
which the angles are defined relatively to the writing direction.

frequency, a phase-lock loop method is applied using a
lock-in amplifier (Stanford Research Systems SR850) and a
proportional-integral controller. The resonance ensemble is
placed in an environmental chamber, i.e., a well-controlled
temperature (within £ 0.1 K), nitrogen-rich environment, and
controlled flow conditions, to minimize external disturbances.
In these experiments, 1-mm-thick fused silica (Corning 7980
OF) substrates were used, with each of them containing five
resonators. On each substrate, one resonator is left unexposed
and is used as a reference. The four others are exposed with a
fixed pulse energy of 240 nJ and a repetition rate of 750 kHz.

Measurement principle and estimation of nanolayers
Young’s moduli

To be able to discriminate between the two Young’s moduli
of nanolayers defining the nanogratings, two sets of exposed
cantilevers are used, with orthogonal polarization states. Us-
ing a composite expression for the effective Young’s mod-
ulus of the ensemble, one can formulate two independent
equations, out of which are the actual values of the Young’s
modulus for the nanolayers. In practice, two nanograting ori-
entations, oriented along and perpendicular with respect to the
cantilever principal axis, are selected for solving the system
of equations. The deposited energy is changed by varying
the translation speed from 1 to 10 mm/s—which corresponds
to a pulse number range 75-750 [—/um]. Finally, for these
experiments, the lines were written perpendicular to the can-
tilever, as depicted in Fig. 1(c). Figure 2 shows the measured
frequency shift and the corresponding estimate of the Young’s
modulus for the transverse direction, using Eq. (1), for the
two polarization cases, with respect to the reference resonator
and as a function of the deposited energy. The data points on
zero deposited energy represent the reference resonator. For a
zero-degree polarization, nanogratings are oriented transverse
to the writing direction, a slight positive frequency shift is
observed revealing a stiffer material than the pristine mate-
rial. For a polarization of 90°, i.e., nanogratings orientated
transverse to the writing direction, large negative values of
the resonance frequency shift are observed. For this case, E; ,
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FIG. 3. Estimated local properties of porous (E,—o) and non-
porous layers (E,;—UJ). The Young’s modulus of the pristine material
is 72 GPa.

decays from 50 GPa to 35 GPa, going from lower to higher
deposited energies. Athanasiou and Bellouard [18] made an
estimate, by indirect means of the transverse Young’s modulus
with similar exposure conditions—a polarization of 90°, pulse
energy ~210 nJ, and deposited energy ~20 J/mm?. They
report a significant decrease of the elastic constant, with an
estimated value of ~30 GPa. At this stage, it is not clear if
the difference of about 10 GPa with our observation is due to
the difference in exposure conditions or to the measurement
method. Nevertheless, both methods show a similar trend.

For a polarization aligned along and perpendicular to the
writing direction, the nanogratings are parallel and serially
arranged, with respect to the cantilever long axis. Based on the
results reported by Ref. [24] and obtained using similar laser
exposure conditions, we estimate the nanograting periodicity
variation to be less than 5% for the pulse overlapping den-
sities considered here. For the two nanolayer arrangements,
we can express Ej, in terms of volume fractions and local
Young’s moduli. This is outlined in Eqgs. (3) and (4), where
Ey and E, are the Young’s modulus of the porous layer
of the surrounding layer, respectively. Vy and Vj; are the
corresponding volume fractions. Vj,y defines the ratio between
the width of porous nanolayers and the spatial modulation
period of nanolayers. Based on observations from others
[9,25], we chose Vj,; = 0.1 as the value. By definition, the
volume fraction of the intermediate layers is expressed by
Va=1-V,.

E;; = EqgVa + Ep V1 for 0° polarization, 3)
EplEnl ° . .
E;; = —————— for 90° polarization. 4)
EnIVpl + EpIan

The estimated values of the local elastic properties are
depicted in Fig. 3. It is found that the porous layers (Ey)
have values of Young’s modulus ~90% lower compared to
the host material (SiO;) and that the intermediate layers (£,)
(in between porous layers) stiffen, eventually reaching a mean
value of 80 GPa.

The decrease in Young’s modulus for the porous layer
can be understood as the lowering of the material density
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FIG. 4. An illustrative summary of the discussion to explain our
observations, within the middle of an illustration of the nanograting
structure. Top right: An illustration of the predicted material prop-
erties and chemical composition signature of a porous layer—the
refractive index change estimated by Ref. [25], the oxygen-filled
pores [5], and elastic modulus estimated in this paper. On the
top left, a refractive index increase [25] and the elastic modulus
increase. Below the spatial distribution of plasma density, with peaks
exceeding the decomposition limit, adapted from Ref. [5].

as the addition of pores effectively limits the number of
interatomic bonds that can store elastic energy when being
strained [26,27]. The presence of free molecular oxygens,
found by Raman and fluorescent spectroscopy [5,28,29], sup-
ports a decrease in the matrix connectivity. The increase of
the Young’s modulus (Ej) is an interesting observation and
is, to date, not directly supported by other types of experi-
mental observations, due to the lack of a suitable technique
having the resolution to effectively measure only the inter-
stitial layer. Note that for a so-called type-I modification, a
Young’s modulus increase of about 2 to 3 GPa was mea-
sured using nanoindentation [30]. Here, the observed stift-
ening effect implies that this zone gets denser. Furthermore,
a densification of these nonporous layers is also indirectly
suggested in Ref. [31], where they estimate an increase of
the refractive index of this layer by analyzing the strong form
birefringence induced by the nanogratings. The increase of the
Young’s modulus, refractive index, and possible densification
is like a regime-I modification [28,30,32] which exhibited
similar characteristics. Previous works [5,29] made similar
observations. Lancry ef al. [S] proposed a plasma density
profile where, in the nonporous layers, the density meets the
conditions for a regime-I modification, while in the position
of the porous nanolayers, a decomposition threshold for SiO,
molecules is exceeded. In this paper, the measured values
of the local Young’s modulus increase and its corresponding
refractive index increase, from 2 x 1072 to 5 x 1072 [—] as
measured in Ref. [25], are significantly higher than the ones
found for the regime-I modification [33,34], where an increase
from 10~* to 1073 [—] is reported. The mechanisms which
have been accounted for the refractive index increase for laser
irritated material are (i) compaction due to the increase of
fictive temperature by rapid solidification [35], (ii) increase
of density due to bond breaking and reorganization [36],
(iii) color center formation [37], or simply (iv) mechanical

023607-3



PIETER VLUGTER AND YVES BELLOUARD

PHYSICAL REVIEW MATERIALS 4, 023607 (2020)

compression [38,39]. The increase of either the Young’s mod-
ulus or refractive index cannot be explained by the fictive
temperature increase only, as it may for a regime-I modifi-
cation. The studies about fictive temperature increase show a
AE =~ 1.3 GPa [40] and An ~ 600 x 107¢ [—] [40—42] for
a Ty = 1600 °C, as no dramatically higher values can be
expected as the fictive temperature is limited by the melting
temperature. Furthermore, the authors in Refs. [29,36] argue
that this thermally driven reorganization is too slow for these
ultrashort timescales. As no increase of the Young’s modulus
is expected due to the formation of color centers—rather a
decrease as a result of the lack of connectivity of the SiO,
network—it is more likely that a mechanism based on the
occurrence of fast compressive stress combined with thermal
quenching is responsible for the high value increases observed
in our experiments. In hot-compression studies reported in
Ref. [39], an external pressure is applied on heated samples,
assisting an accelerating microflow toward a denser structure.
In combination with rapid cooling, high densification config-
urations are quenched and stabilized. While cold-compressed
fused silica behaves elastically at pressures below 9 GPa
[38], quenched compressed silica shows residual densifica-
tion and an increase in Young’s moduli, with significantly
higher thermal stability [39]. A similar effect could occur
here, considering the presence of hotspots within the porous
layers [5] that pressurize the surrounding material—already
at elevated temperatures—due to the intense localized plasma
state. Considering our experimental conditions and according
to Ref. [43], the temperature decreases after laser exposure,
from peak temperatures above 2500 °C to room temperature,
within microseconds. The pressure is maintained after the
rapid cooling as free-oxygen molecules are not recombined
with the glass matrix and remain trapped in a gas phase within
the porous structure permanently as the silica matrix is too
dense to be permeable to oxygen. To support our hypothesis,
we note that pressures in the order of 2 GPa at elevated
temperature are sufficient to reach the values we obtained for
the Young’s modulus and refractive index [44]. Note that in
another work [45], the local stress in a single layer was indi-
rectly predicted to reach about 2 GPa, which further supports
the present observations. This is in essence contradicting the
idea that suggests that the formation of porous layers is not
the driving force for compaction, but rather are cracks as a
consequence of the neighboring densifying material [10,29].
Figure 4 summarizes illustratively the discussion above.

III. MODELING OF IN-PLANE ELASTIC PROPERTIES

In the previous section, we derived the local material prop-
erties from experiments. In this section, we use these values
to predict in-plane elastic properties as a function of arbitrary
nanograting orientations. Specifically, we test the validity of
our model for two loading directions, axial and transverse. In
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FIG. 5. Schematic of the writing direction strategy, the definition
of the nanograting orientation and definition of Q; ., and Q; ,,. On
the left, the transverse laser-written lines and at the right longitudinal
laser-written lines, with respect to the cantilever long axis. Further-
more, for both cases, the nanogratings are mirrored with respect to
the cantilever long axis for each subsequent line. In the middle, the
magnified view illustrates nanogratings with a local coordinate frame
(1-2) and the global coordinate frame (x-y) and below the loading
direction (when the cantilever is set to vibration).

practice, the LAZ is loaded along the cantilever’s longitudinal
axis. For instance, a writing direction along the cantilever
corresponds to an axial loading of a LAZ as depicted in Fig. 5.
For these two writing directions, along and transverse, we
vary the nanograting orientation by changing the laser beam
polarization and keeping the remaining exposure conditions
constant—translation velocity of 5 mm/s, repetition rate of
750 kHz, and a pulse energy of 240 nJ.

To model the in-plane transverse and longitudinal stiff-
ness coefficients of a LAZ as a function of the nanograting
orientation (0), we first establish the stiffness matrix of a
projected portion of the nanogratings in the local coordinate
frame (1-2), as illustrated in Fig. 5. Second, to obtain the
elastic properties in the global coordinate frame, we introduce
a rotation of the local coordinate frame with respect to the
global coordinate frame (x-y). We treat the nanograting modi-
fication equivalently as a fiber composite and we assume that
it is defining an orthotropic material [46]. The local coordinate
frame 1-2 is defined such that the 1 and 2 directions are
along and transverse to the nanogratings, respectively. The
in-plane stress-strain relationship for an orthotropic material
is expressed by the matrix form in Eq. (5). With Q, as a sym-
metric 3 x 3 stiffness matrix, Q; 1; and Q; 5, are the stiffness
elements along and transverse to the nanograting orientation,
respectively, and Q12 and Q;;, are the cross-coefficients.
Finally, Q2> is equal to the shear modulus (G 12):

1 s , 11 s

ol €11 O Q12 0 €11 | E; E;11v2 0 €11
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FIG. 6. Estimation of the LAZ’s Youngs modulus, Q; .. and Q;,,, as a function of nanograting orientations (¢) defined with respect to
the x axis of the global coordinate frame. The experimental estimation is illustrated by a set of markers that correspond to a given specimen
measured. The result of the modeling is shown with solid lines for different Poisson ratios (v). The loading case is illustrated above each figure.

The elements of the matrix are expressed in terms of the
material properties E, v, and Gy 12, where E;j; and Ej
are the Young’s modulus in the longitudinal and transverse
directions. v; 12 and v; »; are the Poisson’s ratios and they can
also be determined by the rule of mixtures, for instance, for
the longitudinal direction, vy 12 = vy Vi + vpiVp1. For the Pois-
son’s ratio in the transverse direction, we use the symmetry
property of O and rewrite the diagonal elements, as —v;; =
Ein/Eixn v,,_lz. We can further detail the coefficients E; ;; and
E; 2, as we did with the discrimination experiment, in terms
of the experimentally retrieved Young’s moduli of the local
layers, as E 1 =EnVa + Ep1Vp1 and E»n= EnlEpl/EmVpl +

J

U)C)C EXX
Oy | = 1_%2,1_35 Cy | =
Txy Vxy
cos’ 6
with; R, = sin% 0
cos 6 sin 6

EpVar. Gi 12 is also expressed as a function of the local
shear modulus, Gy and Gy, and the volume fractions as
G112 = GuGpl/GuVpl + GpiVii. Assuming that the layers are
isotropic, we can express the local shear modulus in terms
of the corresponding Young’s modulus and Poisson’s ratio,
Gu = En/2(1 + vy) and Gp = Epl/2(1 + vp1)-

At this stage, we have expressed in-plane elastic properties
as a function of the local material properties. In the next
step, we introduce a rotation operator to model the nanograt-
ing orientation, by means of a coordinate transformation
from the 1-2 (local) to x-y (global) coordinate frame, see
Eq. (6).

Oixx Oy Oixay || €xx
Orye Oy Qi || €0y
Oixey Oiyey  Qioxy | | Vay
sin® @ —2cosf sinf
cos? 6 2cosfsinf . (6)
—cosfsinf cos?6 —sin’ 0

The elements Q) ., and Oy, are of particular interest for us as these are the quantities we measure. These two terms are
expressed in Egs. (7) and (8) and can be expressed as function of the local Young’s moduli, £, and Ep;, the nanograting
orientation, , and the local Poisson’s ratios, v, and v,. As the Poisson’s ratio is not known, we will evaluate Q; x, and Q; ,, for
a set of different values of v, and vy equal to the one of fused silica, vsio, = 0.17,

Orr = Q11 €08* 0 + 3(Q1.12 + 20y 1212) sin® 20 + sin* 00, 2, @)

O1yy = Q122 cos* 0 + Q112 +201012) sin? 20 + sin* 60, ;. (®

In one exposure, the lines are written alternating positive
and negative writing directions, as illustrated in Fig. 5. The
polarization for the writing directions is controlled such that
the nanogratings are mirrored with respect to the axis along
the cantilever, to avoid parasitic effects due the expansion
in the transverse direction of the cantilever. The estimations
of the model and experiments for both loading directions
are depicted in Figs. 6(a) (transverse, Q; ) and 6(b) (axial,

(

01.yy), as a function of the nanograting orientation (9) defined
with respect to the x axis of the global coordinate frame. The
experimental estimation are illustrated by markers specific to
a given measured specimen. The mathematical estimation is
shown with a set of solid lines representing different Poisson’s
ratios (v,;). On top of both figures, the loading case for a given
angle is illustrated. The experimental values follow the same
trend as the model. Considering Q) .., the stiffness decreases
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steeply from 0° to 45°, as the model does. From 45° and 70°,
the experiment tends to deviate from the model, where the
experiments show a dip. For experimental estimation of Q ,,,
a similar trend is observed, but mirrored.

In the domain where the experiments deviate from the
model, the cross product of Egs. (7) and (8) is dominant and
hence the shear modulus. A possible explanation is that the
model overestimates the shear modulus [47,48]. Another pos-
sibility is that the nanogratings are not well developed for the-
ses polarization angles. Zimmermann et al. [9] show that the
nanograting orientation other than parallel or perpendicular to
the writing direction requires a higher pulse number to fully
develop. Remarkably, considering the inherent complexity of
these experiments and the assumption made, there is a rather
good agreement between our model and the experimental
data, suggesting the validity of this modeling approach and
the estimation of the local properties in the previous section.

As a final remark, an interesting additional tuning pa-
rameter could be the periodicity of the porous layers, as an
increase of periodicity could potentially result in a higher
density of porous layers and, hence, a further contrast increase
of the Young’s modulus in the orthogonal direction and,
consequently, a higher degree of anisotropy.

IV. CONCLUSION

In this paper, we reported on the characterization of local
and in-plane elastic properties of femtosecond laser-induced

nanogratings in bulk fused silica. The estimation of the values
for individual layers is in good agreement with earlier ob-
servations of the local refractive index changes. This further
confirms that the regions between porous layers, found in
the nanograting modification, has similar characteristics as
a regime-I modification—a denser structure, with a higher
Young’s modulus with respect to the pristine material. In-
terestingly, the estimated elastic properties of this region are
significantly higher compared to a regime-I modification. This
observation suggests that the densification mechanism of this
layer is more complex than the regime-I modification. Based
on the local properties estimation, a mathematical description
of the in-plane elastic properties is derived and is experimen-
tally validated for axial and transverse properties. This result
shows that we can tailor the Young’s modulus depending on
the nanograting orientation. Finally, this study demonstrates
“laser direct-write nanocomposites” obtained without adding
another material, but rather by reorganizing the distribution of
matter from the inside, in a controllable way and according
an arbitrary pattern. These “direct-write” nanocomposites are
particularly attractive for novel types of precision resonators
and mechanical microdevices with anisotropic and tuned elas-
tic properties.
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