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Abstract

Nanogratings are self-organized and sub-wavelength birefringent structures that are formed upon the action of
high intensity ultrashort light pulses in the bulk of a transparent material. They have found interest in
optics/photonics, microfluidics, optical data storage or sensing applications. However, the ability to successfully
imprint 3-dimensional (3D) nanogratings in silicate glasses is a strong function of the glass composition. In this
work, we investigate the role of glass viscosity on the ability to induce these nanogratings. We first investigate the
nanogratings formation window in an energy-repetition rate laser parameter landscape for five common oxide
glasses: SiO, (Suprasil), GeO2, and Schott glasses AF32, Borofloat, and BK7. Secondly, and based on previous
work, we define a domain of existence of the nanogratings using viscosity-based arguments. The lower limit
corresponds to a temperature at which the viscosity is ~10%° Pa-s, where nanocavitation of the glass occurs, forming
the nanopores that compose the nanogratings. An upper temperature limit, set for a viscosity value of ~103° Pas,
relates to either collapse or growth of the nanopores, resulting in the erasure of the nanopores, hence the
nanogratings. The experimental results agree with the predictions made by this viscosity approach and literature
data. This work opens the door to future glass viscosity engineering to maximize 3D nanogratings imprinting.

l. Introduction

Nanogratings, also labeled as “Type 11" transformations, were first observed in 2003 [1] after femtosecond
(fs) laser irradiation inside silica glass. These nanostructures exhibit the remarkable property of being birefringent
with a slow/fast axis that can be spatially controlled through light properties such as polarization. Original
properties can arise from these nanostructures, such as anisotropic light scattering, linear dichroism, chiral optical
properties, and high thermal stability [2], [3]. To harvest these properties and since their discovery, they have
therefore driven strong interest for applications including 3D geometric phase optics and micro optical polarization
sensitive elements, 5D optical data storage, microfluidics, or temperature/pressure fiber-based sensors etc. [4]-[9].

In the pioneering work of Ref. [1], the authors proposed that the existence of these sub-wavelength and
pseudo-organized structures, yielding to birefringence, originated from the interference between the incident light
field and the plasma induced by ultrashort laser pulses. Electronic inhomogeneities were proposed as the triggering
cause of this coupling mechanism. In 2008 a transient nanoplasmonics model was introduced [10], describing the
appearance of spherical nanoplasma preferentially located at the hot spots induced by localized multiphoton
ionization at defects or color center locations. In this view, the nanoplasma would experience an asymmetric
growth oriented preferentially in the direction perpendicular to the laser polarization, due to an asymmetric field
enhancement. It would then move from a spherical to an ellipsoidal shape, and ultimately to disk-like shape, as
more pulses are deposited inside the focal volume. Moreover, an exciton-polariton model was thus proposed in
2012 [11], through the coupling of light with plasmons. Later results suggested that these nanogratings originated
from nanometric or sub-nanometric heterogeneities initially present in the glass, leading to coherently interfering
scattering wavelets, hence the formation of a standing wave (2014: [12], and 2016: [13]). It is worth pointing out
that this process is reinforced by a pulse-to-pulse effect, and both the dose and the pulse energy are key parameters
in the formation of nanogratings including their pseudo-periodicity. Finally, inside the plasma dense region, the
formation of porous nanolayers is observed in silica, and silica-rich glasses [14]. The nanopores constituting these
nanolayers typically show a size of few tens of nm. In 2013 the presence of free molecular O, was detected inside
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these nanopores [15]. In the same work, the birth of these nanopores was associated to a tensile stress-assisted
nanocavitation and a “soft” Coulomb force necessary to overcome the oxygen binding energy and to form
nanopores by recombination (to form O5) upon an intense stress field. A cavitation mechanism was also proposed
in the formation of these nanopores, building on the theory developed by Grady on spall fracture of matter [16]-
[18].

A direct observation from the above introductory discussion is that the electron plasma is self-organized
in hot (dense) nanoplanes, and this is a priori not composition limited, as it is the case for surface nanogratings
(LIPSS, laser-induced periodic surface structures) [19]. While the origin(s) of nanogratings formation has not been
fully elucidated yet, these features have been observed in a variety of glasses, and most specifically oxides and
silica-based glasses. These include but are not limited to silica [1], [9], [20], germanosilicates [21], [22], sodium
silicates [23], germania [20], [24], sodium germanates [25], alkali-free aluminoborosilicate (AF32 Schott) [26],
alkali-containing borosilicate (BK7 Schott, Borofloat 33 Schott), and titanium silicate (ULE Corning) [20], [27].
However, it is worth pointing out that for some glasses such as SiO,, GeO,, or Borofloat 33, the laser-processing
window to form nanogratings is large. On the opposite, glasses such as AF32 or likely BK7 have shown a narrower
window. For BK7, only a weak birefringence response was shown, without laser-polarization dependence of the
slow/fast axis orientation nor supported by electron microscope techniques demonstrating the presence of
organized porous nanogratings.

In this context, this work provides insights on the relative difficulty to form nanogratings in some of these
commercial glasses. The goal is to describe, based on a viscosity approach, the ability for a glass to yield permanent
formation of nanogratings. First, five commercial glasses are selected, namely BK7, AF32, Borofloat 33, GeO,,
and SiO; (Suprasil). In addition to SiO; being the backbone material of many of today’s photonic applications, all
these glasses present interests for diverse applications. These include, among others, mid-infrared optical devices
(Ge0y), silicon wafer assembly in semi-conductor industry and flat glass for display (AF32), precision optics for
space telescope substrates, or photovoltaic, medical technologies (Borofloat 33), visible and near-infrared micro-
optic elements, prisms (BK7). The selected glasses are then irradiated by a fs-laser and using similar conditions.
This systematic work allows a direct comparison between the glass samples and their respective nanogratings
processing windows. The observed differences are then tentatively linked to viscosity-driven mechanisms, framing
the existence of the aforementioned nanogratings processing window. Consequently, this work is expected to
establish guidelines for future glass development when nanogratings 3D structuring is required for a wide range
of applications.

1. Experimental details

To investigate the effect of glass composition, hence viscosity, on the ability to form nanogratings, a
series of five bulk glasses was selected based on literature results and viscosity profile (more information on this
later in the paper): BK7, AF32, Borofloat 33, GeO, and SiO- (Suprasil). Each glass sample, taking the form of a
plate, was irradiated in similar conditions using a femtosecond laser (Satsuma, Amplitude Systéme, Bordeaux,
France) having a central wavelength at 1030 nm and a numerical aperture objective NA = 0.6, at a pulse duration
7, 0f 800 fs. In cartesian coordinates, z is the laser beam direction, and the laser scanning irradiation was performed
in the plane (x,y) perpendicular to it. This pulse duration was chosen as it corresponds to a large window of
nanogratings formation in SiO2, AF32, and Borofloat 33 [26]. In this work, the investigation of nanogratings
existence was probed in a pulse energy (£p, in pJ) — repetition rate (RR, in kHz) landscape. For all the samples
excepted the BK7 glass, a constant pulse density was used (10° pulses/um). Since the repetition rate is varied in
this experiment, the scanning speed was varied accordingly (e.g., 10 um/s for a RR = 10 kHz, 100 um/s for a RR
= 100 kHz, etc.). For BK7, a constant writing speed of 1 pm/s was chosen in order to enable the formation of
nanogratings.

There exists a variety of possible laser-induced transformations in oxide glasses, such as formation of
defects, densification, nanogratings and/or voids formation, elemental migration, partial crystallization, and
appearance of a stress field [28]-[30]. Therefore, an experimental procedure must be employed to decipher if there
is, or not, the presence of nanogratings inside the laser track. First, each glass sample was irradiated using two
different laser writing configurations: laser writing polarization parallel (along y) and perpendicular (along x) to
the scanning direction (along y). Consequently, polarized optical microscopy (Olympus BX51) was used to
quantify the birefringence response, along with its sensitivity (neutral axis orientation, amplitude) with respect to
light polarization orientation, characteristic of nanogratings. Additionally, a complementary electron microscopy
analysis (FEG-SEM Zeiss Supra 55 VVP) was performed on the laser tracks (x,z plane) to ensure the existence of
porous nanolayers and nanopores, therefore confirming the polarized optical microscopy results.



The data taken for all commercial glasses investigated were provided by the glass suppliers (technical
datasheets). Additionally, the glass viscosities temperature dependence (7( 7)) was fitted using the Vogel-Fulcher—
Tammann (VFT) equation. The viscosity data for GeO, were taken from [31], [32] while other parameters were
taken from [33], [34]. Most of the collected viscosity data points, in log(7, in Pa-s), are comprised between 3 and

13. Outside this interval the value of viscosity is less known.

I1. Results and discussion

111.1. Domain of nanogratings existence

The formation of nanogratings in the £,— RR landscape was investigated for SiO; (Suprasil), GeOs,
Borofloat 33, AF32, and BK7 glasses. The domain of nanogratings existence for each glass is shown in Fig. 1(a).
As can be observed, the glass material strongly influences the ability to imprint nanogratings from the “self-
organized” plasma. For BK7, which presents the smallest nanogratings window, porous nanogratings could be
observed nevertheless, as shown in Fig. 1(b), but for very specific conditions (<100 kHz, and for typ. 50,000
pulses/um). Additionally, and for all glasses, an example of measured retardance values (i.e., birefringence x
nanogratings length along z axis) with respect to energy and at a constant RR = 50 kHz is provided in Fig. 1(c).
Each measured retardance data point has a = 5 nm uncertainty. The nanogratings window is the largest for SiO»,
intermediate for GeO,, Borofloat 33, and AF32, and is extremely reduced for BK7 (an alkali “rich” borosilicate).
Correspondingly, much higher values of retardance are found in silica glass compared to AF32 and BK7, which
agree with the tendency to form nanogratings more easily in SiO2 or GeO; that are strong network formers.
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Fig. 1. a) Determination of observed nanogratings in an energy-repetition rate landscape for five glasses: SiO, (Suprasil), GeO,, Borofloat 33,
AF32, and BK7. b) Illustration of nanogratings observed in BK7 from scanning electron microscopy analysis; conditions are pulse duration =
800 fs, writing speed = 1 pum/s, RR =25 kHz, £, =0.6 pJ, focal depth = 300 um. c) Evolution of retardance as a function of pulse energy (800
fs, 50 kHz, NA = 0.6); each data point has a + 5 nm uncertainty.

The principal aim of this paper is to highlight the link between nanogratings window and glass viscosity
behavior with temperature. Therefore, and to better appreciate the discussion in the next Section, below is briefly
discussed how the temperature elevation upon fs-laser irradiation is impacted in an £,— RR landscape. There exist
two principal situations when considering the E, — RR landscape as in Fig. 1(a):

i) Low RR, increasing £, From the heat equation (Fourier’s law), the temperature profile distribution in
space is unchanged, but the deposited heat inside the material would increase. Consequently, the maximal
temperature increase (4T) at the pulse center would also increase, following a general form of AT ~aE,/pC,V.
Here a is the fraction of the pulse energy absorbed by the material and effectively transmitted to the glass phonons,
pand Cp, respectively, are the glass density and heat capacity, and Vthe volume within which the pulse energy is
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absorbed. It is worth pointing out that a is a function of fluence (e.g., in silica glass [35]), and such temperature
rise has already been investigated for several glass matrices including silica or Borofloat 33 [36], [37]. As Ey is
increased (and so 4T), the spatial volume for which the temperature is beyond a transformation temperature
threshold (e.g., formation of nanogratings) would be enlarged.

ii) High RR, fixed E,. This condition is also called “heat accumulation regime”. In this regime, the heat
generated by a pulse in the irradiated area does not have enough time to fully diffuse away before the next pulse
is delivered. This effect would typically result into an increase of the average temperature, hence a decrease of the
glass viscosity, in the heat affected zone. The characteristic time to evacuate the heat can be estimated as 7w ~
wod(Dw), where D= 1d(pCp) is the diffusion coefficient, xcis the thermal conductivity, and wois the characteristic
length corresponding to the beam waist radius at an intensity of 1/e* (typ. 1.5 um). As an example, this gives Dz
(Si02) = 8.9x107 m?/s and D (BK7) = 5.2x10°" m?/s, and consequently 7z (SiOz) ~ 2.5 us while 7 (BK7) ~ 4.3
ps. Turning these values into heat accumulation threshold frequencies, this gives £ (SiO2) ~ 400 kHz and f
(BK7) = 230 kHz. Consequently, one would expect heat accumulation to be more pronounced in BK7 with respect
to SiO..

From this short discussion and circling back to Fig. 1(a), one can note that the narrowing of the
nanogratings window typically comes from both lower £, and RR values. Consequently, the “temperature
sensitivity” or “temperature interval” to make nanogratings appears reduced in glasses such as BK7 with respect
to SiO2. This reasoning is the starting point of the next Section dedicated to establishing a rational approach.

111.2. Rationale for a viscosity-based approach

Both the mechanisms of cavitation and erasure of the nanogratings take their roots in the material ability to break
and reform itself in a time-temperature frame. In the following Section, the upper and lower limits of nanogratings
existence are discussed on a temperature dependent viscosity basis.

Minimum viscosity to induce cavitation

When ultrashort laser pulses are deposited inside a large bandgap oxide glass as in our case, the pulse
energy is absorbed by the glass material mostly through nonlinear effects (multi-photon absorption and tunnel
ionization) and a significant part is subsequently transformed into heat through electron-lattice energy transfer.
This takes a maximum of few 10s of picoseconds in most glasses [4], [38], while the maximum temperature
increases as already discussed in the previous Section, reaching typically values of few thousands of degrees [36],
[37]. For small-to-moderate pulse energy values, the generated heat cannot escape the irradiated volume in the
time of a pulse duration (typ. 100-1000 fs). This is the condition of so-called “thermal confinement”. For such
condition to be valid, the pulse duration 7, must be shorter than the thermal relaxation time z [39]. As calculated
above, for silica 7 =~ 2.5 ps and therefore 7, << 7z for fs or ps laser pulses. The criterion of thermal confinement
is thus satisfied. Additionally, if there are no significant strain or volume changes of the medium during heating,
we are in the condition of so-called “stress confinement” [39]. For this second condition to be valid, the required
time for the pulse to heat the sample must be shorter than the characteristic acoustic relaxation time ..~ 2wdl cs,
with ¢s being the sound speed (= 6000 m/s for silica glass). This gives ..~ 500 ps whereas the electron-phonon
coupling time is on the order of 10 ps for silica and therefore the criterion of stress confinement is also satisfied.
Therefore, the experimental conditions are met to yield nanocavitation in the glass samples.

Subsequently to this and following the wave equation from isotropic solids, the maximum tensile stress
internally developed can be approximated as p = BBAT. Here Bis the bulk modulus (36 GPa for silica), Fis the
volumetric expansion coefficient (8 ~ 3a = 3x5.5x107 K for silica), and A7 is the temperature elevation
following the pulse energy deposition. Some caveats are worth pointing out: we use solid properties for each
material (bulk modulus, thermal expansion coefficient), and assume them constant with respect to temperature.
Although this is questionable, it provides a guideline for reasoning. Interestingly, it must be pointed out that the
resulting tensile stress is drastically different depending on the glass material considered. We must point out that
at low pulse densities, nanopores are initially formed but no nanogratings, close to the so-called Type X regime
[40], [41]. Before the onset of this regime, formed nanopores are dispersed, disordered, and quasi-spherical. The
asymmetry of the nanopores is progressively reinforced during the self-organization and the formation of the
nanogratings, mostly due to the action of light (and its polarization orientation and state), but not a stress field
asymmetry. Additionally, the geometry of the heat affected zone can impact the overall energy deposition volume,
and consequently temperature rise and stress distribution. However, here we consider nanopores of the size of few
10s of nm, which is much smaller than the irradiated volume (10s of pm?®). Therefore, it is quite reasonable to
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consider as a first approximation that at some places inside the irradiated volume, the volume expansion and
induced pressure are isotropic, similar to a hydrostatic pressure as a first approximation.

For a moderate temperature increase (e.g., 1000 °C [37]), there is an order of magnitude difference
between p values for silica (= 60 MPa) and BK7 (= 1160 MPa). Once the tensile stress is developed, a positive
pressure difference exists between the initiated pore and the surrounding material. Beyond a certain critical tension,
the heated glass volume is expected to experience cavitation [16], [17]. For silica glass, Rudenko et al.
demonstrated that the minimal temperature for cavitation is set when the viscosity is on the order of 106 Pa-s [17],
[18]. Such temperature is very close to the softening point ( 7sr) of the material, i.e., 10"®P or 1056 Pa-s, 1873 K
for Suprasil. This temperature of cavitation is calculated for a viscosity of 7.4, ~ BEt2, ~ 10°%3 Pa-s for silica,
using a strain rate of & = 107s?, so indeed close to the softening temperature as previously stated. In this work we
use & = p/(B X t4.) Which falls within the magnitude of 7.,, values provided by Rudenko et al. [17], [18].
Written only in terms of glass and laser parameters, this gives 7.4, = p X (ﬁ) _ wipes _ 0b3aBATeyp?C)

Tac

2-D3, 2k2

Some key properties, from the above discussion, are provided in Table 1. It is worth mentioning that for a constant
p value (e.g., 100 MPa), 1.4, is comprised between 1081 and 108 Pa-s for all glasses considered. The cavitation
temperature ( 7zay) in Table 1 deduced from the VFT fit performed for each glass is found close to Tor

Table 1 Typical values including cavitation and erasure criteria and temperatures for the glasses investigated.

I ]Og(ncawpa's)
Glass p= B- ﬁ ) 2 o IOg(ﬂmaera'S) ° _ o
material AT*? (MPa) ~ log <p . Cﬂ)) Tear (Teor) (°C) ~ log(p - T1) Tinax (°C) Tinax - Teav (°C)
ac
SiO,
. 60 5.9 1688 (1600) 2.2 2298 610
(Suprasil)
GeO, 440 7.1 838 (894) 3.3 1332 494
Borofloat 33 350 6.9 797 (821) 3.1 1254 457
AF32 550 7.1 937 (969) 3.2 1277 340
BK7 1160 7.6 675 (720) 3.7 906 231

1 Given for a 4Tvalue of 1000 °C, and pis a tensile (negative) pressure.
2. Data for Band g (with £=3a) can be found in the technical datasheet provided by the glass manufacturers, and in [33] and [34]
for GeO,.

Maximum viscosity before growth instability or erasure of nanogratings

Following the formation of nanopores beyond the cavitation temperature, the stability of a cavitated pore,
i.e., its ability to exist, must be considered. From this view, one must investigate what are the key mechanisms that
drive the pore size evolution (either its growth or collapse) once it is formed. This can be achieved through the
analysis of the non-dimensional Rayleigh-Plesset (R-P) equation, which takes the following form [42]:

(R +2(R) = - (2) 20 _(xy1 <k @,

Tp/ Pooref Pv s/ R TyR

where R = R/a is a dimensionless radius near unity (a is a characteristic length, typ. the initial pore radiusin few
or tens of nm), t is the characteristic time of bubble evolution (typically ns to us as per the thermal diffusion
timescale), po, 5 IS the reference pressure taken far away from the pore, p,, the pressure inside the pore (peo e —

p, = p as defined above), and R and R are the first and second derivatives of the radius with respect to time. In
_ ra?

the above equation three characteristic times are set originating from: pressure (r,, =a \/g), viscosity (r,, = ) :

and surface tension (TS =a \/?—Z) with ¢ being the surface tension, taken constant with respect to temperature [42].

These characteristic times can be plotted as a function of the pore radius, as shown in Fig. 2. At this stage, few
aspects on the R-P equation must be specified. First, the R-P equation is employed here as a simple tool to
investigate the relationship between viscosity and nanogratings existence. In this work, the effect of temperature
is taken into account through the viscosity term. However, during laser irradiation, temperature gradients are
present, mostly due to the laser intensity distributed profile, and consequently its associated energy deposition and
heat transfer. This can be a function of both laser parameters (e.g., pulse energy and duration, repetition rate etc.)
but also material properties, including bandgap energy, photoionization rate, nonlinear absorption coefficient, etc.
Consequently, a reliable estimate of temperature distribution within irradiated area remains quite difficult.
Nevertheless, the R-P equation still provides interesting aspects of reasoning with respect to temperature effects
and enables qualitative understanding of the main driven forces involved in the glasses during nanogratings
formation. For instance, this equation was successfully applied to predict the erasure of nanopores during



isochronal thermal annealing for a series of silicate glasses [43]. For completeness, we pinpoint that cavitation
could also originate from a nucleation and liquid-vapor phase transformation. While the focus of this work
essentially emphasizes the link between viscosity and the existence of nanopores, other cavitation mechanisms
than a spall-induced cavitation can be envisioned.
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Fig. 2. Evolution for characteristic time as a function of pore radius using the non-dimensional Rayleigh-Plesset equation. The impact of
pressure (set at 4p= 10, 100, 1000 MPa), surface tension (with o= 0.3 J/m?), and viscosity can be estimated (the contribution with the smallest
characteristic time dominates).

Turning back to the characteristic times provided above and calculated in Fig. 2, the contribution holding
the lowest characteristic time (i.e., the slowest process) is the limiting (i.e., driving) factor in the evolution of the
nanopores. Typical values for silica at the softening point (108 Pa-s) for a 5 nm pore radius would give 7, ~ 10
s, mand 7, ~ 10! s. At the melting temperature (defined as 10® Pa-s) 7 = 107 s, which is still 4 orders of
magnitude lower than 7,,. It is indicative that the dynamics of nanopore evolution (growth/collapse) is almost
exclusively driven by glass viscosity. For completeness, 7, is proportional to 7/7. Consequently, if the
experimental characteristic time is lower than 7, the process would not depend on viscosity. In our situation, a
realistic nanopores erasure timescale would be in the ns to ps (as per typical thermal diffusion times). Therefore,
the viscosity is expected to primarily drive the nanopores size evolution. This is even more valid as the viscosity
is increased, yielding to lower values of 7

Consequently, a criterion must be selected as an indication of pore instability. The use of the
dimensionless Peclet number (Pe) was proposed to set the limit of “unstable” hydrodynamic growth of the

nanopores [44]. The limit is set for Pe = PXeh — 1, giving the criterion 1,4~ p X T4, For silica glass it gives a

Nmax

value of ~1022 Pa:s, corresponding to a 7~ 2300 °C. The calculated 7,,,, for the glasses considered in this study
are reported in Table 1. The n,,., Vvalue corresponds to the maximal viscosity beyond which a viscous growth
would prevent stable nanopores to exist. All the glasses fall within a 7,,,,, interval of 1022 - 10*7 Pa-s. Finally, it
is worth pointing out that the stress induced upon heating will ultimately relax, yielding to a drop in the initial
tensile pressure p. From this perspective and the above equation, one can notice that 7,,,, would be lower.
Therefore, a potential collapse of the pore is anticipated if the pressure contribution becomes less important than
that of the surface tension term [42], [45]. This competing effect is exemplified in Fig. 2, where low pressures such
as 10 MPa would tend to promote collapse (7, > ), while higher pressures such as 1000 MPa would yield to
growth (7, < 7). In an intermediate regime, the pore could experience either growth or collapse, and perhaps both
within the laser track location. This suggests that there may be a competing effect between pore growth and
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collapse depending on the temperature/viscosity and conditions considered. However, beyond 7,,,., the existence
of nanopores is expected to be compromised and this viscosity value is kept as the upper bound of nanogratings
existence.

111.3. Prediction of nanogratings imprinting in various glass systems

From the above discussion, it becomes clear that the temperature difference between the 7inaxand Teav,
reported in Table 1, must be maximized for a glass in order to present a larger nanogratings window. In Fig. 3(a)
the viscosity as a function of temperature for multiple oxide glasses (in addition to the ones discussed in this paper)
is reported. An estimated domain of nanogratings existence is provided in Fig. 3(b), by taking the temperature
difference between 7Tuax (set as 7= 1030 Pa-s) and Tsor (17 = 1056 Pa-s), respectively upper and lower bounds.
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Fig. 3. a) Viscosity as a function of temperature for a variety of commercial and typical glasses, along with an estimated domain of nanogratings
existence from Tsor (7= 10°6 Pa-s) to Thnax (7= 1030 Pa-s). b) Temperature difference ( 7max— Tvor) as a function of glass composition. A larger
value suggests a wider processing window (with respect to temperature) to form nanogratings.

The predicted “effectiveness” to imprint “stable” nanogratings in the selected glasses, in a sense that they
can be observed after laser irradiation, agrees with the results reported in Fig. 1, where BK7 presents the lowest
temperature interval and the narrowest nanogratings window, while it is the opposite for silica. Moreover, these
findings concur with literature data. For example, in Ref. [26], for 800 fs pulse duration, the nanogratings window
was found larger for SiO,, the Borofloat 33, and finally AF32, which is what is found and predicted herein (Figs.
laand 3b). In GeO; and GeO-doped SiO; glasses, it was found relatively easy to induce nanogratings with various
sets of laser parameters and writing conditions [20]-[22], [24], [25]. Moreover, the birefringence response
observed in Ref. [27] for BK7 was likely due to nanogratings. Indeed, from this work we demonstrated the
nanogratings imprinting in BK7 through SEM observations (Fig. 1b), while both the experimentally and predicted
narrow nanogratings windows agree with the difficulty in this cited work to detect the nanopores/nanoplanes using
scanning electron microscopy.

Several other aspects are worth discussing. First, BK7 displays a much lower bandgap energy compared
to silica (~3.5 eV versus ~9 eV). Consequently, even with a 3-photon nonlinear absorption (in our case A= 1030
nm, i.e., 1.2 eV), the formation of bulk nanogratings is still possible. Secondly, in some glasses such as alkali-rich
glasses (e.g., Na2O-SiO; [23]) a large number of pulses (multi-pulse regime) is required to trigger nanogratings
(typ. > 10° or 108 pulses). Interestingly, network modifiers are found to migrate outward of the irradiated volume
[30]. A direct consequence, based on our work, could be a local variation in the glass viscosity enabling not only
the formation of nanogratings at short timescale but also their survival to the heating-cooling processes during
pulse deposition. Moreover, contrarily to LIPSS, the formation of nanogratings still requires a multi-pulse regime
even for silica [23], [28]. As mentioned earlier in this paper, at low pulse energies or pulse densities, a regime (so-
called Type X) was identified where nanopores can exist, but the nanogratings are not formed yet. At this stage of
the process, the nanopores are not highly elongated yet and self-organized into nanolayers [41], [46]. Interestingly,
this regime suggests that the cavitation process can already take place after the first few pulses are being deposited.
In fact, this work anticipates cavitation after the very first pulses are deposited, and therefore takes the Type X into
account. Furthermore, the heat accumulation process, as discussed in section 111.1 and triggered by a multi-pulse
regime, may play a direct role in the formation and erasure of these pores through an increase of temperature in
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the heat affected region. We therefore expect that the minimum pulse density to induce nanogratings would be a
strong function of glass composition.

For completeness, several studies have highlighted, based on thermo-mechanical arguments, strong
evidences of a void-to-nanogratings transitioning upon progressive laser irradiation (e.g., Refs. [47], [48]).
Although this requires a more in-depth analysis based on the proposed approach, several aspects are anticipated
herein. High tensile strength, generated by high energy deposition, would favor voids formation as the pressure
contribution would overcome the surface energy term (Fig. 3), yielding viscous growth of the nanopores.
Additionally, the description of higher thermal gradients, associated with the fastest growth of nanobubbles in the
laser track head as described in Ref. [48], is in agreement with our findings. While the topic of another study, this
approach could also frame the existence domain of voids-like transformations.

Finally, no direct observation of porous bulk nanogratings has been reported for other glass systems.
However, recently sub-surface formation of nanopores revealed to be possible under specific conditions in tellurite
or chalcogenide glasses [49], [50]. This might be because the viscosity of these glasses strongly varies with respect
to temperature (short glasses). This would further narrow the nanogratings window and compromise nanogratings
formation, in agreement with the presently advocated viscosity approach. For crystalline structures, such as in
Al,O3 [51] or TeO. [52], the laser-induced modifications would depend on the internal structure of the
nanogratings (nanopores, nanoscale phase separation, or local amorphization or recrystallization etc....).
Additionally, for crystals the viscosity would be abruptly reduced above the melting temperature as the material
transits from crystal to liquid phase. This is much different from glasses, which exhibit a progressive decrease in
viscosity as the temperature increases. Hence, at this step our approach is restricted to nanogratings made of
nanopores. Still, we expect that the latter can be broaden to other types of nanogratings, since chemical migration
and crystallization kinetics include mobility, and consequently viscosity-related phenomena.

V. Conclusion

Understanding the formation of nanogratings inside silicate and germanate glasses is an attractive research
field, since these sub-wavelength and self-organized structures enable miniaturized functionalization and unique
properties. In this context, this work addresses the challenges to imprint, or not, nanogratings, through a viscosity
approach. It is shown, building from previous work, that the nanogratings domain is bound between two limits: i)
a low temperature one, corresponding to a cavitation mechanism, and for which the viscosity is situated at ~10%¢
Pa-s, and ii) a high temperature one when the pores experience either growth or collapse, this time for a viscosity
value typically around ~10%°Pa-s. These predictions are validated by experimental work performed on five glasses,
for which nanogratings domains are either large (SiO2), intermediate (GeO2, AF32, Borofloat 33), and narrow
(BK7). The results agree with the literature and the proposed viscosity approach. A direct consequence of this
work is to demonstrate that nanogratings can be achieved in most, if not any, glasses. However, the processing
windows can be drastically different, and a systematic analysis must be undertaken to find the adequate conditions
for which nanogratings can survive the laser-irradiation process.

Future work includes simulation of the temperature elevation during the irradiation process for each glass
composition. This will help to target and anticipate in which conditions the temperature range, hence viscosity
range (see Fig. 3) corresponding to the formation of nanogratings, can be achieved.
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