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Abstract: Optical devices fabricated by femtosecond (fs) laser within the Type Il regime
are of interest for high temperature applications (> 800°C). fs-Type Il regime is
characterized by the formation of self-organized nanogratings, which are composed of
regularly spaced porous nanolayers with nanopores having a typical size of a few tens of
nm. In this work, we first investigate the evolution of the nanopores size distribution as a
function of fs-laser writing speed and pulse energy, as well as a function of annealing
temperature after fs-laser irradiation. Then, the thermal stability of such nanopores is
numerically investigated through the use of the Rayleigh-Plesset (R-P) equation, and is
compared with experimental data. The R-P equation provides insights into the temperature
range at which the nanopores would ultimately collapse, serving as a design tool for future
high temperature fs-Type Il based devices. The key role of glass viscosity and nanopore
size diameter on the overall thermal stability is also discussed.

Keywords: femtosecond laser; nanogratings; silicate glasses; thermal stability

1. Introduction

Optical devices capable to withstand and operate at high temperatures (> 800°C) for a
long period of time (e.g. hundreds of hours) are attractive for many applications, including
aircraft engine monitoring, fuel bed combustors, long lifetime optical data storage or fiber
lasers[1-3]. Within the tools at one’s disposal to fabricate devices in both fiber and bulk
glass materials, femtosecond laser-direct writing (FLDW) is particularly interesting.
Indeed, FLDW is a versatile technique that enables high peak powers to induce local three-
dimensional (3D) modifications inside the glass subtract, due to the nonlinear absorption
processes involved during the laser light — matter interaction. One of the unique features of
FLDW is the possibility to induce self-organized nanogratings, within the so-called Type Il
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regime [4]. In addition, nanogratings have been reported in a variety of glasses, including
silica, germanates, silicates, borosilicates [5, 6].

In silica, these nanogratings can survive beyond 1000 °C for several hours [7], and are
composed of regularly spaced porous nanolayers (typically few tens of nm thickness, with
a period of about 300 nm). The latter are filled with nanopores having their size and number
being a function of the laser parameters as well as the glass material [8]. Upon an increase
in temperature, Type Il regime laser-induced modifications would yield changes in the
glass structure (e.g., point defects, stress, specific volume) and in the related physical
properties (e.g., refractive index, birefringence, light absorption and scattering). Such
modifications will ultimately dictate the response and the lifetime of a fabricated optical
device (e.g., a grating used as a sensor [2] or a dot used for 5D optical data storage [3].

Thus, it is critical to understand what are the underlying mechanisms that drive the
evolution of these aforementioned modifications at high temperatures. The annealing of fs-
laser induced nanogratings yield to some modifications, at different temperature ranges,
which have previously been investigated and reported. For instance, the presence of laser
induced defects, such as non-bridging oxygen hole centers (NBOHC), fully erased at 600°C
within a few minutes [9]. Additionally, in silica the typically large amount of 3- and 4-
membered rings, characteristic of densification and the presence of an intense compressive
stress induced by Type Il laser irradiation, is found to decrease and to anneal away within
the 800°C - 900°C temperature range [9, 10]. Moreover, the stress field associated with the
formation of nanogratings (see for instance Ref. [11]) is typically relaxed slightly below or
at the glass transition temperature ([11100°C for silica) [10, 12, 13]. Ultimately, the fs-
induced modifications correspond to a permanently decomposed glass with nanopores
embedded inside it [14, 15]. As a note, the presence of defects in the glass, as discussed
above, is partly associated with the dissociation of SiO, into SiOy. + XO» [14]. The
Raman peak intensity, centered at 1556 cm™ in Ref. [14], is characteristic of free O, inside
the glass nanopores [16]. Increasing the temperature in the 300°C — 600°C range causes
bleaching of defects, which would yield a decrease of the O, pressure. The signature of free
O, is detected up to (1600 °C using Raman spectroscopy (see Figure 3.14 of Ref. [17]), and
agrees well with the aforementioned defect bleaching.

In this work, we first investigate the nanopores size distribution, in silica glass, for
different writing conditions (speed and pulse energy), as well as the erasure of the

nanopores through heat treatments at different temperatures. Variations in the average



65
66
67
68
69
70
71
72
73
74
75
76
77

78

79
80
81
82
83
84
85
86
87
88
89

nanopore size diameter are observed [18]. Following this, the thermal stability of the laser
induced nanopores is investigated using the Rayleigh-Plesset (R-P) equation [19], assuming
the nanopores to have a spherical shape. In practice, the nanopores can take the form of
ellipsoids or more complex shapes [20, 21]. However, this work intends to set the basis for
future work to include these difficulties and therefore only spherical particles is considered.

The role played by both the glass material (including silica — Infrasil and PCVD types,
Borofloat 33 — 81%Si0,-B,03-N,20-Al,03, and Ultratew-expansion—ULE glass — glass
Ultra Low Expansion 93%Si0O,-TiO,) and the initial nanopore size diameter on the overall
thermal stability of the fs-induced nanogratings are modeled using the R-P equation, and
compared with experimental data. This work is aimed to provide preliminary insights on
the ultimate stability of the nanopores present in the glass. This may be used as a means to
ease the selection of glass material and laser parameters to enhance thermal stability in

future optical designs operating in a high temperature environment.

2. Materials and Methods

First, the nanopore size distribution within the porous regions is investigated for three
different glass samples (labeled S1, S2 and S3), which are reported in Table 1, along with
the different laser irradiation conditions. In S1 sample the writing speed is varied from 0.01
mm s to 10 mm s™. In S2, the pulse energy is varied from 0.2 pJ to 1.0 pJ, and in S3 Type
Il laser-induced modifications are consecutively annealed for 30 minutes at 1000°C,
1100°C, and 1200°C. In order to investigate the nanopores and their size distribution, each
sample was cleaved perpendicularly to the laser light polarization direction (for instance see
Ref. [1]) and imaged by a scanning electron microscope (FEG-SEM Zeiss Supra 55 VP).

Table 1 Glass samples and laser irradiation conditions investigated for nanopore

size distribution characterization

Silica
Materials Silica SuprasilCG Silica PCVD )
suprasilCG
Parameters Sample L

S1 S2 S3

Labelling
Pulse energy (JJ) 2.0 0.2;0.4;and 1.0 1.0
Writing speed, v (mm s™) 2 0.01;0.1; 1; 10 0.1 01
Repetition rate, f (kHz) 100 100 100
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Number of pulses per um  10,000; 1,000; 100; 10 1,000 1,000

Wavelength (nm) 1030 1030 1030
Pulse duration (fs) 250 300 300
Numerical aperture, NA 0.6 0.6 0.6

Focusing depth (um) - 1300 1300
Configuration® - Il Il

“This sample is the same as in Ref. [8].
2\arying the laser writing speed v with a constant repetition rate f is equivalent to changing
the pulse density v/f, or the “number of pulses per um” as defined in the table.

% I/ or B: Laser polarization parallel (//) or perpendicular (2) to the writing direction.

Following the investigation of the nanopore sizes, a numerical approach, using the
Rayleigh-Plesset (R-P) equation, is undertaken to simulate the erasure of the nanopores
during the thermal annealing. The R-P equation is derived from the Navier-Stokes equation
and physically describes the evolution of a spherical bubble inside an incompressible
Newtonian fluid. The R-P equation takes the following form [19, 22, 23]:

AP _ R d*Rpore 3 (dRpore)z 4n(T) dRpore 28 (@D)]
P pore  ar? 2 dt PRpore dt PRpore

In this equation, 4P is the pressure difference (in Pa) between the inside of the nanopore
(supposed spherical) and far away from it, p is the glass density (in kg m™), Rpore the radius
(in m) of the spherical nanopore, t the time (in s), #(T) the glass viscosity (in Pa.s), and S is
the surface energy (around 0.3 J m™for silica [24]). Both p and S are set independent to the
temperature for sake of simplicity. The viscosity is extrapolated from glass manufacturer
datasheets (Borofloat33, SuprasilCG, Infrasil and PCVD) and from Ref. [8] for ULE glass,
using a Vogel-Tammann-Fulcher (VTF) law in the form log(n)=A+B/(T-TO). Initial
conditions are Ryore (@t t = 0) = Rp and dRpore/dt (at t = 0) = 0. The equation is solved
numerically using an ordinary differential equation (ODE) built-in solver from Matlab
software. This work only intends to provide preliminary understandings on the ultimate
stability of nanopores using the R-P equation. Therefore, several assumptions and
simplifications are made. First, we set AP = 0, as the decrease in O, concentration inside the
nanopore, due to bleaching of defects as described in the introduction below 600°C. It would
result in a rather small O, pressure, which will be subsequently neglected throughout the

paper. The R-P equation is used to compute the nanopore size evolution for different glasses,
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including pure silica (PCVD, Infrasil301), Borofloat33 and ULE, which have been reported
in Ref. [8]. In these experiments, the thermal stability of Type Il nanostructures is
investigated through step isochronal measurements (4¢ = 30 minutes, A7 typ. 25°C or 50°C)
and by monitoring the retardance induced by the birefringent nanogratings. The Retardance
(R) is defined as the product of the Birefringence (B) with the length (L) of the birefringent
object (R = BxL). In Ref. [8], the aforementioned R(4t, T) values measured at room
temperature after each annealing step are normalized relative to the initial (not annealed) R(t
= 0, 20°C) value. In this work, the experimental data are normalized with respect to the R
value at the temperature above which the retardance experiences a steep decay rate (e.g., T =
1225°C for Infrasil301 in figure 5a in Ref. [8]). The latter normalization enables to
investigate only the last step of nanograting erasure.

In order to compare the computed results from the R-P equation with the experimental
normalized R values, the nanopore size diameter (from R-P equation) is converted to a
normalized retardance value following the procedure described below. First, we calculate the
average refractive index of the porous nanolayer (np) using the Maxwell-Garnet equation
[25]:

1+ 2FF
2 ntz} + ( 3 ) (nzzmre - ncz})
ng + T (nzzoore - né)

In the above equation, ng is the glass refractive index (taken as 1.4599, i.e., index of silica at
551 nm), which is assumed independent of temperature (small dn/dT of [ 10x10°® K™ [26]).
This value is taken equal both inside the porous nanoplanes (i.e., around the nanopores) and
between the porous nanoplanes. This simplification is acceptable in the conditions of this
work, as we principally focus on the erasure of the nanopores for temperatures at, or above,
the glass transition temperatures of the glass materials investigated. Therefore, the
contributions to the refractive index due for instance by the presence of a stress field or a
permanent densification of the glass are annealed away.

FF is the filling factor, defined here as the relative volume taken by the nanopores per unit
volume of porous nanolayer (labeled V), and nyore is the nanopore refractive index, taken
equal to 1. The filling factor is related to the averaged nanopore radius (Rpore) through the

following equation:
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FF = N—2° (3)
3V

Here N is the number of nanopores (with an averaged nanopore radius Rpore) per unit
volume V of porous nanolayer. A 2D filling factor (i.e., taking the area taken by the
nanopores per unit surface of porous nanolayer) can be determined from SEM
micrographs and is usually in the order of 20% - 40% [18]. The latter (labeled FFp) will
be used in section 3:1. When discussing the normalized retardance in section 3.23, the
FF defined in Equation 3 is computed. Additionally, in this work, the refractive index of
the glass in between the porous nanolayers is set equal to ngas in Ref. [18]. Hence, the
birefringence B = n,— ne, where n, and n. are the refractive indices of the ordinary and

extraordinary axes, respectively, is calculated from [7, 18]:

(4)

A is the average spacing between nanolayers, ¢ is the porous nanolayer thickness, and (4 — o)
is the interlayer thickness. Finally, the linear retardance can be calculated using the
expression R = BxL as defined above.

3. Results

of laser writing conditions on the evolution of nanopores size

The impact of the writing speed in the nanopore distribution is depicted in Fig. 1,
where SEM micrographs, nanopore size distribution, 2D filling factor and averaged
nanopore size-diameter as a function of writing speed, are displayed (using Sample S1). We
observed that the average nanopore diameter increases when writing speed increases (from
53 nm to 77 nm from 0.01 mm s™ to 10 mm s, respectively, corresponding to a [1 45%
increase). As the writing speed increases, the spread of the nanopore diameter distribution
also becomes larger (e.g. standard deviation is increased from 13 nm to 34 nm between
0.01 mm s and 10 mm s™). While the average nanopore size is increased when speed is

increased, the 2D filling factor comparatively decreases. The evolution of FF,p observed in
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Fig. 1 is qualitatively in agreement with retardance values reported in Ref. [8]. However, it
is worth pointing out that other contributions factor into the measured retardance value,
such as laser track length, porous nanolayer thickness or periodicity.
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Fig. 1 Effect of the writing speed on nanopore size, distribution and filling factor,
using Sample S1. (a) Scanning electron micrographs of the porous regions for
different writing speeds; (b) Nanopore size diameter distributions with respect to
the writing speed; (c) Evolution of the 2D porosity filling factor and the average
nanopore size diameter as a function of writing speed. The lines are here only as

guide-to-the-eye

The evolution of the nanopore size and distribution, as presented in Fig. 1 with respect
to varying writing speed conditions, is now investigated through the variation of the laser
pulse energy, everything else being set constant (from Sample S2). The results are reported
in Fig. 2. An increase of the pulse energy is associated with an increase in the nanopore size
diameter, which exhibits an almost linear rate within the investigated interval ([18.6 nm
diameter increase per pJ). There is almost no evolution of the standard deviation (5.3 hm
and 5.9 nm for 0.2 pJ and 1.0 pJ, respectively). However, as opposed to the results from
Fig. 1a, the increase in energy is associated with an increase of the filling factor, and is in

agreement with a higher retardance value (for instance in Ref. [27]).
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Fig. 2 Effect of the laser pulse energy on nanopore size, distribution and filling
factor, using Sample S2. (a) Scanning electron micrographs of the porous regions
for different pulse energies; (b) Nanopore size diameter distributions with respect
to pulse energy; (c) Evolution of the 2D porosity filling factor and the average
nanopore size diameter as a function of pulse energy. The lines are here only as

guide-to-the-eye

Experimental observation of the decrease in nanopores size in annealing process

Finalhy—the The evolution of the nanopores’ morphology and size distribution as a
function of annealing temperature (for isochronal time steps At of 30 minutes, and using
sample S3) is reported in Fig. 3. In this experiment, we observe that the nanopore size
diameter decreases first as the temperature increases, but appears to plateau at the highest
temperature. This effect can be interpreted from the results given by the R-P equation, and
is discussed in the following section. On the other hand, we observe a diminution of FF,p
that is characteristic of a decrease in the birefringence response (hence the measured
retardance). Other SEM micrograph analysis, not presented here, also showed that both

planes’ thickness and spacing between planes were independent of temperature.
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Fig. 3 Effect of thermal annealing on nanopore size, distribution and filling factor,
using Sample S3. (a) Scanning electron micrographs of the porous regions for
different annealing temperatures (4t = 30 minutes); (b) nanopore size diameter
distributions with respect to annealing temperature; (c) Evolution of the 2D

porosity filling factor and the average nanopore size diameter as a function of

annealing temperature

Simulation study of the decrease in nanopores size in annealing process by the Rayleigh-

Plesset equation

Thermal stability of Type Il nanogratings inscribed in various glasses (silica and
silicate glasses) were investigated and reported in Ref. [8], using step isochronal annealing
experiments (4¢ = 30 minutes, AT = 25°C). These data are displayed in Fig. 4, but
renormalized relative to the sharp retardance decrease at the highest annealing temperature
values that we hypothesized here to be characteristic of the nanopore erasure. It is worth
pointing out that in order for each data point to be independent to the other, the criterion
(At ko) @M << 1 must be fulfilled [28] (with ko estimated to be around 5x10° to 5x10’
s for nanogratings erasure in silica [29]). In this work, this criterion is not satisfied and
therefore the thermal stability in this condition is expected to be slightly underestimated
with respect to a stability curve having independent data points. In this paper only the final
erasure step of the measured retardance R(At,T) is investigated. Following the same
experimental conditions as in the experiment, the Rayleigh-Plesset (R-P) equation was used
to simulate the nanopore erasure, and the evolution of the retardance was calculated based
the nanopore size diameter, the filling factor FF and using the form birefringence equations

9
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(Equations 2, 3, and 4) shown above. Here we assume that the nanolayers thickness (o), the
average spacing (), and the interlayer thickness (/-6), and the laser track length (L) did not
change with the annealing steps in-agreement-with-our-SEM-observations. The comparison
between experimental data and the simulated data (using R-P equation) are reported in Fig.
4. It is worth pointing out that the R-P equation computed here is for a single initial
nanopore size diameter. However, as was previously discussed, the nanopore size diameter
is distributed in a fairly wide interval, depending on the laser writing conditions but also
with the chemical composition [6, 30]. However, as a first approximation, one can note that
evolution of the simulated retardance, related to the erasure of the nanopores using the R-P
equation, agrees rather well with the experimental data. This is indicative that viscosity is a

first order property in the erasure mechanism of nanogratings and their associated
birefringence in a high temperature regime.
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Fig. 4 Evolution of the normalized retardance during step isochronal annealing
experiments for various glasses (taken and re-normalized from Ref. [8]) compared
with the Rayleigh-Plesset (R-P) equation used to simulate the nanopores’ erasure.
Conditions used in the simulation: 4P = 0 Pa; S = 0.3 J m% p = 2200 kg m™;
Initial nanopore radius used during calculation: R(t = 0) = 25 nm; #(T) fitted using

a VTF law for each glass (Infrasil, PCVD, Borofloat33, and ULE)

The effects of both nanopore size diameter and surface energy S (from R-P equation)
are investigated and reported in Fig. 5 (a and b). As the initial nanopore size diameter is
increased or the glass surface energy is decreased, the annealing curves shift to higher

temperatures. With a 100 nm nanopore diameter change, thermal stability curve is expected

10
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to shift by [1100°C (for a value of R = 0.5). In contrast, the surface energy plays a less
significant role in the process since a large change of surface energy (45 = 0.4 J m?) shifts
only by [1 50 °C the annealing curves. The discrepancy between the experimental data and
the model observed in Fig. 4 for the Infrasil301 could potentially be attributed to a variation

of surface energy, although further investigations would be necessary to verify this

hypothesis.
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Fig. 5 Evolution of the Retardance (only taking into account the evolution of the
nanopores) for step isochronal annealing experiments (4¢ = 30 minutes, AT = 25
°C) for SuprasilCG glass simulated by Rayleigh-Plesset (R-P) equations. (a) Effect
of initial nanopore size diameter (from 10 nm to 150 nm), with a constant value of
S =0.3J m?2 (b) Effect of surface energy S (from 0.1 J m2to 0.5 J m?), with a

constant value of R(t =0) = 15 nm

4. Discussion

In the previous section we have shown that the thermal stability of nanogratings
(evaluated though optical retardance measurements) induced by IR fs-laser (so called Type
Il regime) is not only a function of the silicate glass chemical composition but also of the
nanogratings morphology. The use of various laser-writing parameters, including writing
speed (hence linear pulse density) and pulse energy, directly influence the distribution and
the size of the nanopores within the porous nanolayers. A direct consequence of this is the
change in the thermal stability of optical devices fabricated by Type Il fs-laser writing. As

an example, the average refractive index changes along the “fringes” of a Type Il fiber

11
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Bragg grating (such as the ones in Ref.[2]) would be equal to (n. + ny) / 2. In contrast
polarizing based devices like radial-azimuthal polarization converter [31], achromatic
polarization rotator [32], fs-laser induced waveplates [13, 33] or 5D “cternal” optical
memories [3] are based on the optical retardance amplitude and thus proportional to (n. -
no). Hence, the optical response of these devices at high temperatures would be related to
the magnitude of birefringence induced by the overall porous structure, and among which
the nanopore size plays an important role.

Additionally, the chemical composition of the glass material has a critical role in the
erasure of the nanopores, as its viscosity behavior is found to mostly dictate the overall
nanopores’ erasure, as shown from the results using R-P equation. For instance, low OH
and Cl impurity-containing materials, such as Infrasil301 silica, present high viscosity at
high temperatures, which is expected to promote thermal stability of the nanopores. The
differences observed in optical properties, here in term of linear birefringence, are in fairly
good agreement between experimental and simulated data using the R-P equation as shown
in Fig. 4.

From Fig. 1, the average nanopore diameter increases from 53 nm to 77 nm between
low and high writing speeds (0.01 mm s™ to 10 mm s™), and the steep decay of the
associated isochronal annealing curves is shifted by [115°C to higher temperatures (Ref.
[8]). By using the R-P equation with the experimental conditions described in the same
reference, a shift of [115°C is also predicted.

In Fig. 3c, we observe that, as the irradiated glass is progressively annealed, the
nanogratings filling factor FF decreases while the averaged nanopore size remains nearly
constant. This can be explained on the basis of the R-P equation, where we observe that
small nanopores being erased more quickly than the larger ones (see Fig. 5a). As a result,
the fully erased small nanopores are not included in the counting to determine the average
nanopore size-diameter. This has an effect of shifting up the average nanopore size diameter
to larger values. However, the filling factor still decreases as nanopores are progressively
erased, which are in agreement with the observation of a decrease in retardance. One a
more speculative note and based on results from Fig. 5b, a possible way to further promote
thermal stability could be by minimizing the glass surface energy.

As was mentioned in the introduction, it is worth pointing out that the shape of the
nanopore is rather ellipsoidal than spherical, as was brought to evidence in Ref. [20] using

small angle X-ray scattering (SAXS) measurements. In our conditions and to reveal the

12
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porosity of the nanopore layers, the sample are cleaved along the short axis direction and
placed under an SEM for observation. It is this axis that will determine the kinetics of
erasure of the nanopores (based on R-P equation) as the long axis of the nanopores will take
a longer time to erase. Although the shape of the annealing curve is expected to be slightly
modified, using an ellipsoidal geometry to model the dynamics of the nanopore erasure
should not be drastically different with respect to a spherical geometry.

Type 11l regime, associated with the formation of nanovoids (typically in the 100s nm
to 1 um diameter range [34-36]), is known to be slightly more stable that type Il
nanogratings, provided that associated stress and densified shell surrounding the nanovoids
can be stabilized. From this work, the larger size of the nanopores is expected to be a
principal contributor to this higher thermal stability. Hence, in the realm of high thermal
stability devices, one would want to maximize the nanopore size diameter. Additionally, a
single void structural modification induced by femtosecond laser may be advantageous
over nanopores as one would not have to take into account a nanopore size distribution,
which may ease thermal stability predictions. Finally, the viscous behavior of the glass
material will ultimately set the upper limit of the thermal stability of the device. Hence the

current interest is to develop high viscosity glasses and optical fibers [1, 37].
5. Conclusions

In this work, the effect of glass composition and laser parameters upon fs-laser
direct writing in the Type Il regime (formation of nanogratings), are reported in silica and
silicate glasses. The evolution of nanopores diameter as a function of laser writing speed,
pulse energy, and temperature (through step isochronal annealing) is investigated and
discussed. The Rayleigh-Plesset (R-P) equation is then used to compute the collapse of
such nanopores as a function of glass chemical composition and with varying initial
nanopore size diameters or surface energy values. The R-P equation shed light on the major
role played by the temperature dependence of the glass viscosity on the thermal stability of
fs-induced Type Il modifications. The viscous behavior of the glass, at high temperature, is
the major parameter that drives the nanogratings erasure and related form birefringence.
The initial nanopore size diameter is also found to play a significant role in the overall
thermal stability of the fs-laser induced modified region. On a final note, this work aims to

serve as a roadmap for the development of components stable at high temperatures, by
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mean of both glass property tailoring (e.g., viscosity, surface energy) and the mastering of
laser-induced structural modifications (such as the formation of large nanopores or voids).
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