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Abstract: The ability to induce nanogratings using a femtosecond laser in common oxide
glasses is investigated experimentally. A simple and general viscosity-based
approach is subsequently employed to predict their existence in glass. © 2022 The
Author(s)

1. Introduction

Nanogratings, also labeled as “Type II” transformations, were first observed in 2003 [1] after femtosecond
(fs) laser irradiation inside silica glass. They 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 again optical sensing applications [2]. However, the ability to successfully imprint 3-dimensional (3D)
nanogratings in silicate glasses strongly depends on the glass composition. This work provides insights
on the relative difficulty to imprint 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. 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 nanogratings processing window. This
work opens the door to future glass viscosity engineering to maximize 3D nanogratings imprinting and
related optical properties.

2. Experimental details

Five bulk glasses were selected based on literature results and viscosity profiles: BK7, AF32, Borofloat
33, GeO2, and SiO2 (SuprasilCG). Each glass sample, in the form of a plate was irradiated in similar
conditions using a fs laser. In this work, the investigation of nanogratings existence was probed in a
pulse energy (Ep, in pJ) — repetition rate (RR, in kHz) landscape. Polarized optical microscopy was
used to quantify the birefringence response and characteristics of nanogratings. Additionally, scanning
electron microscopy (SEM) was performed on the laser tracks cross sections (x,z plane) to ensure
the existence of porous nanolayers and nanopores. The data taken for all commercial glasses
investigated were provided by the glass suppliers. And the temperature dependence of glass
viscosities (n(T)) was fitted using the Vogel-Fulcher—-Tammann (VTF) equation.

3. Results
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Fig. 1. (a) Determination of observed nanogratings in an energy-repetition rate landscape for five
glasses: SiO2 (Suprasil), GeO2, Borofloat 33, AF32, and BK7. (b) lllustration of nanogratings observed
in BK7 from SEM analysis; conditions are pulse duration = 800 fs, writing speed = 1 um/s, RR = 25 kHz,
Ep = 0.6 uJ, focal depth = 300 um. (c) Evolution of retardance as a function of pulse energy (800 fs, 50
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kHz, NA = 0.6); each data point has a £ 5 nm uncertainty.

The formation of nanogratings in the Ep-RR landscape was investigated. The domain of nanogratings
existence for each glass is shown in Fig. 1(a). 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, 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). The nanogratings window
is the largest for SiO2, intermediate for GeO2, 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 agrees with the tendency to form nanogratings more easily
in SiO2 or GeO2 are strong network formers. The principal aim of this paper is to highlight the link
between nanogratings window and glass viscosity behavior with temperature. The viscosity as a
function of temperature for multiple oxide glasses (in addition to the ones discussed in this paper)
is reported [3-4] (Fig. 2(a)). An estimated domain of nanogratings existence is provided in Fig. 2(b),

by taking the temperature difference between Tmax (set as n = 103-0 Pa:s) and Tsoft (n = 1066 Pa:s),
respectively upper and lower bounds. The lower limit corresponds to a temperature at which the
viscosity is ~106-6 Pa-s, where occurs nanocavitation of the glass, forming the nanopores that compose

the nanogratings. An upper temperature limit, set for a viscosity value of ~103-0 Pa:s, 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

[5].
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Fig. 2. (a) Viscosity as a function of temperature for a variety of commercial and typical glasses, along

with an estimated domain of nanogratings existence from Tsoft (n = 106-6 Pa:s) to Tmax (n = 1030
Pa-s). (b) Temperature difference (Tmax — Tsoft) as a function of glass composition. A larger value
suggests a wider processing window (with respect to temperature) to form nanogratings.

4. Conclusions and perspectives

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 optical properties including the form of birefringence, stress-birefringence
engineering and even optical chirality. This work addresses the challenges to imprint, or not,
nanogratings, based on a viscosity approach. These predictions are validated by experimental work
performed on five commercial glasses.
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