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This study investigates the mechanisms of ablation-free microforming of borosilicate glass using Raman spec-
troscopic structural analysis. The glass sample is irradiated by a femtosecond-laser scanning process, inducing
surface topography changes and a volume change within the irradiated region. Raman measurements were
performed in the central volume of the sample. Raman mapping and line scans are compared with reference
samples obtained by controlled heat treatments (annealing), thereby enabling both qualitative and quantitative

evaluations of the laser-induced structural modifications. Correlations between Raman signal and glass density
allow determining the origin of the local volume changes. High cooling rates during microforming correlate with
a Raman shift toward higher wavenumbers (A ~6 cm’l) and the associated decrease in density (A ~0.5 %).
From these relationships, the density distribution within the microformed region is derived and fully explains the

volumetric change.

1. Introduction

Laser processing of dielectric materials by ultrashort laser pulses
(USP) has emerged as a key enabling technology for advanced photonic
and micro-optical applications, including integrated waveguides,
microfluidic devices, diffractive optical elements, and surface func-
tionalization for tailored wetting or optical properties [1]. Compared to
continuous-wave or long-pulse irradiation, USP processing enables
highly localized energy deposition via nonlinear absorption in wide
bandgap materials, resulting in minimized heat-affected zones, reduced
collateral damage, and high spatial resolution [2]. These characteristics
allow precise surface and volume modification of silicate glasses [3].

Among the different USP-based processing strategies, ablation-free
surface structuring, here referred to as microforming, represents a
distinct regime in which controlled surface topographies are generated
by thermally induced viscous flow without significant material removal.
The general principles of USP-based microforming of borosilicate glass
have been reported previously [4], [5]. However, the thermally induced
structural modifications of the resolidified glass remain insufficiently
understood.

Microforming is thermal

characterized by extremely fast
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interactions, with heating and cooling rates reaching several thousand
K-min~! [6]. Rapid quenching leads to an increase in fictive tempera-
ture, which defines the frozen-in structural state of the undercooled melt
and governs density and network configuration [7], [8]. Although
subsequent annealing with slow cooling can partially restore the equi-
librium structure, complete reversibility of laser-induced modifications
is not consistently achieved.

The structural response of silicate glasses to rapid cooling during
laser irradiation is strongly composition dependent. USP irradiation of
fused silica during waveguide processing is commonly associated with
densification attributed to structural compaction of the SiOy network
[9], [10]. In contrast, soda-lime glass exhibits a decrease in density
under comparable conditions [11], whereas densification has been
observed for Borofloat® 33 [11], [12].

Despite these findings, the behavior of Borofloat® 33 under ther-
mally dominated USP microforming conditions has not yet been sys-
tematically investigated, particularly with respect to the relation
between thermal history and the resulting structural and volumetric
modifications. The present study addresses this gap by analyzing laser-
induced structural changes in Borofloat® 33 using Raman spectros-
copy to correlate spectroscopic signatures with process-induced density
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variation and surface deformation, thereby contributing to a mecha-
nistic understanding of microforming.

2. Material and methods

In this study, uncoated, commercially available glass substrates of
Borofloat® 33 (from Schott Technical Glass Solutions GmbH) were used
as sample material. The chemical composition of this material was SiO5
(81 %), B203 (13 %), Nay0/K20 (4 %) and Aly03 (2 %), which is typical
for borosilicate glasses [13]. It exhibits a glass transition temperature
(Tg) of 525 °C, an annealing point (1013 dPas) of 560 °C, and a softening
point (107 dPas) of 820 °C (Table S1 in Supplementary material).

The glass substrates (thickness 1 mm) were processed using a
femtosecond laser (Amplitude; 350 fs; 515 nm, 5 W, 10 pJ). A galva-
nometric scanning system (intelliSCAN III 14, SCANLAB GmbH) with a
telecentric F-theta lens (f = 100 mm, Qioptiq Photonics GmbH & Co. KG)
was used for beam guidance and focusing. The samples were irradiated
at normal incidence. The nominal focal plane was set 100 pm below the
bottom of the sample (Fig. 1b). The refractive index-dependent focal
shift amounted to approx. 320 pm for the glass sample thickness used in
the experiment, and a refractive index of n = 1.4747. The actual focal
position was consequently 420 pm below the bottom surface of the glass.

The beam profile was characterized using a camera-based beam
profile measurement system Spiricon LT665 (OPHIR Optronics Solu-
tions Ltd; spectral range 190-1100 nm; image format 12.5 mm x 10 mm;
pixel spacing 4.54 pm x 4.54 pm). The laser beam diameter was approx.
15 pm at the focal position and approx. 65 pm at the top surface of the
glass sample. Although the beam caustic was characterized at the laser
system, Gaussian beam propagation through the glass sample cannot be
assumed under the applied ultrashort-pulse laser parameters. Conse-
quently, the laser beam spot diameter at the bottom surface cannot be
specified.

Square fields 2 x 2 mm? (Fig. 1a) were irradiated in six passes with a
line spacing of 10 pm (line overlap approx. 85 %), at a scanning speed of
120 mm s}, and a repetition rate of 500 kHz. It can be assumed that
cumulative energy absorption occurred throughout the full glass thick-
ness, and that the entire irradiated volume was approx. 4 mm®.

A white light interferometer (WLI) was used to visualize the resulting
surface topography (Polytec GmbH; 5x objective; vertical and lateral
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resolutions of 2 nm and 2.46 pm, respectively). The measurement also
allowed the volume change of the laser-irradiated area to be calculated.

To quantify the residual stresses around the modified region in the
glass sample, a polarimetric measuring system (StrainMatic M4/100)
was used coupled to a matrix camera with telecentric lens (Ilis GmbH;
100 mm aperture; measuring field size 80 x 60 mm?; image resolution
2448 px x 2050 px; spatial resolution 0.03 mm px'; stress optical
constant 4.0 TPa~! for Borofloat® 33).

The laser-treated glass sample was mechanically separated in the
middle of the irradiated area (Fig. 1c), and both parts were polished to
expose the modified volume. One sample part was then annealed for 1 h
at the glass annealing temperature of 560 °C [13] (Fig. S1 in Supple-
mentary material). These conditions provide full relaxation without
crystallization [14].

Structural analysis was performed using Raman spectroscopy

(alpha300 R confocal microscope; WITec; wavelength 532 nm; 100 x
objective; grating 600 g mm ™). Two Raman scan lines were recorded (3
accumulations; integration time 120 s): along the x-axis and z-axis
(Fig. 1c). The focal plane of the excitation beam was set directly below
the surface. In the present study, the evaluation was restricted to the
Raman main band around 420 cm™}, as significant modifications were
observed in this spectral region. It is associated with the intertetrahedral
Si-O-Si bond angle distribution [9], [15], [16] and is therefore partic-
ularly sensitive to structural changes induced by variations in cooling
rate. With increasing cooling rate, this band broadens and shifts towards
higher wavenumbers, corresponding to a decrease in the mean Si-O-Si
bond angle and a widening of its distribution [6]. These modifications
enable conclusions to be drawn regarding network rearrangement and
the resulting density variation. The main band position was determined
as the centroid over the entire region comprised between 200 and 650
cm .
The results were referenced by examining samples that were relaxed
at different temperatures and prepared at different cooling rates. A large
set of densities was measured very precisely using a floating method in a
water-based solution of sodium polytungstate. A calibration curve was
established, thereby enabling correlation between the Raman signal
shift and glass density.
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Fig. 1. Schematic drawing of the used experimental configuration: a-b) experimental setup with the femtosecond pulsed laser; ¢) sample preparation for Raman-

spectroscopy.
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3. Results and discussion

WLI-measurements on the top and bottom of the laser-treated sample
revealed surface structures (Fig. 2a) with profile heights of approx. 8 pm
and 2 pm, respectively (Fig. 2b). The material distribution in the irra-
diated area was asymmetrical and determined by the selected scanning
strategy. The surface topography in Fig. 2b indicates a volume change in
the irradiated area, which was confirmed by the WLI evaluation.
Considering both sides, the total volume increase was evaluated at
~0.013 + 0.001 mm?. After annealing, this volume increase was
reduced by approx. a factor of 2 and was evaluated at ~0.007 + 0.001
mm®.

The results of the Raman spectroscopy are shown in Fig. 3, and reveal
significant signal variations as well as structural inhomogeneities within
the irradiated volume. The Raman mapping in Fig. 3a is a 2D repre-
sentation of the position of the main band centroid, shown as a color
scale. The bright region, where the Raman shift exhibits higher values,
corresponds to lower density. A modified region is clearly visible as a
rectangle with the same width as the laser-treated region. The exact
positions of the main band are shown in Fig. 3b and c, corresponding to
line profile extracted along the x-axis and the z-axis, respectively. The
signal in the non-irradiated area is ~422 cm™!. The scan line along the x-
axis (Fig. 3b) shows signal maxima in the transition areas adjacent to the
untreated regions, and ~427 cm ™! in the center of the irradiated area.
The difference in the Raman signal between the irradiated and non-
irradiated area was thus ~6 cm™! on average. Along the z-axis, the
Raman shift also exhibits a non-uniform distribution (Fig. 3c).

The full Raman spectrum (Fig. 3d) shows that the variation of other
specific bands, such as D; and Dy, is very small. The global shift of the
centroid includes both the D and D, contributions, which cannot be
extracted separately.

Subsequent annealing of the laser-treated samples caused noticeable
changes in the Raman signal indicating structural relaxation within the
modified volume. The peak maxima differences observed in the transi-
tion areas along the x-axis (Fig. 3b) disappeared almost completely,
resulting in a nearly uniform signal across the laser-irradiated area at
~423 em L. The structural difference between irradiated and non-
irradiated glass remained: the difference between the Raman signal in
the irradiated and non-irradiated areas persisted at ~3 cm ™. Along the
z-axis (Fig. 3¢), the Raman band also shifted to lower wave numbers, and
the signals at the top and bottom became almost identical (~419 cm ™).

The Raman shift in the non-irradiated area after annealing can be
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attributed to differences in cooling rates during glass production and the
experimental annealing performed in this study. In the laser-treated
region, the increase in the Raman shift indicates that this region
reached temperatures well above Ty and was cooled at a higher rate,
thereby inducing a density change.

To interpret the Raman results, the relationship between cooling
rate, Raman shift, and glass density was examined. Preliminary results
(not published yet) allowed determining a calibration that associated for
a shift of 505 + 65 cm ™' a change of 1 g cm ™ in density. Assuming this
calibration, the increasing wavenumber ~6 + 0.5 cm™! on average
observed after laser treatment (Fig. 3b) corresponds to a density
decrease of 0.012 + 0.001 g cm™~> (~0.5 %). Taking the density of the
Borofloat® 33 at 2.230 g cm > and considering that the modified region
was of 2 mm?, the volume increase was then estimated to 0.011 =+ 0.001
mm?. This increase was very similar to the microdeformation measured
by WLL The remaining difference of ~3 + 0.5 cm™! observed after
annealing corresponded to a factor 2, which was consistent with the WLI
observations.

Thus, the density changes deduced from the Raman shift explain the
observed volume variations to a first approximation. The presence of
residual stress likely also influenced the Raman shifts. The stress dis-
tribution inside and outside the irradiated region during microforming
has already been characterized by photoelastic measurements [5] and
was additionally investigated in the present study. In the thermally
relaxed sample part, no residual stresses were observed, and the surface
deformation can therefore most likely be attributed solely to the reduced
density in the laser-irradiated region. Further precise experiments will
be needed to disentangle the respective contributions of density varia-
tion and residual stress to the observed Raman shift.

Usually, density changes associated with cooling rate effects are
reversible, and the original glass density can be restored by annealing at
lower temperature. However, in this study, after annealing the material
at Tg for a duration exceeding the relaxation one [14], clear differences
in the main band between irradiated and non-irradiated areas remain.
This indicated additional irreversible structural modifications within the
glass network, induced by ultrashort-pulse microforming, which require
further investigation using complementary analytical methods.

The spatial distribution of the Raman shift within the modification
zone (Fig. 3a) is not congruent with the surface microdeformation
measured by white light interferometry (Fig. 2). The Raman shift is
distributed nearly homogeneously across the upper region of the irra-
diated area, with comparatively sharp boundaries between laser-
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irradiated and non-irradiated areas. In contrast, the deformed glass
surface exhibits a pronounced peak approx. at the center of the irradi-
ated contour.

Although the calculated total volume derived from the Raman
analysis and the WLI measurements appear consistent, the final surface
topography represents a complex interplay between redistribution of the
expanded material volume and the presence of residual stresses [17],
[18]. Notably, after annealing, the maxima at the transition zones be-
tween irradiated and non-irradiated regions disappeared (Fig. 3b),
supporting the assumption that residual stresses contributed signifi-
cantly to the observed deformation. As a consequence of the annealing
treatment, these stresses were effectively reduced.

Further investigations employing complementary techniques such as
Brillouin or photoluminescence spectroscopy [19] may provide addi-
tional insight into the origin of the Raman shift and contribute to a more
comprehensive understanding of laser-induced microforming in glass
substrates.

4. Conclusion

In this study, Raman spectroscopy was performed on Borofloat® 33
after femtosecond-laser microforming under thermally dominated,

ablation-free conditions. The results provided insights into the physical
mechanisms governing the microforming process and the associated
structural modifications within the glass network, thereby addressing
the previously insufficient understanding of thermally induced changes
in resolidified borosilicate glass.

Using a correlation between Raman shift and glass density, the
density distribution and volume change within the USP-laser-
microformed area were estimated for the first time for Borofloat® 33.
The analysis revealed a Raman shift of ~6 cm™! towards higher wave-
numbers during microforming, which is consistent with an increase in
fictive temperature induced by rapid quenching and thus reflects a
cooling-rate-dependent structural modification. The density decreased
by ~0.5 % throughout the laser-irradiated volume, resulting in volume
expansion and the formation of surface elevations on both sample sides.

The comparison of Raman-based density evaluation with white light
interferometry measurements demonstrated quantitative consistency
between structural modification and macroscopic deformation.

After annealing, the glass network did not fully recover its original
state, since the irradiated regions remained less dense, and the surface
elevations persisted, indicating incomplete reversibility of laser-induced
structural changes. Overall, the results establish a direct link between
thermal history, network modification, density evolution, and surface
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deformation in Borofloat® 33. The presented approach contributes to an
understanding of ablation-free USP microforming of multicomponent
silicate glasses and provides a basis for controlled surface structuring
through tailored thermal management.
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