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Abstract

Femtosecond laser writing (FLW) enables mask-free three-dimensional photonic
integration in transparent materials and offers a flexible route for prototyping glass-based
photonic circuits. Here, we present a monolithic fabrication approach that combines
femtosecond laser waveguide writing, femtosecond laser-induced chemical etching
(FLICE), laser ablation, and metallization to realize reconfigurable photonic circuits in
borosilicate glass. The process is implemented in a CAD-to-device workflow that allows
optical, mechanical, and electrical structures to be co-designed and fabricated within the
same substrate. A stress-assisted waveguide-writing regime is developed in borosilicate
glass, enabling single-scan fabrication of optical waveguides, directional couplers, and
Mach-Zehnder interferometers at writing speeds of 30 mm/s. The fabricated devices
demonstrate stable guiding, directional coupling, and interferometric operation,
providing a practical basis for implementing reconfigurable photonic building blocks in
this material platform. FLICE is then used to fabricate suspended glass microbridges
incorporating femtosecond-laser-written waveguides and integrated resistive
microheaters. These structures act as thermally isolated thermo-optic phase shifters and
enable a full 2t phase shift with an electrical power consumption of approximately 17
mW. The results demonstrate the feasibility of combining FLW and FLICE within a single
borosilicate glass substrate to monolithically integrate passive photonic circuits with
actively tunable thermo-optic phase shifters. This work establishes a laser-based
fabrication route for reconfigurable three-dimensional photonic circuits in glass and

provides a basis for future optimization toward larger programmable photonic systems.

Keywords: femtosecond laser writing; femtosecond laser-induced chemical etching;
selective laser-induced etching; borosilicate glass; integrated photonics; optical
waveguides; thermo-optic phase shifters; reconfigurable photonic circuits

1. Introduction

Programmable photonic integrated circuits provide a versatile platform for
implementing reconfigurable linear optical transformations on a chip. By combining
waveguides, directional couplers, interferometers, and phase-control elements, such
circuits enable controlled splitting, recombination, and phase manipulation of optical
fields within compact and phase-stable architectures. They are relevant across classical
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and quantum photonics, including optical signal processing, precision sensing, and
quantum information processing, where programmable interference and scalable optical
connectivity are key requirements [1-4]. In particular, interferometric meshes based on
tunable Mach—Zehnder interferometers (MZIs) provide a general architecture for
realizing programmable linear optical transformations and have become a key building
block for universal multiport interferometers and photonic processors [5,6].

Dynamic reconfiguration in integrated photonic circuits is commonly achieved by
locally controlling the optical phase. Thermo-optic phase shifters are attractive in this
context because they are conceptually simple, compatible with many material platforms,
and can be integrated using resistive microheaters placed close to optical waveguides [7-
9]. However, thermo-optic tuning also introduces important design constraints. The
dissipated heat must be efficiently delivered to the target phase-shifting region in order
to reduce electrical power consumption and to limit unwanted thermal coupling to
neighbouring components [9-11]. These requirements become increasingly important as
photonic circuits scale from individual interferometers to larger programmable meshes.

Planar lithographic photonic platforms have enabled high-density integration and
wafer-scale manufacturing. Their largely two-dimensional fabrication geometry,
however, can restrict design freedom for intrinsically three-dimensional optical
architectures. Femtosecond laser writing offers a complementary fabrication route. By
focusing ultrashort laser pulses inside transparent substrates, permanent refractive index
modifications can be produced locally, allowing optical waveguides and three-
dimensional photonic circuits to be written directly in the bulk of glass or other dielectric
materials [12-14]. Because this process is mask-free and compatible with rapid design
iteration, it is particularly attractive for prototyping, small-batch device development, and
photonic architectures that benefit from three-dimensional routing. The principle of
femtosecond laser writing in glass is illustrated in Figure 1.

Focusing
optic

—
-
-
-——

-
-

Figure 1. Principle of FLW in glass. Nonlinear absorption of tightly focused ultrashort laser pulses
generates a localized electron plasma within the transparent substrate. Rapid energy transfer from
the plasma to the lattice induces permanent structural modifications [15]. By translating the
substrate relative to the laser focus, continuous three-dimensional structures can be inscribed with

micrometer-scale precision.

Femtosecond-laser-written photonic circuits have matured substantially over the
past two decades and now support a broad range of passive and reconfigurable glass-
based photonic devices. Low-loss waveguides, directional couplers, interferometers,
multiport circuits, and three-dimensional quantum photonic networks have been
demonstrated in several glass platforms [8,12,13,16-18]. Multiscan writing strategies and
mode-field engineering have further improved waveguide performance by enabling
tailored refractive index profiles, improved mode matching, and propagation losses
below 0.1 dB/cm in optimized fused silica platforms [19]. In parallel, reconfigurable laser-
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written glass circuits incorporating thermo-optic phase shifters have demonstrated
programmable multiport interferometers and, more recently, FLW-based universal
photonic processors, confirming the potential of FLW for reconfigurable photonics [20—
23].

In FLW-based glass circuits, thermo-optic tuning is typically implemented by
depositing or patterning resistive heaters near laser-written waveguides. The efficiency of
such phase shifters can be improved by thermally isolating the heated waveguide section
from the surrounding substrate. Previous work has shown that thermal isolation
structures can reduce the power required for thermo-optic phase tuning in laser-written
photonic circuits and can support more compact reconfigurable layouts [9,10,21].
Nevertheless, further integration strategies are of interest for combining optical
waveguides, electrical heaters, and mechanically defined thermal isolation structures in a
monolithic and reproducible fabrication workflow.

Femtosecond laser-induced chemical etching (FLICE), also known as selective laser-
induced etching (SLE), extends FLW by enabling the selective removal of laser-modified
material through wet-chemical etching. This process enables the fabrication of buried
channels, suspended structures, and complex three-dimensional microdevices directly
within transparent glass substrates [24-26]. FLICE has been widely applied to glass
microfluidics and optofluidics, including the monolithic integration of laser-written
optical waveguides with microfluidic channels and other three-dimensional
microstructures [27-30]. These capabilities make FLICE an attractive technique for
extending FLW-based photonic circuits with mechanically defined thermal isolation
structures and other integrated microcomponents.

In this work, we demonstrate a laser-based fabrication route for reconfigurable
photonic circuits in borosilicate glass by combining FLW and FLICE within a single
substrate. The central device concept is a suspended glass microbridge that carries both a
femtosecond-laser-written optical waveguide and an integrated resistive microheater,
thereby forming a thermally isolated thermo-optic phase shifter inside a Mach—-Zehnder
interferometer. The aim of this study is to establish the feasibility of this monolithic
integration approach and to validate the basic photonic and thermo-optic functionality of
the resulting devices.

The fabrication platform is first assessed through waveguide, directional coupler,
and interferometer structures written in SCHOTT BOROFLOAT® 33 borosilicate glass
(BF33) using a single-scan stress-assisted writing regime. This regime enables the
fabrication of optical waveguides and interferometric building blocks at writing speeds of
30 mm/s. Subsequently, FLICE-fabricated suspended microbridges are integrated with
interferometric circuits and metallized microheaters to demonstrate active phase tuning.
The resulting thermo-optic phase shifters achieve a full 2t phase shift with an electrical
power consumption of approximately 17 mW.

The novelty of the present work lies in the monolithic integration of femtosecond-
laser-written photonic building blocks with FLICE-fabricated suspended thermo-optic
tuning structures in borosilicate glass. While reconfigurable FLW photonic circuits and
FLICE-based glass microstructures have been demonstrated previously, the combination
of a laser-written waveguide and a resistive microheater on a suspended FLICE-fabricated
microbridge provides a distinct route toward thermally isolated active tuning in glass-
based photonic circuits. This study serves as a proof-of-principle demonstration of the
fabrication concept and device functionality, providing a foundation for future work on
statistical process characterization, thermal crosstalk analysis, long-term stability, and
scaling toward larger programmable photonic circuits.
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2. Materials and Methods

Experimental FLW Setup: Femtosecond laser processing was performed using the
frequency-doubled output (524 nm) of a Spectra-Physics Spirit laser system. The use of
the second harmonic was selected to reduce the diffraction-limited focal volume com-
pared with the fundamental wavelength and to provide improved spatial resolution dur-
ing volume modification and surface ablation. The laser system allowed adjustment of the
pulse duration between 209 fs and 10 ps and operation at repetition rates from single-shot
mode up to 1 MHz. Unless stated otherwise, pulse energies reported in this work were
calculated from the average laser power measured after the focusing optic and the applied
repetition rate.

The average laser power was controlled by a combination of a half-wave plate and a
polarizing beam splitter. In addition, the internal voltage-controlled attenuator of the laser
system was used for dynamic power modulation during synchronized motion. The beam
diameter was adjusted with a beam expander to match the entrance aperture of the focus-
ing optics. The polarization state of the writing beam could be selected as either linear or
circular. Circular polarization was used for both waveguide writing and FLICE exposure.

The substrate was positioned in the XY plane using motorized translation stages
(XML210-S; Newport Corporation, Irvine, CA, USA), while the focusing and imaging op-
tics provided Z positioning via a motorized linear stage (IMS100V; Newport Corporation,
Irvine, CA, USA). All motion axes were controlled by an XPS-D motion controller (New-
port Corporation, Irvine, CA, USA). The controller was operated in Point-Velocity-Time
(PVT) mode for synchronized multi-axis trajectories. Each trajectory segment was defined
by its displacement, target velocity, and execution time, and smooth interpolation be-
tween points was applied to avoid discontinuities in writing speed. Analog outputs of the
motion controller were used to synchronize the laser power modulation with the pro-
grammed writing trajectory.

Three-dimensional writing trajectories were generated via custom Python scripts
(Python 3.9.10; Python Software Foundation, Wilmington, DE, USA) implemented within
the Rhinoceros 3D CAD environment (Rhinoceros 8; Robert McNeel & Associates, Seattle,
WA, USA). The scripts defined the geometric path of the structures and associated process
parameters, including writing speed and analog control signals for laser-power adjust-
ment. The resulting motion programs were transferred to the motion controller and exe-
cuted under computer control. This workflow enabled the direct fabrication of three-di-
mensional photonic and microstructural elements from CAD-defined layouts.

A schematic of the optical setup is shown in Figure 2. The laser beam was focused
into the transparent substrate at depths between approximately 200 pm and 500 pm below
the sample surface. An inline microscope was used for sample alignment, focusing, and
in situ process monitoring. Two non-polarizing 50:50 beamsplitters were incorporated
into the setup. The first beamsplitter enabled coaxial imaging of the substrate and laser
focus, while the second beamsplitter enabled monitoring of the transmitted processing
beam. This monitoring path was used to observe beam-pointing stability and relative
power stability during processing.

Different focusing optics were used for the individual fabrication steps. The setup
accommodated microscope objectives with numerical apertures (NA) between 0.13 and
0.55 for alignment marking, FLICE exposure, scribing, and metal patterning. Waveguide
writing was performed with an aspheric lens with a numerical aperture of 0.55. Unless
stated otherwise, all BF33 waveguides reported in this work were fabricated using this
lens. To tailor the focal volume for stress-assisted waveguide formation in BF33, a 400 um-
thick borosilicate glass plate was attached directly to the aspheric lens to introduce con-
trolled spherical aberration. This configuration was used as a fixed process condition for
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the BF33 waveguide-writing experiments. The writing depth was chosen such that the
resulting modification geometry supported stable stress-assisted guiding.
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Figure 2. Schematic of the femtosecond laser writing setup for waveguide fabrication and laser-

based microstructuring. The frequency-doubled output of the femtosecond laser system is ex-
panded and focused into the transparent substrate. Beam splitters provide coaxial imaging and pro-
cess monitoring. Three-dimensional structures are fabricated by synchronized motion of the sample

stages and focusing optics under computer control.

Substrate Materials: Experiments were performed with BF33 borosilicate glass and
high-purity fused silica substrates. Both materials are transparent in the visible and near-
infrared spectral range and are compatible with femtosecond laser processing. Fused sil-
ica was primarily used to validate established multiscan waveguide-writing and FLICE
procedures, whereas BF33 borosilicate glass served as the main substrate material for the
reconfigurable photonic circuits demonstrated in this work.

The substrates had lateral dimensions of up to 20 x 50 mm? and thicknesses between
400 pm and 1.1 mm. Prior to laser processing, the substrates were cleaned by sequential
rinsing with acetone and isopropanol, followed by drying with compressed air. For pro-
cessing steps requiring high positional accuracy, laser-ablated alignment marks were
written onto the substrate surface, which served as reference features for subsequent
waveguide writing, FLICE exposure and metal patterning.

Femtosecond Laser-Induced Modification Regimes in Glass: Femtosecond laser ir-
radiation of transparent dielectrics can induce different types of permanent material mod-
ification depending on the deposited energy density, pulse duration, repetition rate, fo-
cusing conditions, translation speed, and glass composition [15]. At relatively low depos-
ited energy densities, smooth refractive index changes can be generated. These so-called
Type-I modifications are commonly used for low-loss optical waveguides, particularly in
fused silica, where the laser-exposed region can exhibit a positive refractive index change.

Athigher deposited energy densities, the modification regime transitions to so-called
Type-II modifications, which are characterized by anisotropic structures, nanograting for-
mation, birefringence, crack-like morphologies, and, in some materials, enhanced
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chemical reactivity. These modification regimes are relevant for femtosecond laser-in-
duced chemical etching, because the laser-exposed regions can exhibit substantially
higher etch rates than the unmodified glass. The dominant microscopic mechanism de-
pends on the material and irradiation conditions and is therefore not assumed to be iden-
tical for fused silica and BF33.

At still higher pulse energies, laser exposure can lead to void formation, micro-ex-
plosions, or surface ablation. These modifications generally introduce excessive optical
scattering and are not suitable for low-loss waveguide cores. In the present work, how-
ever, ablation was intentionally used for auxiliary fabrication steps such as alignment
marks, substrate scribing, and metal patterning.

The waveguide formation mechanisms in fused silica and BF33 differ substantially,
as illustrated in Figure 3. In fused silica, guiding is based on Type-I refractive index mod-
ification [12]. The optical mode is located within the laser-written region. To tailor the
waveguide cross-section and mode-field geometry, a multiscan writing strategy consist-
ing of 21 laterally shifted scans with a pitch of 0.25 pm was employed, resulting in a nearly
square waveguide cross-section [19].

Fused Silica BF33

Modification
«—  Track =

Guiding Region/ ‘
(Central Core)
Stress-induced

Guiding Region
-

L2

Figure 3. Schematic illustration of waveguide formation in fused silica and BF33 borosilicate glass.
In fused silica, guiding occurs within the laser-written Type-I modification. In BF33, the optical
mode is formed in a stress-assisted guiding region displaced from the central laser-modified track.
For the process conditions used in this work, guiding was observed predominantly below the writ-

ten track.

In BF33, the waveguides investigated in this work were formed in a stress-assisted
writing regime [31,32]. Under the selected process conditions, the central laser-modified
region did not act as the optical core. Instead, optical guiding occurred in a neighboring
region whose refractive index was increased by laser-induced residual stress. The relative
displacement between the central modification track and the stress-assisted guiding re-
gion was taken into account when designing waveguide arrays, directional couplers, and
Mach-Zehnder interferometers. For the process parameters used in this work, the guiding
region was consistently located approximately 10 um below the central modification
track.

This stress-assisted writing regime enabled reproducible single-scan fabrication of
waveguides in BF33 at a writing speed of 30 mm/s and was employed for all BF33 wave-
guides, directional couplers, and Mach-Zehnder interferometers presented in this work.
In contrast, the fused silica reference structures used for platform validation were fabri-
cated using a multiscan approach [19].

Femtosecond Laser-Induced Chemical Etching (FLICE) was used to fabricate three-
dimensional microstructures inside the glass substrates. The process comprises two steps.
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First, regions to be removed were exposed to focused ultrashort laser pulses. Second, the
samples were immersed in an alkaline etchant to selectively remove the laser-modified
material.

For FLICE exposure, the laser parameters were chosen to generate modifications with
enhanced etchability rather than optical guiding. The process parameters used for fused
silica and BF33 are summarized in Table 1. For both BF33 and fused silica, FLICE struc-
tures were written using a 20x objective (NA = 0.5). Depending on the geometry of the
structure, scan speeds between 1 and 10 mm/s were employed. Hatch distances of 2-6 yum
were used, while the slicing distance was kept constant at 4 pm. All FLICE exposures were
performed using circular polarization. For suspended microbridge structures, the FLICE
volume was designed to define the air gaps surrounding the waveguide-carrying micro-
bridge. Several bridge geometries were investigated, including suspended microbridges
and designs incorporating through-substrate FLICE structures. The latter were fabricated
as a proof-of-principle for future thermally managed device architectures in which the
microbridge could be coupled to an external heat sink. The thermal performance of these
structures was not investigated in the present work. The microbridges were aligned to
previously written waveguides using laser-ablated surface alignment marks, which were
registered through the inline microscope of the writing system. The alignment procedure
was validated by the successful fabrication and optical inspection of dedicated wave-
guide—-microbridge alignment test structures.

Table 1. Summary of nominal laser processing parameters used for the different fabrication steps
in fused silica (FS) and borosilicate glass (BF33).

Process Step

Pulse Dura- Repetition Pulse En- Scan Speed

tion (fs)  Rate (kHz) ergy (u]) (mm/s) Overscans  Focusing Optics

Scribe and Break
Alignment Marks (FS)
Alignment Marks (BF33)
Waveguide Writing (FS)
Waveguide Writing (BF33)
FLICE Writing (FS)
FLICE Writing (BE33)
Metal Patterning

209 125 10.56 3 6 10x objective (NA 0.25)
1000 125 0.2 2 3 10x objective (NA 0.25)
2500 25 15 2 1 10x objective (NA 0.25)
209 1 0.036 1 21 Asphere (NA 0.55)

209 1 0.12 30 1 Asphere (NA 0.55)

1000 125 0.2 1-10 1 20x objective (NA 0.5)
2500 25 0.5 1-10 1 20x objective (NA 0.5)
209 1 0.55 2 3 5x objective (NA 0.13)

After laser exposure, the samples were etched overnight in 8 M KOH at 80 °C under
continuous ultrasonic agitation, corresponding to a typical etching time of approximately
16 h. The exact etching duration was not found to be critical within this process window,
provided that the laser-modified sacrificial regions were removed completely. Ultrasonic
agitation supported etchant transport into the laser-modified regions and removal of re-
action products. After etching, the samples were rinsed thoroughly in deionized water
and dried with compressed air. The resulting suspended microbridges were inspected by
optical microscopy to verify complete release and mechanical integrity.

Femtosecond Laser Ablation was used for three auxiliary fabrication steps. First,
alignment marks were ablated on the substrate surface to provide reference features for
successive processing steps. Second, shallow ablation grooves were written to define
scribe lines for controlled cleaving of the glass chips. Third, after metal deposition, selec-
tive ablation of the metallic layer was used to define electrically isolated heater and contact
structures.

For substrate scribing, ablation lines were written employing a 10x objective with a
numerical aperture of 0.25. The samples were subsequently cleaved along the scribe lines.
For metal patterning, the Cr/Au layer was locally removed using a 5x objective with a
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numerical aperture of 0.13. The metal patterning parameters were optimized to remove
the conductive film while minimizing damage to the underlying glass substrate. The elec-
trical isolation of the patterned metal structures was verified by resistance measurements
between adjacent contact pads.

Photonic Chip Fabrication Workflow: The fabrication workflow combined wave-
guide writing, FLICE microstructuring, selective chemical etching, facet preparation, met-
allization, metal patterning, and chip mounting and electrical interfacing. The individual
process steps are summarized schematically in Figure 4.

Fabrication started with substrate preparation by femtosecond laser scribing and
controlled cleaving to the desired chip dimensions. Laser-ablated alignment marks were
then written onto the substrate surface. These marks served as reference features for the
registration of waveguide, FLICE, and metallization patterns.

Next, the optical waveguide network was written into the glass substrate. For BF33
devices, a single-scan stress-assisted writing process was used. The written photonic
structures included straight waveguides, directional couplers, and Mach—Zehnder inter-
ferometers for optical and thermo-optic characterization. For validation experiments in
fused silica, multiscan waveguides were written using the parameters listed in Table 1.

After waveguide writing, the FLICE patterns for the suspended microbridges were
written. The bridge structures were positioned in one arm of selected Mach-Zehnder in-
terferometers. The FLICE exposure was aligned to the waveguide layout using the previ-
ously written alignment marks. After exposure, the samples were etched in KOH to re-
move the modified sacrificial volumes and expose the suspended glass microbridges.

/ Substrate preparation \ / Alignment mark \ ( Waveguide and \
and chip definition inscription directional coupler
writing
Cut substrates using laser Laser-ablated nested square Inscribe waveguide network
\ scribe-and-break ) \ marks at predefined positions / \ with directional couplers /
/ FLICE microbridge \ e - . ( e -
phase shifter Selective KOH etching Facet preparation

structures

Laser-modified regions aligned Overnight KOH etching (8 M, 80 °C) Scribe-and-break and multi-step
\ to global alignment marks j \ under ultrasonic agitation j K polishing of input/output facets /
Metal coating and \ / Laser patterning of \ / Chip mounting and
heater realization metal layer electrical interfacing

Deposition of Cr/Au thin film Selective laser ablation of Mount chip on PCB,
\ for resistive heaters / \ metal for heaters and pads / \ add electrical connectors /

Figure 4. Schematic overview of the laser-based fabrication workflow for integrated photonic chips.
The process includes: (1) substrate preparation by scribe-and-break, (2) laser-ablated alignment

marks, (3) waveguide and directional coupler inscription, (4) FLICE exposure of suspended
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microbridge structures, (5) selective KOH etching, (6) facet preparation by cleaving and polishing,
(7) Cr/Au metallization, (8) laser patterning of electrical contacts and heater structures, and (9) chip
mounting on a printed circuit board. The figure is intended as a conceptual process illustration and
is not drawn to scale, nor does it represent the exact final MZI geometry. Device dimensions and

heater position are described in detail in the text.

Following FLICE processing, the chips were trimmed to their final dimensions. The
input and output facets were prepared by scribing, cleaving and mechanical polishing. A
Cr/Au bilayer with nominal thicknesses of 2 nm and 50 nm, respectively, was deposited
by thermal evaporation over the entire chip surface. The metal layer served both as the
resistive heater material and as the contact metallization. Electrical isolation trenches and
contact pads were subsequently defined by femtosecond laser ablation of the metal film.
The heater was positioned on the top surface of the suspended microbridge above the
waveguide-carrying MZI arm. In the present implementation, the heater layout followed
the CAD geometry of the FLICE-fabricated suspended bridge. For the devices demon-
strated in this work, a fixed bridge geometry with a nominal cross-section of 60 pm x 60
um and a length of 3 mm was selected, with the resistive heater extending along the wave-
guide-carrying microbridge section. After metal patterning, the nominal electrical re-
sistance of the heater was approximately 50 €. Finally, the chips were mounted on custom
printed circuit boards using conductive adhesive for electrical contacts and structural ad-
hesive for mechanical stabilization.

The laser-processing parameters used for the individual fabrication steps are sum-
marized in Table 1. Pulse energies were calculated from the average power measured after
the focusing optic and the applied repetition rate. The listed values represent the nominal
process parameters used for the devices reported in this work.

Optical Characterization: The fabricated waveguides and interferometric devices
were characterized by optical microscopy, near-field mode imaging, transmission meas-
urements, and thermo-optic tuning measurements. Initial inspection of the chip surface
and cleaved facets was performed using optical microscopy to verify waveguide continu-
ity, facet quality, and the integrity of the suspended microbridge structures.

Continuous-wave laser sources at 633 nm and 808 nm were used for optical charac-
terization. The devices were designed for operation at 808 nm, which was used as the
primary characterization wavelength. The directional coupler and MZI geometries were
therefore optimized experimentally for operation at 808 nm. While the laser-written wave-
guides may guide over a broader spectral range, the directional coupler splitting ratio and
interferometer response are wavelength dependent. Broadband operation was not sys-
tematically investigated in this work. In addition, a 633 nm source was employed as a
visible auxiliary wavelength for alignment, inspection, and preliminary stability checks.
Light was coupled into the waveguides by end-fire coupling by means of a microscope
objective with NA = 0.1 mounted on a three-axis NanoMax stage. The chip was positioned
on a three-axis micrometer stage. The input polarization was controlled using a polarizer
and a quarter-wave plate. Coarse alignment was performed with an overhead microscope,
followed by fine alignment based on maximization of the transmitted optical power.

The output mode profile was imaged from the output facet onto a CMOS camera
using a 20x microscope objective with NA = 0.4. The recorded near-field intensity distri-
butions were analyzed to determine the mode-field diameter employing the D4o method.
Optical transmission was measured using a calibrated optical power meter. The reported
transmission values were calculated from the ratio of output power to input power. They
therefore correspond to total insertion loss rather than pure propagation loss and include
propagation loss, input and output coupling losses, Fresnel reflections, facet-related
losses, and additional losses caused by waveguide imperfections. The pure propagation
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loss was extracted separately by cut-back analysis on waveguides with different lengths.
The optical and thermo-optic characterization setup is shown schematically in Figure 5.

HeNe Laser
633 nm

CMOS Camera

- - Beamsplitter Glass Chip with
Inscribed Waveguides

Diode Laser
808 nm Lens «—g> Power Meter
i Neutral Density
E——@ Pinhole . Rota;a::)lg Filter Wheel
inear Polarizer OD 1-6
Rotatable Microscope (Software-controlled) /
Linear Polarizer ~ Objective
Llens @ » (Software-controlled) Microscope
Objective Lens
]
Mirror - |
ICroscope -
Objective EansElsy CMOS
Quarter-Wave Plate Camera

NanoMax XYZ Stage

(Software-controlled) (MENEAEE A2 SEEE

Xyz
Alignment
Stage
Figure 5. Schematic of the optical and thermo-optic characterization setup. The setup enables end-
fire coupling, polarization control, near-field mode imaging, transmission measurements, and char-

acterization of thermo-optic phase shifters integrated into Mach-Zehnder interferometers.

Thermo-optic phase shifters were characterized by electrically actuating the resistive
heaters integrated into one arm of a Mach—Zehnder interferometer while monitoring the
optical transmission. A Keithley 2401 SourceMeter (Keithley Instruments, Cleveland, OH,
USA), controlled by a LabVIEW program (LabVIEW 2023 Q1; National Instruments, Aus-
tin, TX, USA), was used to generate voltage ramps and record the applied voltage, current,
and transmitted optical power. During characterization, light was coupled into one input
waveguide of the MZI, and the output power at the bar and cross-ports was recorded as
the electrical heater power was increased. The electrical power dissipated in the resistive
heater required to induce a 27t phase shift was determined from one complete period of
the MZI transmission response.

These measurements validated active phase tuning of the suspended microbridge
structures. Quantitative thermal crosstalk between neighboring phase shifters was not
measured in this study and remains the subject of future work.

3. Results

Multiscan Waveguides in Fused Silica: As a first step toward establishing the femto-
second laser fabrication workflow, multiscan waveguides were fabricated in fused silica
using a writing strategy based on laterally shifted Type-I modifications. This approach
has previously been shown to enable nearly square refractive index profiles, improved
mode matching to standard single-mode fibers, and propagation losses among the lowest
reported for femtosecond-laser-written waveguides in fused silica [19]. In the present
work, these structures served primarily as a reference process for validating the fabrica-
tion workflow and benchmarking the experimental setup.

To identify a suitable Type-I writing regime, single-scan waveguides were first in-
scribed at a depth of 400 pm while varying the pulse energy. A transition from smooth
Type-I modifications to modifications with Type-II-like features was observed at pulse
energies of approximately 36 nJ. Below this value, the laser-written tracks showed smooth
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morphology and supported optical guiding, whereas higher pulse energies resulted in
structural features that were not suitable for low-loss waveguide fabrication.

Based on these observations, multiscan waveguides were fabricated using pulse en-
ergies close to, but below, the observed Type-II transition. A 21-scan multiscan pattern
with a lateral pitch of 0.25 um produced a nearly square waveguide cross-section. Laser
writing was performed at a wavelength of 524 nm using 209 fs pulses, a repetition rate of
1 MHz, and circular polarization. The beam was focused 400 um below the sample surface
using the NA = 0.55 aspheric lens and the focal-volume shaping configuration described
in Section 2. The resulting structures exhibited homogeneous, nearly square cross-sec-
tions, confirming successful implementation of the multiscan writing approach within the
developed fabrication platform (Figure 6).

Single-Scan Multiscan
Waveguide Waveguide

Figure 6. Facet-view optical transmission micrographs of fused silica waveguides fabricated with
the multiscan approach. The structures exhibit a nearly square cross-section formed by multiple
adjacent Type-I modifications. The inset schematically illustrates the fabrication strategy, including

identification of the Type-I writing regime and subsequent multiscan waveguide fabrication.

Although the characteristic morphology and guiding behavior of the multiscan
waveguides reported by Skryabin et al. could be successfully reproduced, the measured
propagation loss of approximately 0.3 dB/cm remained above the state-of-the-art value of
0.07 dB/cm reported for optimized multiscan waveguides in fused silica [19]. This differ-
ence is attributed primarily to the demanding stability requirements of the multiscan pro-
cess, which involves long writing times and repeated scans with submicrometer lateral
offsets. The fused silica multiscan experiments therefore served as a useful benchmark for
validating the fabrication workflow, but they also motivated the investigation of an alter-
native glass platform enabling faster single-scan waveguide fabrication.

Stress-Assisted Waveguides in BF33 Glass: The following results focus on stress-
assisted waveguides fabricated in BF33 borosilicate glass, which form the basis of the re-
configurable photonic circuits demonstrated in this work. A single-scan writing strategy
at translation speeds of several tens of millimetres per second was chosen to minimize
fabrication time and reduce the sensitivity to slow process drifts during the writing of
complex circuits. Under the selected writing conditions—524 nm wavelength, 209 fs pulse
duration, 1 MHz repetition rate, circular polarization, 200 um writing depth, single-scan
writing, and an NA = 0.55 aspheric lens combined with a 400 pm glass plate for focal-
volume shaping —optical waveguides were obtained over a comparatively broad range of
pulse energies and writing speeds.
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In contrast to the Type-I guiding observed in fused silica, optical guiding in BF33
occurred in a region spatially displaced from the central laser-modified zone. Transmis-
sion microscopy of the waveguide cross-sections revealed an elongated modification
track, while the guided optical mode was located in a separate region below this track.
For the process conditions used in this work, the displacement between the central modi-
fication and the guiding region was approximately 10 um. This behavior is consistent with
stress-assisted guiding mechanisms reported for borosilicate and other multicomponent
glasses, where laser-induced material modification and the associated stress field can gen-
erate a guiding region outside the directly modified zone [31,32].

Figure 7 shows waveguides fabricated across the investigated parameter range of
pulse energy and writing speed. Across a wide range of pulse energies and writing
speeds, the characteristic morphology remained essentially unchanged: the laser-modi-
fied region was consistently separated from the optical guiding region by approximately
10 um. This indicates that the underlying stress-assisted waveguide formation mechanism
is robust over a broad processing window and exhibits low sensitivity to moderate varia-
tions in the investigated laser parameters. Such robustness is particularly advantageous
for practical device fabrication, where small fluctuations in pulse energy, focusing condi-
tions, or other process parameters cannot be entirely avoided.

Based on the parameter study, a writing speed of 30 mm/s was selected for subse-
quent device fabrication because it combined high fabrication throughput with stable
waveguide properties. At this writing speed, both the transmission and, more im-
portantly, the mode-field diameter remained essentially constant within the experimental
uncertainty over a pulse-energy interval of approximately +10 nJ around the selected
pulse energy of 120 nJ. This behavior contrasts with the fused silica multiscan process
implemented in this work, where small pulse-energy changes produced more pro-
nounced variations in transmission and mode-field properties.

Writing speed (mm/s)

0

T —
45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135
Pulse energy (nJ)
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Figure 7. Stress-assisted waveguide fabrication in BF33. (Top) facet-view optical transmission mi-
crographs of waveguides fabricated over a range of pulse energies and writing speeds. A character-
istic separation between the central laser-modified track and the optical guiding region is observed
for a broad portion of the investigated parameter space. The white frame highlights the parameter
set selected for further device fabrication. (Bottom left) measured transmission as a function of pulse
energy for waveguides fabricated at a writing speed of 30 mm/s. (Bottom right) corresponding
mode-field diameter as a function of pulse energy. The inset shows a representative near-field pro-
file of the guided fundamental mode. The plotted transmission and mode-field diameter values are

representative measurements used to identify a suitable process window.

In this stress-assisted regime, the optical mode is not located inside the central laser-
modified track but in the adjacent stress-modified region. Therefore, a moderate increase
in pulse energy can improve the stress-induced guiding and mode confinement without
necessarily causing an immediate decrease in transmission due to defects in the directly
modified voxel. The transmission trend in Figure 7 should therefore be interpreted as a
process-window characterization rather than as a statistically complete optimization
curve.

The selected pulse energy should be understood as a robust practical writing condi-
tion rather than a globally optimized value. At higher pulse energies within the investi-
gated range, the central laser-modified track becomes more pronounced, while guiding
remains stress-assisted and spatially displaced from the directly modified region. Pulse
energies beyond the investigated process window were not systematically studied, but
further increases are expected to eventually promote stronger material damage, scatter-
ing, or substrate defects rather than continued improvement of the guided mode.

The BF33 writing regime offers two practical advantages for the proof-of-principle
devices demonstrated in this work. First, the mode-field diameter remains comparatively
stable within the tested pulse energy interval, which is important for the fabrication of
directional couplers and Mach-Zehnder interferometers. Second, single-scan writing at
30 mm/s substantially reduces fabrication time compared with multiscan waveguide writ-
ing. As a result, test circuits containing waveguides, directional couplers, and interferom-
eters could be fabricated within minutes rather than hours, which facilitates rapid design
iteration and process optimization.

To estimate optical propagation losses, waveguides with lengths between 0.7 cm and
3.5 cm were characterized using the cut-back method. The measured insertion loss was
plotted as a function of waveguide length and fitted using a linear model. From this fit, a
propagation loss of approximately 0.3 dB/cm was obtained (Figure 8). This value remains
above the lowest losses reported for optimized fused silica multiscan waveguides, but it
is suitable for the interferometric proof-of-principle devices demonstrated in this work.
The extracted coupling loss should be interpreted with caution, since it includes contribu-
tions from facet quality, mode mismatch, Fresnel reflections, and alignment uncertainty.

https://doi.org/10.3390/photonics13080731



Photonics 2026, 13, 731

14 of 24

Insertion Loss IL (dB)

2.7

2.5

2.3

2.1

1.9

1.7

1.5

1.3

80
@® Measured insertion loss

70

Linear Fit: IL=0.3093 L + 1.3794 ® .
X 60

» <
S 50

[%]
» 2 40

{

& 30

c

o
= 20
® 10
0

00 05 10 15 20 25 3.0 35 40 0 10 20 30 40 50 60
Waveguide Length L (cm) Bend Radius (mm)

Figure 8. Optical loss characterization of stress-assisted waveguides in BF33 borosilicate glass. (Left)
insertion loss as a function of waveguide length measured using the cut-back method at 808 nm.
The solid line represents a linear fit; its slope was used to estimate the propagation loss. The fit
intercept contains length-independent loss contributions, including input/output coupling losses,
Fresnel reflections, facet quality, mode mismatch, and alignment uncertainty, and should therefore
not be interpreted as a pure coupling loss. (Right) measured transmission as a function of bend

radius for waveguides fabricated with the selected BF33 writing parameters.

The influence of waveguide curvature was investigated for bend radii between 5 mm
and 60 mm. As expected, transmission decreased for smaller bend radii due to bend-in-
duced radiation losses and possible mode deformation. For bend radii above approxi-
mately 40 mm, the transmission approached a plateau within the measurement uncer-
tainty, indicating that additional bend loss became small compared with the other loss
contributions for the geometries used in this study.

Opverall, these results show that BF33 supports fast single-scan fabrication of stress-
assisted waveguides with mode-field properties and losses suitable for the interferometric
circuits investigated here. The main advantage of the material platform developed in this
work is not record-low propagation loss, but the combination of practical optical perfor-
mance, high writing speed, and compatibility with the subsequent FLICE-based micro-
structuring steps.

Evanescent Field Directional Couplers: Directional couplers are essential building
blocks of Mach-Zehnder interferometers and larger interferometric photonic circuits. To
identify suitable coupler geometries for the BF33 platform, the coupling behavior was in-
vestigated as a function of the waveguide separation in the interaction region.

Directional couplers with an interaction length of 300 pm were fabricated in BF33
glass. This relatively short interaction length was chosen to limit the footprint of the
Mach-Zehnder interferometers. The coupling distance was varied from 4.0 um to 10.0 um
in increments of 0.2 pm, while all other fabrication parameters were kept constant. The
waveguides were written at a depth of 200 um using the optimized stress-assisted BF33
writing parameters. A bend radius of 50 mm was chosen to reduce bend-induced losses
in the approach and separation regions.

Figure 9 (left part) shows the normalized output power measured at the bar and
cross-ports as a function of waveguide separation in the coupling region. Increasing wave-
guide separation reduces the coupling strength, causing periodic power transfer between
the waveguides and therefore periodic changes in the output splitting ratio. For the cho-
sen interaction length, near-50:50 splitting was observed at coupling distances of approx-
imately 4.1 um, 5.5 pm, and 8.5 um. The largest distance (8.5 um), which is approximately
equal to the mode-field diameter, was selected for subsequent MZI fabrication. Beyond
this separation, the coupling strength decreases monotonically and no further 50:50
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operating point is expected for the fixed interaction length. The larger spacing also mini-
mizes interactions between neighboring laser-modified regions during writing, thereby
improving fabrication robustness.

The polarization response of a nominally balanced coupler fabricated with the se-
lected coupling distance was also evaluated. For the tested input polarization states, the
measured bar-port transmission showed no systematic variation exceeding the experi-
mental uncertainty. This indicates that the selected coupler geometry is sufficiently insen-
sitive to the input polarization states for the interferometric measurements reported here.
A more comprehensive polarization characterization, including arbitrary input states and
both output ports, was not performed in this study.
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Figure 9. Directional coupler characterization in BF33. (Left) normalized output power measured at
the bar and cross-ports as a function of waveguide separation in the coupling region for directional
couplers with an interaction length of 300 um at 808 nm. The bar and cross-signals are normalized
output-port powers used to evaluate the splitting behavior; they should not be interpreted as inde-
pendently calibrated absolute transmission values whose sum is required to be exactly unity. (Right)
measured bar-port transmission of a nominally balanced directional coupler as a function of the

tested input polarization state.

Device-to-Device Consistency of Waveguides, Directional Couplers, and Interfer-
ometers: To assess device-to-device consistency within a single fabrication run, a test chip
containing ten nominally identical straight waveguides, directional couplers, Mach-
Zehnder interferometers, and cascaded double-MZI structures was fabricated. Before fab-
ricating the test chip, a calibration series of directional couplers with varying coupling
distances was written to determine the coupling distance required for an approximately
balanced splitting ratio under the current writing conditions. This calibration was re-
peated before each fabrication run of interferometric structures to account for day-to-day
variations in the laser-writing system, such as small changes in laser power, beam align-
ment, or focusing conditions. The calibrated coupling distance was then used for the in-
terferometric structures on the corresponding chip.

The ten straight waveguides exhibited consistent optical behavior. The measured
transmission was 73 * 3.6%, and the mode-field diameters were 7.78 + 0.04 pum and 8.82 +
0.04 um along the two principal axes. These values include contributions from measure-
ment uncertainty, alignment repeatability, and facet quality. They should therefore be in-
terpreted as an estimate of the combined variation in fabrication and characterization, ra-
ther than as a pure process-variation metric.
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The directional couplers fabricated on the same chip showed limited variation in
splitting behavior. Given the strong dependence of evanescent coupling on waveguide
separation, this result indicates that the selected BF33 writing process provides sufficient
geometrical consistency for the fabrication of the MZI structures investigated in this work.

The Mach-Zehnder interferometers and cascaded double-MZI structures were used
to test whether the calibrated directional couplers could be combined into functional in-
terferometric circuits. In an ideal balanced MZI composed of two identical 50:50 direc-
tional couplers, the characteristic 7t/2 phase shift associated with directional coupling re-
sults in complete power transfer to the cross-port. Cascading two such MZI stages re-
verses this routing behavior, resulting in complete power transfer back to the bar port. In
practice, deviations from ideal 50:50 coupling, fabrication asymmetries, and propagation—
loss imbalance can reduce the achievable routing contrast. The device-to-device con-
sistency of the directional couplers, single MZIs, and cascaded double-MZI structures is
summarized in Figure 10.
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Figure 10. Device-to-device consistency of interferometric building blocks fabricated in BF33. Re-
sults are shown for ten nominally identical directional couplers, Mach-Zehnder interferometers,

and cascaded double-MZI structures fabricated on the same test chip.

The measured single-MZIs and cascaded double-MZI structures displayed the ex-
pected routing behavior within the experimental uncertainty. The single-MZIs predomi-
nantly routed light to the cross-port, while the cascaded double-MZI structures predomi-
nantly routed light back to the bar port. These measurements confirm that the fabricated
waveguides and directional couplers can be combined into functional interferometric cir-
cuits. At the level of the two-stage cascaded structures tested here, no clear degradation
of the intended routing behavior was observed.

These results indicate good device-to-device consistency within a single fabrication
run. They do not, however, constitute a comprehensive statistical process analysis. Fur-
ther studies involving multiple chips, repeated fabrication runs, yield analysis, long-term
stability measurements, and larger interferometric networks would be required to quan-
tify process reproducibility and scalability in detail.

FLICE-Fabricated Suspended Microbridges for Thermo-Optic Phase Shifters: A
central objective of this work was to integrate thermo-optic phase shifters into femtosec-
ond-laser-written interferometric circuits using FLICE-fabricated suspended micro-
bridges. The intended function of the suspended geometry is to thermally isolate the
heated waveguide section from the surrounding substrate, thereby reducing the electrical
power required for phase tuning and minimizing thermal crosstalk. In this study, the fo-
cus was on demonstrating the fabrication and operation of such integrated structures,
while quantitative thermal crosstalk measurements were not performed.

Figure 11 shows a representative suspended microbridge fabricated by FLICE. Mi-
crobridges with different lengths were fabricated during process development. The SEM
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image depicts a 1.5 mm long microbridge with a cross-section of approximately 60 um x
60 pm. The thermo-optic characterization presented in this work was performed using a
3 mm long microbridge of the same cross-section. A femtosecond-laser-written wave-
guide passes through the center of the bridge, while the Cr/Au metallization layer depos-
ited on the chip surface also covers the microbridge and forms the resistive heater. Ta-
pered support regions provide mechanical stability and connect the suspended section to
the surrounding substrate and surface contact pads.
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Figure 11. Scanning electron micrograph of a representative FLICE-fabricated suspended micro-
bridge with a length of 1.5 mm and a nominal cross-section of approximately 60 pm x 60 pm. The
thermo-optic characterization was performed on a 3 mm-long microbridge with the same nominal
cross-section. The etched cavity provides thermal isolation of the bridge region, while tapered sup-
port structures ensure mechanical attachment to the surrounding substrate and electrical connection
to the surface contact pads. The insets show higher-magnification views of the tapered support re-
gion, illustrating the quality of the FLICE-fabricated surfaces and the structural fidelity of the fabri-

cated geometry.

The microbridge structures were generated from a parametric CAD model, which
allows the bridge length, width, height, waveguide position, and air-gap geometry to be
adjusted. To reduce laser writing time during FLICE exposure, the volume to be removed
was divided into detachable sub-volumes. Instead of exposing the complete volume, only
selected boundary surfaces and separator structures were written. During wet-chemical
etching, these exposed regions promoted separation and removal of the sacrificial glass
fragments. The fabricated microbridges reproduced the intended overall geometry and
remained mechanically stable after etching, metallization, and chip handling.

The alignment between previously written waveguides and subsequently fabricated
microbridges was evaluated using test structures with deliberately varied nominal offsets.
Figure 12 shows a facet-view micrograph of such FLICE structures prior to chemical etch-
ing. The structure with zero nominal offset showed the best overlap between the
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waveguide and the microbridge center, confirming that the alignment-mark-based regis-
tration procedure was sufficient for the integrated devices demonstrated in this work.
The results demonstrate that the FLICE process can be registered to previously writ-
ten waveguides and used to release suspended bridge structures within the same borosil-
icate-glass substrate. However, the present study did not include a systematic statistical
analysis of dimensional tolerances, surface roughness, yield, or mechanical reliability

across a large number of devices.

Figure 12. Facet-view optical transmission micrograph of test structures comprising femtosecond-
laser-written waveguides and FLICE-defined microbridge geometries in fused silica prior to chem-
ical etching. The samples were cleaved to expose the cross-section and imaged under transmitted-
light illumination. The bright feature corresponds to the optical waveguide, whereas the dark
square represents the microbridge cross-section. Five structures with nominal relative offsets of —20,
-10, 0, +10, and +20 um are shown. The same alignment strategy was applied to BF33, where com-

parable registration accuracy was achieved.

For the suspended microbridge structures used in the thermo-optic devices, FLICE
writing was performed using a pulse energy of approximately 500 nJ, a pulse duration of
2.5 ps, and hatching/slicing distances between 2 pm and 6 um. After selective etching in
KOH, mechanically stable suspended microbridges were obtained. Together with the
alignment tests, these results show that FLICE can be combined with stress-assisted BF33
waveguides to fabricate suspended structures positioned around selected waveguide sec-
tions.

Thermo-Optic Tuning of Suspended Microbridge Mach-Zehnder Interferometers:
After completion of waveguide writing, FLICE processing, facet preparation, Cr/Au met-
allization, laser patterning of the electrical contacts, and PCB mounting, the suspended
microbridge phase shifter was characterized within Mach—-Zehnder interferometers. The
phase shifter was positioned on one arm of the MZI, allowing the optical phase in that
arm to be tuned by electrical heating.

Figure 13 shows the optical transmission at the bar and cross-ports as a function of
the electrical power dissipated in the heater. The two outputs exhibit complementary
modulation, confirming thermo-optic phase tuning of the interferometer. From one full
period of the transmission response, the electrical power required for a full 27t phase shift
was determined to be approximately 17 mW. This value indicates efficient thermo-optic
tuning for the suspended microbridge geometry and is consistent with thermal isolation
of the heated waveguide section from the surrounding glass substrate. The absolute out-
put transmission of the thermo-optic MZI is lower than that of the straight waveguides
used for the propagation—loss characterization because the MZI contains additional loss
contributions from two directional couplers, curved waveguide sections, the suspended
microbridge region, bridge transitions, metallization and patterning steps, as well as cou-
pling and facet variations. Therefore, the summed bar and cross-port transmission in Fig-
ure 13 should not be directly compared with the straight waveguide transmission in Fig-
ure 8.
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Figure 13. Thermo-optic characterization of a Mach-Zehnder interferometer incorporating a FLICE-
fabricated suspended microbridge phase shifter. (Left) measured output transmission at the bar and
cross-ports as a function of applied electrical power at 808 nm. “Forward” and “backward” denote
increasing and decreasing voltage sweeps, respectively. The inset schematically illustrates the MZI
with the integrated microheater located on one interferometer arm. (Right) temporal response of
the interferometer during electrical heater modulation. The yellow trace shows the voltage applied
to the resistive heater, while the light-blue trace shows the optical signal recorded at one output port

of the Mach-Zehnder interferometer.

The temporal response of the phase shifter inside the MZI was evaluated by switch-
ing the heater power between values corresponding approximately to transmission min-
ima and maxima. The measured rise and fall times of the modulated optical signal were
on the order of 100 ms. This response time reflects the expected trade-off between thermal
isolation and switching speed in suspended thermo-optic structures: stronger thermal iso-
lation can reduce the required tuning power, but it also reduces heat dissipation and can
therefore increase the thermal time constant.

The demonstrated 27t tuning power of approximately 17 mW is the most direct quan-
titative performance metric of the suspended microbridge phase shifter. It confirms active
reconfiguration of a femtosecond-laser-written BF33 Mach—Zehnder interferometer using
a FLICE-fabricated suspended structure with an integrated resistive heater. Since thermal
crosstalk between neighboring phase shifters was not measured in this study, the sus-
pended microbridge is presented as a FLICE-based concept for thermally isolated phase-
shifter integration rather than a quantitatively verified low-crosstalk architecture.

To provide an overview of the fabricated device and its experimental context, Figure
14 shows the optical chip mounted on a custom printed circuit board in the measurement
station. The photograph illustrates the end-fire coupling and optical readout configura-
tion, including the input objective for coupling light into the laser-written waveguides
and the output-side imaging optics used to image the waveguide outputs onto a CMOS
sensor. Since the laser-written waveguides and FLICE-defined structures are not fully vis-
ible in the overview photograph, the figure also includes insets showing a schematic rep-
resentation of the relevant internal layout as well as a transmitted light micrograph of part
of a suspended microbridge with its corresponding MZI waveguides.

https://doi.org/10.3390/photonics13080731



Photonics 2026, 13, 731

20 of 24

Figure 14. Overview photograph of the fabricated optical chip mounted on a custom printed circuit

board in the measurement station, corresponding to the setup schematically shown in Figure 5. The
PCB provides five electrical contact pads, four connected to individual microheaters and one central
ground pad; electrical contact to the chip was established using conductive adhesive with the met-
allized surface of the chip being placed face down onto the PCB. Additional structural adhesive
along the lateral chip edges provides mechanical stabilization. Inset 1: transmitted-light micrograph
of a representative chip before metallization, showing part of a suspended microbridge with its cor-
responding MZI waveguides. The laser-written waveguides are only weakly visible in transmitted-
light microscopy because it produces primarily a phase-contrast signal. Inset 2: schematic represen-
tation of the relevant device layout. Waveguides are shown in white, FLICE phase-shifter trajecto-
ries in red, and ablation lines for contact pads in yellow. The layout contains two Mach-Zehnder
interferometers with thermo-optic phase shifters and nominal 50:50 directional couplers. The two
outer channels are used for fiber-array alignment, while the ten central channels have a pitch of 250
um and are compatible with fiber-array coupling. Thermo-optic phase tuning was performed using

only the central microheaters.

Together, the results demonstrate the feasibility of combining stress-assisted femto-
second-laser-written waveguides, directional couplers, Mach-Zehnder interferometers,
FLICE-fabricated suspended microbridges, and resistive microheaters within a single bo-
rosilicate glass substrate. The demonstrated devices validate the basic fabrication concept
and the thermo-optic functionality of the integrated phase shifters. Future work should
address statistical process characterization, dimensional tolerances of the FLICE struc-
tures, heater lifetime, thermal crosstalk in dense layouts, and scaling toward larger pro-
grammable photonic circuits.

4. Discussion

In this work, we demonstrated a monolithic fabrication route for reconfigurable
three-dimensional photonic circuits in borosilicate glass by combining femtosecond laser
writing (FLW) and femtosecond laser-induced chemical etching (FLICE). The most
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important outcome is the experimental validation of a process chain in which FLW pro-
vides three-dimensional waveguide circuits, while FLICE adds suspended microstruc-
tures that can be aligned to previously written waveguides within the same substrate. In
the devices studied here, this combination enabled suspended thermo-optic phase shifters
integrated into Mach-Zehnder interferometers and yielded a full 27t phase shift with an
electrical power of approximately 17 mW. Together, these results validate the basic con-
cept of monolithically integrated reconfigurable photonic building blocks in BF33.

The present devices were characterized using classical continuous-wave light and do
not demonstrate quantum-optical operation, single-photon interference, or multiphoton
functionality. Their relevance to future quantum photonic circuits lies in the demonstrated
implementation of linear optical building blocks—waveguides, directional couplers,
Mach-Zehnder interferometers, and thermo-optic phase shifters—that are also required
in programmable quantum photonic processors. Future use in quantum photonic appli-
cations will require additional characterization of single-photon compatibility, propaga-
tion-loss budget, phase stability, coupler uniformity, thermal crosstalk, calibration stabil-
ity, and compatibility with the wavelengths of the intended photon sources and detectors.

A second key result is the identification of a practically useful stress-assisted wave-
guide writing regime in BF33. In contrast to multiscan waveguides in fused silica, the BF33
approach relies on single-scan writing at 30 mm/s, substantially reducing fabrication time
while still providing optical guiding, directional coupling, and interferometric operation
with sufficient consistency for proof-of-principle circuits. The main advantage of this plat-
form is therefore not record-low propagation loss, but the combination of fast waveguide
fabrication, a comparatively robust writing window, and compatibility with FLICE-based
microstructuring.

Previous FLW-based reconfigurable photonic circuits have demonstrated thermo-op-
tic tuning and reduced crosstalk using surface heaters and thermal-isolation strategies in
glass platforms [10]. In contrast, the present approach uses FLICE to define a suspended
waveguide-carrying microbridge that also carries the resistive heater, thereby integrating
optical, mechanical, and electrical functionality within a monolithic borosilicate glass
chip.

At the same time, the present results should be interpreted as a building-block-level
validation rather than as a full demonstration of scalable programmable photonic circuits.
During the voltage sweeps used for the thermo-optic characterization, no qualitative evi-
dence of irreversible device degradation or pronounced hysteresis was observed. How-
ever, dedicated measurements of hysteresis, long-term drift, electrical cycling stability,
and thermal crosstalk between neighboring phase shifters were not performed and remain
important next steps. Furthermore, this study did not yet include a comprehensive statis-
tical analysis across multiple fabrication runs, a quantitative evaluation of thermal cross-
talk in dense layouts, or long-term heater reliability testing. Likewise, larger-scale imple-
mentations will require further study of propagation-loss accumulation, coupler uni-
formity, phase stability, electrical routing, packaging, and calibration strategies. The sus-
pended microbridge should therefore be regarded as a demonstrated thermo-optic inte-
gration concept, but not yet as a fully characterized low-crosstalk architecture.

From a fabrication perspective, waveguide writing accounted for only a minor frac-
tion of the total laser-processing time in the demonstrated devices, whereas FLICE expo-
sure of the suspended microbridge structures dominated the workflow. Under the present
process conditions, a typical 3 mm long suspended heater structure required about 20 min
of FLICE writing time, which is well suited for laboratory-scale prototyping and small-
batch fabrication. Future work should therefore focus not only on device-level optimiza-
tion, but also on shortening FLICE exposure times through faster scanning strategies, im-
proved sacrificial volume design, and optimized etchant access. In addition, systematic
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variations in bridge geometry, heater layout, and support design will be important for
balancing tuning power, response speed, mechanical robustness, and thermal interaction
with neighboring components.

FLICE also offers a broader three-dimensional design space beyond the suspended
thermo-optic phase shifter demonstrated here. Because it enables free-form buried micro-
structures in glass, it may support future active and passive device concepts that combine
waveguides with mechanically compliant elements, cavities, channels, or hybrid pho-
tonic-mechanical structures. In the context of the present work, however, this broader per-
spective should be understood as an outlook rather than as an experimentally established
result.

5. Conclusions

In conclusion, the combination of FLW and FLICE provides a versatile route for in-
tegrating laser-written photonic circuits with three-dimensionally defined functional mi-
crostructures in glass. The demonstrated integration of stress-assisted waveguides, direc-
tional couplers, Mach-Zehnder interferometers, suspended FLICE microbridges, and re-
sistive microheaters establishes the feasibility of monolithic thermo-optically reconfigura-
ble photonic circuits in borosilicate glass. The work provides a strong proof-of-principle
basis for future programmable glass photonic systems. The next steps are a systematic
quantification of inter-run reproducibility, propagation-loss accumulation, thermal cross-
talk, long-term heater stability, and circuit-level scalability in larger interferometric net-
works.
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Abbreviations

The following abbreviations are used in this manuscript:

BF33 SCHOTT BOROFLOAT® 33

CAD Computer-Aided Design

Cr/Au  Chromium/Gold

FLICE Femtosecond Laser-Induced Chemical Etching
FLM Femtosecond Laser Micromachining
MEFD Mode-Field Diameter

FLW Femtosecond Laser Writing

MZI Mach-Zehnder Interferometer

NA Numerical Aperture

KOH Potassium Hydroxide

PCB Printed Circuit Board

FS Fused Silica
SEM Scanning Electron Microscope
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