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Abstract

Integrated photonic waveguide routing is emerging as a key direction for next-generation
optogenetic probes, as lithographically defined waveguide networks enable scalable,
independently addressable light delivery in the presence of strong scattering and stringent
thermal budgets in visible-light neural interfaces. Motivated by reframing optogenetic
illumination from “active source placement” and “fiber delivery” to “photonic network
engineering with predictable routing fidelity”, this review systematically summarizes recent
advances in integrated optical routing for optogenetics, emphasizing cross-platform design
paradigms and system-level constraints spanning rigid and flexible implementations.
Specifically, we cover (i) fundamental guided-wave building blocks, power redistribution
via interference and coupling, reconfigurable routing through phase and coupling control,
and grating coupling; (ii) rigid integrated photonic probes featuring on-probe waveguide
networks, reconfigurable switching matrices, and practical light-source/packaging
interconnects; and (iii) flexible waveguide optogenetic probes for chronic and freely
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behaving experiments, including hybrid waveguide platforms, deformation-aware mechano-photonic co-design,
manufacturable integration pathways, and application-driven device development. By synthesizing key mechanisms
and representative demonstrations, we clarify how routing architectures map onto device-level limitations and in
vivo validation requirements, and we outline future directions toward high-index-contrast flexible routing,
multimodal closed-loop interfaces, efficient light-source integration on flexible platforms, and foundry-aligned
scalable manufacturing.

INTRODUCTION

Optogenetics has emerged as one of the most transformative techniques in modern neuroscience, enabling
cell-type-specific and temporally precise modulation of neural activity with millisecond resolution’. By
genetically encoding light-sensitive ion channels or pumps into targeted neuronal populations, optical
stimulation establishes causal links between neural activity patterns and behavior, cognition, and disease
states™”. Importantly, many key brain functions and neurological disorders are associated with deep brain
nuclei and distributed subcortical circuits, whose precise and selective interrogation remains experimentally
challenging'®.

Optogenetic techniques primarily operate at visible wavelengths, where strong scattering in brain tissue
severely limits the penetration of light from free. As a result, efficient guided-light delivery is essential for
transmitting optical energy to deep brain regions. The precise interrogation of deep brain nuclei, therefore,
depends on low-loss and spatially precise light delivery, making optical guidance and distribution a central
technological bottleneck for advanced optogenetic probes. Conventional optogenetic experiments
predominantly rely on rigid optical fibers, which provide robust and reproducible stimulation, while more
recent polymer-based flexible fiber probes improve mechanical compliance, chronic compatibility, and
functionality” . Nevertheless, fiber-based approaches typically support only single-channel illumination
with spot sizes exceeding 100 um"", thereby limiting spatial selectivity and precluding single-cell-level optical
addressing [Figure 1A]. Fiber bundles'® can increase the number of optical channels, but typically at the cost
of increased tissue trauma due to the larger implant cross-section. Although multicore fibers">"*) and
tapered-fiber multisite illumination"* can enable selective, multi-channel stimulation via external bench-top
control, precise actuation of individual sites generally requires complex off-probe instrumentation built from
discrete, bulky components, leading to substantial system-level complexity"*. Flexible optogenetic probes
based on micro-light-emitting diode (u-LED) technology have emerged as an alternative strategy, offering

16-18

miniaturization and potential for wireless operation"***). However, flexible u-LED-based approaches require
direct implantation of light sources into neural tissue, making thermal management a critical concern
[Figure 1B]. At micrometer scales, limited optical efficiency leads to increased heat generation at higher
output power, and even temperature rises of only 1-2 °C">** can alter neuronal firing properties and
compromise single-neuron precision'”. Further miniaturization of flexible u-LED emitters also increases
interconnect resistance and complicates heat dissipation. Consequently, current flexible p-LED probes use
emitters with lateral dimensions of hundreds of micrometers to maintain sufficient optical output while
keeping the temperature rise within 1-2 °C"”*"\. These devices are therefore primarily used for behavioral-
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level studies””?, rather than for high-spatial-resolution optical addressing.
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Figure 1. A schematic diagram comparing (A) fiber-optic type, (B) u-LED type, and (C) rigid/(D) flexible waveguide integrated
optogenetic probe technologies. pu-LED: Micro-light-emitting diode.

These limitations motivate a paradigm shift from source-centric illumination toward networked optical
delivery in optogenetic probes. Rather than increasing the number of embedded light sources®** or optical
tibers, another strategy is to decouple light generation from light delivery by distributing optical power
through engineered photonic networks. In this framework, optical waveguide routing architectures based on
integrated photonics define how light is spatially apportioned and dynamically reconfigured across multiple
stimulation sites [Figure 1C]. Importantly, the light source can be physically separated from the brain tissue,
so that the primary heat-generating component is not directly implanted at the neural stimulation site. This
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system-level thermal-source separation reduces local thermal load in tissue and becomes particularly
advantageous for dense, multi-site, and reconfigurable optogenetic stimulation.

Integrated optical waveguide routing builds upon decades of advances in integrated photonics”””, in which
waveguide-based routing networks have enabled breakthroughs in optical communication”*’, on-chip
sensing”**", and photonic information processing*»**. Lithographically defined waveguides, splitters,
couplers, and switching elements provide deterministic control over light propagation, scalable one-to-many
distribution, and reconfigurable network topologies within compact footprints*. Bringing these
architectures from planar chips to implantable probes introduces distinct constraints, such as tight shank real
estate, limited electrical/thermal budgets, and chronic in vivo stability, underscoring the value of compact,
programmable routing networks. When translated to neural interfaces, optical delivery is governed by
waveguide routing topology and tunable weights rather than the physical placement of light sources,
enabling high-density, multiregional, and depth-resolved stimulation while mitigating thermal and scalability
constraints. While integrated optical waveguide routing has been successfully demonstrated in rigid
optogenetic probes* ", mechanical mismatch between rigid devices and soft brain tissue can induce
micromotion, inflammation, and long-term instability [Figure 1D]. In contrast, flexible probes provide
mechanical compliance and geometric adaptability, enabling conformal interfacing with complex neural
structures and more stable chronic implantation, while also supporting access to curved and distributed
brain regions, a capability already demonstrated in flexible electronic brain-computer probes”**). Extending
integrated optical waveguide routing to flexible and soft platforms, therefore, represents not only a
mechanical necessity but also a system-level opportunity, in which new routing architectures can be realized
provided that routing fidelity is preserved under bending, stretching, and heterogeneous mechanical
environments.

This review is structured to elucidate integrated optical routing as a central enabling paradigm for
optogenetic probes [Figure 2]. We first introduce the fundamental principles of optical routing in integrated
photonic systems, including waveguide-based light confinement, power splitting, coupling, switching, and
network architectures relevant to neural interfaces. We then survey representative implementations of
optical routing in rigid optogenetic probes, highlighting how routing strategies enable scalable, multiregional,
and depth-resolved optical control. Finally, we examine the transition from rigid to flexible and soft
platforms, focusing on how mechanical compliance and material heterogeneity reshape routing design,
performance, and long-term bio-integration, and conclude with an outlook on emerging challenges and
opportunities for flexible photonic-networked optogenetic neural interfaces.

FUNDAMENTALS OF INTEGRATED OPTICAL ROUTING

Integrated optical routing enables controlled redistribution of light within implantable optogenetic probes.
Despite the diversity of reported device geometries, including Y-branches, directional couplers, multimode
interferometers, and mesh networks, the governing physics is unified. Optical routing can be understood as
guided-wave mode evolution shaped by perturbations to the refractive-index landscape, which in turn
control phase, coupling, and loss. This section provides a minimal mechanism-based framework for
describing routing, independent of specific device implementations or platform materials.

Waveguides and modes: the physical basis of routing

Optical waveguides are the fundamental building blocks of integrated photonic systems, providing spatially
nonuniform dielectric structures that confine and guide light. Common waveguide geometries include slab,
rib, and strip waveguides'*’ [Figure 3], all of which consist of a high-index core surrounded by lower-index
cladding to achieve optical confinement and guided propagation through principles of guided-wave optics.
Slab waveguides confine light in only one transverse dimension, leading to significant lateral field spreading
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Figure 3. Schematic diagram of waveguide types: (A) slab; (B) strip; (C) rib.

and limited applicability for compact routing'*". In contrast, rib and strip waveguides provide two-
dimensional modal confinement and are therefore more suitable for integrated routing*?). While rib
waveguides can exhibit low loss for transverse-electric modes, their relatively weak confinement results in
large bending radii. Strip waveguides offer stronger modal confinement, tighter bending radii, reduced inter-
waveguide crosstalk, and favorable compatibility with fabrication, making them the most widely adopted
geometry in integrated optical routing.

Splitting and interferometers: the core routing operations
Despite the diversity of routing architectures reported to date, most integrated optical routing schemes can
be broadly grouped by how optical power is redistributed, with interferometric routing representing a central
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Table 1. Refractive index and TOC of visible waveguide materials

Materials Refractive index TOC (K"

Silicon nitride (Si;N,) 2.0268 2.0 x 105659

Titanium dioxide (TiO,) 2.43148 -0.5to -2.4 x 1045961
Alumina (AL,O) 1.65062 2.75 x 1051631

Silica (SiO,) 1.4502 1.0 x 105164

SU-8 1.6018 -1.87 x 10741651
Colorless polyimide (CPI) 1.7218 ~-10-41571

Parylene-C 1.639t6¢] -

PDMS 1.4166) R

TOC: Thermo-optic coefficient; PDMS: polydimethylsiloxane.

class!***. In integrated photonics, interferometric routing exploits the wave nature of light to steer optical
signals through controlled interference. Using waveguides together with integrated splitters/combiners, such
as Y-junctions* and Mach-Zehnder interferometers (MZIs)"“*", the input field is first divided into two or
more coherent branches, where the relative phase and amplitude are precisely engineered (e.g., via path-
length imbalance) before recombination. The resulting constructive/destructive interference
deterministically selects output ports and enables key functions, including routing, switching, and signal
processing in photonic integrated circuits'***!. From a device-physics perspective, the splitter/combiner is
not merely a passive divider but a mode-transforming element that sets the boundary conditions for
subsequent interference. Common splitter implementations include Y-branches (based on adiabatic mode
evolution and geometric bifurcation)”, directional coupler-based splitters (based on evanescent coupling)"*,
and multimode interference (MMI) splitters (based on self-imaging in multimode sections)'’. These
alternatives offer different trade-offs in excess loss, imbalance tolerance, bandwidth, and fabrication
robustness, which directly affect phase stability and routing fidelity in interferometric networks.

Switching and modulating: from static to programmable routing

Beyond static power distribution, many optogenetic applications require dynamic and programmable
control of optical routing!>**. Reconfigurability is typically achieved by actively modifying the refractive
index landscape, thereby altering mode evolution, phase accumulation, or coupling strength®**). In practice,
this is often realized through the thermo-optic effect, where temperature-induced index changes enable
phase control and thus optical path switching or redirection. Devices based on this principle are generally
referred to as thermo-optic modulators or switches, and typically exhibit microsecond-scale response
times"*, which are compatible with the temporal dynamics required for optogenetic neural modulation"’.
The thermally induced phase shift can be expressed as"””:

_ 2nL dn
B Ao dT

where Ag is the phase variation, 4, is the operating wavelength, dn/dT is the thermo-optic coefficient (TOC)
of the waveguide material, L is the heated interaction length, and AT is the temperature change. This relation
indicates that efficient modulation favors materials with a large TOC. Representative refractive indices and
TOCs of commonly used visible-wavelength waveguide materials are summarized in Table 1.

At present, the most common thermo-optic switches (TOSs) are based on micro-ring resonators (MRRs)
and MZIs. As shown in Figure 4, in MRR based TOSs, light is launched into a straight bus waveguide and
subsequently coupled into a neighboring ring waveguide through evanescent-field interaction. The optical
field circulates within the ring and, at each round trip, partially couples back to the bus at the coupling
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Figure 4. Schematic diagram of the working principle of the MRR type TOSs. MRR based switching element with two parallel waveguides
at the (A) OFF and (B) ON states, and with two cross waveguides at the (C) OFF and (D) ON states. The black arrow indicates the
direction of light propagation in the waveguide-coupled resonator. MRR: Micro-ring resonator; TOSs: thermo-optic switches.

region. When the input wavelength satisfies the resonance condition, the optical signal is transferred to the
drop port; otherwise, it remains at the through port. The resonance condition requires that the round-trip
phase accumulation in the ring equals an integer multiple of 2z, which can be expressed as: fL = 2zm, where
B is the propagation constant in the ring, L is the ring circumference, and m is the resonance order. The
corresponding wavelengths are referred to as resonant wavelengths, and the spacing between adjacent
resonances defines the free spectral range (FSR). Because the effective refractive index (n,) of the ring
waveguide can be conveniently tuned via physical mechanisms such as the thermo-optic effect, the resonance
condition can be dynamically shifted. This enables controlled switching between the drop and through ports,
allowing MRRs to serve as compact and efficient TOSs.

The MZI structures are widely used in integrated photonics for modulators, optical switches, and filters.
Compared with resonant devices such as MRRs and Bragg gratings, MZI-based architectures generally offer
broader operating bandwidth and greater fabrication tolerance. A typical MZI TOS consists of two 3-dB
couplers and two phase-shift arms. The 3-dB couplers can be implemented using Y-branches, directional
couplers, or MMI couplers. Among these, MMI-based MZI switches are particularly attractive due to their
simple fabrication, compact footprint, large process tolerance, and low cost. They can be readily cascaded
into large-scale switching matrices, exhibit microsecond-level switching speeds, provide wide optical
bandwidth, and show low polarization sensitivity, making them well-suited for scalable routing
networks!*”**). As shown in Figure 5, in a typical 2 x 2 MMI-MZI switch, light entering port 1 or port 2 is
evenly split by the first 2 x 2 MMI coupler into two beams with equal amplitude and phase, which propagate
through the two interferometer arms. Localized heating modifies the temperature in one phase-shift arm,
thereby changing the local refractive index and introducing a controllable phase difference between the two
paths. After recombination in the second 2 x 2 MMI coupler, interference directs the output to port 3 or port
4. Consequently, optical path switching between the two output ports can be achieved by tuning a single-
phase shift arm. TOSs based on the two architectures described above have begun to be adopted in
optogenetic probes and will be discussed in detail in Section “Rigid Integrated Photonic Platforms for Optical
Routing in Optogenetics”.

Grating couplers: from guided waves to tissue illumination

In waveguide-routing-enabled optogenetic probes, light carried by the on-probe waveguide network must
ultimately be emitted into the targeted neural cells or tissue. Grating emitters serve as passive optical out-
couplers and do not generate local Joule heat at the emission site, aside from tissue absorption of the
delivered light. This passive-emitter architecture differs from direct-emitting p-LED-based approaches, in
which electrical power is dissipated locally at or near the stimulation site. Moreover, because scattering in
neural tissue is highly anisotropic, grating emitters and optical phased arrays can be engineered to exploit
directional transport for beam forming and shaping®7*”"l. Accordingly, grating couplers constitute the
canonical out-of-plane interface in routing-enabled optogenetic probes. Grating couplers'” convert on-chip
guided modes into free-space beams via a longitudinally periodic refractive-index modulation that supplies
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Figure 5. Schematic diagram of the working principle of the MMI-MZI type TOSs: (A) “bar” status; (B) “cross” status. The arrow indicates
the direction of light propagation in the yellow-highlighted waveguide. Deep red sections represent the heating electrodes with voltage
applied, while light red ones indicate electrodes with no applied voltage. MMI: Multimode interference; MZI: Mach-Zehnder
interferometer; TOSs: thermo-optic switches.

the grating momentum for Bragg-type phase matching to radiated diffraction orders. Under phase matching,
a controlled fraction of power is diffracted out of plane at a designed emission angle. The emission angle,
divergence, and polarization selectivity are mainly governed by the grating period, duty cycle, and etch depth
through their effects on the effective index and grating wavevector. With footprints typically on the order of
~20 x 20 pm’, grating couplers are compatible with high-spatial-resolution stimulation that approaches near-
single-cell targeting.

Constraints unique to optogenetics: from integrated photonic design to in vivo requirements

Because the waveguide routing section of an integrated photonic probe must be implanted into brain tissue
and operate chronically in a complex in vivo milieu, deep-brain optogenetic applications impose a set of
nonstandard design and fabrication constraints that clearly distinguish neural photonic probes from
conventional on-chip photonic integrated circuits. First, strong visible-light scattering in brain tissue,
together with regional variations in composition, density, and refractive index, imposes stringent
requirements on emission angle, beam divergence, and the effective output-power threshold. Precise control
of directionality and divergence is essential to deliver sufficient stimulus while minimizing unintended
activation of nearby neurons™. Second, high-density output sites demand high spatial selectivity; optical
leakage or unintended coupling between channels directly degrades specificity, particularly in dense
waveguide networks, necessitating sufficiently low inter-channel crosstalk and a large extinction ratio
(>7dB)".

RIGID INTEGRATED PHOTONIC PLATFORMS FOR OPTICAL ROUTING IN OPTOGENETICS

Rigid integrated photonic platforms are implemented as waveguide networks on implantable silicon shanks
(“neurophotonic probes”), providing a microfabrication-compatible!*” and experimentally validated
approach for deep-brain, multi-emitter optogenetic stimulation”*!. Such waveguide networks can be
implemented on slender probe shanks to access deep brain regions, since high-index-contrast (HIC)
waveguide material systems and mature micro/nanofabrication processes'”” enable compact photonic
components with small bend radii, small footprints, and tight dimensional control, well-suited for dense
integration of on-probe emission sites>”**””. Over the past decade, diverse rigid probe architectures have
demonstrated integrated waveguide routing networks, reconfigurable switching matrices, and on-chip or
heterogeneously integrated light sources, advancing waveguide routing from a concept to functional neural-
interface systems. This section reviews rigid-platform implementations from five perspectives: materials and
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Table 2. Summary of visible light waveguide material platform technologies and their applications in optogenetics

Propagation loss

. Process I, Applications in optogenetics: (dimensions
Materials (dB/cm) Institution Year PP ptos (¢ '
platform wavelength, and feature parameters)

(wavelength, nm)
1.02 (443) Interuniversity Neuropixels Opto probes®”: MZI-MMI array, dual-

SiN 8-inch foundry 0.3 (532) Microelectronics Center 2024 color emitters [(16 x 25 pm?, 450 nm, 638 nm), 14
0.11(635) (IMEC) sites per color]
1.0-4.6 (466-500) Nanophotonic probes®: emitter (6 x 24.6 um, 488

. . 0.8-2.7 (502-550) Advanced Micro Foundry e NM); Beam steering probel”: optical phased array

SN 8rinchfoundry ¢ 19(552.600)  (AMP) 20195 6,006-0.011 mm?, 460-598 nm, steering Arc
0.5-1.4 (602-648) length: 33.0-113.0 um, 4 channels)

SiN 6-inch foundry  1(518-541) Qaleido Photonics 20257 No optogenetic probe validation reported

SiN 8-inch foundry  2.5-0.8 (532-673) SITRI 2024181 No optogenetic probe validation reported
1.2 (488) Reconfigurable nanophotonic probest: MZI-MMI

SiN Lab 0.2 (532) Columbia University 202415 TOS (473 nm, ON/OFF contrast 17 dB, power: 30
0.06 (644) mW); 8 emitters (20 x 20 um?, 473 nm)

. 0.18 (450) 5o ) -

Al,O, 8-inch foundry 0.03 (532) IMEC 2025 No optogenetic probe validation reported

Al,O, Lab 0.36 (405) SINTEF 202591 No optogenetic probe validation reported

AlLO, Lab 1.39 (637) Fujitsu Research 202597 No optogenetic probe validation reported

TiO, Lab 5.46 (589) Westlake University 2025™8  No optogenetic probe validation reported

TiO, Lab 7.8 (633) University of Twente 20203 No optogenetic probe validation reported

MZI: Mach-Zehnder interferometer; MMI: multimode interference; TOS: thermo-optic switch.

waveguide technologies, on-shank network architectures, reconfigurable routing strategies, active emitter
integration and packaging, and limitations in optogenetic applications.

Rigid material platforms and waveguide technologies

Because optogenetics operates in the visible, the choice of low-loss, transparent waveguide materials and
platform technology directly sets the attainable integration density, propagation loss, and footprint of
integrated photonic probes. HIC and visible-transparent waveguide materials, such as SIN"**/, A1 O, and
TiO,"***), enable strong modal confinement, small bend radii, and compact routing building blocks, which
are essential for on-shank networks constrained by limited shank width and cross-sectional area. As channel
counts scale, propagation loss becomes the dominant system bottleneck; in the visible, fabrication-induced
sidewall scattering is typically more limiting than in telecom photonics'®. Recent advances in foundry and
lab-level process optimization and materials engineering have substantially improved the feasibility of low-
loss rigid visible-light routing platforms [Table 2], which are increasingly being adopted for optogenetic
probes. Among these options, SiN remains the dominant material system for rigid optogenetic probes due to
its CMOS compatibility, scalability to volume manufacturing, and favorable biocompatibility.

Passive waveguide routing networks on rigid shanks

In rigid optogenetic probes, integrated optical routing networks are typically embedded directly along the
probe shank [Figure 6A], distributing light from one or a few inputs to multiple spatially separated emission
sites, enabling depth-resolved, high-spatial-resolution, region-selective excitation or inhibition. Early multi-
site designs largely relied on cascaded splitters such as Y-branches'*” and directional couplers®”, with output
ports positioned at different locations along the shank; however, increasing the channel count in such
splitter-based schemes generally requires large-area arrays. To reduce footprint, Lanzio et al. exploited
wavelength-division multiplexing by coupling a single waveguide to five MRRs (radius < 4 pm) as passive
nanophotonic switches”” [Figure 6B-D], alleviating spatial constraints in nanophotonic links. Through 3D
integration of a compact sensor array with the nanophotonic link, this scalable architecture can increase
sensor density per cross-section by an order of magnitude relative to state-of-the-art devices. Nevertheless,
MRRs operate at specific resonance wavelengths and require stringent environmental control to stabilize the
spectrum and maintain consistent switching performance, imposing tighter demands on fabrication and
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system-level stability.
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Figure 6. Small footprint and passive optoelectrode for electrophysiology and optogenetic applicationst®3: (A) Schematic illustration of the
neural probe; (B) Schematic illustration of the nanophotonic circuit in the probe tip area; (C) SEM image of a SiN ring resonator; (D)
Optical microscope image of the tip of the assembled neural probe. This figure is adapted from Ref.[3, Copyright © 2021 The Author(s).
SEM: Scanning electron microscopy.

Despite these advances, most routing networks on rigid probes remain passive: optical power distribution is
fully determined by fixed splitting ratios and static routing defined at the design stage. Consequently,
channels are often turned on and off collectively, and individual emission sites cannot be independently or
dynamically controlled once the device is fabricated; the output pattern is likewise constrained to a
predetermined spatial distribution. This lack of per-channel addressability limits experimental flexibility,
particularly for adaptive targeting across multiple brain regions or neuronal populations. These constraints
motivate the introduction of reconfigurable integrated photonic elements and switching matrices to enable
dynamic channel selection and programmable power distribution, as discussed in the next section.

Reconfigurable routing on rigid waveguide integrated probe

To overcome the fixed power distribution and limited channel addressability of passive waveguide networks,
rigid integrated photonic probes have increasingly incorporated reconfigurable waveguide devices that
enable dynamic path selection and power reallocation. Building on the phase-control and coupling-
modulation mechanisms discussed in Section “Fundamentals of Integrated Optical Routing”, reconfigurable
networks extend rigid probe platforms from static splitter trees to programmable photonic routing systems,
and further support advanced architectures that combine spatial routing with wavelength-division and
channel-multiplexing strategies. Mohanty et al. implemented a SiN reconfigurable TOS array based on
MMI-MZI switches to realize eight independently controllable emitters (The divergence angle of the emitted
light beam is 2.2° transverse to/3.75° along the waveguide propagation)"”®, and integrated
electrophysiological electrodes to achieve single-neuron-resolution optogenetic stimulation and recording in
the hippocampus. Lakunina ef al. further combined an MMI-MZI TOS architecture with Neuropixels"”,
integrating two sets of 28 optical stimulation sites alongside 960 recording electrodes (14 sites for stimulation
and 14 sites for inhibition) [Figure 7A and B], thereby enabling in vivo high-quality excitation and inhibition
recordings [Figure 7C] with spatially addressable optogenetic modulation across cortical depths.

However, owing to the relatively small TOC of SiN, the power consumption of a single TOS can reach
~30 mW. Increasing the length of the heating waveguide can reduce power consumption, but also increases
the device’s footprint. For MMI-MZI-based reconfigurable networks'*®****, scaling also increases the
driver/feedback integration requirements, system complexity, and device footprint. Motivated by these
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Figure 7. Neuropixels Opto®”: (A) Design of the prototype Neuropixels Opto probe; (B) Top view of light propagation from a red and blue
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micrographs of probes; (H) Conceptual illustration of the nanophotonic neural probe system; (I) Top-down view of the low-divergence
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limitations, Joyce K. S. Poon’s group utilized the 200 mm SiN platform technology to develop optogenetic
optical phased-array (OPA) probes that combine delay-line phase control with wavelength tuning”" [Figure
7D]. In addition, incorporating a large slab-waveguide filter at the emitter can suppress beam divergence [full
width at half maximum (FWHM) of the beam width = 9.9 pm], which is beneficial for achieving high-
resolution neural modulation. By restricting tuning within the opsin operating band, they achieved beam
steering and scanning (steering Arc length = 86.7 pm at 574-598 nm) [Figure 7E], and a clean spike
waveform was observed during in in vivo experiments combining optogenetic stimulation with
electrophysiological recording”! [Figure 7F]. Furthermore, they integrated microfluidic channel technology
into the probes””*?, enabling multimodal modulation. Moreover, far-field coherence and wavefront
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engineering in integrated optics enable beam shaping. Joyce K. S. Poon’s group advanced “guided multi-site
outcoupling” toward “on-probe beam forming engineering”. As shown in Figure 7G, single-mode
waveguides and grating emitters were monolithically integrated on a slender shank, allowing guided light
delivered by the waveguide network to couple into brain tissue as a controllable out-of-plane radiation
field”. Two complementary illumination modes were highlighted [Figure 7H]. The first is a low-divergence
narrow beam for localized and spatially selective stimulation, which was broadened by tissue scattering to an
FWHM of 68 pm after 100 pm propagation. The second is an on-probe light-sheet emission that forms sheet-
like illumination to cover a larger tissue volume, with a light-sheet FWHM of 728 um, yielding a markedly
wider effective illuminated region even in scattering tissue [Figure 71], suitable for parallel modulation of
neuronal populations within a defined volume. In vivo demonstrations further showed that, despite strong
scattering, the emitted light can maintain spatial coherence over several hundred micrometers in brain tissue.
Parallel optogenetic stimulation and electrophysiological recording in vivo also yielded clean spike
waveforms and distinguishable evoked responses. Collectively, this work provides a promising route toward
high-channel-count, programmable, and patterned deep-brain photostimulation. They also introduced
focusing emission gratings” to improve illumination resolution. Overall, these studies establish the technical
feasibility of reconfigurable routing on rigid photonic probes and show that, relative to passive splitter
networks, it can markedly enhance channel addressability, spatial selectivity, and experimental flexibility.

Taken together, these rigid photonic probes represent complementary routes toward reconfigurable and
structured optogenetic stimulation. Reconfigurable nanophotonic probes based on MMI-MZI TOS arrays,
such as Neuropixels Opto!””), emphasize depth-resolved, localized, and electrode-compatible optical
addressing by integrating dual-color stimulation sites with high-density electrophysiological recording
electrodes. However, their addressability is restricted to predesigned emitter locations, and their scalability is
limited by TOS power, routing complexity, and system interconnects. OPA probes shift the emphasis from
discrete site selection to programmable beam steering, enabling selectable stimulation within a defined
scanning range (a single OPA scanning arc length of up to 235 pm"") while avoiding high TOS array power
through delay-line- based passive phase control. Nevertheless, they require precise phase design or
wavelength-swept laser control, and their current scanning range still cannot cover the entire implanted
probe region. Light-sheet probes”” further extend rigid waveguide routing from point-like emission to
engineered illumination profiles, enabling low-divergence or sheet-like excitation over defined tissue
volumes and expanding the functionality toward imaging. However, their addressability is mainly
determined by predefined emission ports along the shank and is therefore depth-resolved rather than
continuously scanned, as in OPA probes. Importantly, these three strategies have all demonstrated in vivo
optical modulation with simultaneous local electrophysiological recording, indicating that rigid integrated
photonic probes can support increasingly powerful combinations of addressable stimulation, beam-profile
engineering, and electrode-compatible neural readout. Future rigid photonic probes are expected to evolve
toward integrated architectures that overcome current limits in switching power, beam-steering range,
routing density, and optoelectronic co-design, enabling more scalable and programmable high
spatiotemporal-resolution optogenetic interrogation.

Active emitters integrated and heat management technologies

Beyond routing waveguides and switching networks, the overall performance and scalability of integrated
photonic probes depend strongly on system-level implementations of light sources, packaging, and
interconnects. At present, optical packaging for integrated photonics still relies predominantly on butt-
coupling to optical fibers, which can introduce practical cable-management issues in long-term biological
experiments. To address this, as shown in Figure 8, Kampasi et al. coupled dual-wavelength injection laser
diodes into monolithically integrated on-shank SION waveguides using gradient-index (GRIN) relay optics,
enabling multisite, dual-color light delivery alongside dense recording electrodes, and the laser diodes were
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Figure 8. Schematic of multishank multicolor fiberless optoelectrode assembled on a printed circuit board®”: (A) Device fabrication
details; the inset is the local enlargement of the tip of the probe; (B) Fabricated neural probe shank tips with monolithically integrated
dielectric waveguides; (C) High-magnification SEM image of epi-side down flip-chipped 405 and 635 nm ILDs on the ILD-GRIN. This
figure is adapted from Ref.l°”2, Copyright © 2018 The Author(s). SEM: Scanning electron microscopy; ILDs: injection laser diodes; GRIN:
gradient-index; PCB: printed circuit board.

wirelessly controlled””. Importantly, temperature rise induced by source dissipation must be carefully
managed. GRIN optics provide high coupling efficiency, allowing lower diode output power and thus
reduced heat generation, an advantage for scaling to more channels. Moreover, GRIN elements act as
effective thermal insulators”, physically separating the heat source from the probe shank and suppressing
heat conduction toward brain tissue. Thermal simulations and measurements indicate that combining
GRIN-enabled thermal isolation with high-efficiency optical coupling is a key engineering route to scale
high-density optogenetic integrated probes without excessive tissue heating.

In addition to source heating, heat generated by tuning elements also warrants attention. Mohanty et al.
estimated the thermal impact of MMI-MZI-based thermo-optic switching networks, reporting a probe-tip
temperature rise of ~0.2-0.4 °C, which can be regarded as an upper bound for the surrounding tissue and
remains well below safe operating limits (< 2 °C)"). Because the micro-heaters are located outside the brain,
thermo-optic heating is spatially separated from the target tissue. Further incorporating heat sinks and
optimizing heater design®’ could suppress heat conduction toward the implanted probe region and support
higher emitter counts. This also highlights a practical advantage of waveguide-integrated approaches over p-
LED probes: the light source and thermal control hardware can be externalized, minimizing thermal
perturbation to neural tissue, which is particularly beneficial for multi-site and high-spatial resolution
optogenetic studies.

Limitations of rigid waveguide routing for optogenetics

From a photonics and manufacturing perspective, rigid waveguide integrated optogenetic probes,
particularly those based on SiN and related dielectric platforms have demonstrated strong performance
advantages. The SiN platform is highly compatible with scalable wafer-level fabrication and benefits from
mature process design kits (PDKs), well-characterized material stacks, and reproducible patterning
workflows. As a result, rigid integrated waveguide devices can offer high geometric precision, stable optical
confinement, predictable splitter/coupler behavior, and good long-term parameter stability®*”. HIC further
enables small bend radii and dense on-shank routing layouts, allowing compact routing elements and
multisite light delivery with controlled loss and crosstalk. Collectively, these attributes make rigid platforms
well-suited for complex routing networks, switching matrices, and multiplexed optical distribution
architectures.

However, in chronic implantation and behaviorally relevant settings, these advantages come with inherent
limitations. Rigid probes exhibit pronounced mechanical mismatch with soft brain tissue"*"!. During long-
term implantation, the brain undergoes continuous microscale motion driven by pulsation, respiration, and
head movement, which is further amplified in freely moving experiments. Because rigid shanks cannot
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accommodate such deformation, persistent probe-tissue micromotion can elicit inflammatory responses,
degrade electrophysiological recording stability, and gradually alter the local optical emission geometry. For
routing-based optogenetic probes, this mechanical mismatch can also disrupt the spatial registration between
emission sites and targeted neural populations, reducing the repeatability of stimulation over time. Together,
these considerations indicate that while rigid routing platforms provide a necessary foundation for high-
density, precisely defined optical routing, their mechanical and bio-interface constraints impose intrinsic
limits on long-term stability and large-scale in vivo deployment, motivating a transition toward mechanically
compliant flexible routing platforms".

TRANSITION FROM RIGID TO FLEXIBLE: OPTICAL ROUTING UNDER MECHANICAL
CONSTRAINTS IN OPTOGENETICS

Flexible integrated waveguide platforms can be viewed as a natural extension of rigid photonic probe
technologies: they inherit the core concepts of rigid waveguide routing, yet must function under
fundamentally different mechanical constraints. Although many rigid platform device architectures can, in
principle, be ported to compliant substrates, mechanical compliance introduces deformation-driven effects
that directly perturb optical performance and long-term stability. Bending, strain, and multilayer
deformation alter the waveguide effective index, phase accumulation, and coupling coefficients; without
deformation-aware design, these perturbations can cause mode mismatch, increased loss, and even device
failure. Consequently, flexible waveguide platforms require coordinated co-design across mechanics,
materials, and photonic structures rather than a simple process transfer. This section reviews the rigid-to-
flexible transition from three perspectives: flexible materials and waveguide platforms, mechanical design
principles under deformation, and the evolution of integration pathways and the functionalities they unlock,
with current flexible waveguide optogenetic probes as a focal point to briefly discuss development trends and
key engineering bottlenecks for scalable manufacturing and validation.

Flexible materials and waveguide platforms

For flexible waveguide-based optogenetic probes, the overall probe stiffness is jointly determined by
geometry and the Young’s modulus of the constituent materials'?. Accordingly, chronic tissue responses
after implantation are coupled not only to intrinsic material properties but also to probe form factor.
Implantable neural probes are typically designed as slender, high-aspect-ratio structures to minimize cross-
sectional area and thereby reduce tissue damage during insertion. Mechanically, such structures can be
approximated as cantilever beams, whose bending stiffness is determined by both the material modulus"” and
the cross-sectional geometry!"*. For a rectangular probe shank, the bending stiffness is expressed as: k =
E¥'b/4L’, where E, t, b and L are the Young’s modulus, thickness, width and length of the implanted probe
segment, respectively. For a cylindrical probe, k = 3zEd'/64L°, where E, d and L are the Young’s modulus,
diameter and length of the implanted probe segment, respectively. Thus, bending stiffness depends not only
on the material modulus but also strongly on the probe geometry, scaling cubically with thickness for
rectangular probes and quartically with diameter for cylindrical probes. Therefore, selecting low-Young’s-
modulus materials and reducing probe dimensions are both important strategies to improve mechanical
compliance and mitigate long-term inflammatory responses driven by post-implantation micromotion.
Table 3 summarizes the Young’s moduli of commonly used waveguide materials. Compared with
conventional inorganic photonic waveguide materials, polymers generally exhibit much lower moduli,
thereby reducing the effective probe stiffness when combined with appropriate probe geometries. In
addition, the ease of processing and low-loss characteristics of polymer waveguides further make them
attractive for flexible probe fabrication.

However, from an integrated waveguide routing perspective, polymer waveguides typically offer only a low
refractive-index contrast between the core and the cladding/substrate, thereby limiting optical confinement.
Suppressing bend radiation loss, therefore, often requires larger lateral dimensions and larger bend radii"'",
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Table 3. Mechanical properties of biomaterials

Materials Young's modulus, E (GPa)
PDMSIo4 (1.32-2.97) x 107

SU-8rosi 2

Polyimidet©s! 2-3

Parylene Ctoel 1.5-4

PLGADO7 0.67-4.5

Silicon (Si)tos) 130-170

SiNwoo1 280-290

Tio, o1 65-147

PDMS: Polydimethylsiloxane; PLGA: poly(lactic-co-glycolic acid).

which work against high-density integration. This constraint becomes particularly acute when attempting to
realize high channel counts, multi-stage power splitting, and many emission sites within a shank of limited
width (e.g., < 100 pm). Motivated by these limitations, recent studies have explored incorporating higher
index, low absorption inorganic material systems on flexible substrates, such as silicon-based materials"'”,
inorganic oxides'"”, and chalcogenide glasses (ChGs)""'*, to achieve stronger modal confinement and more
compact functional photonic structures on compliant platforms''*''*). Furthermore, hybrid
organic/inorganic integration schemes with an “inorganic core and polymer cladding” are considered
intrinsically advantageous for compact flexible photonic integrated devices"'”: the inorganic core provides
high index contrast and low-loss guiding, whereas the polymer cladding and substrate confer mechanical
compliance and packaging compatibility. In principle, such hybrid platforms can substantially shrink routing
device dimensions, enabling more stimulation sites and more complex routing topologies within small shank
footprints, and thereby offering greater integration potential for near-single-cell-resolution, multi-region
addressable optogenetic probes. Consequently, the choice of flexible materials and waveguide platforms first
defines the attainable bounds of confinement, loss, and device size, and thus sets the integration ceiling for
flexible routing within probe-scale geometries. Yet high confinement alone does not guarantee usable
routing on a flexible shank: once implanted, bending and micromotion continuously perturb the effective
index and coupling gaps, making deformation-robust routing a central requirement. This issue is examined
in detail in the next section, “Mechanics of optical routing design”.

Mechanics of optical routing design

Material selection sets the upper bound of achievable optical confinement on flexible platforms, but it must
be emphasized that flexible waveguide probes inevitably operate under bending, tensile/compressive strain,
and coordinated deformation of multilayer stacks. Such mechanical perturbations modify the effective index
of the routing waveguide, the optical path length, and the coupling gaps, thereby affecting phase
accumulation and power distribution and imposing additional constraints on transmission spectra, device
uniformity, and long-term stability.

In flexible electronics, a central paradigm for mechanical robustness is neutral plane engineering, in which
functional layers are placed near the strain-neutral plane to minimize deformation-induced strain"'*'**\.
However, the design objectives of flexible photonic systems are more complex: fully embedding photonic
components within thick claddings can improve strain isolation, but it also degrades heat dissipation and
suppresses evanescent-field interactions with the surrounding medium. This interaction is essential for
photonic sensing and evanescent coupling. For neural probes, integrated photonics is attractive not only for
delivering stable optical stimulation but also for monitoring the brain micro-environment (e.g., temperature,

humidity, and chemical changes), offering substantial promise and potential value. Device architectures,
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Figure 9. Multi-neutral-axis theory!”3: (A) Cross-sectional schematic of the flexible photonic chip with a Pl-silicone-SU8 three-layer
structure; (B) Contour plot of bending strain distribution obtained from FEM when the structure is bent; (C) Resonance wavelength shift
plotted as a function of bending curvature; Symbols are experimentally measured data, solid lines are predictions made using multi-
neutral-axis theory. (A-C) are reprinted with permission from Ref.l"”}, Copyright © 2014 Springer Nature. Integrated stretchable
photonics*: (D) Top-view micrographs of a stretchable device; (E) normalized optical transmittance spectra of a ChG/SU-8 stretchable
resonator at different nominal strain levels; (F) Q-factors of ChG/SU-8 resonator devices before and after 3,000 stretching cycles at 41%
nominal strain. (D-F) are reprinted with permission from Ref.[7%, Copyright © 2017 The Author(s). Pl: Polyimide; FEM: finite element
method; ChG: chalcogenide glass.

therefore, often require a trade-off between strain suppression and environmental interaction. In practice,
many flexible photonic devices place functional layers near the polymer surface to enhance external
coupling; however, this increases bending-induced strain and typically limits flexibility to millimeter-scale
bend radii (often = 5 mm"*>"**"")), thereby reducing the available deformation freedom for deployment.

To address this challenge, Li et al. proposed and experimentally validated a local multiple-neutral-axis
mechanical design paradigm"'” [Figure 9A and B]. Rather than forcing all device layers onto a single neutral
plane, this approach uses multilayer lamination to create multiple low-strain regions across the thickness,
enabling functional partitioning: strain-sensitive, routing-critical photonic layers are placed in interior, near-
central low-strain zones to suppress strain-optical coupling, while near-surface regions are preserved for
evanescent field interaction or sensing interfaces. Practically, the paradigm introduces a low-shear-modulus
soft interlayer [e.g., silicone/polydimethylsiloxane (PDMS)] between polyimide and SU-8. Under bending,
this soft layer undergoes significant interfacial shear, reshaping strain transfer across the stack so that
individual functional layers develop their own neutral planes. The positions of these neutral axes can be
tuned via layer thickness and modulus, thereby tailoring the local strain distribution under bending. Figure
9C shows that tuning the cladding thickness modulates the stress experienced by the micro-disk resonator,
and the resulting mathematical relationship between resonance-wavelength shift and chip bending curvature
agrees with the theoretical prediction of the multiple-neutral-axis analysis. In this way, mechanics-aware
design converts flexible deformation from a “random perturbation” into a designed boundary condition,
providing a structural basis for maintaining stable performance of complex routed waveguide networks
under deformation.
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Beyond bending, flexible devices may also experience tensile deformation. Inspired by stretchable
electronics, stretchable photonic systems commonly use serpentine/meander interconnects to transform
global stretching into local bending, thereby minimizing strain in critical photonic components. Li et al.
reported the first stretchable photonic devices”: to render intrinsically brittle inorganic-glass photonics
stretchable, they employed local substrate stiffening via SU-8 encapsulation of ChG to suppress deformation
of key photonic elements [Figure 9D]. At an overall elongation of 41%, the maximum strain in the Euler-
spiral geometry was only 3%, demonstrating a 14x reduction and highlighting the amplification effect of
geometric strain engineering [Figure 9E]. As the tensile load increases, the resonance peaks red-shift,
reflecting stress-optical coupling. The interconnecting waveguides were further implemented as serpentine
Euler spirals to mitigate bending-radiation loss under stretching. The platform withstood 3,000 cycles at 41%
nominal strain without measurable degradation in optical performance [Figure 9F].

Existing flexible phase-sensitive photonic devices like MRR and MZI mainly report deformation-induced
wavelength shifts, Q-factor changes, transmission stability, and bending/fatigue durability"*”), whereas
quantitative correlations between mechanical strain and extinction ratio or crosstalk remain limited because
these metrics are jointly affected by coupled changes in effective index, optical path length, coupling gap, loss
balance, and fabrication tolerances!”'*>*'7) Tt is therefore expected that future studies will establish
quantitative characterization methods to clarify the strain-dependent evolution of extinction ratio and
crosstalk in flexible phase-sensitive photonic devices.

Overall, the mechanical design objectives of flexible photonic waveguides can be distilled into two
requirements: maintaining (i) predictability of optical signals and coupling relationships under deformation;
and (ii) long-term reliability of multilayer interfaces. These mechanics-aware designs define the
requirements for optical routing, but probe-level scalability ultimately depends on whether manufacturing
and integration can reproducibly realize the required layer stacks, stress states, and interfaces with wafer-
scale uniformity across multi-channel networks, which is the focus of the next section, “Integration strategies
of flexible photonic device fabrication”.

Integration strategies of flexible photonic device fabrication

In flexible integrated photonics, routing performance is ultimately realized through process execution rather
than design intent alone. Deposition temperature, residual stress, etch/plasma damage, release/transfer steps,
and multilayer bonding quality directly determine whether low-loss waveguides, stable couplers, and
repeatable emitters can be fabricated and assembled into probe-scale networks. Building on the material
bounds established in Section “Flexible material and waveguide platforms” and the deformation-aware
design principles developed in Section “Mechanics of optical routing design”, this section turns to the
manufacturing and integration pathways for flexible photonics and the associated photonic integrated
applications.

Transfer-based integration strategy and applications
In the early development of HIC flexible waveguide integrated devices, Si and SiN-based HIC flexible

122-124

waveguides were first demonstrated primarily via transfer printing approaches'?'**/. However, such hybrid
integration typically requires multiple pattern-transfer steps across different substrates, imposing clear

limitations on throughput, yield, and achievable integration complexity.

To address these constraints, Chen et al. introduced GeO, as a sacrificial layer for fabricating HIC flexible
photonic integrated waveguides"'” [Figure 10A]. Leveraging GeO,’s intrinsic tolerance to high-temperature
and high-power plasma processes, high-quality inorganic optical films can be directly grown on its surface
using a range of thin film deposition methods, substantially relaxing constraints on functional material
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Figure 10. Flexible integrated photonic devices based on PECVD SiNU"2: (A) Schematic diagram of the device fabrication process; (B)
Photo of the device under measurement at a bending radius of 0.57 mm; (C) Normalized optical transmission spectra of flexible SiIN MRR
at different bending radii; (D) Normalized optical transmission spectra of the flexible SIN MRR after 100 bending cycles at R = 0.57 mm;
(E) Thermal and mechanical stability tests. (A-E) are reprinted with permission from Ref.l"™], Copyright © 2023 Wiley-VCH. Mechanically-
flexible wafer-scale integrated-photonics fabrication platformt25%: (F) Stack diagrams (not to scale) depicting process flow; (G) Flexible
waveguide loss; (H) Photograph of a flexible photonic chip under optical testing while bent; (1) Light output under different bending radii.
(F-1) are reprinted with permission from Ref.l'>3, Copyright © 2024 The Author(s). PECVD: Plasma enhanced chemical vapor deposition;
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choice and integration flow while improving process compatibility and generality. In addition, the GeO,
sacrificial layer can be removed by mild wet etching in aqueous solution, with minimal impact on
surrounding photonic structures and their optical performance, making it well-suited for releasing and
transferring high-performance flexible devices. Using this method, flexible bendable SiN devices achieved a
bending radius of 0.57 mm [Figure 10B]. By precisely positioning the waveguide layer near the structural
neutral plane, the stress during bending was kept close to zero, enabling stable and excellent optical
performance across different bending radii [Figure 10C-E]. More recently, Notaros et al. combined back-
silicon thinning by chemical-mechanical polishing with wafer release to flexible 300 mm SiN wafers'">*!
[Figure 10F]. Although the waveguide propagation loss at 633 nm remained high (9.4 dB/cm) [Figure 10G-I],
this work provides an instructive pathway toward scalable flexible photonic integration built on mature
foundry processes.

Monolithic integration strategy and applications

Another major fabrication route for flexible photonic integrated devices is monolithic integration. The key
requirement is to deposit the core waveguide material at low temperature, while maintaining high film
density and low residual stress with the flexible substrate. A representative direction is thermal evaporation
of ChG as the waveguide material. ChG supports low-temperature deposition, offers a high refractive index,
and provides a broad near-infrared transparency window!"**.. By combining the local/multiple neutral-axis
mechanics framework with monolithic ChG processing, Li et al. transformed intrinsically brittle inorganic
ChG photonic devices into repeatedly bendable platforms"'” [Figure 11A and B]. The demonstrated device
set includes waveguides, microdisk resonators, filters, photonic crystals, and waveguide-integrated detectors,
while sustaining excellent optical performance with negligible degradation under repeated bending at sub-
millimeter radii. This coupled design-process strategy was subsequently adopted to guide additional
monolithic flexible inorganic PIC demonstrations on ChG, including passive components such as MMIs,
MZIs, and MRRs, achieving more stable optical responses under mechanical deformation*”. Luo et al.
further leveraged the same theory to realize quasi-distributed ChG mechanical sensors [Figure 11C] enabling
controlled geometric reconfiguration at sub-millimeter bending scales [Figure 11D] and micro-Newton level
force detection"* [Figure 11E]. However, ChG materials generally exhibit absorption in the visible, which
limits their use for visible-wavelength optical waveguides, although they remain attractive for sensing"*’.

Another representative low-temperature deposition route is magnetron sputtering. For visible wavelength
operation, common waveguide materials are TiO, and SiN. While sputtered SiN has shown high
performance at 1,550 nm, its implementation on flexible substrates and in the visible remains insufficiently
explored. TiO, can be deposited by e-beam evaporation and is widely used in metasurfaces"**"*"), but its film
density is typically lower than that of the sputtered films. Moreover, e-beam evaporated TiO, often exhibits
visible absorption due to oxygen loss during deposition. For sputtering-based TiO,, Chen et al. reported that
reactive sputtering can damage flexible substrates via O, plasma, resulting in poor optical film quality'").
Chen et al. addressed this by introducing an ALD Al O, protection layer on the flexible substrate to block O,-
plasma damage, enabling monolithic TiO, photonic integration on flexible substrate!** [Figure 12A]. At
589 nm, the platform achieved a 5.46 dB/cm single-mode waveguide loss and a 2 x 2 MMI with 3.29 dB
insertion loss. The corresponding MMI-MZI TOS showed 8.24 mW power consumption and a 68.2 ps
response time [Figure 12B], meeting optogenetic kinetics requirements. At 1,310 nm, Chen et al.
demonstrated a near-infrared flexible TiO, 2 x 2 MMI with 3.1 dB insertion loss and a TOS with only 0.83
mW =-phase shift power'™” [Figure 12C]. Device performance remained stable after hundreds of bending
fatigue cycles. Notably, because both TiO, and the polymer cladding exhibit negative TOC, their
combination can enhance thermo-optic modulation efficiency, yielding switch performance that can
outperform some rigid Si/SiN thermo-optic devices"**.. Compared with reported all-polymer TOSs!"****),
which typically require ~2.2-32 mW of switching power and have centimeter-scale device footprints, the TiO,/
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polymer platform reduces the device footprint by approximately two orders of magnitude while offering a
power-efficient route for flexible thermo-optic routing. Overall, monolithic integration of flexible HIC
photonics provides a critical foundation for later adoption of wafer-scale foundry processes for scalable
manufacturing.

Development of flexible waveguide optogenetic probes

Although flexible integrated photonics with inorganic HIC waveguide cores has achieved multiple
breakthroughs at both the process and device levels, flexible HIC waveguide optogenetic probes remain in
their early stages of development. Most representative flexible waveguide-based optogenetic probes to date
still rely on polymer waveguides'*®****7). This trend suggests that, in implantable probe formats,
manufacturability, mechanical reliability, and optical transmission stability are currently more readily
achieved with polymer-based implementations. These platforms offer favorable mechanical compliance and
process compatibility, but their relatively low refractive index contrast limits compact routing, dense emitter
integration, and scalable photonic network design. Therefore, existing polymer-based demonstrations should
be viewed as important probe-level validations, whereas translating HIC-integrated waveguide architectures
into flexible implantable optogenetic probes remains a key future direction.

This polymer-based route also highlights a central mechanical trade-off in flexible probe development.
Although flexible probes can alleviate chronic mechanical mismatch between the probe and neural tissue
after implantation, their low Young’s modulus and small geometrical dimensions often result in low bending
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bottom left: the power of TOS; bottom right: the response time of TOS. (A and B) are reprinted with permission from Ref.*®), Copyright ©
2025 Optica Publishing Group. (C) Flexible TiO, waveguide integrated devices at 1,310 nmt7%: upper: Flexible 2 X 2 MMI measurement;
bottom: Flexible TOS measurement. (C) is reprinted with permission from Ref.[>”, Copyright © 2023 Optica Publishing Group. MMI:
Multimode interference; TOS: thermo-optic switch; CPI: colorless polyimide; TE: transverse electric.

stiffness during surgical insertion. When the tissue insertion force exceeds the critical buckling force of a
flexible polymer probe, buckling or lateral deflection may occur, compromising implantation accuracy or
even causing implantation failure, particularly for deep-brain targets. To address this trade-off, various
implantation-assistance strategies have been developed, including polyethylene glycol (PEG)"**"*), silk!"*"*+],
or other biodegradable stiffening coatings''**), as well as removable rigid insertion guides"**'**). These
approaches facilitate accurate delivery of flexible probes into target brain regions while preserving their low
bending stiffness after implantation and reducing micromotion-induced tissue responses. In addition,
optimizing the probe geometry to increase the critical buckling force at the insertion tip"**, without changing
the material’s Young’s modulus, represents an effective strategy to reduce implantation difficulty. Chen et al.
reported a flexible optogenetic stimulation probe built on a low-loss SU-8 polymer waveguide!** [Figure
13A]. By optimizing the probe geometry [Figure 13B], they established a geometry-insertion model for the
flexible probe. Within the defined structural design window, probes with a Young’s modulus close to that of
SU-8 can achieve accurate assistance-free implantation, addressing the long-standing challenge of inserting
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flexible waveguide probes into deep brain regions without auxiliary tools [Figure 13C and D]. This strategy
simplifies the implantation procedure while preserving the mechanical compliance of the polymer probe.

Optical packaging robustness is another critical requirement for translating flexible waveguide optogenetic
probes toward long-term in vivo applications. At present, most waveguide-integrated probes still rely on
fiber-coupled packaging®”*77*>**l, in which an optical fiber is aligned in a U- or V-groove'*>"**, coupled to the
on-chip waveguide, and fixed or shielded with ultraviolet (UV)-curable adhesives and black epoxy. Although
this approach is simple and effective for benchtop testing or short-term validation, the fiber—chip coupling
region remains a mechanically vulnerable joint in freely moving animals. Natural movement can
mechanically stress this localized interface, leading to cracking, delamination, fiber misalignment, or
breakage, ultimately resulting in coupling fluctuations or failure. Therefore, packaging robustness should be
assessed not only by initial coupling efficiency but also by the long-term mechanical integrity and optical
transmission stability of the fiber-waveguide interface under chronic implantation and free-moving
conditions. To address this issue, Chen et al. proposed a more robust fiber-to-waveguide coupling and
packaging scheme based on 3D-printed platform technology** [Figure 13E and F]. By fixing the jacketed
external fiber and the probe onto a shared support platform, the optical coupling region is embedded within
the package rather than being protected only by conventional point-wise adhesive bonding. This integrated
encapsulation of the fiber—probe interface substantially improves fracture resistance and enables sustained
optical stimulation sufficient for mouse locomotor speed modulation [Figure 13G and H], as well as a
chronically low-inflammatory probe-tissue interface [Figure 13I]. However, real-time quantitative
measurements of coupling-efficiency fluctuations during natural movement remain limited in this study and
in most existing demonstrations of flexible waveguide optogenetic probes. Future work should therefore
include pre- and post-implantation optical transmission measurements, bending or fatigue tests of the
packaged coupling interface, accelerated soaking tests, and in vivo optical-output monitoring during freely
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moving behavior. From the perspective of mechano-optical coupling, the SU-8 probe represents a simplified
single-polymer waveguide architecture, in which the absence of heterogeneous multilayer interfaces and
phase-sensitive routing elements helps reduce deformation-induced coupling mismatch and phase drift
during flexible implantation'*"'**|. Taken together, this study should be viewed as a probe-level validation of
flexible waveguide optogenetics under practical implantation and packaging constraints, showing that
process-friendly polymer waveguides, when combined with robust packaging engineering and rapid
assistance-free implantation, can close the essential validation loop from device fabrication to in vivo
functional modulation. This provides application pull for future probes with higher channel counts and
more complex integrated waveguide architectures, including hybrid HIC platforms such as TiO, waveguide

cores embedded in SU-8 claddings for flexible optoelectronic optogenetic probes.

In conventional polymer waveguide probes, optical emission typically follows the waveguide’s axial direction
of the waveguide because these devices often rely on end-fire emission from the waveguide terminal, lacking
integrated out-of-plane coupling structures to redirect light toward the surrounding tissue. As a result, light
propagates along the probe shank, which can reduce spatial localization and increase overlap between the
optical path and recording electrodes or nearby interconnects, thereby increasing the risk of undesired
illumination and photoelectric recording artifacts caused by the visible-light response of metal
electrodes"**? [Figure 14A]. To address this emission-direction problem, Reddy et al. introduced a Parylene
C/PDMS flexible waveguide platform with integrated 45° micro-reflectors, which redirected the guided light
into vertical out-of-plane emission'™’ [Figure 14B and C]. This built-in micro-mirror out-coupling enables
light delivery normal to the probe surface, thereby addressing a recurring limitation of axial end-fire
emission by reducing overlap between the optical path and electrode layout [Figure 14A], minimizing
undesired illumination and optical artifacts, and preserving a planar architecture compatible with
electrophysiological integration. The platform was subsequently combined with tungsten electrodes to

[137

achieve in vivo optical stimulation with concurrent electrophysiological recording”. Thus, it demonstrates a
scalable interface form factor based on flexible waveguide arrays with on-chip vertical out-couplers and
supports the rationale of using vertically emitting grating couplers on HIC waveguide platforms for out-of-
plane delivery. In addition, the Parylene C/PDMS platform also reflects a neutral-axis design principle: the
Parylene C waveguide is positioned near the geometric center between the upper and lower PDMS cladding
layers, which helps reduce bending-induced strain in the optical layer. By contrast, the local multiple-
neutral-axis strategy summarized in Figure 9 has so far been demonstrated mainly in general flexible
photonic devices and has not yet been fully translated into flexible waveguide optogenetic probes.
Nevertheless, with continued advances in fabrication processes and device-level co-design, this strategy
provides a promising mechanical framework for future multilayer HIC optogenetic probes that integrate
inorganic waveguide cores, electrodes, heaters, and encapsulation layers.

Overall, flexible optogenetic waveguide probes remain largely polymer-based, whereas reports of flexible
integrated probes built on inorganic high-index waveguides (e.g, SiN/SION/TiO,) are still relatively scarce,
largely because manufacturability, mechanical reliability, and low-loss routing waveguides are difficult to
satisfy simultaneously. Inorganic thin films are typically more sensitive to deposition temperature, residual
stress, and etch/plasma processes. After transferring to compliant substrates, they are prone to warpage,
cracking, and interfacial delamination, which degrade propagation loss and device uniformity. Meanwhile,
flexible substrates generally exhibit poorer surface planarity than rigid wafers'*”, substantially narrowing the
process window for stepper-based or scanner-based lithography. Focus drift readily induces critical-
dimension errors and pattern distortion. In addition, the low electrical and thermal conductivity of flexible
substrates makes wafer-scale control of film uniformity/density and etch uniformity/etch-depth accuracy
more challenging, further amplifying channel-to-channel variation and network-level errors. Despite recent
advances in flexible waveguide-integrated routes, substantial engineering barriers remain for wafer-scale,
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reproducible manufacturing. Consequently, at the current probe validation stage, polymer waveguides
enabled by low-temperature processing, the coupling tolerance of thicker cores, packaging compatibility, and
mechanical compliance, more readily achieve multi-channel light delivery with chronic usability, leading to a
field landscape in which flexible waveguide optogenetic probes are polymer-dominant, with inorganic core
approaches promising but still awaiting key breakthroughs.

CONCLUSION AND OUTLOOK

This review centers on integrated optical routing waveguides for optogenetic probes, systematically
summarizing the underlying routing physics, implementation paradigms on rigid platforms, and the coupled
materials-mechanics-process constraints that emerge when transitioning to flexible platforms. Overall,
waveguide routing elevates optogenetic probes from active-source-placement or fiber-delivery-driven point
illumination to a networked optical distribution system defined by topology and weights, offering a clear
path toward scalable, programmable, high-resolution addressing across multiple depths and brain regions.
At the same time, flexibility makes bending and micromotion routine perturbations under chronic in vivo
conditions, shifting the determinants of routing performance from single-device metrics to system-level
coupled constraints spanning phase/coupling stability, packaging/interconnect reliability, and manufacturing
uniformity. Building on this framework, we outline future directions in five areas: materials and device
scaling, multimodal system capability, on-probe light-source integration, manufacturing and process
maturation, and platform transferability.

Toward flexible HIC waveguide routing with dense, independently addressable sites

As neuroscience shifts from region-level modulation to causal interrogation at the ensemble and even single-
cell scales, experimental demands for multi-region, multi-depth, high spatiotemporal-resolution control will
continue to intensify!**'**). This trend fundamentally drives on-shank photonic routing toward higher
channel counts and tighter port-to-port uniformity within stringent shank area constraints. While flexible
hybrid platforms (inorganic core/organic cladding) promise compactness and scalability, their probe-grade
translation is gated by stress management, interfacial reliability, and wafer-scale uniformity. Against this
backdrop, coherence-enabled wavefront engineering - including optical phased arrays and coherent multi-
port synthesis - offers an alternative scaling axis: it can shift the paradigm from “one channel-one fixed
emission site/pattern” to “one channel-programmable beam steering and volumetric scanning”, thereby
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increasing per-channel spatial interrogability without a linear increase in physical output ports"*****. Under
in vivo conditions characterized by deep targets, strong scattering, and tight thermal budgets, this approach
may also open a more favorable system-level trade space among port count, footprint, and power, making it
a promising route toward scalable, high-density optogenetic probes.

Multimodal closed-loop neural interfaces based on waveguide routing
Building on high-density, addressable optical stimulation, the next scientifically impactful direction is to co-
integrate high-throughput electrophysiological recording with chemical/environmental sensing to form a

[128

multimodal interface on a single implant!*®. The key advance is not a simple “more channels” stack-up, but a
shift from open-loop to closed-loop neuromodulation: electrical signals provide fast dynamic readout, while
chemical and environmental variables (e.g., local metabolism, inflammation-related markers, temperature,
and micro-environmental changes) supply slow and state variables, enabling causal dissection of state-
dependent circuit function, neuromodulatory mechanisms, and long-term plasticity!®'****'. From a system
perspective, the optical routing waveguide network can serve as the implant’s “photonic backbone”, but it
must be co-designed with electrode layout, sensing interfaces, packaging, and thermal budget to prevent

crosstalk and long-term drift.

Integrated light sources on flexible waveguide probes

Current flexible waveguide optogenetic systems still predominantly rely on fiber-coupled external light
sources, which are robust and readily scalable for laboratory validation but impose inherent constraints for
freely moving experiments, chronic implantation, and system miniaturization. For next-generation
platforms, the central challenge is efficient on-chip light source integration on the flexible substrate.
Heterogeneous integration of III-V lasers, u-LEDs, micro-organic light-emitting diodes (u-OLEDs), or other
microscale emitters has become an important route toward compact, scalable, and fully integrated photonic

162-164

platforms! I These approaches indicate that light sources can, in principle, be incorporated into

miniaturized photonic or neural-interface platforms rather than being supplied exclusively through external
fibers.

For flexible waveguide optogenetic probes, the potential of integrated light sources lies not only in
eliminating external fiber coupling, but also in converting a passive optical delivery probe into an active
optoelectronic information interface!"*”). Source integration would allow electrical control signals to be
directly converted into programmable optical outputs on the probe, including intensity modulation!**,
pulse-pattern control"*” and multi-wavelength operation"*””). When combined with on-probe waveguide
routing, these electrically programmable light sources could provide temporal and spectral degrees of
freedom"”!, while the waveguide network defines spatial light delivery across multiple stimulation sites"”..
More importantly, co-integration with the aforementioned multimodal platform could support wholly
closed-loop optoelectronic operation"*”, in which recorded neural or physiological signals are processed as
feedback, translated into programmed optical stimulation, and monitored through the same multimodal
interface. In this sense, heterogeneous light-source integration could transform flexible waveguide
optogenetic probes from externally driven light delivery tools into miniaturized, fiber-free, and feedback-
capable neural-interface systems.

Despite these potential advantages, translating heterogeneous light-source integration into flexible waveguide
optogenetic probes remains substantially more challenging. First, the interface between the light source and
the flexible waveguide must be tightly and reliably bonded to prevent interfacial cracking during long-term
operation, which could otherwise lead to optical coupling failure. Second, integrating light sources onto the
probe introduces local power-delivery and heat-dissipation requirements. Therefore, electrical and thermal
crosstalk within the system must be carefully optimized to avoid interference with electrophysiological
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signals. Finally, the entire source-waveguide-electrode stack requires mechanically robust and water-barrier
packaging to survive long-term implantation without delamination, corrosion, or mechanically induced
optical drift.

Manufacturing: bridging lab innovation and foundry-scale reproducibility

To support multi-channel routing waveguides and multimodal integration, flexible photonics manufacturing
must advance from one-off feasibility to repeatable, scalable fabrication. At the laboratory stage, this still
requires developing low-temperature, low-stress deposition methods, new patterning methods, and
packaging/interconnect processes to rapidly iterate on material stacks and device architectures. Longer-term
and more decisive collaboration with foundries is needed to establish manufacturable process modules and
PDKs for flexible/peeling-off/transferable platforms, while integrating stress windows, yield statistics, device
uniformity, and system-level testing into a unified flow. For routing waveguide networks, such “foundry-
ready” capability directly sets port-to-port consistency, loss budgets, and the ceiling for scalable expansion.

From optogenetic waveguide probes to a general bio-integrated photonic platform

Although this review focuses on flexible waveguide-integrated optogenetic probes for brain research, its
longer-term value lies in its transferability as a platform for bio-integrated photonics. Once a stable
technology stack is established, spanning flexible HIC routing waveguides, multimodal integration,
packaging/interconnects, and reproducible manufacturing-the platform can be translated more rapidly and
efficiently to applications, such as spinal cord"**'*! and peripheral nerve!"”*’ modulation, cardiac
electrophysiology with optical actuation"”"'””, and multi-site stimulation/readout in organoid and tissue-
engineering models'"”>"7*. This shift from “application-specific devices” to a “platform technology stack” will
mark a key step in advancing flexible photonic neural interfaces from laboratory tools toward scalable bio-
integrated technologies.

In conclusion, integrated optical routing is emerging as a unifying design paradigm for next-generation
optogenetic probes, because it reframes neural illumination from a “active source placement” and “fiber
delivery” task into a scalable problem of photonic-network distribution and programmability. Rigid
platforms have established the geometric precision and reconfigurability of routing architectures, whereas
flexible platforms further highlight that, under chronic in vivo conditions, routing fidelity is ultimately
governed by the coupled effects of mechanical perturbations, material systems, and manufacturability.
Looking ahead, HIC flexible waveguides, multimodal closed-loop integration, efficient on-chip light sources
and power delivery, and foundry-aligned wafer-scale manufacturing will together determine whether flexible
integrated photonic optogenetic probes can progress from laboratory demonstrations to high-channel-count,
long-term bio-integrated systems. The resulting platform could extend beyond neuroscience, enabling quasi-
distributed optical actuation and sensing across diverse bio-interfaces.
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