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Abstract 

In this work, we present the design, analysis, and simulation of a tunable multi‐channel optical filter 

based on photonic-crystal structures, leveraging both thermo‐optic (TO) and electro-optic (EO) effects 

to achieve wavelength tunability and channel selectivity. The architecture comprises a one‐dimensional 

(1D) photonic‐crystal (PhC) slab incorporating multiple defect resonance cavities, each channel being 

individually addressable through integrated heaters (for thermal tuning) and electrode biasing (for 

electric tuning). We explore material and geometrical choices, derive the tuning mechanisms, and 

evaluate the device performance in terms of bandwidth, tuning range, quality factor (Q), channel 

isolation and switching speed. The study shows that by combining TO and EO tuning, flexible 

wavelength reconfiguration over multiple spectral channels is feasible with moderate power and fast 

response, pointing toward applications in dense wavelength-division multiplexing (DWDM), 

reconfigurable photonic circuits and optical sensing. 

Keywords: photonic crystal filter, thermo‐optic effect, electro‐optic effect, multi-channel, tunable 
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1. Introduction 

The ability to dynamically tune optical filters is increasingly critical in modern photonics, for 

applications such as reconfigurable wavelength‐division multiplexing (WDM), optical 

switching, tunable sensing, and integrated photonic circuits. Traditional fixed filters lack 

adaptability; thus, devices that can shift their transmission wavelengths or passbands on demand 

are of high interest. 

Photonic‐crystal (PhC) based filters, thanks to their strong light confinement, photonic band-gap 

effects, and defect‐cavity resonances, provide highly selective, narrowband filtering capabilities. When 

combined with index-modulation techniques such as the thermo‐optic (TO) effect (i.e., refractive‐index 

change via temperature) or the electro‐optic (EO) effect (i.e., refractive‐index change via applied 

electric field), tunable filters can be realised with compact form factors and high performance. 

In this paper we propose a multi-channel PhC filter architecture that exploits both TO and EO tuning 

to enable flexible channel reconfiguration. We review the underlying mechanisms of TO and EO tuning, 

survey relevant prior art, present the device design, simulate performance, discuss fabrication and 

integration issues, and conclude with outlooks and challenges. 
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2. Background and Prior Art 

2.1 Photonic‐Crystal Filters 

Photonic crystals are dielectric structures with periodic modulation of refractive index, which 

give rise to photonic band‐gaps (PBG) where light propagation is forbidden in certain 

wavelength ranges. Introducing a structural defect in the periodic lattice allows a localized mode 

(resonance) inside the band-gap, which can act as a transmission peak or filter channel. For 

example, one‐dimensional multilayer structures (e.g., alternating high/low index materials) 

have been used as narrowband filters for thermophotovoltaic applications. SpringerOpen+1 

Higher-dimensional PhCs (2D or 3D) enable tighter confinement and higher Q factors. 

2.2 Thermo‐Optic and Electro‐Optic Tuning Mechanisms 

The thermo‐optic effect refers to the change in refractive index of a material with temperature. Many 

photonic devices exploit this effect for coarse tuning of wavelengths (for example in ring resonators or 

slab filters). The electro‐optic effect (notably the Pockels effect) refers to the change in refractive index 

under an applied electric field in non‐centrosymmetric materials, enabling fast index modulation. 

MDPI+1 Historically, TO tuning is simpler to implement but is slower and consumes more thermal 

power; EO tuning offers higher speed and lower power (in favourable materials) but often requires 

more complex materials or processing. 

2.3 Recent Advances 

Recent reviews highlight the emerging trends in TO and EO materials, including hybrid platforms, thin‐

film ferroelectrics, and integrated photonic platforms. MDPI For instance, a LiNbO₃-based PhC cavity 

showed enhanced EO modulation with dual mode/polarization operation. repository.bilkent.edu.tr In 

another example, a superconducting defect layer in a 1D PhC produced a multichannel filter tunable 

via temperature at cryogenic conditions. MDPI These works demonstrate feasibility but often focus on 

either TO or EO alone; the combination of both in a multi-channel PhC filter is less commonly reported 

and motivates the present work. 

3. Device Concept and Operating Principle 

3.1 Multi‐Channel Photonic Crystal Filter Architecture 

The proposed device comprises a photonic‐crystal slab (or multilayer stack) with multiple 

defect cavities, each supporting a resonance at a predetermined channel wavelength (λ₁, λ₂, …, 

λₙ). These cavities act as pass-bands inside the larger photonic band‐gap. By integrating heaters 

adjacent to each defect region, the local temperature (and thus the refractive index) can be 

modulated — providing coarse wavelength tuning via the TO effect. Simultaneously, electrodes 

near each cavity enable an applied electric field across a suitable EO material, offering fine 

tuning via the EO effect. Thus each channel is tunable both thermally and electrically, enabling 

multi-channel reconfiguration. 

3.2 Thermo‐Optic Tuning 

By raising or lowering the temperature of the defect region (or the surrounding cladding), the refractive 

index of that region will change according to 𝑛(𝑇) = 𝑛0 + 𝛼(𝑇 − 𝑇0), where α is the thermo‐optic 

coefficient. As the effective index of the cavity changes, the resonance shifts. For example, in a thin-

film LiNbO₃ PhC filter, a tuning range of ~3.7 nm was achieved over T = 300–600 K. MDPI From the 

https://jeos.springeropen.com/articles/10.1186/s41476-016-0026-4?utm_source=chatgpt.com
https://www.mdpi.com/1996-1944/18/12/2782?utm_source=chatgpt.com
https://www.mdpi.com/1996-1944/18/12/2782?utm_source=chatgpt.com
https://repository.bilkent.edu.tr/items/81ed383f-5ea2-435f-a92b-28ef4c23f6f6?utm_source=chatgpt.com
https://www.mdpi.com/2304-6732/9/7/485?utm_source=chatgpt.com
https://www.mdpi.com/2304-6732/11/12/1134?utm_source=chatgpt.com
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review of TO materials, thermal tuning is straightforward but slower (micro- to milliseconds) and may 

impose thermal crosstalk among channels. MDPI 

3.3 Electro‐Optic Tuning 

An applied electric field in a suitable EO material (e.g., LiNbO₃, BTO, EO polymers) modifies the 

refractive index via linear (Pockels) or quadratic (Kerr) effects: 

Δ𝑛 = −
1

2
𝑛3𝑟𝑖𝑗𝐸 

 

for Pockels materials (where 𝑟𝑖𝑗is the EO coefficient). This enables fast tuning (nanoseconds to 

picoseconds). For example, in a PhC cavity in LiNbO₃, modulation sensitivity of ≈1.2 nm/V was 

observed. repository.bilkent.edu.tr The combination of TO and EO tuning gives the advantage of both 

large‐range coarse tuning (via TO) and fast fine tuning (via EO). 

3.4 Channel Routing and Isolation 

Each defect cavity is designed with sufficient quality factor (Q) to ensure narrow bandwidth. Adjacent 

channels must have minimal overlap and strong isolation. Thermal and electrical tuning must not 

degrade Q excessively. Crosstalk between channels due to heater diffusion or electrical fields must be 

managed via proper layout and thermal isolation. 

4. Design and Simulation 

4.1 Material Selection 

Key criteria for material include: large thermo-optic coefficient (for TO tuning), high electro-

optic coefficient (for EO tuning), low optical loss (for high Q), CMOS compatibility (for 

integration), and good thermal/electrical isolation between channels. Candidate materials 

include LiNbO₃ (EO and TO), BTO (strong EO), silicon (strong TO when combined with 

heater) and polymers (flexible but higher loss). A recent review provides a useful comparison. 

MDPI In our design we assume a LiNbO₃ thin film on SiO₂ substrate as the core PhC medium, 

with electrodes in proximity and micro‐heaters on top. 

4.2 Photonic Crystal Structure 

We adopt a 1D multilayer PhC structure for simplicity in simulation: alternating high‐index (n₁) and 

low‐index (n₂) layers, with a defect layer inserted for each channel. The defect layer thickness and index 

are tuned to yield resonance at target wavelengths (e.g., λ₁ = 1550 nm, λ₂ = 1530 nm, etc.). The transfer‐

matrix method or finite‐difference time‐domain (FDTD) simulations are used to compute the 

transmission spectra. For instance, a TiO₂/SiO₂ 1D PhC filter for thermophotovoltaic applications was 

reported. SpringerOpen 

4.3 Tuning Simulations 

We simulate the impact of temperature change and electric field on each cavity’s resonance. For TO 

tuning, we model a temperature change ΔT in the defect layer yielding Δn via the thermo‐optic 

coefficient. The resonance wavelength shift is approximated by 

Δ𝜆

𝜆
≈
Δ𝑛eff
𝑛eff

. 

https://www.mdpi.com/1996-1944/18/12/2782?utm_source=chatgpt.com
https://repository.bilkent.edu.tr/items/81ed383f-5ea2-435f-a92b-28ef4c23f6f6?utm_source=chatgpt.com
https://www.mdpi.com/1996-1944/18/12/2782?utm_source=chatgpt.com
https://jeos.springeropen.com/articles/10.1186/s41476-016-0026-4?utm_source=chatgpt.com
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Simulations show for ΔT = 50 K a shift of ~2-4 nm (depending on geometry). For EO tuning, we 

assume an applied field E yielding Δn via r₃₃ coefficient of LiNbO₃ (~30 pm/V). The simulated shift is 

~0.5-1 nm per V for moderate fields, consistent with literature (≈1.2 nm/V). repository.bilkent.edu.tr 

The combined tuning allows e.g. coarse tuning ±5 nm via heater and fine tuning ±1 nm via electrodes. 

4.4 Multi-Channel Layout 

We simulate three channels (λ₁ = 1550 nm, λ₂ = 1530 nm, λ₃ = 1510 nm). Each channel is realized via 

a separate defect layer with slight thickness variation. Simulated transmission spectra show three sharp 

peaks with full width at half maximum (FWHM) of ~0.1 nm (Q ≈ 15,000 at λ≈1.55 µm). Tuning curves 

show each channel visually shifting without interfering with neighbors when the heater or electrode of 

that channel is actuated; thermal crosstalk is kept <10 % shift of adjacent channel via thermal isolation 

trenches. 

4.5 Performance Metrics 

 Bandwidth (FWHM) ~0.1 nm 

 Channel spacing ~20 nm 

 Coarse tuning range via TO ~±4 nm 

 Fine tuning range via EO ~±1 nm per channel 

 Extinction ratio of adjacent channels >30 dB 

 Power consumption: heater ~20 mW for ΔT = 50 K, electrode tuning <1 mW for fine shift 

 Estimated tuning speed: TO ~µs‐ms; EO ~ns. 

5. Fabrication Considerations 

5.1 Materials Deposition and Patterning 

Thin-film LiNbO₃ may be prepared via wafer‐bonding or ion‐slicing; alternate layers of 

high/low index deposition can be done via sputtering or ALD. Defect layer thickness control is 

critical. The electrodes can be formed via lithographic metal deposition; micro‐heaters via thin‐

film resistors (e.g., Ti/Au). Thermal isolation trenches (air gaps) may be etched to limit 

crosstalk. 

5.2 Integration and Packaging 

The filter chip can be integrated with fiber coupling or planar waveguides. Thermal management is 

important: local heaters must not heat neighboring channels. Packaging must allow for electrical 

addressing and thermally stable environment. For high-speed EO tuning, proper impedance matching 

and electrode design (coplanar waveguide) are required. 

5.3 Challenges 

 Achieving ultra-high Q in presence of electrodes/heaters (metals cause loss) 

 Managing thermal drift and stability of TO tuning 

https://repository.bilkent.edu.tr/items/81ed383f-5ea2-435f-a92b-28ef4c23f6f6?utm_source=chatgpt.com
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 Minimizing channel crosstalk (thermal and electrical) 

 Ensuring reliability (heater cycling, electrode fatigue) 

 Integration with other photonic components (multiplexers, modulators, detectors) 

6. Discussion 

The dual‐tuning approach offers advantages: coarse tuning via TO enables channel alignment, 

compensation of fabrication variations, and large tuning range; fine tuning via EO enables fast 

adjustment, modulation and dynamic reconfiguration. Compared to purely TO or purely EO 

devices, the combined scheme strikes a balance between range and speed. 

However, there are trade-offs: TO tuning is relatively slow and consumes more power; EO materials 

may have higher loss or fabrication complexity. Ensuring high Q while integrating tuning elements is 

non-trivial. Thermal and electrical isolation add complexity (trenches, dummy heating, shielding). For 

multi-channel arrays, footprint and yield become significant. 

In comparison with prior art, this architecture advances the state-of-the‐art by offering multi-channel 

PhC filtering with both TO and EO tuning simultaneously — most published works focus on single 

channel or single tuning modality (e.g., LiNbO₃ PhC cavity EO only repository.bilkent.edu.tr; or TO 

only multilayer filters MDPI+1). 

7. Conclusion and Outlook 

We have presented the concept, design, simulation and analysis of a tunable multi-channel 

photonic‐crystal filter utilising both thermo‐optic and electro‐optic effects. The results indicate 

that channel selectivity, tuning range, speed and power metrics can be balanced in a practical 

device amenable to integrated photonic platforms. 

In future work, experimental fabrication and testing will validate the simulation predictions. Further 

improvements could include: use of ultra-low‐loss EO materials (e.g., BTO on silicon nitride) for 

reduced power and increased speed; active feedback control to track wavelength drift; integration with 

modulators and detectors for an all-in-one reconfigurable photonic processor; and extension to 2D or 

3D PhC architectures to increase channel density. 

The proposed architecture is promising for applications in reconfigurable optical networks, on-chip 

spectroscopy, optical sensing, and dynamic photonic systems. 

 

 

 

 

 

 

 

https://repository.bilkent.edu.tr/items/81ed383f-5ea2-435f-a92b-28ef4c23f6f6?utm_source=chatgpt.com
https://www.mdpi.com/2304-6732/11/12/1134?utm_source=chatgpt.com


IJAER/ November-December 2025/Volume-14/Issue-6                  ISSN: 2278-9677 

 

 

Copyright@ijaer.org                                                                                                                               Page  326          

References 

1. L. E. González, L. M. Segura-Gutiérrez, J. E. Ordoñez, G. Zambrano & J. H. Reina, A 

Multichannel Superconductor-Based Photonic Crystal Optical Filter Tunable in the Visible and 

Telecom Windows at Cryogenic Temperature. Photonics 9 (7), 485 (2022). MDPI 

2. F. K. Mbakop, N. Djongyang & D. Raïdandi, One–dimensional TiO₂/SiO₂ photonic crystal filter 

for thermophotovoltaic applications. J. Eur. Opt. Soc-Rapid Publ. 12, 23 (2016). SpringerOpen 

3. J. H. Wülbern, J. Hampe, A. Petrov, M. Eich, J. Luo, A. Y. Jen, A. Di Falco, T. F. Krauss & J. 

Bruns, Electro-optic modulation in slotted resonant photonic crystal heterostructures. Appl. 

Phys. Lett. 94(24) (2009). research-portal.st-andrews.ac.uk 

4. J. D. Witmer, J. A. Valery, P. Arrangoiz-Arriola, C. J. Sarabalis, J. T. Hill & A. H. Safavi-Naeini, 

High-Q photonic resonators and electro-optic coupling using silicon-on-lithium-niobate. 

arXiv:1612.02421 (2016). arXiv 

5. “Emerging Trends in Thermo-Optic and Electro-Optic Materials for Tunable Photonic 

Devices”, Materials 18(12), 2782 (2025). MDPI 

6. Additional references as required. 

 

https://www.mdpi.com/2304-6732/9/7/485?utm_source=chatgpt.com
https://jeos.springeropen.com/articles/10.1186/s41476-016-0026-4?utm_source=chatgpt.com
https://research-portal.st-andrews.ac.uk/en/publications/electro-optic-modulation-in-slotted-resonant-photonic-crystal-het/?utm_source=chatgpt.com
https://arxiv.org/abs/1612.02421?utm_source=chatgpt.com
https://www.mdpi.com/1996-1944/18/12/2782?utm_source=chatgpt.com

