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1 Comparison table for visible wavelength481

low-confinement silicon nitride waveguide pic482

platforms483

Material Fabrication
Method

Wavelength
(nm)

Propagation
Loss (dB/cm)

voltage-loss Product
(V · dB)

References

Silicon Nitride LPCVD1 405 0.93 N/A (passive) [1]
Silicon Nitride LPCVD 450 0.22 N/A (passive) [1]
Silicon Nitride LPCVD 450 0.35 N/A (passive) [1]
Silicon Nitride LPCVD 461 0.09 N/A (passive) [2]
Silicon Nitride LPCVD 802 0.02 N/A (passive) [2]
Silicon Nitride LPCVD 674 0.01 N/A (passive) [2]
Silicon Nitride LPCVD 698 0.03 N/A (passive) [2]
Silicon Nitride LPCVD 450 0.08 N/A (passive) [2]
Silicon Nitride LPCVD 930 0.01 N/A (passive) [3]
Silicon Nitride LPCVD 654 0.25 N/A (passive) [4]
Silicon Nitride LPCVD 780 4.85 N/A (passive) [5]
Silicon Nitride LPCVD 602-648 0.5-1.4 N/A (passive) [6]
Silicon Nitride PECVD2 602-648 1.3-2.4 N/A (passive) [6]
Silicon Nitride PECVD 430-464 2.5-4.5 N/A (passive) [6]
Silicon Nitride PECVD 466-500 2.2-2.8 N/A (passive) [6]
Silicon Nitride PECVD 502-550 1.5-2.4 N/A (passive) [6]
Silicon Nitride PECVD 555-600 1.3-1.6 N/A (passive) [6]
Silicon Nitride PECVD 668 5.7 N/A (passive) [7]
Silicon Nitride LPCVD 938 0.6 N/A (passive) [7]
Silicon Nitride LPCVD 780 0.46 N/A (passive) [8]
Silicon Nitride LPCVD 780 0.73 N/A [9]
Silicon Nitride PECVD 900 0.3 N/A (passive) [10]
Silicon Nitride PECVD 780 1.33 N/A (passive) [10]
Silicon Nitride PECVD 532 0.65 N/A (passive) [10]
Silicon Nitride PECVD 600 0.51 N/A (passive) [11]
Silicon Nitride LPCVD 780 0.043 1.3 [12]
Silicon Nitride PECVD 780 0.39 50.7 (Active, high-

confinement)
[13]

Silicon Nitride PECVD 737 0.38 22 (Active, high-
confinement)

[14]

Silicon Nitride PECVD 737 0.51 36 (Active, high-
confinement)

[14]

Silicon Nitride LPCVD 780 0.043 N/A (passive) [15]
Silicon Nitride LPCVD 780 0.0175 N/A (passive) [16]
Silicon Nitride LPCVD 780 0.015 N/A (passive) [17]
Silicon Nitride 780 0.27 2.34 [31]
Silicon Nitride PECVD 780 0.0257 passive This work
Silicon Nitride PECVD 780 0.072 19.4 This work

Table 1 Performance comparison of low-confinement silicon nitride platforms (to the
best of our current knowledge).

1 LPCVD: Low-pressure chemical vapor deposition
2 PECVD: Plasma-enhanced chemical vapor deposition

Table 1 presents a comprehensive summary of the propagation loss and voltage-484

loss product (VLP) for low-confinement silicon nitride waveguide photonic devices485

designed for operation in the 400 nm–1000 nm wavelength band. As shown in Fig. 1,486

our platform achieves the lowest propagation loss among all silicon nitride platforms487

fabricated using PECVD deposition processes.488
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Fig. 1 Summary of propagation loss values from Table 1 for silicon nitride waveguide
photonic devices, covering wavelengths from 400 nm–1000 nm.

2 Strain-induced change in effective refractive index489

and estimation of photoelastic coefficients of silicon490

nitride491

The phase shift ∆θ experienced by an optical mode propagating through a phase492

shifter of length L under an applied strain can be expressed as493

∆θ =
2π

λ
(∆neffL+ neff∆L), (2)

where λ denotes the free-space wavelength, neff is the effective refractive index, and494

∆L is the strain-induced change in the optical path length [14]. In this low-confinement495

waveguide platform, the contribution from ∆L is negligible compared to the refractive496

index modulation. If, however, a few sections of the SPS are fully released, VπL could497

in principle be reduced by a factor of 5 − 10 compared to the value measured in our498

current devices as shown in Fig. 2a and 2b.499

The parameter ∆neff encapsulates the total strain-induced change in effective500

refractive index, expressed as501

∆neff = ∆neff,PE +∆neff,MB. (3)

Here, ∆neff,PE quantifies the photoelastic effect, and ∆neff,MB quantifies the mov-502

ing boundary effect. FEM simulations for our platform reveal that the photoelastic503

contribution is on the order of 10−7V−1, whereas the moving boundary contribution504

is on the order of 10−9V−1 as shown in Fig. 2 c.505
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Fig. 2 Strain-induced deformation and photoelastic refractive-index modulation in SPS
waveguides: schematics, simulations, and wavelength shift experimental result.
a Top- and side-view schematics illustrate the (exaggerated) strain-induced deformation of the
released SPS section under an applied voltage. The accompanying plot presents the simulated dis-
placement of the cladding edge along the spiral length. b A top-view schematic illustrates the
exaggerated strain-induced deformation of the 4- and 8-released SPS sections under an applied volt-
age. The VπL reaches values as low as 0.17 V·m. c FEM simulation of the strain-induced change in
effective refractive index, showing that the photoelastic (PE) contribution (∼ 10−7/V) exceeds the
moving boundary (MB) contribution (∼ 10−9/V) for different cladding widths. d Measured fringe
shift when 40 V is applied to the SPS in MZI while scanning the laser wavelength at 780 nm, indi-
cating a positive effective refractive index change under negative strain. This is possible only for the
case when the dominant photoelastic contribution in these low-confinement waveguides comes from
the silicon oxide cladding.

The strain-induced change in the refractive index tensor component ∆nij is related506

to the strain tensor components skl as507

∆nij ∝ −
∑
k,l

pijklskl. (4)
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Here pijkl is the photoelastic tensor. An applied electric field in aluminum nitride508

induces strain according to509

skl =
∑
m

dklmEm. (5)

The relevant AlN piezoelectric coupling tensor components are d33 ≈ 5 pm/V,510

d31 ≈ −2 pm/V [32], and d15 ≈ −2 pm/V. In these devices, the d31 component511

primarily determines the piezoelectric response, as the actuator’s electric fields are512

nearly vertical (Em ≈ ∆V/tAlN , with tAlN being the AlN layer thickness).513

2.1 Estimation of silicon nitride photoelastic coefficients514

p11 = −0.125 and p12 = 0.047515

Possible p11 and p12 values 

of Si3N4 from the literature

Best result from experiment
V𝛑L = 2.8 V⋅m

Find waveguide geometry 
using SEM images and FEM 

simulation that best fit 
experimental results

Fundamental mechanical 
eigenfrequency from experiment

 is 3.7 MHz

Dimension of the waveguide 
geometry determined from the 

SEM images 

Stanfield et al. paper on high-

confinement waveguides indicates 

a negative value of p11 for the Si3N4

Use that geometry to 
simulate for V𝛑L using all 

possible p11 and p12 values

Compare simulation results 
with experimental data to 
extract the photoelastic 

coefficients. Best agreement is 
achieved for p11 = -0.125 and 

p12 = 0.047

• The responsivity of high-confinement waveguides is 

dominated by the photoelastic contribution of the Si3N4.

• Large fraction of the mode is in the core.

• The responsivity of low-confinement waveguides is 

dominated by the photoelastic contribution of the SiO2.

• Large fraction of the mode is in the cladding.

From experiments

From FEM simulations

Fig. 3 Simulation workflow for the estimation of silicon nitride photoelastic coefficients.
The simulation incorporates actual waveguide dimensions to identify the best-fit parameters p11 =
−0.125 and p12 = 0.047

The photoelastic coefficients used in our initial simulation while designing devices516

and in results shown in Fig. 2c are as follows: for silicon nitride, p11 = 0.1 (assumed),517

p12 = 0.047 (assumed) [26, 28], and p44 = 0.5(p11 − p12) = 0.0265; for silicon dioxide,518

p11 = 0.121, p12 = 0.27, and p44 = 0.5(p11 − p12) = −0.0745 [28]. In the FEM519

simulations, we use a refractive index of 1.92 for silicon nitride and 1.45 for silicon520

dioxide.521

The reported values for silicon nitride photoelastic coefficients are |p12| = 0.047±522

0.004 and |p44| = 0.086 [26, 28]. Based on these values, there are four possible sign523

combinations for p11, corresponding to the two magnitudes |0.125| and |0.219|.524
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Fig. 4 Photoelastic coefficient determination through mechanical, optical characteriza-
tion and FEM simulation.
a Measured S11 and S21 responses of the SPS, showing a fundamental mechanical resonance at
approximately 3.7 MHz. b FEM-derived relationship between waveguide pedestal width and mechan-
ical eigenfrequency; a resonance at 3.7 MHz corresponds to a pedestal width of ≈ 1.4 µm. c
FEM-simulated VπL values for geometry with pedestal width of ≈ 1.4 µm, evaluated for four combina-
tions of silicon nitride photoelastic coefficients and refractive indices. The parameter set p11 = −0.125
and p12 = 0.047 provides the best agreement with the experimental data for Si3N4 refractive index
of 1.93. d Simulated change in effective refractive index per applied voltage using silicon nitride pho-
toelastic coefficients (p11 = −0.125, p12 = 0.047) with silicon dioxide photoelastic coefficients set to
zero, resulting a negative ∆neff/V . e Corresponding simulation using only silicon dioxide photoelastic
coefficients (p11 = 0.121, p12 = 0.27), showing a positive and an order of magnitute larger ∆neff/V ,
indicating a dominant PE effect in SiO2 and an opposing influence from Si3N4.

We estimate the waveguide cross-sectional dimensions from the SEM images in525

Fig. 2a and Fig. 2b. We extract the pedestal width of 1.4 µm from mechanical reso-526

nance measurements (see Fig. 4a) and FEM simulation (see 4b). Using these geometric527

parameters, we run FEM simulations to compute VπL for the four cases, shown in528

Fig. 4c. Among them, only the combination p11 = −0.125 and p12 = 0.047 of sil-529

icon nitride yields values that closely match our experimental measured value of530

VπL = 2.8 V ·m. This observation aligns with results reported for high-confinement531

waveguides in Ref. [25], where the resonance frequency of a ring resonator decreases532

under applied positive strain, indicating the change in effective refractive index is533

posivite that is possible if p11 is negative. The workflow for this estimation procedure534

is summarized in Fig. 3.535

When we use p11 = −0.125 and p12 = 0.047 for silicon nitride and set the pho-536

toelastic coefficients of silicon dioxide (p11 and p12) to zero, the simulated change in537

the effective refractive index per applied voltage, as shown in Fig. 4d, is negative with538

respect to changes in the cladding width and thickness. Conversely, when we set the539

photoelastic coefficients of silicon nitride to zero and use p11 = 0.121 and p12 = 0.27540

for silicon dioxide, the change in the effective refractive index per applied voltage541

becomes positive and an order of magnitude larger, as shown in Fig. 4e. These results542

6



indicate that silicon dioxide exerts a dominant influence on the voltage-induced change543

in refractive index because a large fraction of the optical mode resides in the cladding,544

whereas the silicon nitride core contributes an opposite, smaller effect. This obser-545

vation agrees with the experimentally measured wavelength shift of the MZI when546

negative strain is applied to the SPS, as shown in Fig. 2d.547

2.2 Voltage-length product (VπL) of other devices548

To characterize the devices, we use a function generator as voltage source in combina-549

tion with a Thorlabs BPA100 benchtop high-voltage piezo amplifier, which provides550

a noise bandwidth of 20 Hz to 100 kHz. Fig. 5a shows the on-chip Mach–Zehnder551

interferometer operating in a differential configuration, with the inset displaying a552

micrograph of the on-chip MZI. We apply a 200 Hz ramp modulation signal, sweep-553

ing the voltage from approximately −20 V to 40 V and up to 120 V, depending on554

the test condition. Fig. 5b presents the holding power as a function of applied voltage555

(0–10 V) for the SPS reported in the main text, showing a holding power of 0.25 nW556

at an actuator bias of 5 V. Fig. 5c shows the same SPS response reported in the main557

text (Fig. 2). Fig. 5d and e display the optical responses of two additional MZI devices558

incorporating ∼ 9.8 cm-long Archimedean SPSs in a push–pull configuration, with559

measured Vπ values of approximately 40 V.560

3 Heralded Bell state and 4-mode GHZ state561

generation using lossy LPNP circuit562

In this calculation, we assume that the dominant loss in the unit cell (Fig. 6a) of the563

LPNP circuit is the propagation loss of the phase shifters, while all other components564

are considered lossless. As described in the discussion section of the paper, we consider565

two loss cases of the phase shifter γ = 1 dB/m, and γ = 0.2 dB/m. To simplify the566

analysis, we model the loss in each phase shifter as a beam splitter with transmissivity567 √
η on each arm. Since these beam splitters have equal losses on both arms, they568

commute with other beam splitters and single-mode phase shifters within the unit cell.569

Therefore, a lossy unit cell with beam splitters next to phase shifters is equivalent to570

a lossy unit cell with beam splitters concentrated at the input, as shown in Fig. 6b.571

To convert phase shifter loss γ into linear transmissivity, we employ the following572

equation:573

η = (10−γ/10)2. (6)

For γ = 0.2 dB/m, this yields ηLC = 0.91, while for γ = 1 dB/m, ηHC = 0.63.574

We adopt the GHZ state heralding protocol outlined in [18] to assess the success575

probability for on-demand generation of Bell and 4-mode GHZ states via a lossy576

PIC. For heralded Bell state generation, two pairs of indistinguishable single photons577

occupying orthogonal internal degrees of freedom (D ∈ {α, β}) are used and passed578

through a 4-mode PIC, as illustrated in Fig. 6c. The input state to the 4-mode PIC579
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Fig. 5 On-chip MZI and SPS characterization.
a Schematic of the on-chip Mach–Zehnder interferometer operating in a differential configuration,
with inset showing a micrograph of the fabricated device. b Measured holding power as a function
of applied voltage for the SPS, showing 0.25 nW holding power at a 5 V actuator bias. c Optical
response of the same SPS corresponding to the device reported in Fig. 2. d, e Optical responses of two
additional MZI devices incorporating ∼ 9.8 cm-long Archimedean SPSs in a push–pull configuration.

is given by580

|Ψ4,in⟩ =
4∏

k=1

a†D,k|0⟩ = |1⟩α,1 ⊗ |1⟩β,2 ⊗ |1⟩α,3 ⊗ |1⟩β,4 ≡ |α⟩1|β⟩2|α⟩3|β⟩4 (7)
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Fig. 6 Impact of phase-shifter loss on heralded Bell and GHZ state generation in LPNP
photonic circuits.
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shifters. b We simulate the phase shifter losses in a lossy unit cell by employing beam splitters with
transmissivity

√
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and 8-mode PICs initialized with the input state |Ψ4,in⟩ to herald the generation of Bell and 4-mode
GHZ states. e Probability of heralding Bell and GHZ states for these protocols in the presence of
losses.

where a†D,k (aD,k) denotes the creation (annihilation) operator for a photon in the kth581

spatial input mode with internal degree of freedom D ∈ {α, β}, and |n⟩D,k denotes582

the corresponding Fock state.583

The unitary transformation U maps the 4-mode input state to a 4-mode output584

state using a 4-port PIC, with matrix elements Ukl (k, l = 1, 2, 3, 4), mapping input585

creation operators a†D,k to output creation operators b†D,l as follows:586

a†D,k →
4∑

l=1

Uklb
†
D,l, (8)
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Ukl =
1√
4
ω(k−1)(l−1). (9)

where ω = exp(i2π/4). To account for loss within the unitary transformation, we587

decompose the unitary matrix into a Clements mesh [19] and introduce equal loss to588

each arm of the unit cell, as illustrated in Fig. 6b.589

Heralding of Bell states in the first and second modes is achieved by performing590

temporal mode-resolving photon-number-resolving detection (PNRD) [18] on the third591

and fourth output modes. The specific click patterns associated with these heralded592

Bell states are:593

|+⟩3|+⟩4 and |−⟩3|−⟩4 → 1√
2
(|α⟩1|α⟩2 − |β⟩1|β⟩2) (10)

594

|+⟩3|−⟩4 and |−⟩3|+⟩4 → 1√
2
(|α⟩1|α⟩2 + |β⟩1|β⟩2) (11)

where |+⟩ = (|α⟩ + |β⟩)/
√
2 and |−⟩ = (|α⟩ − |β⟩)/

√
2 are the rotated basis states595

used for mode-resolving measurements. In the lossless limit, the probability of success596

is 0.125, as shown in Fig. 6e. With the detection of the click patterns shown in Eqs. 10597

and 11, a Bell state in the corresponding form is successfully heralded with fidelity of598

1. We evaluated the probability of success for this protocol in the presence of losses,599

utilizing the models depicted in Fig. 6b and 6c, in which we monitor the same specified600

click pattern. The probability of success of the protocol in the presence of losses is601

shown in Fig. 6e. This protocol can be scaled up by stacking larger-mode PICs and602

performing the corresponding measurements at the appropriate output ports.603

For example, the heralded 4-mode GHZ state preparation protocol employs 8-mode604

PICs, initialized with two |Ψ4,in⟩ states. The two 4-mode PICs in the 8-mode PIC are605

interconnected via a balanced beam splitter to interfere the fourth and fifth modes, as606

shown in Fig. 6d. By applying Clements’ decomposition to the unitary transformation,607

we determine the contribution of each lossy unit cell within the 8-mode PIC, half608

of which are identity operations. Heralding a 4-mode GHZ state in the first, second,609

seventh, and eighth output ports involves specific measurements on the third, fourth,610

fifth, and sixth modes, performed in the original and rotated bases, respectively. In the611

ideal case without losses, this state can be heralded with a probability of 1/128, with612

a deterministic click pattern indicating successful preparation (as detailed in [18]),613

while Fig. 6e illustrates the heralded probability in the presence of losses.614

4 Propagation loss measurements615

4.1 Top-down imaging measurement616

Fig. 3a presents the experimental setup for measuring waveguide loss using the top-617

down imaging technique. We capture images with an Allied Vision 1800 U-120c camera618

(1,280 × 960 pixels), equipped with a Navitar 12× UltraZoom Video Microscopy619

System and a Mitutoyo 5× microscope objective (MO). Because the low-confinement620

waveguides exhibit very low loss and therefore minimal light scattering, we adjust621
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the imaging parameters during acquisition to improve the signal-to-noise ratio. For622

the unetched waveguide, where we image a section of the long spiral 1.8 m, we use623

the following postprocessing parameters: gamma correction = 0.5, gain = 35 dB,624

and exposure time = 8.03 ms. For the etched waveguide with actuator, we set the625

parameters to gamma correction = 0.5, gain = 38.3 dB, and exposure time = 7.3 ms.626

4.2 Direct transmission measurement627

Direct transmission measurements of low-confinement silicon nitride waveguides were628

performed using spiral waveguides with lengths of 5 cm, 10 cm, and 180 cm to quantify629

propagation loss at 780 nm. We measured the optical power transmitted through each630

device and generated a linear fit of the normalized transmitted power versus the length631

of the waveguide, as shown in Fig. 7a. This fit yields a propagation loss coefficient of632

3.87 dB/m and an insertion loss of 1.9 dB per input/output facet.633
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Fig. 7 Waveguide loss measurements using direct transmission and OTDR.
a Direct transmission measurements of propagation loss using waveguides of 5 cm, 10 cm, and 180 cm
lengths. Linear fit reveals a loss of 3.87 dB/m. b Optical time-domain reflectometry (OTDR) for loss
characterization, utilizing a femtosecond laser, a time-tagger with a fast detector for pulse triggering,
and an avalanche photodetector (APD). Linear fit indicates a loss of 6.1 dB/m.

4.3 Optical time-domain reflectometry (OTDR)634

The experiment employs femtosecond laser-based optical time-domain reflectometry635

[3] to characterize propagation loss in a 1.8 m silicon nitride spiral waveguide. A636

Ti:sapphire femtosecond laser operating at 800 nm generates 180 fs pulses at a 1 kHz637

repetition rate. The laser light is injected into the waveguide by first coupling the free-638

space beam into a single-mode fiber, which is then coupled to the waveguide using639

a fiber array. Backscattered photons from Rayleigh scattering and localized defects640

are detected using a single-photon avalanche diode (APD) with 22 ns dead time,641
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synchronized using a fast photodetector via a time tagger triggered by the laser pulses.642

Photon counts are converted to optical intensity (on a dB scale) and plotted against643

round-trip time, which is linearly proportional to the distance along the waveguide.644

A linear fit quantifies the propagation loss coefficient as approximately 6.1 dB/m, as645

shown in Fig. 7b, with particular focus on the 0–0.9 m region. This is because the646

bending-induced loss peaks at the center (after 1.8 m of light traveling distance) of647

the spiral. The femtosecond pulse duration enables sub-millimeter spatial resolution,648

while the APD’s single-photon sensitivity and low dark count rate (< 50 Hz) enhance649

the dynamic range for low-loss silicon nitride waveguides.650

5 Loss-responsivity trade-off651

During the initial design stage, we assumed a strain-optic coefficient of p11 = 0.1 for652

silicon nitride and calculated the VπL and losses for various device configurations.653

Fig. 8 presents these preliminary design results. For example, in Fig. 8c, we observe654

that increasing the cladding width while maintaining a fixed pedestal width of 4 µm655

decreases the VπL value (i.e., increases the responsivity) because the strain in the656

waveguide increases accordingly. Although positioning the waveguide core closer to the657

actuator improves the responsivity (reduces VπL) through enhanced strain modula-658

tion, as demonstrated in Fig. 8e, this configuration also increases the optical absorption659

loss per unit length (αabs) from the actuator’s top metal electrode. To quantify this660

trade-off, we employed the same FEM simulation to calculate the product of αabs/L661

(induced by the 100 nm-thick aluminum layer) and the corresponding VπL value for662

each waveguide geometry. As depicted in Fig. 8e, the product VπL · αabs/L serves as663

a useful indicator to approximate an optimal core height (h) of around 2.5 µm, which664

minimizes the contributions of both VπL and αabs/L. Although the product Vπαabs665

provides a starting point for optimizing the core-actuator separation, it is essential666

to acknowledge other factors, such as waveguide geometry, which can have a more667

significant influence on both VπL and αabs/L.668

6 Scattering loss model669

Light scattering in optical waveguides primarily originates from surface roughness670

present at both the core–cladding and cladding–air interfaces; these imperfections671

are inherent to the fabrication process and disrupt the otherwise smooth dielectric672

boundaries, introducing localized refractive index fluctuations that scatter guided673

modes.674

6.1 3D loss model675

In order to rigorously quantify optical loss due to surface roughness, as it varies with676

core dimensions, we utilize the volume current method (VCM) within a FEM sim-677

ulation framework. The VCM enables modeling of radiative losses stemming from678

dielectric perturbations by treating these as equivalent current densities J⃗(r⃗) [20–679

23, 27]. The magnitude and direction of the equivalent current density J⃗(r⃗) are680
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Fig. 8 Design and performance optimization of the piezo-optomechanical phase shifter.
a The basic building block of an MZM, accompanied by a magnified image of the SPS, which has
a 1 mm minimum bend radius. b Cross-sectional view of the fundamental transverse electric (TE0)
mode in a low-confinement waveguide, simulated using FEM, with dimensions of 50 nm thickness
and 3.6 µm width. c VπL value as a function of cladding width, with a fixed 4 µm pedestal width. d
Schematic of a phase shifter’s cross-section, showing the induced s11 component of the strain tensor
and waveguide deformation (exaggerated for visualization purposes). e VπL value (blue) and Vπαabs

value (orange) as functions of waveguide core height (h) relative to the actuator base. f Scattering loss
per unit length for waveguides with core thicknesses of 50 nm and 100 nm at an optical wavelength of
780 nm. FEM simulation results are shown in blue and orange, while calculations from reference [24]
are shown in green. The calculations assume a roughness variance σ2 = 5 nm2 and correlation length
Lc = 50 nm.

proportional to the local electromagnetic field E⃗(x, y, z) of the guided mode at the681

rough interface [20]. Specifically,682
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J⃗(r⃗) = −iωϵ0(n
2
core − n2

clad)E⃗(x, y, z) (12)

where ω is the angular frequency of incident light, ϵ0 is the vacuum permittivity,683

and ncore, nclad represent the refractive indices of the waveguide core and cladding,684

respectively. The spatial components (x, y, z) of the electric field E⃗(x, y, z) at both685

core–cladding and cladding–air interfaces are obtained using FEM simulations. As the686

typical amplitude of sidewall roughness is much less than the waveguide width, it is687

justified to use the modal field profile of the ideal, smooth waveguide, derived from688

FEM, as a first-order approximation for E⃗(x, y, z) at the interface, thus simplifying the689

scattering analysis. This approach, however, discounts the influence of high refractive690

index contrast and internal radiation within the core. To account for these limitations,691

we employ dyadic Green’s functions for a single-layer medium, as described in [20].692

Interface roughness is mathematically represented by a spatial profile function693

f(z) along the propagation direction. Its statistical properties are described by the694

autocorrelation function, R(u) = ⟨f(z)f(z+ u)⟩, commonly modeled as exponentially695

decaying, R(u) ≈ σ2 exp(−|u|/Lc), where σ2 is the variance and Lc the correla-696

tion length of the roughness [20–22]. Note that σ2 and Lc typically differ for the697

vertical sidewalls and horizontal surfaces; additionally, it is assumed that the rough-698

ness statistics between distinct boundaries are mutually uncorrelated, allowing each699

interface to be treated independently in the scattering analysis. The spatial fre-700

quency content of the roughness is quantified by the Fourier transform of R(u):701

R̃(ξ) = F [R(u)] ≈ 2σ2Lc

1+L2
cξ

2 , where this expression characterizes how various spatial702

frequencies ξ contribute to the overall surface profile and to scattering [22].703

The ensemble-averaged far-field radiation per unit length (Prad/L) that emerges704

because of surface roughness can be computed via an array factor formalism:705

Prad

L
=

∫ 2π

0

∫ π

0

(S⃗ · r̂) R̃(β − ncladr̂ · ẑ) r2 sin θ dθ dϕ (13)

where (S⃗ · r̂) is the component of the Poynting vector in the radiation direction, encap-706

sulating the combined effect of modal overlap and dyadic Green’s function response707

[20] and and β is the propagation constant of the propagating mode. The scattering708

loss per unit length obtained from FEM simulations for our low-confinement waveg-709

uides with core thicknesses of 50 nm and 100 nm at an optical wavelength of 780 nm710

is shown in Fig. 8. The calculations assume a roughness variance of σ2 = 5 nm2 and711

a correlation length of Lc = 50 nm.712

6.2 2D loss model713

The two-dimensional scattering loss formalism used here is a normalized variant[29]714

of the Payne–Lacey model [30]. The original Payne–Lacey model is a perturba-715

tive, semi-analytical 2D treatment of roughness-induced scattering in slab and strip716

waveguides. The normalized formulation removes geometry-dependent modal overlap717

factors, yielding a universal description of roughness-induced loss applicable across dif-718

ferent waveguide cross sections. The normalized sidewall (or top/bottom) scattering719
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loss coefficient is given by720

αnorm
sides/top/bottom(λ) =

(
n2
core − nclad)2

)2 k30
4πncore

Ssides/top/bottom. (14)

Here, ncore and nclad denote the refractive indices of the silicon nitride core and721

silicon dioxide cladding, respectively, k0 = 2π
λ and Ssides/top/bottom is the corresponding722

geometric correction factor, defined as723

Ssides/top/bottom =

√
2σ2Lc π

D

(√
D + 1− L2

c(β
2 − n2

cladk
2
0)

)
(15)

D =

√
4β2L2

c + [1− L2
c(β

2 − n2
cladk

2
0)]

2
.

In this above expression, σ and Lc denote the RMS amplitude and correlation724

length of the sidewall and top/bottom roughness, respectively, and β is the propagation725

constant of the propagating mode. The total scattering loss for mode n is obtained726

by multiplying the normalized sidewall coefficient by the modal overlap (ϕn) with the727

sidewall (or top/bottom):728

α
(n)
total = αnorm

sides ϕn. (16)

For the initial scattering-loss assessment, we employ a three-dimensional loss model729

to evaluate waveguides with high aspect ratios and core thicknesses of 50 nm. The730

scattering loss per unit length (αscat/L) is computed using electric-field distributions731

obtained from FEM simulations, as shown in Fig. 8f.732

The results indicate that αscat/L increases with core thickness and decreases with733

core width. While a higher aspect ratio reduces scattering loss, it simultaneously neces-734

sitates a thicker cladding and greater core-to-actuator separation to accommodate the735

expanded optical mode profile. This increased separation degrades the electro-optic736

responsivity, requiring a longer phase-shifter length and thereby increasing the total737

propagation loss. Consequently, the waveguide geometry must be optimized using a738

combined figure of merit such as Vπα (equivalently, the voltage–length–loss product,739

VLP).740

To reduce computational cost during the optimization procedure, we adopt the 2D741

scattering loss model and make two simplifying approximations. First, we treat the742

sidewall scattering loss as the dominant scattering contribution and neglect top/bot-743

tom surface scattering contribution, due to substantially lower RMS roughness of744

top/bottom surface. Second, we approximate the modal overlap factor with the side-745

walls as constant, ϕn ≈ 1, throughout the design sweep, that is α
(n)
total = αnorm

sides . This746

approximation is well justified in our geometry because the waveguide width is held747

fixed at 50 nm, resulting in negligible variation in the transverse field profile and748

hence in the sidewall overlap across the parameter space explored. Moreover, since the749

scattering loss is known to decrease monotonically with increasing waveguide width,750

fixing ϕn ≈ 1 does not shift the location of the global optimum in the remaining751

design-variable space. Under this framework, the total propagation loss is expressed752
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as α = α
(n)
total+αabs, where αabs is the material absorption loss, and the figure of merit753

becomes VLP = α/L · VπL. Since αnorm
sides is calculated for a single sidewall, the VLP754

value is doubled to account for both sidewalls. Throughout the optimization, we use755

the experimentally determined piezo-optic coefficients for silicon nitride: p11 = −0.125756

and p12 = 0.047.757

7 Optimal waveguide geometry for minimum VLP758

with silicon nitride piezo-optic coefficients759

p11 = −0.125 and p12 = 0.047760

We utilized the gradient descent (patternsearch) optimization algorithm from the761

MATLAB Global Optimization Toolbox to minimize VLP by optimizing the geometry.762

The algorithm can optimize the high-dimensional parameter space while simultane-763

ously managing various upper and lower bound constraints. In our specific application,764

these constraints are the maximum and minimum dimensions of the core and cladding,765

the positioning of the core within the waveguide, and the width of the pedestal, as766

illustrated in Fig. 9b. The core width ranges from 1 µm to 4 µm, the core thickness is767

fixed at 50 nm, the cladding width ranges from 7 µm to 18 µm, the cladding thickness768

ranges from 7 µm to 14 µm, the pedestal thickness from 3 µm to 4 µm, and the height769

of the core (h) from the top Al electrode of the actuator ranges from 2 µm to 6 µm.770

The simulation process is designed as a feedback loop, as illustrated in Fig. 9a.771

In each loop, the pattern search algorithm in MATLAB modifies the parameter val-772

ues, and COMSOL Multiphysics (connected to MATLAB via LiveLink) solves for the773

effective refractive index, loss values, and the VLP value. The robustness of the opti-774

mization algorithm is evaluated by subjecting it to various initial parameter values.775

The core width is initialized at several values, including 1 µm, 1.6 µm, and 2 µm.776

Regardless of the initial core width, the algorithm consistently converges to the same777

set of waveguide dimensions. For a given set of parameter ranges, the VLP value for a778

core thickness of 50 nm converges after 48 iterations (as shown in Fig. 9d), with a final779

VπL of 2.3 V ·m. The resulting core width is 1 µm, with cladding thickness and width780

of 11.6 µm and 12.2 µm, respectively. It is evident from the results that optimiation781

algorith tries to reduce the silicon nitride contribution to VπL by reducing the width782

of the waveguide to lower bound. All scattering loss calculations assume a surface783

roughness variance (σ2) of 5 nm2 for the sidewall and 0.001 nm2 for the top/bottom784

surfaces, and a correlation length (Lc) of 50 nm.785
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Fig. 9 Optimization framework and convergence metrics for waveguide geometry.
a Flowchart outlining the implementation of the optimization algorithm, highlighting computations
performed in MATLAB (yellow blocks) and analysis stages in COMSOL Multiphysics (dark blue
blocks). b Set of parameters used in the optimization of the waveguide geometry. c, d Evolution of
the VπL and VLP metrics over the course of the optimization, both converging to a minimum after
approximately 50 iterations. The inset in d shows the absorption loss contributed by the actuator’s
top metal layer at different iterations. The core thickness is held fixed at 50 nm throughout the
optimization.
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