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Abstract: In many physical systems, the interaction with an open environment leads to energy 

dissipation and reduced coherence, making it challenging to control these systems effectively. 

In the context of wave phenomena, such lossy interactions can be specifically controlled to 

isolate the system, a condition known as a bound-state-in-continuum (BIC). Despite the recent 

advances in engineered BICs for photonic waveguiding, practical implementations are still 

largely polarization- and geometry-specific, and the underlying principles remain to be 

systematically explored.  Here, we theoretically and experimentally study low loss BIC 

photonic waveguiding within a two-layer heterogeneous electro-optically active integrated 

photonic platform. We show that coupling to the slab wave continuum can be selectively 

suppressed for guided modes with different polarizations and spatial structure. We demonstrate 

a low-loss same-polarization quasi-BIC guided mode enabling a high extinction Mach-Zehnder 

electro-optic amplitude modulator within a single Si3N4 ridge waveguide integrated with an 

extended LiNbO3 slab layer. By elucidating the broad BIC waveguiding principles and 

demonstrating them in an industry-relevant photonic configuration, this work may inspire 

innovative approaches to photonic applications such as switching and filtering. The broader 

impact of this work extends beyond photonics, influencing research in other wave dynamics 

disciplines, including microwave and acoustics. 

 

1. Introduction 

In the context of wave dynamics, a local wave state embedded within a continuous 

spectrum of propagating states, generally, manifests radiative coupling, resulting in energy 

dissipation or exchange. However, bound states in the continuum, a concept first introduced by 

von Neumann and Wigner in 1929 [1], can circumvent this conventional wisdom when the 

mode overlap with the radiative states is minimized or even eliminated. This concept has been 

extensively explored not only in quantum mechanics but also in various other wave phenomena, 

including acoustic wave [2], water wave [3], and elastic wave in solid [4]. In the case of optical 

waves, control over geometry at the wavelength scale allows precise and local engineering of 

the desired coupling strength as a function of wavelength, mode order and polarization. Recent 

advancements in integrated photonics nanofabrication enabled the exploration of a diverse 

range of BICs in various nanophotonic structures, including 2D planar structures [5–7], 

gratings [8,9], and waveguides  [10–13]. In the absence of other dissipation mechanisms, 

reduced radiative coupling results in sharp spectral features and long-lived bound states. The 

unique behavior of BICs has been harnessed in various applications, including lasing [14–16], 

and sensing [17–19]. 

The BICs in the form of 1D waveguide modes first theoretically predicted in 1978 [20] 

and experimentally demonstrated in a radiofrequency waveguide [21,22] and photonic 



waveguide [23]. A BIC waveguide mode can be manifest by a conventional ridge waveguide in 

conjunction with a nearby slab waveguide when the effective index of a ridge mode is below 

that of the slab modes. However, presently the photonic BIC guided mode demonstrations have 

been limited to orthogonal polarizations between the guided mode and the slab modes within a 

polymer ridge platform [11,12,24–27] or a rib waveguide [28]. There has not been any 

demonstration of the BIC waveguiding in the same polarizations between the guided mode and 

the radiating slab modes (e.g., quasi-TE). Lacking a systematic and general description, the 

applicability of BIC waveguiding to different modal polarizations and spatial geometries in PIC 

platforms using silicon, silicon nitride as well as different electro-optic and nonlinear materials 

and their combinations, has not been fully explored. In contrast with the conventional high 

index waveguiding, BIC waveguides may open up new possibilities in photonics design by 

providing guided modes with unconventional field distributions, such as concentrating the 

mode fields away from the highest index materials. Such modes may be most useful if their 

radiation losses can be suppressed to the levels similar to the conventional guided modes. 

Here, we experimentally demonstrate photonic BICs in single and multiple 

waveguide configurations and develop a general theoretical description. We establish low loss 

BIC waveguiding for both quasi-TE and quasi-TM polarizations and multiple spatial mode 

orders. For the practical usage of BICs, our experimental platform comprises a thin-film lithium 

niobate (TFLN) layer heterogeneously integrated on top of a silicon nitride PIC. We realize a 

Mach-Zehnder electro-optic amplitude modulator with the quasi-BIC waveguide mode serving 

as a low-loss reference channel effectively decoupled from the lithium niobate (LiNbO3) layer 

and insensitive to electro-optic modulation. The simple design with the single straight 

waveguide and the slab layer is further enabled by using the inherent abrupt modal transitions 

at the TFLN slab edges, which act as directional couplers for interferometry. The low ≈ 2.3 dB 

insertion loss modulator exhibits ≈ 25 dB extinction ratio and an electro-optic half-wave 

voltage-length product of ≈ 10.8 V∙cm, an improvement factor of ≈ 7.4 over reports [24,29,30]. 

The improvement is due to the quasi-transverse electric (TE) polarization for both the BIC mode 

and the fundamental mode, leveraging the highest electro-optic coefficient in the x-cut lithium 

niobate (r33).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

2. Bound-states-in-continuum guided mode 
 

 

Fig. 1. Bound states in continuum modal properties. (a) Schematic illustrations of a single ridge waveguide mode (Si3N4) 

interacting with a nearby slab waveguide mode (LiNbO3), along with corresponding 3D FDTD simulation results 

showing the electric field Ez distributions at a leaky resonant condition. The slab waveguide mode, which is phase-
matched with the hybridized ridge waveguide mode (krx=ksx), efficiently couples and dissipates the energy. (b) Lateral 

wave dissipations are blocked when a lateral phase shift 𝜓=kszw of the slab mode satisfies the BIC condition, 𝜓 ≈

(2m+1)π. This indicates a net zero overlap between the ridge and the slab modes. (c) Simulated effective refractive 

index (neff) and corresponding electric field |E |2 of the LN bound mode (red), TM BIC mode (orange), TE10 BIC mode 
(green), and TE11 BIC mode (purple) at g (SiO2 gap size)=300 nm, tsn (thickness of Si3N4)=350 nm, tln (thickness of 

LiNbO3)=300 nm, at the vacuum wavelength λ0=1550 nm. The shaded region indicates the existence of the continuous 

spectrum of the TE slab modes, where any bound mode within this region could possibly become the leaky resonant 
modes. The width of the red shaded regions along the refractive index curves indicates the imaginary part of the 

effective indices, scaled independently for each mode by setting their maximum values at w= 2 µm to 0.08. 

BICs in the heterogeneously integrated thin-film lithium niobate platform can exist 

in a single, a double or, generally, a multiple-ridge waveguide. We first consider a single 

rectangular silicon nitride (Si3N4) buried channel waveguide in proximity to the continuous 

thin-film lithium niobate (LN) slab (Fig. 1), establishing a hybridized ridge waveguide mode. 

The thickness of the Si3N4 (tsn) is nominally 350 nm. The thickness of the LiNbO3 (tln) is 

nominally 300 nm. The SiO2 gap size between the LiNbO3 and Si3N4 is nominally 300 nm. 

These geometrical parameters remain consistent throughout the paper. The Si3N4 waveguide 
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width (w) was varied to investigate the BIC condition. For the purposes of this manuscript, all 

polarizations should be understood as 'quasi-' even if the prefix is not explicitly mentioned. 

Hybridization of the slab modes with the buried channel waveguide modes leads to the 

emergence of a lossless guided LN bound TE00 mode within the slab, while the other hybridized 

modes overlap with the slab mode continuum (Fig. 1(c)), since their various wavevectors (e.g., 

kr) are smaller than the slab mode wavevector ks. The ridge waveguide mode becomes lossy 

through radiation into the slab modes, with the strongest coupling to the modes propagating at 

the angle 𝜃 to the waveguide satisfying the phase matching condition 𝑘rx = 𝑘sx = 𝑘scos(𝜃) 

(Fig. 1(a)). 𝑘rx  and 𝑘sx  represent wavevectors along the x-axis for the ridge and the slab 

waveguide modes, respectively. In Figure 1(c), the effective index (neff) is directly related to 

the x-direction component of the slab mode wavevector (neff=ksx/k0) in the absence of the Si3N4 

waveguide. This relationship underscores how varying the angle (𝜃) between the slab mode 

propagation direction and the x-axis results in the continuum of slab mode. The top dashed line 

in Fig.1(c) represents the slab mode with the highest effective index (θ = 0°), while the slab 

mode with an angle of 10° has a lower effective index. 

In the cross-section normal (y-z plane) to the propagation direction (x-axis), the slab 

mode is a laterally oscillating wave with a wavelength 𝜆sz = 2𝜋/√𝑘s
2 − 𝑘sx

2  along the z-axis. 

Meanwhile, the ridge modes have a lateral structure set by the waveguide width for each 

polarization and transverse modal order. Because of the oscillating structure of the continuum 

modes, their mode overlap integral with the waveguide mode contains multiple zero-crossings 

as a function of the waveguide geometry. At these zero-crossings the hybrid ridge mode is a 

BIC, uncoupled from the radiating slab continuum and the lateral dissipation from it is 

prohibited (Fig. 1(b)). As illustrated in Figure 1(c), the ridge waveguide modes of both 

polarizations and various spatial orders become BIC at specific waveguide widths (see also 

Supplementary Information). Since the BIC condition fundamentally arises from the structure 

of the continuum, it is not limited to ridge waveguides, but occurs with any guided modes that 

laterally scale with the waveguide geometry, as will be illustrated below using two ridge 

waveguides. 

The interaction between a bound mode and radiating slab modes can be quantitatively 

modeled using coupled mode theory (CMT) [31,32] , which couples an oscillator (bound mode) 

and adjacent multiple radiating modes (slab modes) (see Supplementary Information). The 

resulting power propagation exponential loss length L can be expressed as 

                                         
1

𝐿
= 𝛾0𝑛eff𝜆sz

5
𝑤eff cos

2 (
𝜋
𝜆sz

𝑤eff)

(4𝑤eff
2 − 𝜆sz

2)
2                     (1) 

where 𝛾0 is a fixed scaling factor that accounts for the y-dependency in the integrals for the 

coupling coefficients and 𝑛eff  is an effective refractive index of the hybridized ridge 

waveguide mode. The 𝑤eff = 𝜆rz/2  with 𝜆rz = 2𝜋/√𝑘r
2 − 𝑘rx

2   describe the waveguide 

mode width, which scales with the ridge width, considering the waveguide dispersion. This 

equation indicates that the BIC condition is satisfied at multiple waveguide widths where the 

cosine term in the numerator is zero, corresponding to zero mode overlap at 𝑤eff =
(𝑚 + 1/2)𝜆sz , with a positive integer 𝑚 . There is no BIC condition for 𝑚 =0 due to the 

denominator term.  



   

Fig. 2. Demonstration of TE10 BIC mode in heterogeneously integrated lithium niobate hybrid waveguide. (a) 

Illustration of the fabricated waveguide. The input light, injected into the silicon nitride waveguide, meets the lithium 

niobate bonded area where the refractive index is modulated by the external electric field. (b) Propagation loss for 
different waveguide widths. Black solid line is coupled mode theory, orange circles are finite element eigenmode 

numerical analysis, and red triangles are experimental results. There are multiple quasi-BIC conditions with a period 

of 𝜆𝑠𝑧  (≈2.2 µm). The 20 dB/cm dashed line represents the highest experimentally-measurable propagation loss, 

limited by the ability to separate the low-loss fundamental mode. Uncertainties of individual measurements are 

estimated to be smaller than the symbol size. (c) False-colored scanning electron microscopy image of polished cross-
section for the fabricated waveguide, showing a defect-free bonding interface (d)-(f) Numerically calculated electric 

field (Ez) profiles for the first BIC condition, the leaky resonant condition, and the second BIC condition. (g)  

Numerically calculated propagation loss as a function of a waveguide width (w) and the optical vacuum wavelength 
(λ). The condition where the propagation loss is at 3 dB/cm is colored in red. (h) Stitched optical microscope image of 

the fabricated device where lithium niobate is bonded in the middle of the chip (nominal length of 17 mm) while the 

rest of area is free from lithium niobate. The gold electrode has a nominal thickness of 900 nm and a nominal gap of 

2.85 µm. 

A conventional way for implementing an optical waveguide with TFLN is an etched 

rib or ridge waveguide. This method, however, presents challenges due to the formation of solid 

LiF etch byproduct, which complicates the use of a standard reactive ion etch. An alternative 

approach involves a hybrid waveguide approach, in which an additional material is deposited 

and patterned atop. Despite its advantages, the hybrid waveguide necessitates that the entire 

wafer is accompanied by a TFLN layer, leading to elevated fabrication costs due to the 

immature lithium niobate-on-insulator (LNOI) wafer manufacturing industry. This also hinders 

an integration with exiting PICs that do not require TFLN. Heterogeneous integration of TFLN 

with PIC platform is a cost effective and flexible strategy whereby TFLN is added only to the 

areas utilized for active modulation, leaving the remainder available for passive PIC 

components and, potentially, hybrid integration of distinct active layers for lasers and detectors. 

Incorporating the integrated slab layer with a higher refractive index than that of the ridge 

waveguide material presents a challenge in maintaining confined modes within the ridge 

waveguide, leading to mode mismatch loss at the bonding interfaces. Prior approaches mitigate 
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this loss by using either thicker ridge waveguides [33] or materials with a higher refractive 

index [34], both of which cannot be an ultimate solution for low-index waveguide platform. 

The utilization of BIC mode offers a novel solution to this issue by introducing a distinct 

waveguide mode designed to accommodate the mismatched portion. This method effectively 

circumvents mode mismatch loss, enhancing transmission and reducing device footprint. A 

detailed discussion on leveraging BIC mode for this purpose is provided in the subsequent 

sections of the manuscript. 

 In our hybrid waveguide (Fig. 2(a)), we used an x-cut TFLN with a horizontal 

configuration of Au electrode on top, to exploit the highest electro-optic coefficient (r33) (Fig. 

2(h)). A defect-free TFLN layer bonding (Fig. 2(c)) is achieved using nominally 3 nm of atomic 

layer deposited (ALD) Al2O3 as an intermediate layer.  

The experimentally measured TE10 BIC mode propagation losses (Fig. 2(b)) are in 

agreement with the finite element eigenmode analysis simulation and the theoretical prediction 

from Eq.(1), clearly showing the minima for the waveguide widths 𝑤eff = (𝑚 + 1/2)𝜆sz. This 

also shows experimentally the main loss channel of the BIC mode is a radiative coupling to the 

slab continuum. The method to characterize the experimental propagation loss is described in 

the Supplementary Information. The functional form of the propagation loss is ∝

cos2(𝜋𝑤eff/𝜆sz) /𝑤eff
3 . While low propagation losses have been previously shown [24] for TM 

polarized modes within the TE polarized slab continuum, here we show that propagation losses 

<1.5 dB/cm can be experimentally achieved for TE polarization, without relying on polarization 

orthogonality for the low mode overlap. Moreover, our modeling (Fig. 2(g)) indicates that the 

propagation loss of a TE quasi-BIC mode at wavelengths around 1550 nm can be less than 3 

dB/cm over a wavelength bandwidth of up to ≈100 nm (Fig. 2(g)) and waveguide width 

variation of up to ≈100 nm.  

3. BIC-based Mach-Zehnder amplitude modulator 



 

Fig. 3. Mach-Zehnder modulator based on quasi-BIC (a) Schematic of the BIC-MZI modulator. At the edge of the 
bonded lithium niobate slab, the input light is coupled into two waveguide normal modes due to the abrupt transition 

in the modal bases, inherently serves as the directional couplers. The electric field profile shows a beating pattern 

formed by the fields of the two overlapping, noninteracting normal modes, with an oscillating power transfer between 
lithium niobate and silicon nitride physical regions. (b) Equivalent BIC-MZI model with two asymmetric normal mode 

channels with different effective refractive indices but the same physical length, sharing the same physical geometry. 

LN stands for the TE00 guided mode with the large fraction of the power localized within the lithium niobate. BIC 

stands for the TE10 BIC waveguide mode with the power localized more in the Si3N4 ridge. The numerically calculated 

mode power distributions are illustrated in the insets. The two directional couplers represent the two bonding edges in 

the LN slab. The output lensed fiber collects the light from the Si3N4 ridge waveguide light out port outside of the LN 

area. (c) Measured average values of the extinction ratios over the transmission spectra with various waveguide widths 

(orange circles with the left y-axis), and corresponding characterized propagation losses (blue circles with the right y-

axis). The boundaries of the two shaded areas indicate the powers from the two channels are balanced at the light out 
port, resulting in a high extinction ratio. (d) Measured the total transmission, including the fiber-to-chip coupling 

efficiency, of the BIC-MZI as a function of the waveguide width and the wavelength. The inset shows the transmission 

spectrum of the device with the highest transmission. (e) Measured optical transmission by electro-optic modulation of 

the BIC-MZI modulator at the wavelength giving the highest extinction ratio. A sawtooth waveform was applied as a 

driving radio frequency (RF) signal to evaluate a half-wave voltage. The inset shows the log scale transmission 

indicating 25 dB extinction ratio. (f) Measured electro-optic response with various modulation frequencies, 

characterized with the RF spectrum analyzer. The 3 dB bandwidth was measured at ≈36 GHz.  

To demonstrate the potential of BICs, the Mach-Zehnder interferometer (MZI) is 

realized with a simple straight silicon nitride waveguide with a bonded lithium niobate slab (Fig. 

3(a)). In the absence of an adiabatic transition, the waveguide mode experiences strong modal 

perturbation at the first edge of the lithium niobate slab, leading to coupling into a new basis 

set of waveguide eigenmodes. The powers coupled into these new eigenmodes, shown in Fig. 

1(c), are determined by their mode overlaps with the TE00 mode of the input Si3N4 buried 

           

            

       

         

  

            

                

 c 

 a    

         

         

        

 

 

              

 d 

                 

 e 

   

 

 f 

        

     
                 

        



channel waveguide. The simulation shows that most power couples into either the fundamental 

TE00 LN bound mode (refer to as the LN channel) (32 %) or quasi-BIC TE10 waveguide mode 

(refer to as BIC channel) (62 %), while the remaining power becomes a scattering loss. We 

intentionally biased the split ratio for a higher power in the BIC channel due to its higher 

propagation loss compared to that of the LN channel. The two non-interacting normal mode 

channels can exist in the same geometry without an additional spatially-separate waveguide due 

to the engineering of the low-loss BIC guided mode uncoupled from the radiative slab 

continuum. After propagation the modes encounter the second bonding edge, where they either 

couple back into the silicon nitride ridge waveguide (output port) or scatter out into free-space 

(radiation port). Thus the abrupt transitions serve as simple and compact directional couplers, 

circumventing conventional design challenges in heterogenous integration of the TFLN, 

requiring additional structures for an adiabatic transition such as the tapered structure [35] or 

the varying waveguide width with a higher effective index than the lithium niobate [33,34,36] 

to avoid mode mismatch loss at the edges.  

The described BIC-based MZI (BIC-MZI) is functionally analogous to an MZI with 

asymmetric channels (Fig. 3(b)): the fundamental TE00 mode for the upper channel and the 

quasi-BIC waveguide mode for the lower channel. These waveguide eigenmodes originate from 

the hybridization of the coupled buried channel and slab TE modes, resulting in an apparent 

electric field beating pattern as the modes propagate (Fig. 3(a)). The beating pattern indicates 

the interference between two propagating guided modes of different effective indexes: the BIC 

TE10 mode and the TE00 mode. In each of these modes power is distributed between the slab 

region and the ridge region. They can be qualitatively compared to the symmetric and 

antisymmetric supermodes in coupled waveguides, with the symmetric mode having a higher 

index and antisymmetric mode having a lower one. As normal modes of the system, BIC TE10 

and TE00 are orthogonal and propagate without exchanging energy, similar to the symmetric 

and antisymmetric supermodes. When energy is split between them, a beating pattern is visible 

in the spatial electric field distribution. Given the wavelength-dependent phase shift due to the 

unequal effective indexes of the channels, the transmission spectrum of the BIC-MZI modulator 

has an oscillation (Fig. 3(d)). The highest transmission at an optimized waveguide width and 

optical wavelength was measured at ≈0.59, which is equivalent to the intrinsic modulator 

insertion loss of ≈2.3 dB. This fully includes losses at the Si3N4 buried channel waveguide to 

TFLN/Si3N4 hybrid waveguide transitions, and only excludes the fiber-to-chip coupling loss. 

It is difficult to separately measure each mode’s propagation loss via conventional 

cut-back method. We extracted the propagation losses of the BIC modes for various waveguide 

widths from the measured transmission (Fig. 3(c)), using an analytic model of the MZI (see 

Supplementary Information). The lowest measured propagation loss was (1.36 ± 0.28) dB/cm 

(all uncertainties are one standard deviation statistical uncertainties unless noted otherwise). 

The minimum propagation loss in Fig. 3(c) does not necessarily correspond to the maximum 

extinction ratio because of the unequal propagation loss in the two channels and the unequal 

split ratio of the directional couplers. In Fig.3(c), the blue-shaded regions denote instances 

where BIC channel power is estimated to exceed the LN channel at the light out port, while the 

orange-shaded regions indicate weaker BIC channel power. The boundary between them 

represents balanced powers from both channels, leading to a higher extinction ratio. 

Electro-optic amplitude modulation was achieved by differential EO phase 

modulation of the two normal modes forming the MZI, due to their different electric field 

overlap with the lithium niobate layer for the two modes, with the BIC mode subject to a >2x 

weaker modulation relative to the LN mode (see Supplementary Information). A half-wave 

voltage was measured at ≈7.2 V in a nominally 15 mm long modulation region, equivalent to ≈



10.8 V∙cm with a nominal electrode gap of 2.85 µm (Fig. 3(e)). Although this half-wave voltage 

is higher than that of state-of-the-art TFLN modulators, it is almost 7.4 times lower compared 

to the previously reported BIC-based modulator with the TM polarized waveguide 

mode  [24,29,30]. This improvement is due to the highest electro-optic efficiency obtained 

when the lithium niobate crystallographic axis, applied electric field and optical polarization 

are oriented along the same (z) axis in our design. The extinction ratio was maximized by 

selecting an optimal wavelength and measured at ≈25 dB. The electro-optic response of the 

BIC-MZI was characterized over a modulation frequency range from 0.1 GHz to 40 GHz by a 

radio frequency (RF) spectrum analyzer (see Supplementary Information). The 3 dB bandwidth 

of the BIC-MZI is measured to be ≈36 GHz (Fig. 3(f)). In summary, engineering a low-loss 

BIC mode enables using a single Si3N4 ridge to form the whole of the MZI amplitude modulator, 

avoiding aligned patterning and etching of the LN layer or designing and fabricating physically 

separate directional couplers. 

4. Double waveguide BIC 

 

Fig. 4. Double waveguide BIC modal properties. (a) Schematic illustrations of two ridge waveguides (Si3N4) with 180° 
out-of-phase condition, interacting with a nearby slab waveguide (LiNbO3). The dissipating waves from the left-side 

ridge waveguide (L) and the right-side ridge waveguide I interfere, resulting in destructive interferences outside the 

edges of the two ridge waveguides (grey dashed lines). The complete destructive interference, a BIC condition, occurs 

when the phase shift along z-axis, 𝜓 =kszd, satisfies 𝜓 = (2m)π for an anti-symmetric mode and 𝜓 = (2m+1)π for a 

symmetric mode. (b)-(c) Propagation losses and effective refractive indices and of the anti-symmetric and symmetric 
modes calculated by the coupled mode theory (black solids), eigenmode analysis (red and blue triangles), and 

experimental result (green circles) for w=2.5 µm. From the perspective of supermodes, BICs are results of two 

oscillators interactions coupled through radiating channels showing the oscillating patterns in the effective indices and 
the propagation losses. The experimental result represents the on-chip insertion loss without the fiber-to-chip losses 

with y-axis on the right. Uncertainties of individual measurements are estimated to be smaller than the symbol size. 

The rest of the data and curves are plotted with the y-axis on the left. (d)-(f) z-component of the electric field (Ez) 

profile for the anti-symmetric BIC condition, symmetric leaky resonant condition, and symmetric BIC condition 

In the case of a double, or multiple, waveguide configuration, BICs may be achieved 

for specific supermodes by only varying the waveguide spacings between two adjacent 
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waveguides (d). It is no longer necessary that the individual waveguide widths (w) satisfy the 

BIC condition when multiple waveguides are coupled via the slab. Instead, for weak slab 

coupling these waveguides can be simply understood as individual oscillators, each leaking into 

a common dissipating channel [4], the lithium niobate layer (Fig.4(a)). The radiating waves 

from the left-side (L) and the right-side waveguide (R) may destructively interfere at the outside 

edges of the two ridge waveguides, leading to the double waveguide BICs.  

The BICs are satisfied when the phase shift (𝜓   along the channel in z-direction 

between two waveguides, defined as 𝜓= kszd, becomes (2m)π for 180° out-of-phase oscillators 

(anti-symmetric) or (2m+1)π for in-phase oscillators (symmetric), where m is the positive 

integer (Supplemental Information Section B.3). These conditions are Fabry-Pérot type BICs, 

showing good agreement with the simulated result and the experimental result (Fig. 4(b)). The 

propagation losses of the two waveguide modes, the symmetric and the anti-symmetric 

supermode, are proportional to cos2(kszd/2) and sin2(kszd/2), respectively. Due to the 

complicated interferometer model, we used the maximum transmission in each spectrum of the 

devices with various widths and extracted the on-chip insertion loss excluding the fiber-to-

coupling loss to show the existence of the BIC. The waveguide width giving quasi-BIC 

conditions are well-matched, validating the model for the double waveguide quasi-BIC modes. 

The effective indices oscillate as the waveguide spacing increases (Fig. 4(c)). There 

are two distinct regimes for coupling to be considered. In the initial regime, occurring when the 

waveguides are in proximity (d<6 µm), coupling is primarily driven by evanescent wave 

coupling. As the spacing extends beyond this point, the coupling through the channel overtakes. 

This regime shows clear oscillations due to the interaction of the two waveguide modes. 

Consequently, the BIC conditions are located where two effective refractive indices of two 

waveguide supermodes become equal.  

The double waveguide configuration not only provides a framework realizing the 

multi-waveguide BIC condition but also offers potential for many applications. The numerical 

simulation suggests the existence of an exceptional point in the double waveguide configuration 

(see Supplementary Information).  

5. Discussion and conclusion 

We have theoretically described and experimentally demonstrated a general family of 

low-loss BIC guided modes in photonic ridge waveguides interacting with a continuum of 

delocalized modes in a high index slab layer. The low-loss BIC waveguiding occurs when the 

guided mode overlap with the continuum crosses zero as a function of waveguide width or 

lateral spacing between multiple waveguides. The zero crossings are a property of the slab mode 

continuum structure and are not restricted to specific spatial orders or polarizations of the 

guided modes.  

The BIC waveguiding is experimentally observed within single and multiple 

waveguides using a versatile heterogeneously integrated electro-optically active photonic 

platform. Unlike previous work relying on polarization orthogonality, we implement a TE 

polarized quasi-BIC guided mode with ≈1.4 dB/cm loss, and use it as a reference channel to 

construct a Mach-Zehnder amplitude modulator from a single Si3N4 ridge waveguide 

underneath a continuous LiNbO3 slab layer. The low loss, high extinction ratio electro-optic 

modulator leverages abrupt edges of the heterogeneously integrated slab as directional couplers, 

thus eliminating the need for additional photonics components while avoiding the mode 

mismatch losses. In this device the BIC mode confines the optical energy into Si3N4, ridge, 

away from the higher index LN layer, providing a Mach-Zehnder interferometer reference 

channel unaffected by the electro-optic modulation in the LN. 



The described waveguiding principle illuminates the largely unexplored potential of 

BICs in photonic integrated circuits, paving the way for application advancements in lithium 

niobate-based quantum photonics [37,38], and photonic neural networks [39,40]. This work 

adds a new family of low loss guided modes to the photonic designer toolkit, while opening 

additional possibilities for engineered coupling between the waveguide and slab modes, useful 

for directly coupling PICs to extended free-space beams [41–43]. Furthermore, this electro-

optically controlled platform may offer new capabilities for photonic simulation of many-body 

quantum system within an open environment [44]. More broadly, the principles described in this 

work extend beyond photonics, suggesting integration and exploitation of BICs in applications 

across diverse physical domains, including acoustic, mechanical, radio-frequency and terahertz, 

to enhance our ability to manipulate and control guided waves within lossy open environments. 
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1. Method 

1.1                    

 A 100 mm float-zone silicon wafer with a high resistivity is used to avoid RF loss from the 

silicon (Si) substrate. The silicon substrate is wet oxidized by nominally 3 µm. A stoichiometric 

silicon nitride (Si3N4) is deposited by low-pressure chemical vapor deposition (LPCVD) with a 

nominal thickness of 350 nm. An optical photoresist is patterned with a hexamethyldisilane 

(HMDS) adhesion promotion layer by a 365 nm UV lithography x5 reduction stepper. After 

development, the photoresist is cured by ultraviolet light to increase an etch selectivity. A CF4-

based reactive ion etch is used to pattern a silicon nitride layer. A plasma-enhanced chemical 

vapor deposition (PECVD) tool deposits a nominal 1-µm thickness of silicon dioxide (SiO2) as 

a top cladding. The back-side silicon nitride is removed by a reactive ion etch for eliminating 

any wafer warpage due to an unbalanced film stress. A chemical mechanical polishing (CMP) 

tool flattens any uneven geometries near the waveguide, making the top surface flat and 

reducing roughness to below approximately 1 nm. Nominally 3 nm of atomic layer deposition 

(ALD) Al2O3 is deposited on both surfaces to be bonded to enhance the bonding strength and 

remove defects. The bonding is performed by placing the diced lithium niobate-on-insulator 

(LNOI) chips (nominally 17 mm×20 mm) on the PIC wafer at room temperature and 

atmospheric pressure. After the initial bonding, the wafer is heated up to 200 °C for 1 h. The 

wafer is diced into pieces. The top silicon substrate handle on the LNOI side is removed by 

mechanical grinding with a diamond polishing pad and subsequent SF6 reactive ion etch. The 

top SiO2 is thinned down below 1 µm by buffered oxide etch (6:1). A bi-layer resist lift-off 

process is performed to deposit and pattern a nominally 10 nm chromium and 900 nm gold 

electrode on top of the nominally 800 nm of the SiO2 buffer layer underneath to mitigate 

additional absorption loss from the metal. The edges of the sample are polished for efficient 

fiber-to-chip coupling. The electrode gap was set at nominally 2.85 µm, slightly broader than 

the width of the first quasi-BIC condition, to minimize the electro-optic half-wave voltage while 

avoiding excessive absorption loss from the metal. 



 

Fig. S1. Fabrication process flow of the heterogeneously integrated lithium niobate modulator 

 

                             

 An external cavity laser diode provides tunable infrared light spanning a wavelength range of 

1540 nm to 1570 nm. Employing an in-line polarization controller and a fiber polarizer ensures 

linear polarization, maintained parallel to the slow-axis of the polarization-maintaining fibers. 

Light is efficiently coupled into the silicon nitride waveguide via a polarization-maintaining 

lensed fiber with a mode field diameter of approximately 2 µm. Subsequent alignment of the 

output light's polarization to TE, with respect to the waveguides, is achieved using a free-space 

polarizer and photodetector. The measured loss in the inversely tapered fiber-to-chip edge 

couplers optimized for lensed fiber is (1.55 ± 0.51) dB per facet. This is a strong advantage of 

heterogenous integration over the conventional etched rib waveguides with TFLN, which 

present the fiber-to-chip coupling loss from 5 dB to 10 dB. 

                             

 The half-wave voltage was measured by applying a sawtooth waveform with a frequency of 

100 kHz to the Au electrode. The high extinction ratio was maximized by optimizing the 

wavelength while applying the sawtooth waveform. The electro-optic modulation was possible 

because the electric field density of the BIC optical mode is mostly confined in the silicon 

nitride waveguide and decoupled from the lithium niobate, the mode’s effective refractive index 

change due to the applied electric field is smaller compared to that of LN mode. The RF powers 

with modulation frequencies from 0.1 GHz to 40 GHz were measured by the RF spectrum 

analyzer to characterize the electro-optic 3 dB bandwidth. The frequency response of the RF 

signal generator, RF cables and RF probes were measured without the chip-under-test to 

calibrate the measurement set-up by placing the RF probes side-by-side on top of an insulator 

surface. For the high-speed photoreceiver, the factory tested result was used for the 

experimental result calibration. 

 

2. Theoretical analysis of B   modes  

                                   

Although the exact theoretical analysis of leaky waveguide mode can be calculated 

                   

                   
               

                                         

       

                                     



by a mode matching analysis [1,2], we focus on the analysis for the propagation loss with a 

coupled mode theory. Our approach follows closely with the previous work on the laterally 

coupled waveguide system [3]. The coupled mode equations can be written as 

                                                            
𝜕𝐴

𝜕𝑥
= −𝑖∑𝜅j

j

𝑒𝑖(𝑘rx−𝑘sx,j)𝑥𝐵j                                             (S1a) 

                                                             
𝜕𝐵j

𝜕𝑥
= 𝑖𝜅j𝑒

−𝑖(𝑘rx−𝑘sx,j)𝑥𝐴                                                     (S1b) 

where 𝐴 and 𝐵 represent the magnitudes of electric fields of the hybridized ridge waveguide 

and the slab waveguide (𝑎 = 𝐴𝑒−𝑖𝑘rx𝑥 , 𝑏 = 𝐵𝑒−𝑖𝑘sx𝑥), respectively. The electric field in the 

slab waveguide is a superposition of multiple radiating modes [4] (𝐵 = ∑ 𝐵jj  ). The formal 

solution of Eqn. (S1b) with 𝐵(𝑥 = 0) = 0, 

                                               𝐵j(𝑥) = 𝑖𝜅j∫ 𝑒−𝑖(𝑘rx−𝑘sx,j)𝜂𝐴(𝜂)
𝑥

0

𝑑𝜂                                                (S2) 

If the width of the slab waveguide mode in the z-axis increases to infinity, the discretized slab 

modes become the continuous spectrum of modes. The summation over different slab modes 

can be treated as an integration with respect to their wavevector in the propagation direction, 

or, equivalently, effective index, in conjunction with a mode density [3]. The Eqns. (S1a) and 

(S2) become  

                                               
𝜕𝐴

𝜕𝑥
= −∫ ∫𝜅2𝑒−𝑖(𝑘rx−𝑘)(𝜂−𝑥)𝜌(𝑘) 𝑑𝑘

𝑥

0

𝐴(𝜂)𝑑𝜂                         (S3) 

where 𝜌  is the mode density where 𝜌 ≈
𝑠

𝜋
(
𝑛sx

𝑛sz
) , and 𝑠  is the width of the slab. 

∫ 𝜅2𝑒−𝑖(𝑘rx−𝑘)(𝜂−𝑥)𝜌(𝑘) 𝑑𝑘 ≈ 2𝜋𝜅2𝜌𝛿(𝜂 − 𝑥)  with 𝛿  being a Dirac delta function. This 

indicates that the coupling strength is highest when 𝑛rx = 𝑛sx = 𝑛eff. We can rewrite Eqn. (S3) 

as 

                                                                    
𝜕𝐴

𝜕𝑥
= −2𝜋𝜅2𝜌𝐴(𝑥)                                                         (S4) 

The coupling coefficient of the coupled equation is defined as 

                                              𝜅 =
𝑐0 ∫ ∫ 𝐸r

∗𝐸s
∞

−∞

∞

−∞
𝑑𝑦𝑑𝑧

√∫|𝐸r|
2 𝑑𝑦𝑑𝑧√∫|𝐸s|

2 𝑑𝑦𝑑𝑧
                                                      (S5) 

where 𝐸r , 𝐸s  represent the electric fields of the ridge waveguide and the slab waveguide 

modes, respectively, in a structure with both the slab and the ridge. 𝑐0 is a fixed scaling factor.  

To calculate a coupling coefficient of the coupled mode theory, the electric field in y-

z plane should be considered. Assuming that the width of the ridge waveguide is larger than its 

half-wavelength, we can approximate the electric field of the hybridized ridge waveguide mode 

as a cosine function in the transverse, z direction. Since for a wide waveguide the electric fields 

can be approximated as a product 𝐸(𝑦, 𝑧)~𝑓(𝑦)𝐸(𝑧), we can simplify 2-D integration to 1-D 

integration with a scaling factor 𝑓y. 



The 1-D description of the wide ridge waveguide mode can be approximately written as 

                                                       𝐸𝑟(𝑧) = {
𝑐𝑜𝑠 (

2𝜋

𝜆𝑟𝑧
𝑧) , |𝑧| <

𝜆𝑟

4

0,  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                                               (𝑆6) 

with 𝜆rz is the z-axis wavelength of the hybrid ridge waveguide mode, which is a function of 

the waveguide width. 𝜆rz can be easily obtained from Marcatili’s approach [5]. 

Eqn. (S6) is a simplified model with an assumption that the waveguide mode is fully confined, 

𝑤 ≫ (𝜆0/2)/𝑛Si3N4. 𝑛Si3N4 is the refractive index of the silicon nitride. The power in the ridge 

waveguide is 
1

2
∫ |𝐸r|

2∞

−∞
𝑑𝑧 = 𝜆rz/8.  

The slab waveguide can be modeled as 

                                   𝐸s(𝑧) =

{
 

 cos (
2𝜋

𝜆sz
𝑧) , |𝑧| <

𝜆r
4

𝐷0 cos (
2𝜋

𝜆sz′
𝑧 + 𝜙) ,

𝜆r
4
< |𝑧|

                                            (S7) 

where 𝜆sz = 𝜆0/√𝑛s
2 − 𝑛sx

2 .  𝑛s is the effective index of the slab mode (which in Lithium 

Niobate depends on the propagation direction due to the crystallographic anisotropy) for 𝑠 =

∞ and considering both the lithium niobate and the silicon nitride layers. 𝜆sz′  is the z-axis 

wavelength of the slab mode only considering the lithium niobate, without the nitride layer, 

which is the area outside the ridge waveguide. 𝐷0, 𝜙 are the scaling factor and phase offset 

obtained from the continuity boundary conditions of the waveguide mode at |𝑧| =
𝜆r

4
 . The 

power in the slab waveguide is 
1

2
∫ |𝐸s|

2∞

−∞
𝑑𝑧 ≈

1

8
(
𝜆sz

𝜋
sin (

2𝜋

𝜆sz
𝑠) + 2𝑠) . When s tends to 

infinity, the power in the slab waveguide tends to infinity, however the product 𝜅2𝜌 is Eq. S4 

remains finite. The cross-product term in the coupling coefficient can be written as  

                                  ∫ 𝐸r
∗𝐸s

𝜆rz
4

−
𝜆rz
4

𝑑𝑧 =
𝜆rz𝜆sz

2

𝜋
(
cos (

𝜋
2𝜆sz

𝜆rz)

𝜆sz
2 − 𝜆rz

2 )                                           (S8) 

The solution of Eqn. S4 is 𝐴 = 𝐴0𝑒
−𝑥/(2𝐿), where 𝐴0 = 𝐴(𝑥 = 0). 

We can obtain the power propagation exponential loss length 𝐿 with |𝐴|2 = |𝐴0|
2𝑒−𝑥/𝐿  and 

Eqn. S4, 

              1/𝐿 = 4𝜋𝜅2𝜌 = (𝑐0𝑓y)
2

32𝑛eff𝜆rz𝜆sz
5 cos2 (

𝜋
2𝜆sz

𝜆rz) 𝑠

𝜆0𝜋
2 (
𝜆sz
𝜋
sin (

2𝜋
𝜆sz

𝑠) + 2𝑠) (𝜆rz
2 − 𝜆sz

2)
2
                   (S9) 

If s ≫ 𝜆s ,   𝑠 = ∞ by L’Hospital’s rule, we obtain Eq. (1) of the main text, 

                                                        1/𝐿 = 𝛾0𝑛eff𝜆sz
5
𝑤eff cos

2 (
𝜋
𝜆sz

𝑤eff)

(4𝑤eff
2 − 𝜆sz

2)
2                                   (S10) 



where 𝛾0 = 32(𝑐0𝑓y)
2
/𝜆0𝜋

2 and 𝑤eff = 𝜆rz/2.  

2.2                                  

Any waveguide modes under the continuum of TE slab modes can possess BICs with 

proper waveguide widths in the single waveguide configuration. A TM polarized waveguide 

mode also exhibits a waveguide width dependency for its propagation loss, showing BIC 

characteristics. It is important to note that the overall propagation loss is much smaller than that 

of the TE10 BIC waveguide mode due to the weak coupling strength between the TM hybrid 

mode and the TE slab modes. Even for the waveguide mode away from the BIC condition, there 

is not much radiating field observed in the simulated electric field profile. To increase the 

coupling strength, there should be more broken symmetry in the y-direction by providing a 

higher index contrast, such as reducing the gap between the lithium niobate and the silicon 

nitride or increasing the silicon nitride thickness. In addition, a higher order TE polarization 

waveguide mode also shows BIC characteristics. The theoretical model for TM and TE11 

predicts that the propagation losses are proportional to ∝ cos2(𝜋𝑤eff/𝜆sz) /𝑤eff
3   and 

sin2(𝜋𝑤eff/𝜆sz) /𝑤eff
3  , respectively. The widths for the BIC condition predicted by the 

theoretical model match well with the simulation results. 

 

Fig. S2. TM polarized hybrid mode (a) Propagation loss as a function of a waveguide width. Electric 

field profile (Ey) at (b) the BIC condition and (c) the leaky resonant condition. The theoretical 

propagation loss is given by Eq. (1) of the main text with the fixed scaling factor obtained from the 

simulation result at w=2 µm 
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Fig. S3. Hybrid TE11 mode (a) Propagation loss as a function of a waveguide width. Electric field profile 

(Ez) at (b) the BIC condition and (c) the leaky resonant condition. The theoretical propagation loss is 

given by Eq. (1) of the main text, but cosine term is replaced by sine function and 𝑤𝑒𝑓𝑓 = 𝜆𝑟𝑧 due to 

the odd modal shape. The propagation loss is scaled wit h the fixed scaling factor obtained from the 

simulation result at w=2 µm  

 

 

2.3                      

Quantitatively, the behavior of the two oscillators can be modeled by a coupled mode 

theory. The coupled mode equations can be written as 

                                           
1

𝑘0

𝜕𝐴

𝜕𝑥
= −𝑖(𝑛eff − 𝑖𝐺)𝐴 − 𝑖(𝐾 − 𝑖𝐺𝑒

𝑖𝜓)𝐵                                       (S11) 

                                            
1

𝑘0

𝜕𝐵

𝜕𝑥
= −𝑖(𝑛eff − 𝑖𝐺)𝐵 − 𝑖(𝐾 − 𝑖𝐺𝑒

𝑖𝜓)𝐴                                     (S12) 

where 𝑛eff is the effective index of the single waveguide mode, 𝐾 is a coupling 

coefficient of the evanescent wave coupling. 𝐺 is a radiation rate of the resonances into the 

coupling channel, which is the same value with the coupling coefficient of the single waveguide 

BIC mode. 𝜓 is a phase distance between the two resonances along the radiation channel, 

defined by how far apart they are. The effective index eigenvalues for the supermode 

eigenvectors can be written as 𝑛± = 𝑛eff ± 𝐾 − 𝑖𝐺(1 ± 𝑒
𝑖𝜓) , where ‘+’ sign is for the 

symmetric supermode and ‘-‘ sign is for the anti-symmetric supermode. These equations clearly 

shows that one mode takes the lossy complex term of the other mode to become a real 

eigenvalue without loss. Fig. S4 shows the effect of the evanescent wave coupling coefficient 

𝐾. The discrepancy exists at a small spacing since the evanescent wave coupling is strong in 

this regime. Compared to the evanescent wave coupling with an exponential decay, the coupling 

through the radiation channel does not have a strong decay in the electric field along the channel. 

The double waveguide configuration can have a significant coupling strength even at a large 

distance. This can be an interesting property if there are waveguide multiples with different 

waveguide spacings. The waveguide pair satisfying the BIC condition can interact with each 

other without radiation, while the pair without the BIC condition will be radiative, even at large 
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distances.  

 

Fig. S4. Effective refractive indices of the two waveguide modes with (a) zero 𝐾 and (b) non-zero 𝐾 

 

Fig. S5. Electric field profile (Ez) of the double waveguide BIC with d=30.32 µm, w=2 µm 

2.4  x                 

Since the eigenvalues in the double waveguide configuration are complex numbers, 

if the evanescent wave coupling is not negligible compared to the coupling through the radiative 

channel, there is a point where both the real and imaginary parts of the eigenvalues are equal, 

which is an exceptional point. Although this system does not hold any gain effect, two lossy 

modes can satisfy the exceptional point condition [6,7]. 𝐾  is mainly controlled by the 

waveguide spacing (d), which is related to the real part of the eigenvalues. At the same time, 

the waveguide spacing (d) is related to 𝜓 which affects both the imaginary and real part of the 

eigenvalues. Unlike usual photonic systems with exceptional points, the off-diagonal terms in 

the Hamiltonian are complex numbers due to the phase delay in the coupling through the 

radiative channel. Because of this, a control parameter of the waveguide spacing can resolve an 

exceptional point, where the real and imaginary parts of the effective refractive indices of the 

two waveguide modes coalesce.  
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Fig. S6. Exceptional point in the double waveguide configuration (a) real part of effective refractive index 

and (b) the propagation loss of the two waveguide modes for tln=300 nm, tsn=350 nm, g=300 nm, w=1300 

nm, λ0=1057 nm. (c) Electric field amplitude profile of the antisymmetric mode, (d) symmetric mode at 

the exceptional point, and (e) symmetric mode at the BIC. 

 

3. B  - ased MZ  modulator  

3.1                 

The BIC-MZI can be equivalently described as two identical directional couplers with 

two asymmetric channels having input electric field amplitudes a1 and a2, output electric field 

amplitude b1 and b2, transmission coefficient t1 and t . The parameters are related by  

                 (
𝑏1
𝑏2
) = (

𝑡1 𝑖𝑡2
𝑖𝑡2 𝑡1

) (𝑒
−𝑖𝜙1𝑒−𝛼1𝐿 0

0 𝑒−𝑖𝜙2𝑒−𝛼2𝐿
) (
𝑡1 𝑖𝑡2
𝑖𝑡2 𝑡1

) (
𝑎1
𝑎2
)                        (S13) 

where 𝜙1 is the total phase shift and 𝛼1 is the propagation loss at the upper (LN) channel. 

𝜙2 is the total phase shift and 𝛼2 is the propagation loss in the lower (BIC) channel.  

Since there is no input in the upper channel (a1=0), the transmission of the BIC-MZI is 

                                    𝑇 = |
𝑏2

𝑎2
|
2

= |𝑡1
2𝑒−𝑖𝜙2𝑒−𝛼2𝐿 − 𝑡2

2𝑒−𝑖𝜙1𝑒−𝛼1𝐿|
2
                                    (S14)              

With the known values of t1, t2, L, 𝛼1, and T, we can calculate 𝛼2. T is an on-chip 

transmission excluding the fiber-to-chip coupling efficiency. To determine T, the fiber-to-chip 

coupling loss was measured by conventional silicon nitride buried channel waveguides without 

the lithium niobate layer. The cut-back method with different waveguide lengths was used to 

subtract the waveguide propagation loss portion from the total insertion loss. For calculation, t1 

and t  were determined by the eigenmode-expansion-method simulation. The propagation 
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losses of the LN channels 𝛼1 were measured from the devices with the leaky resonant width 

conditions. At the leaky resonant conditions, 𝑒−𝛼2𝐿 ≈ 0 giving 𝑇 = (𝑡2
2𝑒−𝛼1𝐿)2. max(𝑇) is 

the maximum transmission of the oscillating spectrum. By taking the maximum value, we can 

simplify Eqn. (S14) without the phase terms, max(𝑇) = (𝑡1
2𝑒−𝛼2𝐿 + 𝑡2

2𝑒−𝛼1𝐿)
2
. From this we 

obtain the BIC channel amplitude decay rate 

                                              𝛼2 = −1/𝐿 ∙ ln (
√max(𝑇)−𝑡2

2𝑒−𝛼1𝐿

𝑡1
2  )                                            (S15a)     

and the corresponding BIC power loss rate in the units of decibels per meter 

     𝑅 = 𝛼2 ∙ 2 ∙ 10 log10 𝑒  dB ≈ 8.69 dB ∙  𝛼2 = −8.69
dB

𝐿
∙ ln (

√max(𝑇)−𝑡2
2𝑒−𝛼1𝐿

𝑡1
2  )    (S15b)  

The drawback of this method is that the largest measurable propagation loss (shortest 

propagation distance) of the BIC channel is limited by the noise of the measured power of the 

LN channel alone, which can be greater than the power of the BIC mode.  

 

Fig. S7. BIC-MZI equivalent model 

                                                          

Electro-optic efficiency with an electro-optic coefficient of lithium niobate in z-axis 

r33 (30.8 pm/V) [8] can be calculated by a multi-physics simulation utilizing both an 

electromagnetic simulation and electrostatic simulation. The material index of the silicon nitride 

is set as 1.996 (λ=1550 nm) [9]. The material indexes of the lithium niobate are set as 2.138 

(extraordinary) and 2.211 (ordinary) [10]. The change in the lithium niobate index leads to the 

change in effective refractive index of the waveguide modes. The half-wave voltage (Vπ) can 

be calculated by  

                                                       𝑉𝜋 =
𝜆0𝑉0

2(Δ𝑛eff1 − Δ𝑛eff2)𝐿
                                                (S16) 

  

where Δ𝑛eff is the effective index change under the applied voltage V0. For the BIC-MZI, the 

calculated Δ𝑛eff  are 6×10-5
 for the BIC mode and 14×10-5 for the LN mode for 10 V. The 

calculated Vπ is 6.45 V for 15 mm length. The electro-optic phase modulation of the MZI 

channels effectively modulates the intensity by changing the real part of the effective indexes. 

The change in the imaginary part of the effective index (amplitude modulation due to the 

electro-optic detuning from the BIC condition) of the BIC mode at the BIC condition is 

quadratic in applied voltage and has a negligible effect. 

 

                    

          

  

  

  

  



 

Fig. S8. Tangential electric field component (Ez) of the electrostatic field under 10 V 

         Z                          

The RF effective index is simulated to be from 2.00 to 1.96 in a frequency range from 

10 GHz to 40 GHz. This is close to the group index of the LN mode (2.07) and the BIC mode 

(2.10). As such, the dominant factor constraining the modulation frequency bandwidth is the 

propagation loss in the coplanar RF waveguide (CPW). Eigenmode analysis shows a simulated 

bandwidth of 43.5 GHz, at which point the CPW propagation loss reaches 6.4 dB. [11] The 

modeled bandwidth is in general agreement with the experimental measurement. 
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