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Abstract—This paper presents the design of low-loss, high-

speed LiNbO3/SiNx modulators. By introducing a BCB cladding 

layer, the transition loss is reduced from 3 dB/facet to 0.9 

dB/facet, enabling compatibility with micro-transfer printing 

under relaxed process constraints. In addition, a high-speed 

electrode structure is designed, with the 3 dB electro-optic 

bandwidth exceeding 160 GHz. 
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I. INTRODUCTION  

Modulators are indispensable components in modern 
photonic integrated circuits (PICs). The silicon nitride (SiNx) 
photonic platform has attracted widespread attention due to its 
low propagation loss, wide transparency window, and 
compatibility with complementary metal-oxide-
semiconductor (CMOS) process [1]. However, SiNx lacks 
Pockels effect and exhibits negligible second-order 
nonlinearity [2],  rendering it incapable of supporting high-
speed modulation intrinsically.  In contrast, lithium niobate 
(LN) offers low optical loss and a strong electro-optic 
response, making it an ideal candidate for high-speed 
modulators. Integrating LN with SiNx thus presents a 
promising route to realize high-performance modulation on 
SiNx platform. Micro-transfer printing (MTP) has emerged as 
an effective technique for heterogeneous integration, allowing 
both thin-film materials and prepatterned devices to be 
assembled onto a target substrate [3]. This back-end approach 
supports the integration of multiple components on a single 
wafer and improves material utilization, offering significant 
advantages over alternative integration methods. To date, 
several heterogeneously integrated thin-film lithium niobate 
(TFLN) modulators on the SiNx platform via MTP have been 
demonstrated [2]–[6]. However, optical loss arising from 
mode mismatch at the abrupt transition between the SiNx and 
LN-on-SiNx waveguides remains a critical challenge, as it 
degrades modulator performance [6].  Previous efforts to 
mitigate this loss, such as integrating adiabatic tapers on LN 
coupons [4] or employing bi-layer Si/SiNx adiabatic 
transitions [5], have proven effective. However, these 
approaches inevitably increase process complexity and 
impose stringent alignment requirements. Therefore, a low-
loss transition scheme that maintains fabrication simplicity 
and relaxed alignment tolerance is highly desirable for high-
performance LN/ SiNx modulators using MTP process.  

In this work, we propose a method to reduce the transition 
loss in LN/SiNx Mach–Zehnder modulators (MZMs), which 
ensures compatibility with micro-transfer printing under 
relaxed process constraints. Building upon this foundation, 
electrodes are subsequently designed to achieve high-speed 
modulation performance. 

II. DESIGN OF TFLN/SINX MODULATOR AND SIMULATIONS 

This work optimizes both the optical loss and electrical 
performance, two of the most critical factors for overall 
modulator functionality. The schematic and geometry of the 
MZM are shown in Fig. 1. Light is split equally into its two 
arms, where TFLN without sub‑micron etching is transferred 
onto the SiNx waveguide via MTP. The wavelength of light is 
1550 nm. 

A. Low Transition Loss Design 

The insertion loss of the MZMs stems primarily from the 
transition loss between SiNx waveguides and LN/SiNx hybrid 
waveguides, which is determined by the mode overlap integral 
of these two different waveguides. As shown in Fig. 2 (a) and 
Fig. 2 (c), the mode field is predominantly confined within the 
SiNx waveguides, whereas that of the LN/SiNx hybrid 
waveguides is pulled upward into the LN layer. The vertical 
mode mismatch leads to a small overlap integral of 0.514. To 
mitigate this mismatch, the mode field of the SiNx waveguide 
should be shifted upward by reducing the refractive index 
contrast between waveguide core layer and cladding—in other 
words, by increasing the refractive index of cladding.  

Benzocyclobutene (BCB), a widely used adhesion layer in 
the MTP process, was selected as the cladding material owing 
to its excellent process compatibility with the MTP process 
and appropriate refractive index (n = 1.55 at 1550 nm).  Fig. 3 
shows the overlap integral between the LN/SiNx hybrid 
waveguide and the SiNx waveguide as a function of BCB 
cladding thickness. Based on this, we chose a cladding 
thickness of 0.9 μm, which yields a maximum overlap integral 
of 0.825. The simulated mode field of the SiNx waveguide 
with 0.9 μm BCB cladding is shown in Fig. 2 (b), shifted 
upward in contrast to that in Fig. 2 (a). However, the BCB on 
the LN must be removed, as it would otherwise cause the 
LN/SiNx hybrid waveguides mode field to shift upward, 
reducing the overlap integral. Fig. 4 (a) shows the ideal 
interface between the SiNx waveguides and the LN/SiNx 
hybrid waveguides. In practical fabrication, a sloped sidewall 
angle is adopted for the BCB to improve the alignment process 
tolerance, shown in Fig. 4 (b). The transition loss is computed 
through the Finite-Difference Time-Domain (FDTD) method, 
and Fig. 5 shows the electric field distributions with and 
without BCB cladding. For the structure with BCB cladding, 
the transition loss is only 18.7% (about 0.9 dB/facet), which is  

 

Fig. 1. Top view of the MZM (left) and its cross section (right). This work was supported by the Chinese Academy of Sciences and 
National Natural Science Foundation of China. 



 

 

 

Fig. 2. Simulated mode field for the TE fundamental mode at λ=1550 nm: 
(a) SiNx waveguide without cladding, (b) SiNx waveguide with BCB 
cladding (thickness: 0.9 μm), (c) LN/SiNx hybrid waveguide. 

 

Fig. 3. Calculated overlap integral between the LN/SiNx hybrid waveguide 
and the SiNx waveguide with BCB cladding of different thicknesses. 

 

Fig. 4. (a) Ideal waveguide transition interface, (b) Waveguide transition 
interface with consideration of fabrication tolerances. 

significantly lower than the 49.3% (about 3 dB/facet) loss 
observed in the uncladded structure. 

B. High-speed Electrode Design 

The bandwidth of a traveling-wave modulator is mainly 
affected by three factors [7]: (1) microwave loss along the 
transmission line; (2) index matching between the microwave 
effective index and the optical group index; (3) impedance 
matching, typically at 50 Ω to match both the RF source 
internal resistance and the load impedance.  The optical group 
index of the LN/SiNx hybrid waveguide is calculated to be 
2.20 via the Finite-Difference Eigenmode (FDE) method, with 
a half‑wave voltage length product of 3.04 V·cm. Given an 
electrode length of 5000 μm, the corresponding half‑wave 
voltage is 6.08 V. Based on this, the electrode structure was 
designed to realize both index matching and impedance 
matching. The simulation results are presented in Fig. 6. At 30 
GHz, the characteristic impedance is 47.2 Ω and the 
microwave effective index is 2.12, with negligible variation at 
higher frequencies. Finally, the electro-optic response is 
shown in Fig. 7, with the 3 dB electro-optic bandwidth 
exceeding 160 GHz.  

III. CONCLUSIONS 

We have designed a TFLN/SiNx hybrid modulator 
compatible with MTP technology. By introducing a BCB 
cladding layer and optimizing the electrode structure for 
high‑frequency performance, we reduced transition loss from  

 

Fig. 5. Simulated electric field distribution (x denotes the light propagation 
direction, and z is the vertical direction) by FDTD method: (a) with BCB 
cladding, (b) without cladding. 

   

Fig. 6. Simulated (a) microwave effective index, (b) characteristic 
impedance, and (c) microwave loss. 

 

Fig. 7. Calculated electro-optic response of the MZM. 

3 dB/facet to 0.9 dB/facet, and the 3 dB electro-optic 
bandwidth exceeding 160 GHz. This design offers a valuable 
reference for MTP‑integrated high‑frequency thin‑film 
modulators, and is expected to simplify fabrication 
complexity and reduce manufacturing costs. 

ACKNOWLEDGMENT  

This work was supported by the Chinese Academy of 
Sciences and National Natural Science Foundation of China. 

REFERENCES 

[1] X. Zhang et al., “300-nm-thick, ultralow-loss silicon nitride photonic 
integrated circuits by 8-in. foundry production,” Appl.Phys. Lett., vol. 
125, no. 12, pp. 121111, Sep. 2024. 

[2] M. Niels et al., “Centimetre-scale micro-transfer printing to enable 
heterogeneous integration of thin film lithium niobate with silicon 
photonics,” Opt. Mater. Express, vol. 15, no. 3, pp. 531-540, Feb. 2025. 

[3] J. Su et al., “Large-Area Microtransfer-Printed Thin-Film Lithium 
Niobate-Silicon Nitride Microring Optical Filter with Nanosecond 
Tuning Speed,” ACS Photonics, vol. 12, no. 4, pp. 2062- 2069, Mar. 
2025. 

[4] T. Vanackere et al., “Heterogeneous integration of a high-speed lithium 
niobate modulator on silicon nitride using micro-transfer printing,” 
APL Photonics, vol. 8, no. 8, pp. 086102, Aug. 2023. 

[5] M. Niels et al., “Demonstration of lithium niobate integration on a 200-
mm silicon photonics wafer using transfer printing,” Opt. Lett., vol. 50, 
no. 15, pp. 4678-4681, Jul. 2025. 

[6] Badri, S.H et al., “Compact modulators on silicon nitride waveguide 
platform via micro-transfer printing of thin-film lithium niobate,” Sci 
Rep, vol. 15, no. 1, pp. 11681, Apr. 2025. 

[7] P Kharel, C Reimer, K Luke, L He, and M Zhan, “Breaking voltage–
bandwidth limits in integrated lithium niobate modulators using micro-
structured electrodes,” Optica, vol. 8, no. 3, pp. 357-363, Mar. 2021. 

(a) (b) (c) 

(a) (b) (c) 

(a) (b) 

(a) (b) 


