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Abstract: Thin-film lithium niobate has gained significant attention in photonics due to its broad 

optical transparency, high refractive index, nonlinear coefficient, and substantial electro-optic 

coefficient. It holds great promise for developing electro-optic modulators with low loss, a compact 

size, and wide bandwidth. This study focuses on a meticulous investigation utilizing microwave 

photonics to establish a high-performance electro-optic modulator. Specifically, we analyze the 

optical mode field distribution and traveling wave electrode structure of lithium niobate thin-film 

materials. The proposed modulator achieves an impressive half-wave voltage-length product of 1.69 

V·cm, a negligible metal loss of 0.01 dB/cm, and a substantial 3dB electro-optic bandwidth of 50 

GHz. This research successfully realizes low-loss, high-efficiency LNOI electro-optical modulators, 

providing a strong foundation for large-scale integrated optoelectronic systems.  

Keywords: electro-optic modulator; half-wave voltage-length product; bandwidth 

 

1. Introduction 

Electro-optic modulators (EOMs) translate electronic signals into the optical domain and are 

critical components in modern data communication, optical sensing, quantum optics, and photonic 

integrated circuits (PICs) [1–4]. As demands in these fields continue to rise, the performance 

requirements for EOMs are undergoing continual enhancement, necessitating attributes like low loss, 

low half-wave voltage, high bandwidth, and high linearity [5–8]. However, the present predominant 

materials for EOM fabrication include silicon-based, III–V, and bulk lithium niobate (LN) [9–12] yet 

struggle to simultaneously fulfill all the aforementioned demands. For silicon-based materials, due 

to inherent characteristics, the longer electron carrier transit time limits their bandwidth and 

extinction ratio. Although III-V materials effectively address bandwidth limitations and cater to the 

demands of high-speed communication and modulation, their performance are restricted by 

significant optical losses and high linearity requirements. By contrast, lithium niobate has garnered 

significant attention in photonics, owing to its broader optical transparency window, relatively 

higher refractive index, nonlinear coefficient, and substantial electro-optic coefficient [13,14]. For 

traditional bulk LN modulators, the relatively small refractive index difference between the core and 

cladding layers results in a weaker confinement of the optical mode field and higher power 

consumption, thereby constraining the performance of the modulator. 

In recent years, thin-film lithium niobate (TFLN) manufactured through crystal ion slicing and 

chip bonding techniques [15] has provided a high-performance photonic waveguide platform for 

compact PICs [16,17]. EOMs based on the lithium niobate on insulator (LNOI) platform exhibit 

performance advantages such as compact size, low half-wave voltage, and high modulation 

bandwidth. In 2005, Rabiei et al. first proposed an LNOI-based EOM with a half-wave voltage-length 

product (VπL) of 15 V·cm and a waveguide transmission loss of 1.4 dB/cm [18]. In 2018, the Wang 

Cheng et al. achieved an ultra-compact, low propagation loss photonic waveguide through etching 

TFLN [19], reducing the VπL to 1.8 V·cm, with an achieved modulation bandwidth of 15 GHz. In the 

same year, they refined the fabrication process, significantly reducing the waveguide transmission 
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loss of thin-film LN ridge waveguides to 0.3 dB/cm [20], establishing the foundation for large-scale 

applications of thin-film lithium niobate photonic integrated circuits. In 2021, the Liu Ye et al. utilized 

step-and-scan lithography to fabricate TFLN EOMs [21], further lowering the VπL to 1.75 V·cm while 

maintaining an electro-optic modulation bandwidth exceeding 40 GHz. Essentially, subsequent 

researches are based on the foundational structure designed by Wang Cheng's team and are 

dedicated to improving the performance of the modulator unilaterally. For instance, to achieve a 

wider modulation bandwidth, one method is to reduce the electrode length, which sacrifices half-

wave voltage performance and potentially increases power loss. However, a larger VπL is 

unfavorable for reducing the size of the modulator, decreasing energy consumption, and improving 

modulation efficiency. Therefore, while maintaining a lower VπL, increasing the bandwidth and 

reducing losses of the modulator is a reasonable design approach. Compared to existing research, 

this design approach has the potential to foster significant breakthrough advancements in the field 

of EOMs by enabling multifunctionality and high-performance attributes. 

In order to achieve lower VπL and higher modulation bandwidth of EOMs, this work proposes 

a novel LNOI integrated Mach-Zehnder modulator (MZM) for electro-optic modulation. This 

modulator employs integrated optics technology to design optical waveguides, modulation 

electrodes and couplers on the surface of TFLN. Through meticulous design of optical transmission 

and microwave characteristics, a modulator with low VπL, low optical losses, and substantial 

modulation bandwidth is successfully engineered. The achieved VπL is 1.69 V·cm, with an 

impressive 3 dB EO bandwidth exceeding 50 GHz. This design establishes a high-performance 

platform meeting diverse criteria and provides valuable guidance for future high modulation 

efficiency, energy-efficient, and cost-effective optical communication networks. 

2. Structure and Performance Parameters 

2.1. Modulator Structure 

The MZM photonic modulator is an influential optical device that plays a crucial role in signal 

modulations and its primary function is to achieve variations in the amplitude, phase, or frequency 

of optical signals, making it a significant tool in the field of optics. This enables the conversion of 

electrical signals into optical signals or modulation of optical signals. As depicted in Figure 1, the 

overall structure consists of S-shaped curved cosine waveguide, directional coupler, and modulation 

region. In this work, it is utilized solely as an intensity modulator with Port 1 as the input and Port 2 

as the output. The optical wave propagates through the curved waveguide and is directed to the 

directional coupler, where it is evenly split into two paths entering the modulation region. The 

modulation region, a vital part of lithium niobate electro-optic modulators, typically employs 

travelling waveguide structures, which significantly influence the device's performance, including 

the half-wave voltage length product, modulation bandwidth, and loss. By fine-tuning the electrode 

voltage, we can skillfully modulate the refractive index and exercise control over the phase difference 

between the arms. This delicate adjustment allows us to achieve precise modulation of the optical 

signal. Subsequently, the optical signals from both paths are recombined, and modulation is achieved 

through interference.  

 

Figure 1. Integrated structure of MZM electro-optic modulator. 
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By employing rational design and optimization techniques, the structure of the lithi-um niobate 

electro-optic modulator enables exceptional optical modulation performance and facilitates low-loss 

optical transmission. The structural parameters and performance of the modulation region, 

electrodes, splitter, and coupler should be designed and adjusted according to specific requirements. 

In the following sections, we will introduce the relevant performance parameters of the EOM and 

summarize a set of optimization strategies based on their structural parameters, for devices of similar 

types. 

2.2. The half-wave voltage-length product 

The principles of EOM in this paper are based on the effect of electric field-induced refractive 

index change. When a signal voltage is applied to the optical waveguide, the change in refractive 

index is proportional to the electric field 𝐸௭, which is known as the Pockels effect. The relationship 

between them can be expressed as the following equation: ∆𝑛௘௙௙ = 1𝑛௘௙௙ ∬௅ே𝑛(𝑥, 𝑧) ∆𝑛(𝑥, 𝑧)|𝐸଴(𝑥, 𝑧)|ଶ𝑑𝑥𝑑𝑧∬ஶ|𝐸଴(𝑥, 𝑧)|ଶ𝑑𝑥𝑑𝑧  (1) 

where 𝑛(𝑥, 𝑧)and ∆𝑛(𝑥, 𝑧) represent the material refractive index and the refractive index change at 

any position on the waveguide cross-section, respectively. And 𝐸଴(𝑥, 𝑧) is the optical signal in the 

modulation arm. The numerator in the equation is limited to the area of lithium niobate thin film 

where the refractive index change is generated by the Pockels effect, while the denominator covers 

the entire waveguide cross-section [22]. 

To maximize the linear electro-optic coefficient（𝛾ଷଷ = 30.8 𝑝𝑚/𝑉 for LN）, the waveguide is 

made from an x-cut lithium niobate crystal, with the TE fundamental mode polarized along the 

crystal z-axis, where the external electric field mainly induces the change in the extraordinary 

refractive index: ∆𝑛௘ = − 12 𝑛௘ଷ𝛾ଷଷ𝐸௭ (2) 

here, 𝐸௭  represents the component of the external electric field along the crystal z-axis. In most 

practical cases, the well-designed mode is primarily polarized along the z-axis, with over 99% 

polarization efficiency. Hence, the refractive index changes induced by the electric field in the x and 

y directions can be neglected. By substituting the above equations into the variation of the mode 

refractive index and simplifying it, the normalized electro-optic overlap integral of the waveguide 

cross-section is obtained as: 𝛤௠௢ = 𝐺∬௅ே|𝐸଴(𝑥, 𝑧)|ଶ𝐸௓(𝑥, 𝑧)𝑑𝑥𝑑𝑧𝑉∬ஶ|𝐸଴(𝑥, 𝑧)|ଶ𝑑𝑥𝑑𝑧  (3) 

For an electro-optic modulator with a modulation arm length of L, the VπL of the lithium niobate 

push-pull type MZM is expressed as follows: 𝑉𝜋𝐿 = 𝑛௘௙௙𝜆଴𝐺2𝑛௘ସ𝛾ଷଷΓ௠௢ (4) 

A smaller VπL value indicates that lower voltage is required to achieve half-wave phase change 

in the same length of the modulating arm, leading to higher sensitivity of the modulator. Based on 

Equation (4), it is evident that reducing the VπL is mainly achieved through two methods: First, 

decreasing the electrode spacing G to generate a larger electric field under the same external voltage. 

Second, increasing the electro-optic overlap integral, which can be achieved by enlarging the optical 

mode field to enhance its sensitivity to the electric field. 

2.3. 3dB Modulation Bandwidth 

Modulation bandwidth is another key performance metric for EOM. The traveling-wave 

electrode adopts a simple coplanar waveguide structure for microwave signal transmission, and 

impedance matching is the fundamental design consideration to avoid microwave reflection. Under 

the impedance matching condition, the frequency response function of the EOM can be represented 

by the following equation [23]: 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 September 2023                   doi:10.20944/preprints202309.0602.v1

https://doi.org/10.20944/preprints202309.0602.v1


 4 

 

𝐻(𝑓) = 20𝑙𝑔 ቐ𝑒ఈ௅ଶ ൥𝑠𝑖𝑛ℎଶ(𝛼𝐿/2) + 𝑠𝑖𝑛ଶൣ2𝜋𝑓൫𝜂ோி − 𝜂௢௣൯𝐿/2𝑐൧(𝛼𝐿/2)ଶ + ൣ2𝜋𝑓൫𝜂ோி − 𝜂௢௣൯𝐿/2𝑐൧ଶ ൩ଵ/ଶቑ (5) 
where 𝛼 is the microwave attenuation coefficient of the traveling-wave electrode structure, which 

mainly includes conductor losses from the metal electrode and dielectric losses from materials such 

as lithium niobate and silicon dioxide that form the coplanar waveguide structure. Radiation losses 

caused by roughness of the metal electrode can be neglected. Both types of losses are inherent 

material properties, and their relationship with the microwave attenuation coefficient is given by the 

following equation [24]: 𝛼 = 𝛼௖ඥ𝑓 + 𝛼ௗ𝑓 (6) 

When the frequency response of the EOM decreases by 3 dB at lower frequencies, the 

corresponding range of microwave frequencies determines the 3 dB modulation bandwidth. To 

increase the modulation bandwidth, it is necessary to reduce microwave attenuation and achieve 

phase velocity matching between microwaves and optical waves. This involves minimizing the 

effective refractive index of microwaves 𝜂ோி  to approach the effective refractive index of optical 

modes 𝜂௢௣ . The microwave refractive index in lithium niobate is much larger than the optical 

refractive index, which leads to phase velocity mismatch and limits the modulation bandwidth. To 

address this issue, two methods are primarily employed in this work to realize phase velocity 

matching: First, adding a buffer layer composed of low refractive index silicon dioxide to reduce the 

overall structure's microwave refractive index. Second, appropriately increasing the electrode 

thickness to enable most of the microwave field to propagate in the low refractive index region 

between the electrodes. 

2.4. Other Performance Metrics 

The total power loss caused by inserting a modulator into an optical device is referred to as 

insertion loss. It encompasses both inter-device coupling loss and intra-chip propagation loss, 

quantifying the degree of optical power loss from the input to the output ports of the electro-optic 

modulator. The insertion loss is defined as the ratio of the output optical power 𝑃௢௨௧ to the input 

optical power 𝑃௜௡ and can be expressed as follows: 𝐼𝐿 = −10𝑙𝑔 𝑃௢௨௧𝑃௜௡  (7) 

Under the condition of constant input optical power to the EOM, the output optical power varies 

periodically as the voltage applied to the modulating arm increases from zero. The ratio of the 

maximum (𝑃௠௔௫) to the minimum (𝑃௠௜௡) output optical power is defined as the extinction ratio, also 

represented the modulation depth, and can be expressed as follows [25]: 𝐸𝑅 = 10𝑙𝑔 𝑃௠௔௫𝑃௠௜௡  (8) 

Through an analysis of the overall structure of the electro-optic modulator, the adoption of 

directional couplers for optical splitting allows for both beam splitting and extinction effects. In 

comparison to traditional Y-branch splitters, directional couplers can directly adjust the coupling 

length by tuning the coupling gap, thereby reducing the power difference between the two branches 

and promoting more uniform splitting of the optical power. This design approach is beneficial for 

enhancing the extinction ratio of the electro-optic modulator. 

3. Design and Optimization of Traveling Wave Modulator Structure  

3.1. Optical Modeling and performaces Optimizing of the Travelling Waveguide Structure 

We constructed a 2D cross-sectional model of an EOM, as depicted in Figure 2a, utilizing 

Equations (6). By employing optical mode analysis, we obtained the optical mode field distribution 
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of the waveguide cross-section. Through steady-state calculations, we determined the electric field 

distribution corresponding to the applied voltage, enabling us to evaluate the electro-optic overlap 

integral and the VπL. We further analyzed the impact of various structural parameters on the device 

performance, facilitating the design and optimization of the modulation region of the electro-optic 

modulator. 

 

(a) (b) 

Figure 2. (a) Schematic cross-section of the modulator structure. (b) Cross-section of the ridge 

waveguide. 

3.1.1. Design of steady-state distribution of optical mode field 

Based on Wang et al.'s cross-sectional structure investigation [20], we undertook pertinent 

adjustments and comparisons to validate the optimization approach of the VπL. This optimization 

was achieved by augmenting the ridge width to enhance overlap integral, while keeping electrode 

spacing, lithium niobate film thickness, and ridge etching depth consistent. Nevertheless, the 

concomitant challenge involves the potential sustenance of higher-order modes due to the widened 

cross-section of the ridge waveguide. Hence, while guaranteeing single-mode propagation within the 

waveguide, a primary goal is to maximize the waveguide width. It depends on the geometric 

constraints of ridge width (w), inner ridge height (H), and rib height (2h) to achieve single-mode 

transmission with a certain ridge-type optical waveguide. The corresponding basic geometric model 

is illustrated in Figure 2b. R.A. Soref proposed the classical criterion for single-mode operation in 

ridge waveguides, which requires the ridge structure to satisfy the following relationship [26]: 𝑡 ൑ 𝛼 + ௥ඥଵି௥మ 0.5൑ 𝑟 ൏ 1 (9) 

where, 𝑡 = 𝑤/𝐻，𝑟 = ℎ/𝐻 and 𝛼 represent the normalized ridge width, normalized ridge height, 

and a constant value, respectively. 𝛼  is determined experimentally by Soref using the beam 

propagation method. When the ridge width of the waveguide approaches the critical width, even 

slight variations in width can result in significant changes in the optical mode field distribution 

within the ridge waveguide. To ensure the stable existence of the desired mode, the ridge region must 

confine at least 5% of the mode's energy. Therefore, in the design process, it is essential to employ 

more accurate and applicable single-mode conditions for the design of ridge-type optical waveguides 

using TFLN. It is crucial to maximize the ridge width while ensuring the stable transmission of the 

fundamental mode. 

Due to the limitations of commercially available lithium niobate single-crystal thin films, this 

work chose a range of H=300~900 nm with a step size of 100 nm. Etching modeling was performed 

with r=0.4, 0.5, and 0.6, respectively. Considering the corresponding single-mode conditions 

provided in the reference [27], the model was established based on the initial theoretical maximum 

ridge width, and mode analysis was conducted to confirm the stable transmission of the TE 

fundamental mode within the ridge waveguide (Figure 3a). At the same time, it is demonstrated that 

only less than 5% of the first-order mode energy was confined within the ridge, that is, more than 

95% of the energy was confined within the rib region, indicating that the first-order mode cannot be 
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transmitted stably (Figure 3b). Therefore, the setting of the critical ridge width satisfies the single-

mode transmission condition. 

  

(a) (b) 

Figure 3. (a) Distribution of optical mode and electric field under the substrate. (b) Optical mode 

distribution of the first order mode. 

Upon preliminary analysis, it can be seen that when the film thickness is insufficient (H=300 nm), 

the leakage of the fundamental mode into the lower silica cladding is more pronounced. By setting 

different values of H and r and conducting mode analysis, the critical ridge width for each group was 

obtained, as shown in Table 1. With the determined critical ridge width for various etching 

conditions, the electro-optic overlap integral and VπL were calculated for electrode spacings of G=4 

μm, 4.5 μm, and 5 μm, respectively. The thickness of the lower silica cladding was fixed at 4 μm (the 

maximum thickness of the commercial thin film's silica buffer layer), the electrode height was fixed 

at 1 μm, and the thickness of the upper silica cladding was fixed at 1.8 μm. The variation of the VπL 

with respect to the structural parameters is shown in Figure 4. 

Table 1. Critical ridge widths (μm) for various etching depths. 

       H/um 

r/um 
0.4 0.5 0.6 0.7 0.8 0.9 

r=0.4 0.98 0.93 0.95 0.98 1.03 1.08 

r=0.5 0.86 0.98 1.06 1.11 1.17 1.23 

r=0.6 1.03 1.04 1.02 0.96 1.32 1.40 

Figure 4 illustrates a close correlation between the VπL and the ridge etching depth and 

electrode spacing G. Figures 4a-c correspond to fixed G of 4 μm, 4.5 μm, and 5 μm, respectively, 

showcasing the variation of the VπL with different etching depths as the film thickness( outer ridge 

height H) changes. The VπL varies with the increase of the film thickness H and the decrease of the 

etching depth (1-r). Specifically, at the same etching depth, there is a rapid reduction in the VπL as 

the H increases from 400 nm to 600 nm, followed by a flattening of the curve, indicating that further 

increasing H no longer significantly affects performance optimization. Additionally, when 

comparing the same H, transitioning from deep etching (r=0.4) to shallow etching (r=0.6) in the ridge 

waveguide can lead to a reduction in the VπL by up to 20%. Further verification was conducted to 

substantiate the assumption that the VπL is not governed by a linear relationship with rib height 

(determined jointly by thin-film thickness H and normalized etching depth r). Instead, it was 

established that the half-wave voltage is constrained by both H and r. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 4. Maintaining a consistent G, alterations in H and r induce variations in the VπL: (a) G = 5 

μm; (b) G = 4.5 μm; (c) G = 4 μm. Maintaining a consistent r, alterations in H and G induce variations 

in the VπL: (d) r = 0.4; (e) r = 0.5; (f) r = 0.6. 

In order to investigate the impact of electrode spacing, we set r to 0.4, 0.5, and 0.6, respectively. 

Subsequently, we examined the variation of VπL at different electrode spacings G, while keeping H 

as a variable, as depicted in Figures 4d-f. It can be shown that the VπL decreases and gradually 

approaches a plateau as H increases. Under identical H values, a decrease in G from 5 μm to 4 μm 

results in a substantial reduction in VπL, with a maximum reduction exceeding 10% over a 0.5 μm 

range. Overall, a reduction in etching depth and electrode spacing contributes to the decrease in VπL. 

Decreasing the electrode spacing enhances the electric field, whereas a shallower etching depth 

weakens mode confinement, leading to an enlargement of the guided mode and a heightened 

influence of the electric field.  

3.1.2. Trade-off between electrode spacing and waveguide losses 

When the film thickness reaches 900 nm, and considering a shallower ridge etching (r=0.6) and 

reduced electrode spacing (4 μm), the simulated VπL can be reduced to 1.48 V·cm. This reduction is 

advantageous for achieving low-power on-chip integration of TFLN devices. However, when the 

electrode spacing decreases to 5 μm, the optical waveguide losses caused by metal electrode 

absorption become significant. Utilizing the configurations outlined in Figure 4, we conducted an 

analysis of the optical waveguide losses resulting from metal absorption during the transmission of 

the TE fundamental mode under corresponding parameter settings. The outcomes, excluding 

scattering losses related to fabrication, are presented in Figure 5. 

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 September 2023                   doi:10.20944/preprints202309.0602.v1

https://doi.org/10.20944/preprints202309.0602.v1


 8 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 5. Maintaining a consistent G, alterations in H and r induce variations in waveguide losses: (a) 

G = 5 μm; (b) G = 4.5 μm; (c) G = 4 μm. Maintaining a consistent r, alterations in H and G induce 

variations in the waveguide losses: (d) r = 0.4; (e) r = 0.5; (f) r = 0.6. 

The results indicate that the optical waveguide losses caused by metal electrode absorption are 

primarily influenced by G, but the relation between the loss and R and H is not obvious, except for 

the high metal absorption loss caused by special structure. The results from Figures 5a-c demonstrate 

that structures with H=700 nm and r=0.4, as well as H=900 nm and r=0.5, exhibit higher levels of metal 

absorption losses for various fixed values of G. Meanwhile, losses for other parameter configurations 

remain relatively consistent. Furthermore, Figure 5d-f reveal that, regardless of the chosen film 

thickness and etch depth for the ridge waveguide, the waveguide losses increase as the electrode 

spacing G decreases. Specifically, when G is 5 μm, losses are consistently below 0.01 dB/cm. Upon 

reducing the G to 4.5 μm, losses slightly increase, ranging from approximately 0.01 to 0.05 dB/cm. 

However, with a further reduction to 4 μm, waveguide losses may surpass 0.05 dB/cm and, in some 

instances, even exceed 0.1 dB/cm. 

The comprehensive simulation results suggest that optimizing the waveguide structure for a 

lower VπL is favored through the utilization of a shallow-etched ridge and a smaller electrode 

spacing. Paradoxically, however, to reduce metal absorption losses, it is desirable to increase the 

electrode spacing. Therefore, a trade-off is necessary when determining the critical parameters of film 

thickness, etch depth, and electrode spacing to achieve a balance between low VπL and low losses 

for overall performance optimization. 

Subsequently, we opted for four parameter sets exhibiting superior overall performance and 

conducted a detailed comparative analysis with those provided in reference [20]. The outcomes of 

this comparison are presented in Table 2. This investigation into waveguide structures has yielded 

significant improvements in VπL while maintaining comparable waveguide losses, with the highest 

reduction reaching 30%. By further optimization, the final design parameters are as follows: thin-film 

thickness (H) of 800 nm, ridge height of 350 nm, rib height of 450 nm, ridge width (w) of 1.2 μm, and 

electrode spacing (G) of 4.4 μm. This configuration yields a VπL of 1.7 V·cm, with waveguide losses 

measuring 0.01 dB/cm. This design not only ensures lower metal absorption losses, thereby 

mitigating the impact of metal electrodes on optical losses, but also effectively lowers the VπL. 
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Table 2. Parameters and performance comparison. 

G/um H/nm r VπL(V·cm) waveguide loss (dB/cm) 

4 800 0.6 1.49 0.028 

4 700 0.5 1.664 0.018 

4.5 800 0.6 1.682 0.013 

5 800 0.6 1.876 0.003 

5[20] 600 0.5 2.15 0.028 

3.1.3. Analysis of cladding structure 

Once the key structural parameters of the waveguide were established, we proceeded with 

additional optimization by analyzing parameters that influence the electric field distribution, such as 

the electrode thickness and the thicknesses of the upper and lower silica cladding layers. The 

relationship between the VπL and the electrode thickness was simulated and analyzed by varying 

the thickness of the lower cladding layer. Figure 6a shows the variation curve of VπL as the electrode 

thickness increases while the lower cladding layer thickness remains constant. It can be observed that 

as the electrode thickness surpasses 2 μm, the curve becomes flattened, indicating that further 

increasing the electrode thickness has less significant impact on reducing VπL. Moreover, when 

comparing the curves associated with different lower cladding layer thicknesses in Figure 6a, it 

becomes apparent that, for a fixed electrode thickness, gradual increases in the lower cladding layer 

thickness from 1 μm to 4 μm result in a corresponding decrease in VπL. 

  
(a) (b) 

Figure 6. (a) Variation of VπL with electrode thickness for different lower cladding thicknesses. (b) 

Variation of VπL with electrode thickness for different upper cladding thicknesses. 

The variation curve of VπL with the upper cladding layer thickness is shown in Figure 6b. The 

upper silica cladding layer plays a role in confining the inter-electrode electric field, resulting in an 

increased local electric field and effectively enhancing the electro-optic overlap integral, thereby 

reducing VπL. Analyzing the curve indicates that as the upper cladding layer thickness gradually 

increases and does not exceed approximately 1 μm, VπL decreases gradually. However, as the 

thickness of the upper cladding layer continues to increase, reaching a minimum value just slightly 

greater than the electrode thickness (approximately 1.2 μm), it ceases to decrease further and may 

even exhibit a slight increase. Furthermore, when assessing these parameters' impact on waveguide 

losses, it is observed that increasing the electrode thickness slightly reduces the losses, while 

variations in the thicknesses of the upper and lower silica cladding layers have a minimal effect on 

losses. In conclusion, after establishing the fundamental structural parameters, it is advisable to 

maximize the electrode thickness to minimize VπL. The lower cladding layer thickness should be set 

at its maximum allowable value of 4 μm. When considering the upper silica cladding layer, its 

thickness should be marginally higher than the electrode thickness. 

3.2. 3D microwave modeling and simulation of the modulation region 

To save computational resources, a 2D cross-sectional modeling approach was employed to 

establish critical parameter configurations, including the ridge structure and electrode spacing of the 

waveguide. The primary objective was to achieve a low half-wave voltage and minimize metal 
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absorption losses in the EOM. In this chapter, a 3D transmission line model was developed, 

specifically for traveling-wave electrodes. This model aimed at optimizing parameters such as 

electrode thickness, cladding thickness, and electrode width to achieve a characteristic impedance of 

50 Ω for impedance matching. Additionally, the optimization process sought to minimize microwave 

attenuation and refractive index to maximize the electro-optic modulation bandwidth. 

The cross-sectional structure of the transmission line and the simulated structural model are 

depicted in Figure 7, where the modulation section has a length of 10 mm. The accumulation of phase 

variation (∆𝜑) in microwave signal transmission along the traveling wave electrode is derived from 

the interplay between the effective refractive index (𝜂ோி), microwave propagation constant (𝛽), and 

wavenumber (𝑘). Leveraging (∆𝜑) and the electrode length (𝐿), the ensuing formula facilitates the 

computation of the microwave’s effective refractive index for a specified frequency (𝑓).  

  

(a) (b) 

Figure 7. Transmission line structure: (a) Cross-sectional structure; (b) 3D simulated structure. 

Furthermore, following the definition of the electrical conductivity of the metallic conductor and 

the dielectric loss tangent for each medium in the model [28–30], the determination of the conductor's 

surface loss density and the dielectric's volume loss density ensue. This process, in turn, allowed for 

the calculation of the microwave attenuation coefficient corresponding to the specific frequency of 

interest. 

To delve further into the analysis, an investigation was carried out on the thick-ness of the lower 

cladding layer while maintaining other structural parameters constant. to examine the variation of 

microwave refractive index within the frequency range below 30 GHz, as illustrated in Figure 8a. 

Within this frequency range, the microwave refractive index exhibits slight fluctuations with 

frequency, which can be attributed to the interpolation algorithm used during the frequency point 

scan during simulations. Nonetheless, it remains stable overall within a narrow range. As the 

thickness of the lower cladding layer increases from 3 μm to 4 μm, the microwave refractive index 

demonstrates a decreasing trend. Generally, a wider electrode width corresponds to a larger cross-

sectional area, resulting in a lower characteristic impedance. By performing a scan on the center 

electrode width at the same solving frequency, the variation of characteristic impedance with 

electrode width was obtained, as depicted in Figure 8b. The simulation results align with the 

theoretical expectations: as the center electrode width increases from 7 μm to 15 μm, the characteristic 

impedance gradually decreases from 55.7 Ω to 43.3 Ω, representing a reduction of 22%. 

  

(a) (b) 
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Figure 8. (a) Microwave refractive index of the structure at different lower cladding thicknesses. (b) 

Variation of characteristic impedance with electrode width. 

Building upon the initial simulation analysis as described earlier, the strategy to minimize the 

microwave refractive index, it is recommended to increase the thickness of the lower cladding layer, 

approaching the refractive index of light waves as closely as possible. Nevertheless, practical 

constraints stemming from commercial TFLN wafers impose a maximum thickness limit of 4 μm. 

This limitation, however, aligns harmoniously with the optimization criteria for achieving a favorable 

VπL. Similarly, according to the optimization principle of the VπL, it is advisable to maximize the 

electrode thickness. However, excessively large thickness would result in a larger electrode cross-

sectional area, leading to a smaller characteristic impedance. Therefore, the initial value of the 

electrode thickness in the simulation is set to 2 μm. Furthermore, during the ongoing optimization 

process, if impedance matching is a desired objective, the center electrode width can be adjusted in 

accordance with the previously mentioned trend to closely approach a characteristic impedance of 

50 Ω. 

The influence of electrode width and upper cladding layer thickness on microwave attenuation, 

microwave refractive index, and characteristic impedance is intricate, rendering direct adjustments 

to optimize all performance metrics concurrently challenging. Consequently, the subsequent phase 

involves a coordinated scanning analysis aimed at approximating the microwave effective refractive 

index to 1.975, equivalent to the optical effective refractive index, and approaching a characteristic 

impedance of approximately 50 Ω. A comprehensive evaluation of performance metrics leads to a 

solution featuring a center electrode width of 10 μm, a ground electrode width of 17 μm, and an 

upper cladding layer thickness of t+0.3 μm. At a microwave frequency of 10GHz, the corresponding 

characteristic impedance is 47.9 Ω, the microwave effective refractive index is 2.197, the microwave 

attenuation is 7.4 dB/m, the return loss is below -20 dB, and the half-wave voltage is 1.69 V. 

Indeed, the initial electrode thickness setting of 2 μm proves excessively large, rendering it 

inadequate to fulfill the impedance matching criterion of 47.9 Ω. Decreasing the electrode thickness, 

however, leads to a rise in the half-wave voltage. Consequently, while maintaining the other 

structural parameters constant, a meticulous scan of the electrode thickness is conducted in small 0.1 

μm increments, closely monitoring the corresponding alterations in VπL. 

According to the performance comparison results presented in Table 3, when the electrode 

thickness is reduced to 1.8 μm, the characteristic impedance increases to 49.3Ω, achieving a 

satisfactory impedance match. The microwave refractive index is 2.19, and the VπL experiences a 

slight increase, it still remains at approximately 1.69 V. With these optimized parameters, the various 

structural settings are defined, and a frequency scan is performed in the range of 0.1 to 60 GHz with 

a step size of 0.1 GHz. This process yields the S-parameters, characteristic impedance, and microwave 

refractive index of the traveling-wave electrode, as shown in Figure 9. 

Table 3. Performance comparison for different electrode thicknesses. 

H/um impedance/Ω refractive index VπL(V·cm) 

2 47.9 2.197 1.687 

1.9 49 2.2 1.688 

1.8 49.3 2.19 1.689 

The performance parameters mentioned above reveal notable characteristics over the wide 

frequency range of 0-60 GHz. The 10 mm long traveling-wave electrode exhibits consistently 

demonstrates low insertion loss. However, with increasing frequency, there is a noticeable upward 

trend, indicating a rise in the microwave attenuation per unit length (i.e., microwave loss). This, in 

turn, restricts the upper limit of the modulation bandwidth. Nevertheless, the return loss remains 

below -20 dB throughout the operating frequency range, indicating a good impedance match with a 

characteristic impedance close to 50 Ω. The microwave refractive index remains stable at 

approximately 2.19, with slight fluctuations attributable to frequency variations. 
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By substituting the corresponding microwave attenuation, microwave refractive index, and 

optical refractive index (1.9747) into the theoretical Equation (9) for frequency response, the electro-

optic frequency response curve of the designed modulator in this work can be obtained, as depicted 

in Figure 10. It is evident that the electro-optic frequency response gradually decreases with 

increasing microwave frequency. The corresponding 3dB modulation bandwidth is 51.9 GHz, which 

sufficiently meets the bandwidth requirements of this work. 

  
(a) (b) 

  
(c) (d) 

Figure 9. Performance parameters of traveling wave electrodes: (a) S21; (b) S11; (c) characteristic 

impedance; (d) microwave refractive index. 

 

Figure 10. Electro-optic frequency response curve. 

3.3. Comprehensive Structure Design Optimizaiton and Comparation 

The aforementioned work has optimized the key performance parameters of VπL and 

modulation bandwidth. Following the determination of the structural parameters in the modulation 

region, this section shifts its focus towards the comprehensive design of the electro-optical 

modulator, particularly emphasizing insertion loss and extinction ratio (i.e., modulation depth) as 

performance metrics. Given the computational complexity associated with 3D modeling and optical 

simulations of the entire structure, coupled with the limitation that 2D transmission models are only 

suitable for relatively simple waveguide structures lacking ridge features, they are not suitable for 

modeling ridge waveguides. Therefore, in this work, an optical simulation method based on the beam 

propagation method will be used for the analytical modeling. 

The S-bend cosine structure consists of two identical concentric circular segments symmetrically 

distributed and connected by tangential straight lines. In the design of the modulation region, the 

values of electrode spacing and center electrode width have been determined. Analyzing the overall 

structure, the longitudinal displacement (𝑑௬) of the S-bend cosine structure is determined by the 

waveguide width 𝑤, electrode spacing (𝐺), center electrode width (𝑤௦), and coupling spacing of the 

directional coupler (𝐺௖௣): 
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𝑑௬ = ൫𝑤௦ + 𝐺 − 𝑤 − 𝐺௖௣൯/2 (10) 

During the design process, it is also necessary to determine the bending radius (𝑟) of the S-bend 

cosine structure to achieve sufficiently low transmission loss. Once the longitudinal displacement (𝑑௬) 

and bending radius (𝑟) are determined, the lateral displacement (𝑑௫) and the maximum tilt angle of 

the transmission direction (𝜃 ) (angle with respect to the lateral direction) of the S-bend cosine 

structure are also determined by these two design parameters, as shown in the following relationship 

[31]: 𝜃 = 𝑎𝑟𝑐𝑜𝑠ൣ൫𝑟 − 𝑑௬/2൯/𝑟൧2 (11) 𝑑௫ = 2𝑟𝑠𝑖𝑛𝜃 (12) 

By increasing r, the degree of curvature in the waveguide is reduced, allowing the optical waves 

to propagate stably along the curved cosine shape and significantly reducing scattering losses. When 

the bending radius in the model increases to 0.9 mm, the optical transmittance at the output port 

reaches 95.9%, with losses falling within an acceptable range. 

To maximize the extinction ratio of the EOM, it is necessary to minimize the power difference 

between the two modulation arms, which can be achieved by adjusting the length of the directional 

coupler to a specific value. According to the coupling theory of the directional coupler, the power 

difference between the two modulation arms follows a sinusoidal distribution as the coupling length 

increases, which is consistent with the simulation results. To ensure good coupling efficiency and 

avoid waveguides being too close to each other, the waveguide spacing of the directional coupler (𝐺௖௣) is set to 1.5 μm. By comparing the power differences between different coupling lengths (𝐿௖௣), 

it can be determined that the length corresponding to the minimum power difference is a set of 

periodically distributed values, and when the minimum length is chosen 𝐿௖௣ = 255 𝑢𝑚, the optical 

powers of the two modulation arms are 0.484 and 0.482 times the incident power, respectively, 

achieving a sufficiently close to 50:50 power split. 

The overall structure is modeled based on the determined bending radius, coupling spacing, 

and coupling length. The simulation includes the intensity modulation of optical waves by applying 

a voltage, ensuring that the electric fields applied to the two modulation arms are equal in magnitude 

and opposite in direction. A voltage scan is performed across the range of 0 to 3 V. Additionally, 

within the interval of 1.6 to 1.7 V, an additional set of scan data points with a step size of 0.01 V is 

included. The resulting curve depicting the normalized output power variation concerning the 

applied voltage is illustrated in Figure 11. 

 

Figure 11. Curve of normalized output power variation with voltage. 

When the applied voltage is zero, all optical wave energy is directed to Port 2 (the output port), 

representing the "on" state of intensity modulation. The transmission of the optical wave is illustrated 

in Figure 12a: the optical wave enters from Port 1 at the lower left position, divided by the directional 

coupler into the two modulation arms for transmission, and finally transferred to Port 2 at the upper 

right position through the directional coupler, with 95.9% of the optical wave energy being output. 

As the applied voltage reaches 1.69 V, the transmission of the optical wave is depicted in Figure 12b: 
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the optical waves in the two modulation arms undergo opposite phase changes due to modulation. 

After passing through the directional coupler, the majority of the optical wave energy is directed to 

Port 3, while the output from Port 2 is close to zero, indicating the "off" state of intensity modulation. 

Through the simulations of the overall structure's optical transmission and intensity modulation, it 

is determined that the insertion loss of the electro-optic modulator is 0.18 dB, and the extinction ratio 

is 46.81 dB. 

  
(a) (b) 

Figure 12. Optical transmission results: (a) at zero applied voltage; (b) at half-wave voltage. 

The relevant design parameters are listed in Table 4. The designed EOM successfully meet its 

objectives, which include achieving a reduced half-wave voltage, a wide modulation bandwidth, and 

minimized losses. The final performance simulation results are summarized in Table 5. In comparison 

to reported designs, maintaining the electrode spacing at the typical value of 5 μm while adjusting 

the ridge etching structure enables a reduction in VπL to below 2 V·cm. Further reduction of the 

electrode spacing to 4.4 um, while maintaining low metal absorption losses of 0.01 dB, resulted in a 

further reduction of the VπL to 1.69 V·cm. This performance surpasses that of most TFLN electro-

optic modulators of the same type and maintains a large modulation bandwidth of 51.9 GHz. 

Detailed performance comparisons with similar TFLN structures are provided in Table 5. In this 

work, has effectively achieved a well-balanced configuration between critical performance 

parameters, including half-wave voltage and modulation bandwidth. Notably, this structure type 

offers the advantage of low power consumption due to its low VπL, while still providing a 

modulation bandwidth exceeding 50 GHz at the 3 dB level. Furthermore, the designed structure 

ensures that optical losses attributed to metal absorption remain below 0.01 dB/cm, positioning it at 

the forefront among similar structures. 

Table 4. Design parameters and performance of electro-optic modulator. 

Parameter Value/um Parameter Value/um 

w 1.2 G 4.4 

h1 0.35 ws 10 

h2 0.45 wg 17 

h3 4 L 1×104 

h0 2.1 r 9×103 

h4 410 Gcp 1.5 

t 1.8 Lcp 255 

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 September 2023                   doi:10.20944/preprints202309.0602.v1

https://doi.org/10.20944/preprints202309.0602.v1


 15 

 

Table 5. Comparison of performance with similar TFLN electro-optic modulators. 

References VπL(V·cm) Vπ/V 
Modulation 

bandwidth (GHz) 
Metal loss (dB/cm) 

[20] 2.2 4.4 100 <0.03 

[20] 2.3 2.3 80 <0.03 

[21] 1.75 3.5 >40 <0.1 

[32] 2.17 2.17 >70 \ 

[33] 1.78 1.78 40 <0.01 

This work 1.7 1.7 51.9 0.01 

4. Conclusions 

In conclusion, this study successfully optimized key parameters of TFLN electro-optic 

modulators, namely the VπL, modulation bandwidth, and overall transmission performance. The 

research focused on designing an optical waveguide structure that achieved the optimum VπL at the 

critical ridge width, resulting in minimal optical waveguide losses of approximately 0.01 dB/cm. 

Furthermore, the study addressed challenges related to microwave attenuation and phase velocity 

mismatch by incorporating a silica buffer layer to reduce the microwave refractive index and 

adjusting the electrode thickness to achieve phase velocity matching. These optimizations resulted in 

a significantly enhanced modulation bandwidth of 51.9 GHz. Additionally, the impact of parameters 

such as bend radius, coupling spacing, and coupling length on the modulator's performance was 

investigated, leading to a low insertion loss of 0.18 dB and a high extinction ratio of 46.81 dB. By 

demonstrating a balanced approach between VπL and modulation bandwidth with a fixed electrode 

spacing of 5 μm, the study showed significant improvements while maintaining a low level of loss. 

Importantly, this research offers valuable insights into optimizing and enhancing the performance of 

TFLN electro-optic modulators, thereby contributing to the development of highly efficient and 

compact electro-optic devices for advanced photonic applications. 
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