
Received: 16 October 2025

Revised: 5 November 2025

Accepted: 13 November 2025

Published: 14 November 2025

Citation: Huang, Y.; Liao, Q.; Yin, Y.;

Chen, Z.; Zhang, F.; Sun, T.; Li, H.;

Shou, M. High-Modulation-Efficiency

Lithium Niobate Electro-Optic

Modulator Based on Sunken Dual-

Layer Electrode. Photonics 2025, 12,

1129. https://doi.org/10.3390/

photonics12111129

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Communication

High-Modulation-Efficiency Lithium Niobate Electro-Optic
Modulator Based on Sunken Dual-Layer Electrode
Yicheng Huang 1, Qing Liao 1 , Yihui Yin 2, Zanhui Chen 1, Fabi Zhang 1, Tangyou Sun 1 , Haiou Li 1,*
and Meihua Shou 1,*

1 Guangxi Key Laboratory of Precision Navigation Technology and Application, Guilin University of Electronic
Technology, Guilin 541004, China; huangyicheng@mails.guet.edu.cn (Y.H.); qingliao@guet.edu.cn (Q.L.);
zhchen@guet.edu.cn (Z.C.); zhangfabi@outlook.com (F.Z.); suntangyou@guet.edu.cn (T.S.)

2 The 34th Research Institute of China Electronics Technology Group Corporation, Guilin 541004, China;
230219356@seu.edu.cn

* Correspondence: lihaiou@guet.edu.cn (H.L.); mhshou@guet.edu.cn (M.S.)

Abstract

Electro-optic modulators with high bandwidth, high modulation efficiency, and low loss
play a crucial role in many fields, such as artificial intelligence, analog communications,
and satellite data links. The modulation efficiency and loss, which are related to the chip
size and integration, are important parameters for modulators. However, the modulation
efficiency and optical loss of electro-optic modulators are interrelated in general. In this
study, an improved scheme combining sunken electrodes and dual-layer capacitance-
loaded electrodes is exhibited, improving the constraint between the modulation efficiency
and optical loss of thin-film lithium niobate electro-optic modulators by enhancing the
electric field effect. An electro-optic modulator with a high bandwidth (>60 GHz), low
optical loss (0.14 dB/cm), and low half-wave voltage–length product (1.52 V·cm) has been
realized using finite element analysis software.

Keywords: thin-film lithium niobate; high modulation efficiency; low loss; sunken electrodes;
optical chips

1. Introduction
Electro-optic (EO) modulators, which convert incoming electrical signals into optical

signals, are critical components of fiber-optic communication systems [1–3]. With the rapid
advancement of artificial intelligence, analog communication and satellite data links, higher
requirements have been put forward for the performance of electro-optic modulators, such
as wider electro-optic bandwidth, higher modulation efficiency and lower loss. Various
materials, including lithium niobate, silicon, and gallium arsenide, have been explored
to achieve high-performance electro-optic modulators. Among them, lithium niobate
has become an ideal material for building electro-optical modulators due to its wide
transparent window and high electro-optical coefficient. In recent years, the development
of thin-film lithium niobate (TFLN) has brought new opportunities to the development
of electro-optic modulators. Specifically, TFLN Mach–Zehnder modulators (MZMs), with
the advantages of simple structure, high bandwidth, and high modulation efficiency, have
been extensively studied and applied in various fields [4–6]. The central challenge in Mach–
Zehnder modulator (MZM) research is enhancing modulation efficiency while maintaining
low optical loss [7]. To address this issue, researchers have made numerous efforts in recent
years. In 2021, P. Kharel et al. designed a T-shaped electrode structure, which effectively
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overcame the problem of increased microwave loss when the electrode spacing is reduced
and improved the performance of the electro-optic modulator at high frequencies [8].
In 2022, to compensate for the slow-wave effect caused by the T-shaped electrode and
achieve velocity matching, G. Chen et al. adopted undercut etching technology on a silicon
substrate, achieving a 2.2 V·cm VπL [9]. In 2023, H. Li et al. proposed a folded modulator
based on lithium niobate thin film, which reduced the device length with little impact on
modulation efficiency, obtaining a 1.85 V·cm VπL [10]. In 2024, G. Yue et al. proposed a
dual-layer capacitance-loaded electrode structure to improve the modulation efficiency
while maintaining a low absorption loss, achieving a half-wave voltage of 3.2 V [11]. High
modulation efficiency contributes to saving chip area, thereby lowering manufacturing
costs and promoting chip integration [12,13]. A common approach to reducing the VπL in
thin-film lithium niobate modulators is to decrease the electrode spacing. However, the
reduction in the electrode spacing leads to a substantial increase in metal absorption loss.
To solve the above scientific problems, several methods have been reported to enhance the
modulation efficiency, including silica-LN hybrid waveguides, dual-capacitor electrodes,
and T-shaped electrodes [14–19]. In this work, we introduce a dual-layer electrode structure
with sunken electrodes that strengthens the electric field intensity within the waveguide
region, maintaining low optical loss while improving modulation efficiency and achieving
good overall performance.

2. Device Design
To reduce the half-wave voltage–length product of the modulator, a Mach–Zehnder

push–pull structure is employed [20–22]. Figure 1 shows a schematic diagram of the
designed electro-optic modulator. In this structure, the input optical signal is split into
two beams of equal intensity through a multimode interferometer (MMI) and transmitted
through two lithium niobate waveguides. Electric fields of equal magnitude but opposite
directions are applied to the left and right electrodes. The light waves in the lithium niobate
waveguides generate phase differences of equal magnitude but opposite directions since
the effective refractive index of the lithium niobate material is affected by the electric field
intensity. The MMI combines the two beams and mediates the conversion of their relative
phase difference into intensity changes through interference.

 

Figure 1. Cross-sectional view and top view of the lithium niobate electro-optic modulator.

We proposed a sunken dual-layer electrode structure based on electromagnetic theory;
the electric field intensity reaches its maximum at the center between two electrodes. By
sinking the electrodes, the ridge waveguide can be positioned precisely at this central
location, thereby enhancing the interaction between the electric field and the waveguide.
Simulations of the electric field distribution for both non-sunken and sunken electrodes
were conducted (Figure 2). The results indicate that the sunken configuration yields a
stronger average electric field within the waveguide region. In this design, only the central
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modulating section of the thin-film lithium niobate is retained, while the remaining parts are
etched away. This approach effectively reduces unnecessary optical loss in non-modulating
regions and successfully mitigates the trade-off between efficiency and loss. Additionally,
the sunken electrodes provide greater flexibility in electrode design. A dual-layer electrode
enables simultaneous modulation from both layers, leading to a further improvement
in modulation efficiency. With the key parameters established in Table 1, the following
sections will delve into the design rationale and simulation approach.

(a) (b) 

Figure 2. Electric field distribution of non-sunken electrode (a) and sunken electrode (b).

Table 1. The key parameters of the structures designed in this work.

Parameter Length (µm)

Gap1 4.5
Gap2 2.9
Wsig 50
Wgnd 140

t1 5
t2 2

hAu 1.3
hLN 0.6

hSiO2 5
hSi 500

Etching Depth 0.3

Modulation efficiency is typically represented by the half-wave voltage–length product
parameter VπL, which reflects the phase change capability of the modulator per unit length.
In the x-cut lithium niobate crystal, the refractive index change induced by the electric field
is given by [4]:

∆ne = −1
2

ne
3r33EZ(x, z) (1)

where ne is the refractive index of light polarization along the z direction, Ez(x,z) is the
electric field along the z direction, and r33 is the largest electro-optic coefficient of the
lithium niobate crystal. According to the definition of the effective refractive index, its
change ∆neff under the electric field can be expressed as:

∆neff = −ne
3r33

2
·
s

LN |e(x, z)|2EZ(x, z)dxdz
s

∞ |e(x, z)|2dxdz
(2)
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where e(x,z) represents the electric field strength of the TE mode, when light propagates in
the waveguide over a length of L, the corresponding phase change ∆Φ can be expressed as:

∆ϕ =
2π

λ
· ∆ne f f · L (3)

where V is the modulation voltage and L is the modulation length. The half-wave voltage
Vπ is defined as the voltage required to achieve a 180◦ phase change in the light. Due to the
adoption of the push–pull structure, the calculation formula for VπL can be obtained as:

Vπ L =
λneff

ne4r33

s
∞ |e(x, z)|2dxdz

s
LN |e(x, z)|2EZ(x, z)dxdz

(4)

Simulations were conducted to evaluate the modulation efficiency(VπL) and optical
loss of the conventional single-layer electrode structure with the same parameters as the
proposed structure (Figure 3a). The results indicate that although reducing electrode
spacing improves modulation efficiency, it also leads to excessively high optical loss,
which is detrimental to modulator chip integration. Compared to the conventional single-
layer design, the dual-layer electrode consists of a top T-shaped electrode and a bottom
traveling-wave electrode. This unique geometry enables the dual-layer structure to achieve
significantly lower optical loss than the single-layer counterpart. Furthermore, by sinking
the bottom electrode, the structure further enhances the electric field. By setting the bottom
electrode spacing to 5 µm and changing the top electrode spacing, a comparison of the
optical loss between the conventional single-layer electrode structure and the dual-layer
electrode structure reveals that the dual-layer configuration offers a significant advantage
in terms of loss reduction (Figure 3b). Comparisons of modulation efficiency and optical
loss for non-sunken dual-layer electrode versus sunken dual-layer electrode configurations
demonstrate that the sunken design achieves a lower VπL while maintaining low optical
loss (Figure 3c,d).

 

Figure 3. (a) Simulated modulation efficiency and optical loss of single-layer electrode modulator
versus the electrode spacing. (b) Loss comparison between conventional single-layer electrode
and dual-layer electrode. (c) Comparison of modulation efficiency between non-sunken dual-layer
electrode modulator and sunken dual-layer electrode modulator. (d) Loss comparison between
non-sunken dual-layer electrode modulator and sunken dual-layer electrode modulator.
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3. Simulation and Analysis
The spacing between metal electrodes is a critical parameter in modulator design, sig-

nificantly influencing both the half-wave voltage and optical loss [23–25]. As derived from
Equation (4), reducing the electrode spacing strengthens the electric field under a given volt-
age, which lowers the half-wave voltage but also increases optical loss. A two-dimensional
analysis of half-wave voltage and optical loss across different upper and lower electrode
spacings shows that as the upper electrode spacing decreases, the half-wave voltage de-
clines progressively, whereas optical loss rises (Figure 4). With a lower electrode spacing
of 4.5 µm and an upper spacing of 2.9 µm, the modulator achieves a half-wave voltage
of 1.52 V·cm and an optical loss of 0.14 dB/cm, indicating well-balanced performance.
Compared to a conventional single-layer electrode design with equivalent spacing, the
proposed structure offers both a lower half-wave voltage and reduced optical loss.

Figure 4. (a) VπL of the sunken dual-layer electrode modulator versus the electrode spacing.
(b) Optical loss of the sunken dual-layer electrode modulator versus the electrode spacing.

The expression of the electro-optic modulation response is derived from the optical
wave equation and transmission line theory as follows [4]:

M(f) = 20 log10

e−
αL
2

[
sinh2( αL

2 ) + sin2( bL
2 )

( αL
2 )

2
+ ( bL

2 )
2

] 1
2
 (5)

b =
2πf

c
(nm − ng) (6)

where α denotes the loss of the transmission line, b represents the dispersion parameter
between optical waves and microwaves, and L is the length of the modulator. It can
be inferred from the formula that the electro-optic response is associated with velocity
matching and impedance matching.

The expression for the characteristic impedance is given as follows:

ZO =

√
L0

C0 + CT
(7)

where L0 represents the inductance per unit length, C0 denotes the capacitance per unit
length, and CT refers to the parasitic capacitance per unit length of the T-shaped electrode.
A complete transmission line structure includes both input and output ports, and its
characteristic impedance must be matched to the input and output impedance of the
external system. Impedance mismatch causes reflection of radio frequency signals, leading
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to a decreased transmission coefficient and reduced power transfer efficiency. In this design,
impedance matching is implemented based on a 50 Ω reference.

The electro-optic modulation curve of the modulator is affected by the characteristic
impedance of the electrode [26,27]. An impedance mismatch with the external circuit can
cause reflection of radio frequency signals, resulting in degraded transmission performance
and limited electro-optic modulation bandwidth [28,29]. Since the width of the signal elec-
trode is directly proportional to the capacitance per unit length and inversely proportional
to the inductance, the characteristic impedance decreases as the electrode width increases
(Figure 5a). A signal electrode width of 50 µm was selected to achieve impedance matching
to 50 Ω. Our simulation results confirm that this optimized width yields a characteristic
impedance of approximately 53 Ω, which is considered well-matched to the standard
50 Ω system in high-frequency applications. The minor deviation stems from the compre-
hensive optimization of other electrode parameters for overall electro-optic performance,
and its impact on RF signal reflection is negligible, as evidenced by the achieved broad
EO bandwidth.

 

 
Figure 5. (a) Curve of the modulator’s characteristic impedance versus the width of the signal
electrode; (b) Curves of the modulator’s microwave loss and reflection coefficient versus parameter
t1; (c) Curves of the modulator’s microwave loss and reflection coefficient versus parameter t2;
(d) Electro-optic coefficient and reflection coefficient of the sunken dual-layer electrode modulator.
The green line indicates the −3 dB point of the electro-optic response curve.

The electro-optic modulation bandwidth of the modulator is also influenced by mi-
crowave loss and the microwave reflection coefficient [30]. Parameters t1 and t2 significantly
affect the microwave performance of the T-shaped electrode. Through a parameter sweep
of t1 and t2, the corresponding reflection coefficients and microwave losses were obtained
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(Figure 5b,c). It was observed that as t1 and t2 increase, both microwave loss and reflection
coefficient gradually rise. To ensure system stability and sufficient bandwidth, t1 was set to
5 µm and t2 to 2 µm to achieve a lower reflection coefficient and reduced microwave loss.

Balancing modulation efficiency with modulation bandwidth, the following key pa-
rameters were selected for full-device simulation: an upper electrode spacing of 2.9 µm, a
lower electrode spacing of 4.5 µm, t1 = 5 µm, t2 = 2 µm, and a modulator length of 0.5 cm.
The simulation results were substituted into Equation (5) to derive the overall electro-optic
response curve of the modulator, as shown in Figure 5d. At 60 GHz, the electro-optic
response dropped to −1.4 dB, while the reflection coefficient remained below −10 dB
across the frequency range from 1 to 60 GHz. These results indicate that the electro-optic
bandwidth of the device substantially exceeds 60 GHz.

4. Discussion
To objectively assess the merits of our design, we benchmarked its simulated per-

formance against recent Mach–Zehnder modulators. As summarized in Table 2, which
compiles key metrics for Mach–Zehnder electro-optic modulators, our simulation results
demonstrate that the sunken dual-layer electrode design achieves a highly competitive
profile. It exhibits an electro-optic bandwidth exceeding 60 GHz, a low VπL of 1.52 V·cm,
and a minimal optical loss of 0.14 dB/cm. This combination successfully addresses the
typical trade-off between high modulation efficiency and low propagation loss observed
in conventional designs. The enhanced electric field confinement and reduced optical
absorption intrinsic to our structure are key to achieving this balanced performance. The
simulated results indicate that our design presents a promising approach for developing
high-speed, energy-efficient integrated photonic devices, with potential applications in
future optical interconnects and communication systems.

Table 2. Performance comparison of thin-film lithium niobate electro-optic modulators.

VπL (V·cm) OE Bandwidth (GHz) Optical Loss (dB/cm)

[4] 1.75 40 0.7
[7] 1.29 >40 -
[9] 2.2 >60 0.2

[10] 1.85 65 2.5
[11] 1.6 >67 0.1
[30] 3.1 >100 1.8
[31] 1.7 67 0.1
[32] 2.6 56 1.5
[19] 2.2 100 0.1

This work 1.52 >60 0.14

Although the proposed device demonstrates competitive performance based on simu-
lation results, we acknowledge that there remains room for improvement, particularly in
reducing microwave loss and further enhancing modulation efficiency. Consequently, our
immediate focus will be on bridging the gap from simulation to reality through experimen-
tal fabrication and characterization, which is crucial for validating the practical potential of
our design.

5. Conclusions
In conclusion, to improve the mutual constraints between modulation efficiency and

optical loss, we designed a novel sunken dual-layer electrode structure. The novel sunken
dual-layer electrode structure redistributes the electric field intensity of lithium niobate
electro-optic modulators, resulting in high modulation efficiency, low loss, and broad
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electro-optic bandwidth, achieving a good overall performance. Additionally, the sunken
electrode design offers greater flexibility in electrode layout. The proposed structure
demonstrates the feasibility of the sunken electrode concept and provides a new direction
for the design of electro-optic modulators.
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