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Abstract: We analyzed a Mach–Zehnder electro-optical modulator based on a silicon nitride strip–
loaded waveguide on 0.5 µm thick x-cut lithium niobate thin film. The optical and radio frequency
parameters for two different modulator structures (Type I: packaged with 2 µm thick SiO2 and
Type II: unpackaged) were simulated, calculated, and optimized. The Optical parameters included
the single-mode conditions, effective indices, the separation distance between the electrode edge
and the Si3N4-strip-loaded edge, optical power distribution, bending loss, optical field distribution,
and half-wave voltage. The radio frequency parameters included the characteristic impedance,
attenuation constant, radio frequency effective index, and −3 dB modulation bandwidth. According
to the numerical simulation and theoretical analysis, the half-wave voltage product and the −3 dB
modulation bandwidth were, respectively, 2.85 V·cm and 0.4 THz for Type I modulator, and 2.33 V·cm
and 1.26 THz for Type II modulator, with a device length of 3 mm.

Keywords: photonic integrated circuits; electro-optical; lithium niobate thin film; Mach–Zehnder
modulators; silicon nitride strip-loaded

1. Introduction

In recent years, a lithium niobate thin film on a low-refractive-index SiO2 layer (lithium
niobate-on-insulator (LNOI)) [1] has become commercially available. This film offers a
high-refractive-index contrast between LN and SiO2, good optical confinement, and strong
light guidance [2]. Due to the small size and high energy density in the waveguide, the
electro-optical (E-O) and nonlinear optical effects are enhanced. Compared with traditional
LN modulators, the devices based on LNOI have larger confinement for the light, resulting
in smaller footprints and higher modulation efficiency [3,4]. The waveguide devices in
LNOI are usually prepared using dry etching [5]. However, a waveguide that is directly
etched can have a significant sidewall angle [6,7] that limits the minimum separation
distance between the waveguide edge and the electrode edge, resulting in difficulties in
producing devices based on strongly coupled waveguides.

Silicon nitride (Si3N4) has widely been employed in photonic integrated circuits be-
cause it is easy to implement and process. A Si3N4 ridge waveguide loading strip on an
LNOI (Si3N4-strip-loaded LNOI) can effectively form a composite strip waveguide [8–10].
Since the process is only performed for the Si3N4 layer, this prepared waveguide structure
avoids the difficulty of etching the direct LN [11,12]. A Si3N4-strip-loaded LNOI structure
can be designed to confine most of the energy in the LN layer [13]. Therefore, the roughness
of the sidewalls of a Si3N4-strip-loaded waveguide has less effect on the transmission losses
than that of an etched LN ridge waveguide [14]. More importantly, these types of hybrid
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structures can take advantage of the properties of different materials to form heterogeneous
photonic devices. Compared with silicon, Si3N4 does not suffer from two-photon absorp-
tion, and it has lower material loss [15]. Furthermore, silicon thin film is usually conductive
and will screen the modulation field from x-cut LN devices with transverse electric (TE)
polarization [16,17]. Si3N4-strip-loaded LNOI has been successfully demonstrated for use
in E-O [10], second-harmonic generation [18], and integrated platforms [19–21]. However,
few reports in the literature involve the systematic simulation of E-O Mach–Zehnder modu-
lators (MZMs) in a silicon nitride–lithium niobate thin film hybrid platform. Our work has
focused on E-O modulators based on a Si3N4-strip-loaded waveguide on LNOI in order to
obtain low half-wave voltages and large modulation bandwidths.

In this paper, Si3N4-strip-loaded E-O MZMs in 0.5 µm thick x-cut LNOI are presented.
The dimensions of the Si3N4-strip-loaded and coplanar waveguide electrode were opti-
mized to achieve ultra-compact routing and high-performance modulation for single-mode
operation with transverse electric (TE) polarization. We evaluated the performance of
the analyzed modulator based on the separation distance between the electrode edge and
the Si3N4-strip-loaded edge, the bending radius, the half-wave voltage product (Vπ ·L),
the characteristic impedance, the attenuation constant, the radio frequency (RF) effective
index, and the modulation bandwidth. For the modulators that were packaged with 2 µm
thick SiO2 (Type I) and unpackaged (Type II), the half-wave voltage-length products were
2.85 and 2.33 V·cm, and the modulation bandwidths with a length of 3 mm were 0.4 and
1.26 THz, respectively. The realization of a Si3N4 composite strip waveguide could have
good prospects for fabricating more advanced and complicated integrated optical devices
and circuits based on LNOI.

2. Device Description and Methods

The structure of an MZM consists of optical-routing waveguides and coplanar waveg-
uide electrodes. A schematic for this structure is shown in Figure 1a. Two different MZM
structures were designed in this research, Type I and Type II, as shown in Figure 1b,c. The
LNOI consisted of a 0.5 µm thick x-cut LN thin film bonded to 2 µm thick SiO2 cladding
deposited on an LN substrate [2]. The crystal orientation of the LN thin film was chosen
to utilize the highest E-O coefficient of LN, r33 = 31 pm/V, at λ = 1.55 µm [22], for the TE
mode. To provide lateral optical confinement, a Si3N4-strip-loaded waveguide was located
at the top of the LN thin film. Coplanar waveguide electrodes were configured in ground-
signal-ground form, and two LN waveguides were located in two gaps between the ground
and signal metals. To produce a large E-O modulation bandwidth, the coplanar waveguide
electrodes were operated in a traveling wave manner and optimized for impedance match-
ing, as well as velocity matching for the microwave and optical signals. Table 1 shows the
refractive indices and dielectric constants of the materials in the simulation at a wavelength
of 1.55 µm.

Table 1. Refractive indices (λ = 1.55 µm) and dielectric constants of the materials in simulation.

Material
Refractive Index

Dielectric ConstantOrdinary Refractive
Index (no)

Extraordinary
Refractive Index (ne)

LN [22] 2.211 2.138 28.4
SiO2 1.445 3.9
Si3N4 1.989 7.5

Based on a full-vectorial finite-difference method (FVFDM) [23,24], mode calculation
was performed using the commercial software Lumerical: Mode Solutions. The basic prin-
ciple of the FVFDM was to surround the optical waveguide with a rectangular computing
window, discretely dividing the computing window into a grid with equal or unequal
spacing, with the selected points on the grid as nodes. The difference quotient of the electric
field or magnetic field component of the adjacent node was used to replace the differential
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quotient of the waveguide equation. In this way, the eigenvalue equation of the matrix
could be obtained. By solving the eigenvalue equation, the mode field distribution and
the corresponding propagation constant of the eigenmode could be obtained. Based on a
finite element method (FEM), the electric field distribution and the RF parameters were
simulated using the commercial software COMSOL Multiphysics [25] and a high-frequency
structure simulator (HFSS) [26], respectively. The FEM in COMSOL utilized well-known
mathematical equations and energy minimization in triangular elements to determine
the solutions for the voltage and electric field distributions given specific input models,
relevant parameters, and boundary conditions. The principle of the FEM in HFSS was to
divide the object into small tetrahedra for calculation, then form a network of all the small
tetrahedral elements, and finally obtain the solution of the model using its connection. The
HFSS also had an adaptive solution function, which meant that the software analyzed the
results and determined the parts with large errors.
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3. Results and Discussion

In this work, we optimized the Si3N4-strip-loaded dimensions based on four aspects:
single-mode conditions, the effective refractive index, the separation distance between the
electrode edge, and the Si3N4-strip-loaded edge, and the optical power confinement in the
LN layer. The single-mode conditions were first investigated because of their advantages:
(i) There was no energy transformation between modes. (ii) The signal distortion caused by
several modes of transmission at different speeds could be avoided [27]. Figure 2a shows
the cutoff dimension of the Si3N4-strip-loaded waveguide for the TE mode between the
single- and multi-mode conditions. The cutoff width and thickness of the Si3N4-strip-
loaded waveguide for the fundamental mode were both zero. No matter how small the
thickness and the width of the Si3N4-strip-loaded waveguide were, there was always a
waveguide mode [28]. Waveguides of all widths and thicknesses under the curves satisfied
the single-mode conditions. For example, for a 0.3 µm thick Si3N4-strip-loaded Type I, the
cutoff width of the achieved single-mode operation was 1.732 µm. The cutoff thickness
decreased with the increase in the Si3N4-strip-loaded width. At the same Si3N4-strip-loaded
thickness, the cutoff width of Type I was larger than that of Type II. Considering the single-
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mode conditions, the effective refractive index, and separation distance, six combinations
of widths and thicknesses of the Si3N4-strip-loaded waveguide were selected for both the
Type I and Type II structures in subsequent simulations, marked in Figure 2 as circles.
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Figure 2. (a) Cutoff dimensions for TE mode between the single- and multi-mode conditions;
(b) effective indices of the TE fundamental mode and (c) separation distance between the electrode
edge and the Si3N4-strip-loaded edge as a function of the width for different thicknesses of the
Si3N4-strip-loaded waveguides. The modes were calculated at λ = 1.55 µm.

The effective refractive indices of the TE fundamental and first-order modes in the
Si3N4-strip-loaded waveguides as a function of the width for different thicknesses of the
Si3N4-strip-loaded waveguides are presented in Figure 2b. The effective refractive index
increased with the increasing width and thickness of the Si3N4-strip-loaded LNOI. At the
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same Si3N4-strip-loaded width and thickness, the effective refractive index of Type I with
the single-mode operation was larger than that of Type II. To ensure that only one electric
field intensity peak was supported in the Si3N4-strip-loaded waveguide, the width of the
Si3N4-strip-loaded waveguides should be less than the value of the first-order mode. The
hollow circles in the figure correspond to the effective refractive index of six combinations of
widths and thicknesses of the Si3N4-strip-loaded waveguide for Type I, and the solid circles
correspond to the effective refractive index of six combinations of widths and thicknesses
of Si3N4-strip-loaded waveguide for Type II.

To obtain a large electric field strength and a low electrode-induced loss in the optical
waveguide, an appropriate separation distance between the electrode edge and the Si3N4-
strip-loaded edge was selected. The target electrode-induced loss was 0.5 dB/cm in this
simulation. The separation distances as a function of the width for different thicknesses
of the Si3N4-strip-loaded waveguides are shown in Figure 2c. The separation distance
decreased with the increasing width and thickness of the Si3N4-strip-loaded LNOI. At the
same Si3N4-strip-loaded width and thickness, the separation distance of Type I was larger
than that of Type II. The hollow circles in the figure correspond to the separation distances
of the six combinations of widths and thicknesses of the Si3N4-strip-loaded waveguide for
Type I, and the solid circles correspond to the separation distance of six combinations of
widths and thicknesses of the Si3N4-strip-loaded waveguide for Type II.

The optical power distribution of the Si3N4-strip-loaded LNOI was mainly divided
into four parts. The layers from the top to the bottom were the SiO2 layer (Type I) or air
layer (Type II), the Si3N4-strip-loaded, the LN layer, and the SiO2 cladding layer. As much
optical power as possible is required to be concentrated in the LN layer in E-O applications.
Figure 3 shows the optical power in the LN layer, with the thickness and width of the Si3N4-
strip-loaded waveguide as the parameters. The optical power in the LN layer decreased
with the increasing width and thickness of the Si3N4-strip-loaded waveguide. At the same
Si3N4-strip-loaded width and thickness, the optical power in the LN layer of Type I was
less than that of Type II. The hollow circles in the figure correspond to the optical power
in the LN layer for six combinations of widths and thicknesses of the Si3N4-strip-loaded
waveguide for Type I, and the solid circles correspond to the optical power in the LN layer
of six combinations of the widths and thicknesses of Si3N4-strip-loaded waveguide for
Type II.
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width for different Si3N4-strip-loaded thicknesses. The modes were calculated at λ = 1.55 µm.

Using the distribution of the electrostatic field, the distribution of the refractive index
of the LN waveguide was calculated. The effective refractive index change (∆neff) of the
TE mode of a single waveguide was the difference between the effective refractive index
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with and without the voltage. Figure 4 shows the effective refractive index change for
six combinations of the Si3N4-strip-loaded widths and thicknesses for the unit voltage.
For an increasing Si3N4-strip-loaded thickness and a decreasing Si3N4-strip-loaded width
combination, the ∆neff/V increased at first but then decreased after reaching the peak at
a thickness of 0.3 µm. For the combination of the same thickness of Si3N4-strip-loaded
waveguide, the ∆neff/V of Type I was smaller than that of Type II. The selection of these
parameters was insensitive of ∆neff/V.
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The single-mode operation, the appropriate optical power in the LN layer, tight
waveguide separation, and large ∆neff/V enabled an ultra-compact, high-efficiency, and
low-loss E-O MZM. Considering the above factors in the subsequent simulations, the
thicknesses and widths of the Si3N4-strip-loaded waveguides and the separation distance
in Type I and Type II structures are shown in Table 2.

Table 2. The parameters of the dimensions of the Si3N4-strip-loaded waveguides and the separa-
tion distance.

Type Thickness (µm) Width (µm) Separation Distance
(µm)

Type I 0.3 1.532 2.629
Type II 0.3 1.46 2.336

Since the circular arcs in each arm of the structure involved bending waveguides, the
relationship between the bending loss and the bending radius is shown in Figure 5. The
bending loss decreased exponentially with the bending radius. A small bending radius
was necessary for the ultra-compact MZM. The bending losses of Type I was larger than
those of Type II. The bending losses of Type I and Type II were both 0.1 dB/cm when the
bending radii were 316 and 244 µm.

The distributions of the electric field and the optical mode were simulated. The optical
mode distributions of Type I and Type II are shown in Figure 6a,c. Most of the optical
power of Type I and Type II was confined within the LN layer. A voltage of 1 V was applied
between electrodes. The distribution of the electrostatic field is shown in Figure 6b,d.
The electric field intensities in the center of the LN layer below the Si3N4-strip-loaded
waveguide for Type I and Type II were 121,103 and 127,997 V/m, respectively. The electric
field in the LN layer of Type I was less than that of Type II.
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In the E-O MZM (Figure 1), two light beams of equal intensity and phase traveled
across two arm waveguides, and finally, the beams combined to form an interference pattern
of dark and light fringes. For the two arms, opposite electric fields were applied to modify
the refractive index of the LN layer, thus changing the phase of the wave propagating
through those arms. The resulting diffraction pattern depended on the difference in the
effective refractive index of the two arms. The intensity (I) of the sinusoidal interference
signal depended on the interaction length in the optical-modulating waveguide (L) and the
change in the effective refractive index ∆neff [29,30].

I ∝ [1 + V · cos ∆φ], (1)

where ∆φ is the phase shift between the guided modes of the two arms, which is correlated
directly to L and ∆neff, and V is the change in applied voltage. The phase shift is given by
the following equation:
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∆φ =
2π

λ
∆ne f f L =

V
Vπ

π

2
. (2)

where Vπ is the half-wave voltage. For the Type I and Type II devices, when the thickness
of the Si3N4-strip-loaded combination was 0.3 µm, the ∆neff/V values were 1.36 × 10−5 and
1.66 × 10−5 V−1, and the half-wave voltage-length products were calculated as 2.85 and
2.33 V·cm.

HFSS was chosen as the preferred tool for an accurate and high-frequency dependent
analysis. HFSS allowed for the geometric definition and analysis of structures in a three-
dimensional environment. Perfect electric walls were defined for the signal trace and
the ground plane in HFSS. The dielectric was given a permittivity, permeability, and a
loss tangent.

The performance of the traveling wave modulator was related to the characteristic
impedance of the RF coplanar waveguide electrode, the loss of the RF signal, and the
velocity matching of the optical modes and the RF signal. The best modulation efficiency
was obtained when the propagation velocity difference between the RF signal and the
optical wave was the smallest (velocity-matching condition). This meant that the difference
between the RF effective index and the group effective index was smaller [31]. We analyzed
the characteristic impedance of the coplanar waveguide electrode structure for different
signal electrode dimensions. For each signal electrode thickness, the width of the signal
electrode was first adjusted to ensure that the characteristic impedance of the coplanar
waveguide electrode was 50 Ω at a frequency of 100 GHz. The relationship between the
signal electrode height and width is shown in Figure 7a. A thin signal electrode would
require a wide signal electrode to achieve characteristic impedance matching. At the
same signal electrode height, the signal electrode width of Type I was smaller than that of
Type II because the dielectric constant of SiO2 was larger than that of air. Then, for each
combination of the width and height of the signal electrode, the RF effective mode index
and the RF attenuation of the electrodes were further analyzed, as shown in Figure 7b,c. For
the RF attenuation, thick and narrow signal electrode combination facilitated the low-loss
RF signal. When the electrode thickness was larger than 0.8 µm, the decrease in the RF
attenuation was saturated, which was also the preferred region for metal thickness in order
to achieve the ultimate performance. The group effective indices of the Si3N4-strip-loaded
LNOI waveguide for the optical mode are marked in Figure 7c. The group effective index
was obviously smaller than the RF effective index for Type I, and the propagation speed of
the optical and RF signals was well-matched for Type II. This was because the dielectric
constant of the SiO2 was much higher than that of air, so the RF effective index of Type I
was significantly higher than that of Type II. In subsequent simulations, considering the RF
attenuation and velocity-matching between the RF signal and the optical mode, the signal
electrode height was set at 1.8 µm, and the electrode widths for Type I and Type II were set
to 4.4 and 4.8 µm, respectively.

The RF electrode–optic frequency response m(ω) could be modeled as [32]:

m(ω) =
RL + RG

RL

∣∣∣∣ Zin
Zin + ZG

∣∣∣∣∣∣∣∣ (ZL + Z0)F(u+) + (ZL − Z0)F(u−)

(ZL + Z0)eγm L + (ZL − Z0)e−γm L

∣∣∣∣, (3)

where RL and RG are the load and generator resistances, respectively. In the expression, Zin
is the modulator input impedance:

Zin = Z0
ZL + Z0tanh(γmL)
Z0 + ZLtanh(γmL)

, (4)

where ZG and ZL are the generator and load impedances, Z0 is the characteristic impedance,
F(u±) = (1− eu±)/u±, where u± = ±αmL+ jω(±nm − ng)L/c0, and γm = αm + jωnm/c0
is the propagation constant. In this expression, nm and αm are the RF effective mode index



Photonics 2022, 9, 500 9 of 12

and RF attenuation. The units of αm are Np/cm, with 1 Np/cm equal to 8.68 dB/cm. c0 is
the speed of light in a vacuum. We assumed RL = RG = ZG = ZL = 50 Ω.
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Figure 7. The relationship between the signal electrode height and (a) width, (b) RF attenuation, and
(c) RF effective mode index of the coplanar waveguide electrode. The real part of the characteristic
impedance was kept at 50 Ω.

The overall modulation frequency response of a traveling wave modulator could
be calculated with the characteristic impedance, RF attenuation, RF effective index, and
group effective index [30,33]. Figure 8a shows the characteristic impedance of the MZM
at frequencies in the range of 0–1.3 THz. The characteristic impedance curves of Type I
and Type II were highly coincident, ranging from 47.5 Ω to 56 Ω. Figure 8b shows the RF
attenuation. At frequencies from 0 to 1.3 THz, the RF attenuation curves of Type I and Type
II were very similar, ranging from 4 dB/cm to 47 dB/cm. Figure 8c shows the RF effective
index at frequencies in the range of 0–1.3 THz. The group effective indices of the optical
mode are marked in Figure 8c for comparison. For the Type I device, the group effective
index was always obviously smaller than the RF effective index at the frequencies in the
range of 0–1.3 THz. For the Type II device, the group effective index was smaller than
the RF effective index at the frequencies in the range of 0–0.1 THz, but the propagation
speed of the optical and RF signals was well-matched at the frequencies in the range of
0.1–1.3 THz. Figure 8d shows the E-O frequency response at the frequencies in the range
of 0–1.3 THz. The modeled bandwidths (−3 dB) with the interaction lengths of 3, 5, and
10 mm for Type I were 0.083, 0.214, and 0.4 THz, and those for Type II were 0.23, 0.79, and
1.26 THz, respectively.

Table 3 shows the comparison of the performance of the present device with state-of-
the-art devices, including the interaction length, half-wave voltage length product, −3 dB
E-O bandwidth, and waveguide width. The E-O bandwidth of the Type II device with a
length of 3 mm extended to 1200 GHz, the highest bandwidth for an LN modulator.



Photonics 2022, 9, 500 10 of 12

Photonics 2022, 9, x FOR PEER REVIEW 10 of 13 
 

 

where ZG and ZL are the generator and load impedances, Z0 is the characteristic imped-

ance, ±±
±−= ueuF u /)1()( , where 0/)( cLnnjLu gmm −±+±=± ωα , and 0/ cnj mmm ωαγ +=  is the 

propagation constant. In this expression, nm and αm are the RF effective mode index and 
RF attenuation. The units of αm are Np/cm, with 1 Np/cm equal to 8.68 dB/cm. c0 is the 
speed of light in a vacuum. We assumed RL = RG = ZG = ZL = 50 Ω. 

The overall modulation frequency response of a traveling wave modulator could be 
calculated with the characteristic impedance, RF attenuation, RF effective index, and 
group effective index [30,33]. Figure 8a shows the characteristic impedance of the MZM 
at frequencies in the range of 0–1.3 THz. The characteristic impedance curves of Type I 
and Type II were highly coincident, ranging from 47.5 Ω to 56 Ω. Figure 8b shows the RF 
attenuation. At frequencies from 0 to 1.3 THz, the RF attenuation curves of Type I and 
Type II were very similar, ranging from 4 dB/cm to 47 dB/cm. Figure 8c shows the RF 
effective index at frequencies in the range of 0–1.3 THz. The group effective indices of the 
optical mode are marked in Figure 8c for comparison. For the Type I device, the group 
effective index was always obviously smaller than the RF effective index at the frequen-
cies in the range of 0–1.3 THz. For the Type II device, the group effective index was 
smaller than the RF effective index at the frequencies in the range of 0–0.1 THz, but the 
propagation speed of the optical and RF signals was well-matched at the frequencies in 
the range of 0.1–1.3 THz. Figure 8d shows the E-O frequency response at the frequencies 
in the range of 0–1.3 THz. The modeled bandwidths (−3 dB) with the interaction lengths 
of 3, 5, and 10 mm for Type I were 0.083, 0.214, and 0.4 THz, and those for Type II were 
0.23, 0.79, and 1.26 THz, respectively. 

 
Figure 8. (a) Characteristic impedance, (b) RF attenuation, (c) RF effective mode index nm, and (d) 
modulation response variation as RF frequency. 

Table 3 shows the comparison of the performance of the present device with 
state-of-the-art devices, including the interaction length, half-wave voltage length prod-
uct, −3 dB E-O bandwidth, and waveguide width. The E-O bandwidth of the Type II de-
vice with a length of 3 mm extended to 1200 GHz, the highest bandwidth for an LN 
modulator. 

Figure 8. (a) Characteristic impedance, (b) RF attenuation, (c) RF effective mode index nm, and (d)
modulation response variation as RF frequency.

Table 3. Comparison of the modulator performance of LNOI-based modulator.

Structure Experimental
or Theoretical

Interaction
Length (mm)

Vπ·L
(V·cm)

Bandwidth
(GHz) References

SiNx-LNOI Experimental 12 3 8 [10]
SiN-LNOI Experimental 8 3.1 33 [34]

Si3N4-LNOI Experimental 7.8 2.24 80 [35]
SiN-LNOI Theoretical 3 3.6 420 [36]
LNOI-SiNx Experimental 5 6.67 30.6 [37]
LN ridge Experimental 10 2.3 80 [3]
LN ridge Experimental 3 2.2 >70 [33]
Si-LNOI Experimental 5 6.7 >100 [38]
Si-LNOI Theoretical 5 1.76 350 [30]

Si3N4-LNOI (Type I) Theoretical 3 2.85 400 This work
Si3N4-LNOI (Type I) Theoretical 10 2.85 83 This work
Si3N4-LNOI (Type II) Theoretical 3 2.33 1260 This work
Si3N4-LNOI (Type II) 10 2.33 230 This work

4. Conclusions

We demonstrated an E-O MZM configuration with high-performance modulation in a
Si3N4-strip-loaded 0.5 µm thick x-cut LNOI. The widths and thicknesses of the Si3N4-strip-
loaded waveguides of Type I and Type II were optimized. The optimized values of Vπ ·L for
Type I and Type II were calculated to be 2.85 and 2.33 V·cm, respectively. The widths and
heights of the coplanar waveguide electrodes for Type I and Type II were optimized. The
−3 dB E-O modulation bandwidths for Type I and Type II with a device length of 3 mm
were calculated to be 0.4 and 1.26 THz, respectively. The process of this design, which did
not require etching or sawing of LN, was based on a current silicon nitride ultra-low-loss
passive optical waveguide.
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