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Design Optimization of Silicon and Lithium Niobate

Hybrid Integrated Traveling-Wave Mach-Zehnder

Modulator
Junming Cai , Changjian Guo , Chao Lu , Alan Pak Tao Lau , Pengxin Chen , and Liu Liu

Abstract—Lithium niobate, due to its strong electro-optic effect,
is an excellent material for high-performance optical modulators.
Hybrid integration of thin film lithium niobate and silicon photonic
circuits makes it possible to fully exploit potentials of the two mate-
rial systems. In this paper, we introduce a detailed design procedure
for silicon and lithium niobate hybrid integrated modulator using
coplanar line electrodes based on Mach-Zehnder interferometer
push-pull configuration. A multiphysics model for the crossing
section of the modulation section is proposed and analyzed. The
results show that optimizing solely the VπL product would not
lead to the best 3-dB bandwidth for a certain half-wave voltage
due to the increased microwave losses. There exists an optimal
ground-signal electrode gap value, which is about 8–9 µm for the
present modulator structure. For these optimized structures, 3-dB
bandwidths can reach 45 GHz and 137 GHz with half-wave voltages
of 2 V and 4 V, respectively, for a lithium niobate waveguide total
thickness of 600 nm and a ridge height of 200 nm.

Index Terms—Lithium niobate, hybride Mach-Zehnder
modulator.

I. INTRODUCTION

I
NTEGRATED optical modulator is one of the most impor-

tant devices in optical communications, which converts the

information from the electrical signal to the optical carrier. Its

performances, such as driving voltage, bandwidth, etc., directly
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affect the speed and power consumption of a communication

system [1]. There exists many different platforms to realize

an optical modulator, e.g. silicon-on-insulator (SOI) [2], in-

dium phosphide [3], lithium niobate (LN) [1], [4]–[8], and

electro-optic (EO) polymer [9] based on different types of

structures, e.g. Mach-Zehnder interferometer (MZI) [1], [4],

[6], [10], micro-resonator [6], [8]. Among them, the LN based

EO modulator is probably the most matured type due to the

large Pockels coefficient, the fast EO response, and the low

optical loss of the LN material [4]–[7], [11]–[13]. Conven-

tional MZI based traveling-wave (TW) EO modulator made

of bulk LN has been widely used in optical communication

systems for several decades [12]. Recently, a novel integration

platform, i.e., thin film LN or LN on insulator (LNOI), has

emerged and drawn many interests. Optical modulators based

on etched ridge waveguides on thin-film LN exhibits excellent

performances of small footprint, low driving voltage, and high

bandwidth beyond 100 GHz [1], [4], [5], [7], [13]. On the other

hand, as compared to other integration platforms, such as SOI,

thin-film LN is still immature for photonic devices other than

optical modulators. Non-vertical etched waveguide sidewalls

from the current fabrication technology would also complicate

the designs of passive devices based on the thin film LN [14].

Even for a simple bent waveguide, the anisotropy of the LN

material would render an unexpected polarization coupling [15].

One solution to this difficulty is to use the hybrid integration

technology [4]. In this case, the modulation sections, where only

straight waveguides are needed, still rely on the thin film LN

waveguide. The light can be coupled between the LN and silicon

waveguides with a low loss (−0.42dB) using vertical adiabatic

couplers [4]. Yet, other optical functional devices, e.g. splitters

and routing waveguides, can be fabricated on other matured

material platforms, such as SOI or silicon nitride [4], [5], [7], [8],

[10], [16]. This type of hybrid integrated modulators has been

demonstrated with even better performances, e.g., more stable

operating point control, as compared to the ones on monolithic

LNOI [17].

In order to fully exploit its potential, we systematically inves-

tigate the modulation performances of an MZI modulator based

on the SOI/LN hybrid integration in this paper. The properties of

the optical and microwave waveguides are modeled rigorously

using a finite element based numerical solver (COMSOL). A

common design procedure is proposed for all the structural
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Fig. 1. (a) 3D schematic structure of the Si/LN hybrid integrated modulator. (b) Cross-sectional structure of the modulation section.

parameters in the modulation section. These parameters are

further optimized for minimizing the driving voltage of the

modulator while maintaining a large modulation bandwidth.

II. DESIGN METHOD

The structure of the SOI/LN hybrid integrated modulator

is sketched in Fig. 1(a). In this device, Si circuits are fabri-

cated using standard complementary metal oxide semiconduc-

tor (CMOS) technology for Si photonics. An LN thin film is

then transferred on the SOI chip using, e.g., adhesive bonding

technology with the aid of a thin benzocyclobutene (BCB, Dow

Chemical) layer. LN waveguides for the two arms of the MZI

are subsequently patterned. A silicon oxide over-cladding layer

is deposited and vias are opened through it at positions of the

TW electrodes, which are deposited in the final step of the

whole device fabrication. The electrodes are made of gold (Au)

for its high electric conductivity and stability. Since the EO

performance of the modulator depends on the cross-sectional

structure of the modulation section, which is shown in Fig. 1(b),

the optimization of these structural parameters will be discussed

in this paper. The designs of the SOI circuits and the evanescent

coupling structures are trivial and have been discussed in Ref.

[4]. Therefore, they are not covered here.

The modulation section of the device is arranged in a TW

fashion, where the driving radio frequency (RF) wave is prop-

agating in the coplanar line waveguide (CPW) formed by three

electrodes (ground-signal-ground, GSG), and the optical waves

are propagating in the two LN ridge waveguides sitting between

the electrodes in the same direction. The Z axis of the LN

thin film, along which the EO coefficient of the material is the

highest (γ33 = 30 pm/V ), lies within the chip surface plane and

perpendicular to the propagation direction of the optical and RF

waves. Once a voltage is applied on the signal electrode, the

induced electrical field between the ground and signal electrodes

will change the refractive index of the LN material, as well as

the effective refractive index of the optical mode propagating in

it. For the best EO interaction, the transverse electric (TE) mode

with the major electrical field along the Z axis is considered

here. Since the electrical fields in the two electrode gaps would

have an opposite sign, the effective refractive indices of the

waveguide modes of the two MZI arms would also undergo

opposite shifts, i.e., the modulator is working in a push-pull

manner.

The EO frequency response m(ω) of such a TW EO MZI

modulator described above can be expressed as [16]:

m(ω) =

∣

∣

∣

∣

2Zin

Zin + 50

(50 + Z0)F+ + (50− Z0)F−

(50 + Z0) eγmL + (50− Z0) e−γmL

∣

∣

∣

∣

2

,

(1)

where, F± = (1− e±γmL−j ω

c0
noL)/(±γmL− j ω

c0
noL), ω is

the angular frequency of the RF driving signal, Z0 is the charac-

teristic impedance of the CPW, Zin = Z0
50+Z0 tanh(γmL)
Z0+50 tanh(γmL) is the

RF impedance of the device seen from the input, L is the length

of the modulation section, and γm = αm + j ω
c0
nm is the RF

propagation constant. αm, nm, and no are the RF propagation

loss, the RF effective refractive index, and the group index of

the optical mode, respectively.

In order to extract the required parameters in Eq. (1), three

physical models should be considered for the cross-sectional

structure shown in Fig. 1(b). Firstly, the optical mode property

should be analyzed, which would give the group index no, as

well as the propagation loss of the optical mode. The wavelength

of the optical wave is assumed 1.55µm throughout the paper.

Secondly, the RF mode property should be analyzed. The RF

propagation constant can then be obtained. The characteristic

impedance Z0 can also be extracted from the RF mode dis-

tributions [19]. Note that the RF mode property is frequency

dependent. Thus, these analyses should be carried out at each

RF frequency point interested. Thirdly, the electro-static field

distribution at a certain driving voltage should be analyzed.

Correspondingly, the refractive index distribution nz(y, z) of

the LN material induced by the EO effect can then be computed

and expressed as [19]:

nz(y, z) = ne −
1

2
n3
eγ33Ez, (2)

where,Ez is the electrical field at a certain spatial point along the

Z axis, ne is the extraordinary refractive index of LN. With this

refractive index distribution, one can again calculate the effective

refractive index of the optical mode. From this analysis, the

static VπL product can be extracted accordingly. All the above

physical models were solved numerically using finite-element

based algorithms (COMSOL). The material properties used in

the simulations are listed in Table 1. Material dispersions are

considered, which is necessary to evaluate the group index

of the optical mode. Silicon substrate of a high resistivity is

assumed here to minimize RF losses. The buried oxide layer
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Fig. 2. (a) Typical distributions of the optical mode (colormap) and the static electrical field (vectors). (b) Typical distribution of the RF mode at 50 GHz.

has a thickness of 3µm. These are typical specifications of an

SOI structure from silicon photonics foundries. The BCB layer

between the LN and the oxide is 370 nm, which is also a desired

value from the adhesive bonding technology considering the

coupling between the silicon and the LN waveguides [4]. The

total thickness of the LN thin film ttotal is fixed at 600 nm,

which is optimal considering the mode confinement and the

polarization mode hybridization [15]. Figure 2 shows typical

distributions of the optical mode, the static electrical field, and

the RF mode in the present structure.

III. RESULTS

For optimizing the modulator structure, we aim at maximizing

the bandwidth of the modulator at a certain Vπ . Here, we do not

put any constraint on the length of the device, which means that

the VπL product is not necessarily minimal for an optimized

structure. This is based on the fact that the state-of-the-art prop-

agation loss of an LN ridge waveguide is about 0.027dB/cm [20].

A longer device is therefore affordable considering the insertion

loss of the whole device.

The bandwidth of a TW modulator is mainly dominated by

three factors, i.e., the RF loss αm of the CPW, the character-

istic impedance mismatch between the load, the CPW, and the

generator, and the velocity mismatch (or the index difference)

between the RF and optical propagating waves. In this paper,

the impedances of the load and the generator are all assumed

50Ω as seen in Eq. (1). Ideally, the characteristic impedance Z0

of the CPW should be matched to 50Ω as well, and the index

difference∆n = nm − no should be 0. However,Z0 andnm are

frequency dependent as mentioned above. It is almost impossible

to achieve the perfect matching in the whole interested RF range.

In the following analyses, we only consider one frequency point,

i.e., at 50 GHz, for all the designs related to RF properties.

Firstly, the optical structure is designed. The angle of the LN

waveguide θetch is assumed to 60◦, which is adopted from the ex-

perimental data [4]. The GS electrode gap ggs and the ridge depth

of the LN waveguide tridge are arbitrarily chosen first. For each

set of these parameters, the ridge width of the LN waveguide

w can be optimized. We find that, within the parameter range

considered throughout this paper, a wider w is always preferred,

since it would give a better optical field confinement within the

LN material, and hence a better VπL product. However, when

further increasingw, the optical field would start seeing the metal

electrodes, which would then increase the optical losses. This

puts an upper limit forw. We set the tolerable optical loss here to

be 0.01 dB/cm, which is already smaller than the state-of-the-art

propagation loss of an LN ridge waveguide [20]. This also means

that the metal induced losses would not be a limiting factor for

the insertion loss of the whole device. The resulted maximum

widths wmax are shown in Fig. 3(a). As expected, a deeper LN

ridge depth and a wider GS electrode gap would support a wider

LN waveguide. Figures 3(b) and 3(c) present the VπL products

and optical group indices of the corresponding structures shown

in Fig. 3(a). One can find that the VπL product almost exhibits a

linear increase with respect to ggs. Yet, it is not sensitive to tridge.

Although a larger tridge would support a wider wmax according

to Fig. 3(a), the optical confinement in the LN material tends to

be similar for optimized structures at different tridge.

Next, one has to design the RF structure. Since ggs is fixed,

the characteristic impedance of the CPW is mainly related to the

metal thickness tAu and the width of the signal electrode wAu.

On the other hand, the RF losses of the CPW mainly includes

metallic conductivity loss, dielectric loss, and radiation loss [21].

The radiation loss is related to the roughness of the Au electrode

which can be neglected if the RF is below 200 GHz [22].

The dielectric loss and the metal conductivity loss are intrinsic

properties of lossy materials, e.g., silicon oxide and Au, which is

included already in the simulation model as shown in Tab. 1. In

principle, the metal electrode should be thick enough to ensure

that the skin effect of the metal under the RF field would not be

limiting the RF loss. Here, a serial of simulations was carried out

to find out the optimal metal thickness, and the results are shown

in Fig. 4. One can find obviously that, for all the parameters

considered here, the thicker the metal, the smaller the RF loss

under impedance matching. Yet, the RF loss αm decreases very

quickly as the thickness of Au tAu increases until 1.1µm, which

is about three times the skin depth of Au at 50 GHz. While
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Fig. 3. (a) Maximum width of the LN ridge waveguide wmax, (b) VπL product, and (c) optical group index with different GS gaps ggs and ridge depths tridge.

TABLE 1
MATERIAL PROPERTIES USED IN THE MODELLING

* Data is from https://refractiveindex.info/; and λ is the optical wavelength in µm.

Fig. 4. RF lossαm versus the thickness of the metal electrode tAu for different
structural parameters under impedance matching. The vertical, gray-dotted line
dictates the thickness of 1.1µm.

this trend reached a plateau when tAu is larger than 1.1µm.

Practically, a too thick metal will complicate the fabrication

process, and increase the cost as well. Therefore, in the following

analyses tAu is fixed at 1.1µm.

Once tAu is fixed, the width of the signal electrode wAu

can then be designed for impedance match (Z0 = 50Ω). The

thickness of the upper cladding SiO2 tc can also be designed

to achieve the index match (|∆n| ≈ 0). Note that variations

in tc would also affect slightly the characteristic impedance,

and wAu on the RF effective index as well. Therefore, these

two parameters should be optimized together in principle. The

results are shown in Fig. 5. Apparently, a larger ggs would

require a larger wAu to achieve impedance matching. However,

tridge would not largely affect the impedance. This is due to the

structure considered in this paper, where only small trenches

are etched beside the ridge to form the waveguide as shown in

Fig. 1(b). As for the index matching, a thicker over cladding

would be normally required for a narrower ggs and a larger

tridge. Figure 5(c) presents the RF loss αm of each optimized

structure. Apparently, a larger ggs would give a smaller RF

loss αm.

So far, all the structural parameters have been optimized

for each set of ggs and tridge to achieve impedance and index

matching, and to minimize the optical loss as well. Now we

https://refractiveindex.info
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Fig. 5. Structural parameters of (a) wAu and (b) tc for achieving impedance and index mating at different ggs and tridge. (c) Corresponding RF losses of the
optimized structures in (a) and (b).

Fig. 6. (a) VπL · αm vs. ggs. (b) EO responses for different ggs and half-wave voltages. The lengths of the modulation section are marked in the inset. (c) and
(d) 3-dB bandwidths vs. ggs, when half-wave voltages are 2 V and 4 V, respectively.

can analyze how the modulation performances, such as driving

voltages and bandwidths, would be affected by these structural

parameters. Approximately, for a TW modulator under perfect

impedance and index matching, the 3-dB bandwidth (B) and

the length of modulation section (L0) would have the following

relation [23]:

B (L0αm)
2 = const. (3)

Since L0 is inverse proportional to the half-wave voltage V0

of the modulator through the relation L0 = VπL/V0, where the

VπL product can be extracted from the electric field distributions

for each structure as mentioned before, Eq. (3) can then be

rewritten as:

B (VπL · αm/V0)
2 = const. (4)

From the above equation, one can find that for a given V0,

the quantity VπL · αm, which is shown in Fig. 6(a), has to

be minimized in order to achieve the best bandwidth. From

Fig. 6(a), one can find that VπL · αm exhibits a minimal point

around ggs = 8.5µm for tridge from 200 nm to 400 nm. For

tridge = 100nm, the etching depth of the LN ridge is too small

to provide a sufficient lateral light confinement. In this case, the

best ggs is the smallest one to maintain a low optical loss, i.e.,

< 0.01 dB/cm. From these analyses, we can already conclude

that there exists an optimal GS electrode gap ggs and the cor-

responding other structural parameters, i.e., wmax, wAu, etc.,

for the present modulator to achieve the highest bandwidth at

a certain half wave voltage V0. Although a smaller ggs would

give a smaller VπL product, and intuitively it would help to

increase the bandwidth since the device would become shorter,

the increased RF loss, in this case, would actually prevent the

overall bandwidth from the benefit of a short device.

Yet, the above results are still based on a semi-analytic ap-

proximation, i.e., Eq. (4). It is still necessary to investigate the
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bandwidth performance of the optimized structures more accu-

rately by directly using Eq. (1). Figure 6(b) presents the typical

EO frequency response m(ω) when the half-wave voltage of a

modulator is set to 2 V and 4 V, respectively. Clearly, the best

frequency response is obtained whenggs =8–9µm. Figures 6(c)

and 6(d) further presents the 3-dB bandwidth (B), which can be

extracted from the EO frequency response in, e.g., Fig. 6(b),

with different ggs and tridge. For V0 = 4V , the best 3-dB band-

width reaches 137 GHz for ggs ≈ 8µm and tridge = 200nm.

For V0 = 2V , the best 3-dB bandwidth reaches 45 GHz for

ggs ≈ 9µm and tridge = 200nm.

IV. CONCLUSION

In this paper, we have described a detailed design procedure

for SOI/LN hybrid integrated EO modulator based on the MZI

push-pull configuration. The cross section of the modulation

section has been rigorously modeled using numerical algorithms

with practical material parameters. The optical and RF mode

properties were extracted accurately, which is essential for deter-

mining the modulation performances of the device. We started

the design by choosing the electrode gap and ridge depth of

the LN waveguide. Then, the width of the LN waveguide was

determined by minimizing the VπL product while maintaining

a low optical loss. The RF waveguide structure, including the

metal thickness, the signal electrode width, and the thickness of

the over-cladding oxide, was subsequently optimized to achieve

the impedance and index matching. The 3-dB bandwidth of the

designed modulator was calculated with a TW model.

The main conclusion of this paper is that there exists an

optimal electrode gap ggs value, which is around 8–9µm for the

present modulator structure, to achieve the best 3-dB bandwidth

at a certain half-wave voltage. For this optimized structure,

the width of the LN ridge waveguide is > 4µm, which is

already in the multimode regime, and the VπL product is not

necessarily the smallest in these cases. This is different from

common practices [16]. The design discussed in this paper is

rather conservative, as the metal induced loss was theoretically

kept below 0.01 dB/cm. If higher optical losses are tolerable,

the metal electrode can be put closer to the LN ridge waveguide,

and hence a smallerVπL product can be obtained. Thus, a higher

bandwidth should be achievable for the same half-wave voltage.

Nevertheless, the same design procedure discussed here can be

applied. The optimal electrode gap and LN waveguide width in

these cases can be determined accordingly.
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