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Abstract— We propose and analyse a silicon based hybrid modulator on the
nano thin film of the lithium niobate or commonly known as silicon-on-insulator
technology. The Mach—Zehnder stripe optical waveguide of electro-optical
modulator operats at GHz frequencies with large bandwidth and low losses
between electrical and optical frequencies.The design and simulation of Mach-
Zehnder modulator is based on a hybrid integration platform of silicon and
lithium niobate that satisfies a single mode condition. The Silicon stripe
waveguide is of 0.6 um thickness in a silicon on insulator (SOI) of width 15 um
and 0.05 um thickness x-cut LiNbO3 thin film, all sets use the pulse laser
deposition (PLD) method. The Optical electric field distributions and effective
mode area in the optical-waveguides were studied and discussed in this
designated waveguide.The relationship between the width of waveguides
regions with effective mode index and effective mode area was investigated. At
0.6 um width of waveguide and 0.2 um thickness, the effective mode index
1.9802 was recorded while the effective mode area 0.144 um2 was monitored.
This shows the decrement in both: the width and thickness of the waveguide
with the effective mode index and effective mode area.

Index Terms—Iithium niobate; effective mode index; effective mode area; thin film; TE Mode

I. INTRODUCTION

External electro-optic modulators based on lithium niobate (LN) are key fundamental
components in modern communications, and microwave-photonic systems that convert
high-speed radio-frequency (RF) signal into the optical domain. This is important for
optical switching, generation of high-bandwidth signal, data communication, waveform
shaping , ranging and timing in RF photonics, sampling and measurements of ultrafast
signals [1, 2].

Enormous efforts have been made to releasing high performance optical modulators
with different material platforms such as silicon. However, the submicrometer spatial
confinement of light and dispersion effect of the free carrier leads to absorption losses and
nonlinear voltage response. The signal may be distorted due to the intrinsically absorptive
and nonlinear dispersive of the free-carrier [4, 5].

Another preferred material , lithium niobate (LiNbO3), is an excellent uniaxial crystal
material due to its nonlinear optical characteristics [3] that capable of wave-guiding in the
modulators. The LN has high value of the electro-optics coefficient around 30 pm/V [4,
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5], good piezoelectric [6], pyroelectric [7] and photo-elastic [2, 6] properties, strong
Pockels [8] and photorefractive (PR) [9] effects. wide optical bandgap [10], and good
temperature stability [4]. The LN is suitable for optical waveguide applications [11], zero-
chirp transmission systems of the fiber-optic [9, 12] , lasers Q-switches [13], long-distance
optical communication [13], analog optical links [14], and the optical filters reconfigurable
[6] systems.

The Hybrid silicon/LN material system that assoiates the scalability of silicon
photonics with LN produces an excellent modulation [4] and structure that widely used in
EOMs which is known as phase modulator [15] , and also deploys in Mach-Zehnder
modulator (MZM). A basic confront in the production of MZM modulators is the
fabrication of high-quality waveguide structures. The fabrication of waveguides has been
progressed using a few techniques including dry-etching[16], proton exchange(PE) [17],
pulse laser deposition(PLD) [11, 18] and chemo-mechanical polishing [19].

In this paper, we simulate and analyze the heterogeneous silicon/LN material system
for EOM using COMSOL MULTIPHYSICS [20]. It is used to design and model a strip
waveguide structure with optimization for low propagation and coupling loss. The study
engages single mode propagation along with its corresponding effective mode index and
effective mode area in respect to the height and width of silicon waveguide. The design at
wavelength 1.55um uses the TE-polarized fundamental guided mode, which is also used in
conventional silicon photonics[3].

1. DEVICE DESIGN AND METHOD

The schematic view of the heterogeneous silicon/LN configuration of silicon-on-insulator
(SOI) based MZM employs electro-optic effects as shown in Fig. 1. The input power is
divided evenly into two guided wavelengths that come out from the first directional
coupler[1].Both of the waveguides form the two MZI arms as depicted in Fig 1(a). The
Inverted electric fields were applied to both arms to modify the values of the refractive
indices, hence led to the phase shift A typically between /2 and 0 radians.[21]. This phase
shift is opposite in phase for the two arms [22]. The length of interaction between the waves
of the light and the RF electric field modulation can be varied accordingly. The travelling
wave is applied in MZM structures for many applications such as the TE-polarized
fundamental guided mode of waveguides[23].In our design, we considered device
fabrication in the hybrid Si-LN optical mode with LN thin film of 0.2 um thick. The x-cut
LN in the hybrid system stands bonded on the top of various thicknesses of silicon oxide
SiO. (cladding material) layer was deposited on silicon substrate [2] as shown in Fig. 1(b)
using pulse laser deposition technique (PLD) [18]. The LNthin film on the top of a high-
index contrast silicon photonic (core material) waveguides is intended for two reasons.
Firstly, to act as part of the upper cladding for the modes of the optical waveguide [24] and
secondly to associate the scalability of LN for  maximum modulation [4]. The Thin
deposited gold was use as a travelling wave electrodes [25] on top of the structure in order to
get impedance-matching and high-bandwidth performance [26].

The Single mode conditions of waveguide were explored using Y-branch design. The
layer of the deposited silicon is to control the pathed light, both of the bound zone outside
and also under the region of the bonded LN [2] In optimizing the structure, the stripe
waveguide thickness was varied from 0.145 um to 0.2 um. The width of silicon waveguide
that falls beyond this range was not examined because it did not support single mode
operation [27]. An effective and simple technique was used to solve the distortion loss and
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the distribution of the mode. The waveguide geometry was meshed in different algorithm
whereby this algorithm has the ability to adapt to change with the structure of the optical
waveguide.  After meshing the structure of the waveguide, the Maxwell’s equations were
transformed into the Eigen value matrix problems. This was solved by the techniques of the
sparse matrix to find the mode indices effective and the modes optical waveguide
distribution [28].
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FIG. 1: (A) 3D SCHEMATIC DIAGRAM OF HYBRID OF SILICON/LN ELECTRO-OPTIC MACH-ZEHNDER MODULATOR (B) CROSS-
SECTIONAL SCHEMATIC OF THE MZM AND WAVEGUIDE’S CHANNEL. (NOTE: IMAGE IS NOT UP TO SCALE.)

I1l. DESIGN PARAMETERS
A-Simulation Results

In order to have a single mode condition and enhance the overall Pockels modulation effect, we
simulated the waveguide structure with width between 0.6 um and 1 um. This is to prevent the signal
distortion when light makes its transition and to ensure much confinement of the mode in the wave
guide region that causes overlapping integral of optical field and the electrostatic field distribution as
shown in Figure 2. The optical properties were controlled with an applied electrical signal. The Pockels
effect comes to play when applying, the electric field changes the phase of the wave that passes through
the crystal. Eventually, this led to changes in the refractive index of nsi ( 3.48) and n.n( 2.2) at
wavelength 1.55um [1] since the waveguide index is higher than LN thin film that gives the index which
is different in capability to control the mode size and location. The Optical simulation effective index
for the TE-guided mode is 2.0653 at thickness 0.2 um as presented in Figures. 2 (a) & (b). The field
distortion of the waveguide at thickness 0.145 um is shown in Figures 2 (¢) & (d). The low value of the
optical index between the effective materials of the LiNbO3 and the Si prevents coupling of the optical
modes with the handle. The effective refractive index 1.9802 was observed in Si. The Low values of
dielectric constants will be decisive in designing the radio frequency for future high-frequency
devices[4].
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(c) (d)

FIG. 2 (A) AND (B) INTENSITY OF E- FIELD DISTRIBUTIONS FOR THE FIRST MODE INSIDE WAVEGUIDES WITHOUT LN LAYERS
AND, (C) AND (D) WITH LN LAYERS

The selection of the width and thickness of the silicon waveguide was considered for
vanishing the high order modes and satisfying single mode condition as illustrated in Figure
3(a). The effective refractive index decreases with the thickness and width. The effect of
LN thin film is shown in Figure 3(b), which record a high effective index variation with the
waveguides width. Therefore, it is better to have wider waveguides to reach the ultimate
modulation efficiency [3].
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FIG. 3(A,B) EFFECTIVE REFRACTIVE INDEX OF ELECTRIC MODE(TE) MODE VERSE WIDTH OF SI WAVEGUIDE FOR
DIFFERENT THICKNESS WITH AND WITHOUT LINBO3 THIN FILM LAYER

Figure 4 depicts the relationship between the effective mode area and the waveguide
width. The minimum value of the mode size at a specific width is around 0.9 um after
bonding the LN layer to SiO..The areas of the small effective mode are usually caused by a
strong guiding, where the bend losses and other effects of external disturbances are weak.
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FIG. 4. (A) THE EFFECTIVE MODE AREA VIA THE WIDTH OF THE SI WAVEGUIDE AND (B) X-CUT LN THIN FILM BONDED TO
SI02 LAYER

It is noted that when the width increases, the region of the waveguide expands and
the effective mode area increases. As a result, the decrement of waveguide width gives a
good light confinement inside it, also resulting in a small mode size. In the inset of Fig.
4(b), for 0.2 um layer and 0.6 pum wide channel waveguide, the effective mode area was
small in size as 1.44 um2 (product of 1/e intensity in the vertical and the horizontal
directions).

IV.CONCLUSION

The simulation of the optical transverse-electric (TE) mode considering waveguide
width or mode-shape modulation was successfully implemented as a way to obtain a single
mode matching in the waveguide. The single-mode condition was satisfied at width 0.6 um,
the thickness of x-cut LiNbOs; thin film layer 0.05 um and the SiO2 clad structure of 0.3 um.
The Si waveguides thickness was selected as 0.2 um in our simulations that gave strongly a
confine light,effective mode area 0.144 pm2, and 1.9802 effective refractive index. The
relationship between the width of waveguides regions with effective mode index and
effective mode area demonstrated and indicated the decrement in both of the width and
thickness of the waveguide which resulted in lowering the effective mode index and
effective mode area
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