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Abstract: In this paper we provide a design for a vertical grating coupler for a silicon thin film on
lithium niobate. The parameters-such as the cladding layer thickness of lithium niobate, fiber position,
fiber angle, grating period, and duty cycle are analyzed and optimized to reduce the mode mismatch
loss and the internal reflections. The alignment tolerances, for the grating coupler parameters, are also
simulated and evaluated. We determine that our simulated grating coupler exhibits high efficiency,
enhanced light coupling, and high alignment tolerance.
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1. Introduction

In dense photonic integration, highly developed silicon (Si) platforms have attained numerous
substantial successes. The advantages of this mature technology are their low optical absorption,
large refractive index contrast, and high compatibility with semiconductor technology [1]. However,
single-crystal Si is a centrally symmetric crystal that has no linear electro-optic effect, piezo-electric
or other similar properties. As a result, the Si material has limitations in its application to integrated
optics. An alternative is lithium niobate (LiNbO3, LN) crystal, which is more promising in this
role [2–4] because of its wide transparency range and excellent electro-optic, nonlinear, acousto-optic,
piezoelectric, photorefractive, and elasto-optic properties. However, contrary to photonics based on Si,
the manufacturing of LN photonic devices is still in its infancy. The integration of a Si thin film on a thin
LN cladding layer, combines the mature micro- and nano- technology properties of Si and the optical
properties of LN. This produces an enhanced optical material that has a good confinement, and strong
guidance, of light due to the high-refractive-index contrast between Si and LN [5,6]. When the light
propagates in the Si waveguide, the energy of the light is distributed within both the Si thin film and
the LN layer. Electro-optic modulators in Si on LN can be prepared by applying voltage to the LN
layer [7–11]. Previously, based on a hybrid Si/LN material, many photonic devices have been developed
such as Mach-Zehnder interferometer [7,8], photonic crystals [9] and micro-ring resonator [10,11].

Due to the substantial light mode mismatch between the sub-micron-sized optical material
devices and single-mode fibers, the coupling efficiency between them is very low; this will impede
improvement in performance of the optical device. An effective method, which requires no end-face
polishing, for the coupling of fibers and optical devices is known as grating coupling [12–17]. Many
previous articles report on the grating coupler in silicon on insulator (SOI) [12–14] and lithium niobate
on insulator (LNOI) [15–17], but few reports investigate a grating coupler for a Si thin film on LN.

In this study, a grating coupler for a Si thin film on LN was simulated and analyzed. This scheme,
based on the three-dimension finite-difference time-domain method (3D-FDTD) [18], involved the
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cladding layer thickness of LN thin film (T), fiber position x (separation of the x-axis between grating
edge and the fiber core, Lx), fiber position y (separation of the y-axis between grating upper surface
and the fiber core, Ly), fiber position z (separation of the z-axis between grating centerline and the fiber
core, Lz), fiber angle (θ), grating period (Λ), and duty cycle (DC, defined as the fraction of the ridge
width within the period). All these parameters were investigated so that guidance on the improvement
of the coupling efficiency of the grating coupler could be provided. The tolerances of the grating
coupler, which was significantly important for any practical implementation of such a device, were
also carefully studied.

2. Device Design and Methods

The Si thin film on LN that was studied moving from the highest to the lowest layer involved a
0.22 µm-thick Si thin film [19,20], a z-cut LN film, and a Si substrate. The schematic cross-section of
which, including the grating coupler is shown in Figure 1. We simulated coupling process between
the optical fiber and the grating coupler for the fiber fundamental transverse electric mode (TE0) as
a source. In this simulation, the thickness of the Si thin film and the etch depth were all chosen to
be 0.22 µm; the parameters T, Lx, Ly, Lz, θ, Λ, and DC were varied to maximize the light from the
single-mode fiber coupling into the waveguide.
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Figure 1. Schematic cross-section of a grating coupler in Si thin film on LN.

The Bragg phase matching condition was the basic equation of grating couplers. The coupling
modes were resonantly excited when the conditions were met. For an infinitely long grating,
the equation was given by [21]:

k sinθ = β + q2π/Λ, (1)

where k = 2π/λ is the wavenumber, θ is the incident angle, q is the diffraction order (here q = −1), Λ is
the grating period, β = 2πneff/λ is the real part of the propagation constant and neff is the effective index
of the guided mode in the grating coupler. The above equation was used to obtain the range of grating
periods (Λ).

In order to avoid a high second order reflection at the grating-waveguide interface, θ was chosen
to be 8◦ [21]. The effective refractive index should fulfill the inequality nLN ≤ neff ≤ nSi, where nLN/nSi



Crystals 2020, 10, 850 3 of 8

was the refractive index of LN (2.138)/Si (3.478). By substituting the inequality into Equation (1),
an estimated range of Λ with respect to the fiber angle would be obtained: λ/(3.478 − sinθ) ≤ Λ ≤
λ/(2.138 − sinθ). The Λ could be in the estimated range of 0.465 µm ≤ Λ ≤ 0.775 µm.

The grating coupling mechanism was shown as follows: light was coupled in the waveguide
plane, from the single-mode fiber, due to the diffraction effect of the grating coupled to the periodic
grating structure; when the input field mode was adjusted to match the fiber mode, light coupled
effectively into the waveguide plane from the single-mode fiber. Coupling efficiency was defined as
the ratio of the power converted to the waveguide plane to the source power. The parameters for the
grating coupler were optimized to reduce the mode mismatch between the waveguide optical devices
and the single-mode fibers. We performed simulations and optimizations using a 3D-FDTD method
and a perfectly matched layer (PML) boundary conditions [22].

3. Results and Discussion

To determine an enhanced coupling efficiency, the parameters for the design of the grating coupler
need to be carefully analyzed. At a wavelength of light of 1.55 µm, a Si thin film thickness of 0.22 µm,
and an etch depth of 0.22 µm, the parameters of the grating coupler for TE polarization were simulated
and optimized. The results of which are shown in Table 1. In this work, the control variable method
was used to study the influence of each parameter on the performance of the grating coupler. During
the simulation, other parameters were fixed to their optimized value and only the studied parameters
were modified.

Table 1. Optimized parameters for the grating coupler for TE polarization (λ = 1.55 µm).

T (µm) Lx (µm) Ly (µm) θ (◦) Λ (µm) DC

2.1 3.5 0 8 0.64 0.829

Figure 2 shows the relationship between the coupling efficiency and thickness of the LN cladding
layer for a TE polarization. With varying cladding layer thickness of the LN, the curve of coupling
efficiency oscillated between the minimum and the maximum, as described in [23] and [24]. A possible
reason for this was explained as follows. As a beam of light from the fiber was diffracted by the grating
coupler, part of the light beam was scattered towards the LN cladding layer. At the LN/Si substrate
interface, a part of the power was transmitted into the Si substrate and a part of it was reflected.
The reflected part propagated upward again through the LN cladding layer toward grating. The LN
cladding layer thickness should be chosen such that the reflected light and the incident light met the
phase matching condition. The T at high coupling efficiency was determined via the parameters of Lx,
Ly, Lz, θ, Λ, DC, λ, etc. In the following simulation, the T was selected to be 2.1 µm.
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To study the tolerance of Lx and Ly, the simulations for the coupling efficiency as a function of
wavelength for varying Lx and Ly were performed. Figure 3a,b show this coupling efficiency as a
function of Lx and Ly, respectively. When the Lx was set at 3.5 µm and Ly was at 0 µm, the coupling
efficiency was at a maximum. With a 2 µm deviation in Lx, the coupling efficiency descended a little.
When the deviation of Ly was smaller than 4 µm, the coupling efficiency was almost unchanged;
when larger than 4 µm, the coupling efficiency sharply descended, at an increased rate as the Ly
deviation increased. Figure 3c,d corresponding to the red circles in Figure 3a,b show the coupling
efficiency as a function of wavelength for different Lx and Ly, respectively. For an increasing wavelength,
the coupling efficiency increased at first and but then decreased after reaching the peak at a wavelength
of 1.55 µm.
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Figure 3. Coupling efficiency as a function of Lx (a) and Ly (b) and: coupling efficiency as a function of
wavelength for different Lx (c) and Ly (d).

Figure 4 shows this coupling efficiency as a function of Lz. When Lz was smaller than 8 µm,
the curve of coupling efficiency had little fluctuation. When Lz was larger than 8 µm, the coupling
efficiency descended because light from fiber to grating scattered.
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Figure 5a illustrates the coupling efficiency as a function of fiber angle. To reduce back reflections,
the incident angle was optimized at 8◦ in Figure 5a. With an increasing deviation from this fiber
angle, the coupling efficiency descended slowly. Figure 5b shows coupling efficiency as a function of
wavelength for different fiber angles, corresponds to the red circles in Figure 5a. At λ = 1.55 µm, for
incident angleθ= 3◦, 8◦, and 13◦, the coupling efficiencies were 34.17%, 35.21%, and 34.71%, respectively.
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Figure 5. (a) Coupling efficiency as a function of fiber angle, which is relative to the surface that is
perpendicular to the Si substrate. (b) Coupling efficiency as a function of wavelength for different fiber
angles. (T = 2.1 µm Lx = 3.5 µm, Ly = 0 µm, Λ = 0.64 µm, and DC = 0.829).

Coupling efficiency as a function of period is shown in Figure 6a. A grating period of 0.64 µm
provided the peak coupling efficiency; the coupling efficiency decreased whenever the grating period
increased or decreased from this position. When the grating period deviated by 0.004 and 0.008 µm,
the coupling efficiency decreased a minuscule amount at a wavelength of 1.55 µm. Figure 6b shows
coupling efficiency as a function of wavelength for different periods, which corresponds to the red
circles in Figure 6a. The peak coupling efficiency was red shifted with an increasing period.
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Figure 6. (a) Coupling efficiency as a function of period. (b) Coupling efficiency as a function of
wavelength for different period.

Coupling efficiency as a function of duty cycle is illustrated in Figure 7a. A grating duty cycle
of 0.829 provided a peak coupling efficiency. For 0.019 and 0.021 deviation of the duty cycle at a
wavelength of 1.55 µm, the change in coupling efficiency was tiny. Figure 7b shows the coupling
efficiency as a function of wavelength for different duty cycle, corresponds to the red circles in Figure 7a.
The peak coupling efficiency was red shifted with an increasing duty cycle.



Crystals 2020, 10, 850 6 of 8

Crystals 2020, 10, x FOR PEER REVIEW 6 of 8 

 

 

Figure 7. (a) Coupling efficiency as a function of duty cycle. (b) Coupling efficiency as a function of 

wavelength for different duty cycle. 

The electric field distribution is shown in Figure 8. The in-coupled light formed an angle (8°) 

relative to the surface that was perpendicular to the Si substrate. Grating couplers that operated at 

around 1.55 μm could achieve near-vertical coupling with the waveguide plane also and avoid a 

high amount of reflection. The light was mainly divided into three parts: one scattered upwards, one 

coupled into the waveguide, and the other lost into the substrate. 

 

Figure 8. Electric field distribution of the optical wave in the simulation region, in which the optimal 

values of T = 2.1 μm Lx = 3.5 μm, Ly = 0 μm, θ = 8°, Λ = 0.64 μm, DC = 0.829, and λ = 1.55 μm were 

employed. 

4. Conclusions 

In conclusion, the performance of a grating coupler, with vertical light coupling, from a 

single-mode fiber to a waveguide in a 0.22 μm-thick Si thin film on LN was systematically studied 

by using a 3D-FDTD simulation technique. The parameters T, Lx, Ly, θ, Λ, and DC were analyzed 

and found to be optimized at 2.1 μm, 3.5 μm, 0 μm, 8°, 0.64 μm, and 0.829, respectively. A maximum 

of 35.2% was found for the coupling efficiency. The tolerances of the grating coupler parameters 

were discussed with respect to the coupling efficiency. A Si thin film on LN is being researched and 

fabricated at the research centre of Nanoln. Our simulation results on the grating couplers for such 

an optical device will provide useful guidance to laboratory work such as this. 
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The electric field distribution is shown in Figure 8. The in-coupled light formed an angle (8◦)
relative to the surface that was perpendicular to the Si substrate. Grating couplers that operated at
around 1.55 µm could achieve near-vertical coupling with the waveguide plane also and avoid a high
amount of reflection. The light was mainly divided into three parts: one scattered upwards, one
coupled into the waveguide, and the other lost into the substrate.
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Figure 8. Electric field distribution of the optical wave in the simulation region, in which the optimal
values of T = 2.1 µm Lx = 3.5 µm, Ly = 0 µm, θ = 8◦, Λ = 0.64 µm, DC = 0.829, and λ = 1.55 µm
were employed.

4. Conclusions

In conclusion, the performance of a grating coupler, with vertical light coupling, from a single-mode
fiber to a waveguide in a 0.22 µm-thick Si thin film on LN was systematically studied by using a
3D-FDTD simulation technique. The parameters T, Lx, Ly, θ, Λ, and DC were analyzed and found to
be optimized at 2.1 µm, 3.5 µm, 0 µm, 8◦, 0.64 µm, and 0.829, respectively. A maximum of 35.2% was
found for the coupling efficiency. The tolerances of the grating coupler parameters were discussed
with respect to the coupling efficiency. A Si thin film on LN is being researched and fabricated at the
research centre of Nanoln. Our simulation results on the grating couplers for such an optical device
will provide useful guidance to laboratory work such as this.
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