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Abstract: We propose a perfectly vertical coupling scheme based on metasurface deflectors (meta-
deflectors) and grating couplers (GCs). An approach for optimizing the GCs based on the Gaussian-
fitting using the genetic algorithm is proposed. An meta-deflector based on amorphous silicon (a-Si)
pillars is designed to the optimal coupling angle of the GC to ensure good coupling efficiency (CE).
Simulations predict peak vertical CE to be 78% at the wavelength of 2 um, with 1 dB bandwidth
>35 nm. The design process of GC and meta-deflector is provided in detail, and the influence of
fabrication error on the CE is analyzed.

Keywords: grating coupler; perfectly vertical coupler; metasurface deflector

1. Introduction

Silicon photonic integrated chips (PICs) based on silicon-on-insulator (SOI) platforms
have been widely used in optical communication, computing, and sensing [1-3] due to their
large-scale integration possibility, low cost, and low power consumption [4,5]. However,
as the demand for high-speed data transmission continues to grow, the channel capacity
of communication systems that rely on telecommunication wavelength bands has nearly
reached its theoretical limit. To address this issue, novel technologies need to be developed
to meet the ever-increasing demand for data transmission. Fortunately, the mature SOI
platform has been shown to be transparent to the 2 um band, making it an emerging
window for communication [6]. In addition, the 2 pm band is a promising spectral window
for chemical sensing, as it includes the absorption bands of varios of gas molecules (such
as CO,, CO, and CHy) [7] and biological molecules (such as glucose) [8]. Due to these
advantages, there has been a growing interest in PICs operating within the 2 pm band.
Many advanced devices based on this band, including tunable array waveguide gratings [9],
modulators [10], optical switches [11], and mode multiplexers [12], have been demonstrated
on SOIs. Grating couplings (GCs) are one of the most convenient and efficient ways to
interface off-chip components and PICs. Compared to edge couplers (ECs), GCs offer
several advantages, including increased alignment tolerance, compatibility with wafer-
scale testing, and the elimination of the need for deep facet etching or facet polishing [13].
These advantages make GCs a highly attractive option for integrating off-chip components
with PICs.

Traditional GCs tend to deviate from the perfectly vertical direction to reduce the effect
of second-order reflection. This requires angled polishing of the fiber facet and mounting the
fiber ferrule with an angle to the photonics circuit plane. However, this packaging process
can be complicated and expensive. Perfectly vertical GCs (PVGCs) with high coupling
efficiency (CE) can be used to avoid these issues. Additionally, PVGCs can be used for
implementing hybrid integrated surface-emitting lasers [14] and coupling with multi-core
optical fibers [15]. Therefore, the development of a perfectly vertical coupled scheme
is essential. Several schemes have been proposed for C-band, in terms of bi-directional
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coupling [16], polymer prism [17], tilted waveguide grating [18], blazing grating [19],
multilayer structures [20], and L-shaped gratings [21]. However, the implementation of
these schemes is limited by the fabrication complexity and the CE.

Metamaterials have emerged as a rapidly developing branch of materials science
in recent decades [22-25]. A special class of metamaterials, metasurfaces [26-29], have
garnered significant attention in optics due to their exceptional modulation capabilities in
modulating the phase, amplitude, and polarization of light. Various metasurface materials
have been explored, such as plasmonic metasurfaces [30], dielectric metasurfaces [31], and
liquid crystal metasurfaces [32]. Among them, silicon metasurfaces, a type of dielectric
metasurface, possess the advantages of high refractive index, low loss, and compatibil-
ity with CMOS technology. They have been widely used in beam deflection [33], color
display [34], and holograms [35]. The ongoing development of metasurface devices, and
in particular the proposal of metasurface deflectors (meta-deflectors), provides a new
approach to achieving perfect vertical coupling.

In this work, a novel PVGC, working at 2 um, consisting of a meta-deflector and a GC
is proposed. The meta-deflector is designed with amorphous silicon (a-Si) pillars that can
effectively deflect the vertically incident light to a desired angle. Based on the 340 nm SOI
platform, a high efficiency GC is designed by using the genetic algorithm to optimize the
Gaussian-fitting GC, which can couple the deflected light into the waveguide. By properly
designing the structural parameters of the meta-deflector and the GC, the deflection angle
of the meta-deflector can meet the optimal coupling angle of the GC, thereby achieving
high efficiency perfect vertical coupling. The GC and the meta-deflector are designed by
2D finite different time domain (FDTD) and 3D-FDTD separately and then combined using
the 3D FDTD to validate the effectiveness of this scheme. The FDTD simulation settings
are introduced below. First, the GC and meat-deflector are set with enough size (with
24 periods of the GC and 33 periods of meta-deflector) making the size of the PVGC larger
than the beam diameter. Then, a Gaussian source (TE mode) with a waist diameter of
11.6 um is used to simulate the single-mode fiber of 2 pym band. Finally, perfectly matched
layers are used to determine the simulation area. and the simulation grid accuracy is
set to 10 nm for the optimal balance between simulation time and accuracy. The results
demonstrate that the meta-deflector can deflect the beam by 18.5° at a wavelength of 2 um.
At this angle, the GC can achieve a coupling efficiency of 83%. Furthermore, combining
the meta-deflector with the GC yielding a perfectly vertical coupling efficiency of 78%. In
addition, the effect of fabrication deviation on the performance is analyzed.

2. Design of Grating Coupler and Metasurface Deflector

The proposed PVGC is presented in Figure 1a, which contains mainly two components,
the GC and the meta-deflector. Figure 1b provides a cross-sectional view and parameters
information, where Ty, T¢, Ty, and T}, denote the thickness of the meta-deflector, cladding,
waveguide, and buried oxide (BOX) layer, respectively. The PVGC is designed using an
SOI wafer with a 340 nm thick top silicon layer and a 2 um thick BOX layer. The period
and radius of the pillars are denoted by P and r, respectively. A represents the period of the
GC, and the lengths of the unetched and etched parts are indicated by L, and L,. The etch
depth is denoted by D,;.



Photonics 2023, 10, 436

3of11

(a)

VCSEL Die ‘—L

Meta- deflector

Grating Coupler

R

(b)

VCSEL

Si0, Cladding ‘Q

Si Waveguidcdum

Si0, BOX T,

Figure 1. (a) Three-dimensional structure of proposed PVGC. (b) Cross-sectional schematic of
proposed PVGC (the arrows mark the direction of light).

The CE of the proposed PVGC is limited by two primary factors: the transmission of
the meta-deflector and the CE of the GC. Theoretically, the meta-deflector can be specially
designed to deflect the beam at any angle [33], making the coupling angle (0) a key param-
eter for optimizing the GC to achieve higher CE. Once the optimal angle is determined, it is
used to design the meta-deflector. The main design flow can be divided into the following
three sections:

The first section is the design of the GC. The etch depth, coupling angle, period, and
duty cycle (DC, defined as the ratio of L, to A) are optimized by the 2D-FDTD simulations.
A new design method based on Gaussian-fitting GC is developed to achieve higher CE and
a proper optimal coupling angle corresponding to maximum CE. Additionally, a genetic
algorithm is utilized to mitigate the deleterious effects introduced by the approximate value
of the effective refractive index.

The second section is the design of the meta-deflector. First, the phase and transmission
of a-Si pillars with different heights, radii, and periods are calculated by the parameter
sweeping function of FDTD. After that, the target phase distribution is calculated using
the optimal coupling angle obtained in the first section. Finally, the meta-deflector is
constructed based on the target phase distribution and the results of parametric sweeping
by interpolation.

The final section is to combine the GC with the meta-deflector for simulation, using
3D-FDTD to verify the correctness of the proposed scheme and analyze the impact of
fabrication errors on the CE.
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2.1. Design of Grating Coupler
The working principle of the GC is based on the Bragg condition [36]:

m% = Nefy — Ncsing, )

where m represents the diffraction order of the grating, and 1 is taken here. A is the coupling
wavelength, A represents the period of grating, 1. is the refractive index of the cladding on
the grating, 0 is the diffraction angle, 1,/ is the effective refractive index of the grating and
can be expressed as [37]

Neff = DC-ng+ (1 —DC)n,, )

where 1y and 1, represent the effective refractive index of the grating teeth and groove.
The A can be derived from Equations (1) and (2):

A mA
"~ DC-ng+ (1 —DC)-ne — nesind

®)

When the grating is working as an out-coupling device, diffraction light in four
directions will be generated when the light input from the waveguide passes through the
GC, as illustrated in Figure 2a. Where a fundametal-mode (TE-mode) source is set to the
right of the GC. Two frequency-domain power monitors (M1 and M2) positioned above
and below the GC are employed to measure the amount of optical power in upward and
downward diffraction, and two additional power monitors (M3 and M4) positioned along
the waveguide are used to assess the grating’s reflection and transmission. The CE can be
expressed as:

CE=(1—Pjpyn — Pr—P) -1 =Dr, 4)

where Pjy, Pr and P; represent the normalized power diffracted to the substrate and
the normalized power reflected and transmitted in the waveguide. D represents the
directionality (the ratio of upward diffracted power to the total input power). 7 is defined
as the matching degree between the output mode field of GC and the mode field of source.
As indicated in Equation (4), the CE is predominantly affected by D and 7, and can be
improved by optimizing D and 7. Therefore, we divided the design process of GC into
following three steps.

(i). Improve the directionality by optimizing the etch depth and coupling angle.
(ii). Improve T by adjusting the output mode field of GC by Gaussian fitting.
(iii). To search for the final structure using the genetic algorithm.

According to Reference [38], the directionality of a fixed-thickness waveguide grating
is influenced by both the coupling angle and the etch depth. Starting from the basic
structure of a uniform GC (with the DC of 0.5), we conduct a simultaneous sweep of
the etch depth (in increments of 10 nm) and the coupling angle (in increments of 1°) to
evaluate the directionality of various grating configurations. It is important to highlight
that A is a function of DC, as shown in Equation (3), to satisfy the Bragg condition for each
grating element and simplify the optimization process. Figure 2c shows the simulation
results, which suggest that directionality is a function of the etch depth and coupling angle.
Additionally, the maximum directionality which is 84% comes from the etch depth of
250 nm and coupling angle of 18.5°.
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Figure 2. The working mode of the GC (a) as an out-coupling device and (b) as an in-coupling device.
(c) The relationship between directionality with etch depth and coupling angle. (d) The relationship
between coupling strength and DC. (e) The relationship between target coupling strength («) and
DC with position (f) The CE comparison of uniform GC, Gaussian-fitting GC, and optimized GC
at the wavelength of 1.8-2.2 ym. (g) The output mode field of uniform GC and Optimized GC
compared with Gaussian field profile along the X axis. (h) The structural parameters of each unit of
the optimized GC.

In the second step, the effect of apodization on the parameter T was examined while
keeping the values of D,; and 6 that correspond to the maximum directionality. It is well
established that the each unit of the uniform GC has the same diffracting ability for light.
Thus, the output mode field of uniform GC is exponentially decreasing along the grating
direction (x-axis). There is a large mismatch with the Gaussian mode field of the source,
resulting in a low values of 7. The T can be improved by adjusting the coupling strength
(«) along the x-axis through the variation of DC to get a Gaussian-fitting GC. The coupling
strength is a measure of the power attenuation rate in the grating region. It can be defined
by the following Equation [39]:

(')

N = —- L 7 (5)

where L is the length of the GC, P is the input power from the waveguide, and Py, is the
transmitted power after the GC. Figure 2d shows how the coupling strength a(x) (x =01is
located at the start of the GC) varies with different values of DC. Gaussian-fitting output
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mode field can be obtained by varying the distribution of the coupling strength «(x) to
meet the requirement below [40]

G(x)
1— [y G3(tydt)’

where G(x) represents a normalized Gaussian distribution with a standard deviation
corresponding to the mode field diameter of I source.

The calculated correlation between « and DC with the target position (the position of
the center of the grating unit on the x-axis) is illustrated in Figure 2e, which is obtained
by combining the DC and « values illustrated in Figure 2c. A Gaussian-fitting GC is
designed based on this correlation. It's worth noting that, considering the limitations of
DUV lithography, the DC is limited to between 0.5 and 0.87, to ensure the minimum feature
size is greater than 100 nm. To complete the GC analysis the GC is also simulated as an
out-coupling device to calculate the CE, as shown in Figure 2b. Where a Gaussian source
(TE-mode) with a waist diameter of 11.6 um is placed above the GC. The highest CE of
Gaussian-fitting GC (with the source center at x = 7.3 pm) is achieved at 78%, as illustrated
in Figure 2f, which is 28% higher than that of the uniform GC (with the source center at
X =4 um).

To further improve the CE, the DC of each units of the Gaussian-fitting GC obtained in
the second step are finely optimized by the genetic algorithm. Genetic algorithms have been
widely used for the design of photonic devices [41]. However, in the optimization process
of the GCs, the traditional genetic algorithm is very time-consuming and prone to getting
stuck in local optima. This is because each grating unit has at least two parameters that
need to be optimized, which leads to more calculations and more randomness. Therefore, a
method is proposed that employs genetic algorithm optimization on a relatively idealized
structure. Furthermore, A is used as a function of DC in our design, significantly reducing
computational complexity and optimization process duration while still producing high-
quality solutions. The optimization process comprises the following steps:

a(x) = 2 (6)

(i). A random perturbation ADC; is introduced to the structural parameters of the
Gaussian-fitting GC to generate a genetic material population.

(i). The fitness metric for the population was the CE, and it is used to evaluate the fitness
of each population through FDTD simulation.

(iii). Based on their fitness, populations are selected using the roulette-wheel selection
method.

(iv). The reproduction of the generation is accomplished through crossover and muta-
tion. Each selected population has an 80% probability of intermixing with another
population at a random crossover point, resulting in two child populations.

(v). The obtained child populations has a 10% probability of mutation, which involve
randomly modifying the selected structural parameters.

(vi). This establishes an optimization loop that repeat steps (ii) to (v) until the convergence
criteria are met.

To evaluate the effectiveness of our optimization procedure, we compare the CE of
the uniform GC, the Gaussian-fitting GC, and the optimized GC (with the source center
at x = 7.3 pm). The results are depicted in Figure 2f, which shows that the peak CE of the
Gaussian-fitting GC (black curve) is improved by 28% compared to the uniform GC (blue
curve). The proposed optimization algorithm further improves the CE by an additional
5% (red curve), resulting in a final efficiency of 83%. Figure 2g provides the comparison
of the output mode field of the uniform GC (blue curve) and the output mode field of the
optimized GC (red curve) with the Gaussian mode field (black curve). It is evident that
the optimized GC closely matches the mode field of the source, as demonstrated by the
overlap of their intensity profiles in Figure 2g. The final parameters of the optimized GC
are displayed in Figure 2h, where the grating number represents the ordinal number of the
grating cells sorted from x = 0.
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2.2. Design of Metasurface Deflector

Since the optical properties of a metasurface are mainly determined by its subwave-
length structures, it is possible to achieve a desired optical response (amplitude, phase,
polarization state, etc.) by optimizing their geometry, size, direction, and arrangement [33].
Among various architectures of metasurfaces, the nanopillar-based metasurface is preferred
due to its simplicity and ease of fabrication. For the meta-deflector design, we employ a
periodic structure composed of a-5i pillars as the building blocks. In order to achieve the
0-27 phase control and high transmission in the 2 pm band, we use the 3D-FDTD method
to analyze the transmission and phase for the pillars with different radii, heights, and
periods. Figure 3a illustrates that sweeping the radii of the pillars from 100 nm to 350 nm,
pillars with a period of 950 nm and a height of 1 pm can achieve high transmission across
the entire range of phases from 0 to 27t.
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Figure 3. (a) Transmission and phase of the periodic a—Si pillars with 950 nm unit cell size and 1
pum height for different radii. (b) The relationship between the target phase and target radius with
position (c) The Ez field propagation at the wavelength of 2 um (the arrows mark the direction of
light). (d) The transmission of meta-deflector at the 1.9~2.1 um band.

The principle of the meta-deflector is based on the generalized Snell law [27]:

. L. A dy
npsinfy — nysinfy = 27 dx (7)
where 171 and n, are the refractive index of material above and below the meta-deflector, in
our design ny = ny = 1.44. 6, is the deflection angle, 6 is the incidence angle (0° is taken).
‘;—f represents the phase gradient.

According to the design results of the GC, when the deflection angle is 18.5°, the CE is
the highest. di can be expressed as:

dyp = npsinl8.5° x 277{dx. (8)
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According to Equation (8), the distribution of the target phase in the x-axis is calculated,
as shown in Figure 3b red curve. Based on the correlation between phase and radius
depicted in Figure 3a, we use the interpolation method to construct the meta-deflector
with pillars of appropriate radii. The black curve in Figure 3b shows the distribution of
the radii used in the meta-deflector. Figure 3c depicts the propagation of light with the
meta-deflector. It can be observed that vertically incident light is deflected at an angle of
18.5° after passing through the meta-deflector. Furthermore, we calculate the deflection
efficiency (defined as the ratio of the power with a deflection of 18.5° to the total incident
power) of the meta-deflector at 18.5°, and the results are shown in Figure 3d. It can be seen
that the deflection efficiency is close to 94% in the band range of 1.9 to 2.1 um.

3. Analysis and Discussion

After designing the GC and the meta-deflector, we employ the 3D-FDTD solution
to test different combinations of the GC and meta-deflector. As shown by the blue curve
in Figure 4a, in the case of vertical coupling without the meta-deflector, the CE is almost
negligible. However, the existence of the meta-deflector (black curve) makes it possible for
the perfectly vertical coupling to have a CE of about 78% at the wavelength of 2 um. This
value is 5% lower than the CE achieved in the case of oblique incidence (18.5°), as shown
in the red curve. The 5% reduction can be explained by the deflection efficiency of the
meta-deflector, which is 94%. As a result, some light is lost as it passes through. Figure 4b
illustrates the propagation of the light with the meta-deflector and the GC. Observably,
the light that is vertically incident undergoes deflection via the meta-deflector and subse-
quently couples into the waveguide by the GC. These results confirm the feasibility of the
proposed PVGC.

a b
@) (b) E,
L0 [— Vertical Coupling with META T T 5 1.00
[—Obligue Coupling 1
08 »—\’eru:al Coupling without META| | . AR AR L RA R 0.75
E Metasurface 0.50
2 0.6 - 4 K R & LR ey,
= - 0.25
3 E,
g,
o4y 1 = SiO, 0.00
= - -0.25
202
o el 1T  HAtHAzzEH:i--A---- Si- —0.50
4—_,;— 1
0~F~“~‘75—11——4‘-—T —————— I ig
0.0 ] Sio, -0.75
190 195 200 205 210 - ' ) ; ' ' 100
. . . . . 0 3 6 9 12 15
© A (um) (d) X(um)
0.85 — : : : : : 0.80 — . . . T :
0.75 | \_ E
0.80 g -
z g s
= 3 0.70 - L] E
g 0.75 £ .\ \
= U5 R s
= =065k W ’ '\ A
) 2 \
o070} 1 = \ L
= £0.60 \. |
H S \ /
© 0.65 B 0.55 '\. / \ 4
/ -
L 0'50 1 1 1 1 1 1

0.60 L L L L L
2.0 22 2.4 2.6 28 3.0 2.0 22 24 2.6 2.8 3.0

Thickness of cladding (um)

Thickness of cladding (um)

Figure 4. (a) The CE of perfectly vertical coupling with meta-deflector, without meta-deflector, and
oblique incidence coupling (18.5°). (b) The Ez field propagation of perfectly vertical coupling with
meta-deflector at the wavelength of 2 um (the arrows mark the direction of light). (c) The relationship
between the T, and the CE without meta-deflector. (d) The relationship between the T; and the CE
with meta-deflector.
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Our design is based on a 340 nm SOI wafer. Although the waveguide thickness
(Tw) and buried oxide layer thickness (T}) are fixed at 340 nm and 2 pm, the cladding
thickness (T.) can be optimized to achieve the best performance. We sweep the relationship
between the T. and the CE with and without meta-deflectors, and the results are shown in
Figure 4c,d. We find that the optimal T, for the cases with and without meta-deflector are
different, but both follow a trigonometric function relationship with the CE. When there is
no meta-deflector, the optimal T, is 2.34 pm, while with the deflector, due to the change in
the refractive index above the cladding, this value change to 2.55 um. It is worth noting
that the design of the GC and the combination of meta-deflector and GC introduced above
are based on different optimal T, values. The final parameters are shown in Table 1.

Table 1. Parameters of PVGC.

Parameters of GC Parameters of Meta-Deflector Parameters of Combination
A DC Det P r Tm Tb TC
Variable ! Variable ! 250 nm 950 nm Related to Pos 2 1 pm 2 um 2.55 um

1 Variable refers to A and DC are variable, as shown in Figure 2h. 2 Related to Pos. refers to r is related to the
position, as shown in Figure 3d.

In practice, the light alignment inaccuracy and the fabrication errors (etch error of
the GC, etch groove width error of the GC and the meta-deflector, and overlay shift error
between the two layers) in the scheme may cause severe performance declines, especially
the CE decrease. Therefore, we evaluate the effect of these factors on the CE. From Figure 5a,
it not difficult to find that our proposed coupling scheme can still demonstrate a relatively
high level of CE even if the light source shifts 4 um from the center. Moreover, given by
Figure 5b,c, the CE can be maintained well with an etch depth variation of 30 nm or a
width variation of £40 nm. The correlation between the CE and the mask misalignment is
illustrated in Figure 5d. When the latter is the range of —5 to 5 um, the fluctuation of CE is
only +4%.
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Figure 5. Coupling efficiency versus fabrication errors. (a) The alignment error between the source
and GC. (b) The etch depth error in the etching process of GC. (¢) The width error in the etching
process of the GC and the meta-deflector. (d) The overlay shift error between two layers.
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4. Conclusions

In conclusion, we propose and numerically demonstrate a meta-deflector enhanced
PVGC for perfectly vertical coupling at 2 um band. A GC design method is also presented,
which is optimized by using the genetic algorithm for a Gaussian-fitted GC. As a result, a
high CE of 83% at an oblique angle of 18.5° is obtained. The meta-deflector is designed with
an 18.5° deflection of the incident light to match the coupling angle of the GC. Finally, the
proposed device achieves a total CE of 78% and a 1dB bandwidth of 35 nm at a wavelength
of 2 um. Furthermore, the impact of process deviations on performance is analyzed. The
results show that the proposed scheme has a good tolerance to alignment error, etch depth
error, and width error, and is insensitive to shift error. The proposed scheme offers a novel
approach for realizing the hybrid integration of surface-emitting lasers and coupling with
multi-core fibers.
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