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ABSTRACT

Integrated optical systems, encompassing microwave photonics, optical communication receivers, and optical sensing, require photodetectors
with high saturation power and responsivity. Achieving uniform and efficient light absorption is essential for realizing these properties. However,
traditional waveguide-coupled photodetectors struggle with a trade-off between absorption efficiency and uniformity due to exponential intensity
decay in the waveguide direction. In this work, we propose waveguide-integrated bilayer metagratings that decouple light redistribution from
absorption, achieving uniform and efficient absorption simultaneously. By elucidating the fundamental physics governing resonant mode cou-
pling between the upper silicon metagrating (Si MG) and waveguide, we demonstrate that the Si MG couples out the waveguide mode and redis-
tributes its intensity uniformly with 84% coupling efficiency. The lower germanium metagrating (Ge MG), serving as the absorber, achieves 90% ¢
absorption efficiency via guided-mode resonance. Compared with traditional evanescent coupling, this design enhances light intensity
uniformity in the germanium absorption region while maintaining >70% overall efficiency. This approach holds promise for resolving
the uniformity-efficiency trade-off in waveguide-coupled photodetectors, while extending beyond germanium systems to provide a strategy for
III-V/Si hybrid integration in applications ranging from LIDAR receivers to quantum photonic processors.
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1. INTRODUCTION profile caused by exponential optical intensity attenuation along the
waveguide length direction leads to severe carrier screening under
high optical power.'”'” Existing solutions encompass waveguide
side-coupling'**" and simultaneous multi-port coupling.”'~*’
However, these methods merely optimize the spatial uniformity of
optical intensity to the extent possible without fundamentally resolv-
ing this trade-off, while introducing complex waveguide networks
incompatible with dense integration.

As fundamental components in optical communication and

Silicon photonics has emerged as a promising platform for pho-
tonic integrated circuits owing to its compatibility with conventional
complementary metal-oxide-semiconductor (CMOS) manufactur-
ing processes. ™ Integrated optical systems, including microwave
photonics, optical communication receivers, and optical sensing,
necessitate photodetection devices with high power and high
responsivity.””'* These performance metrics are fundamentally gov-

erned by absorption uniformity and efficiency. In waveguide-coupled sensing systems, metagratings have attracted considerable research
photodetectors, the incident light propagates within the waveguide interest in recent years.”' ™ Specifically, metagratings have demon-
and is coupled into the absorbing material, such as Ge or III-V mate- strated unique advantages in on-chip beam coupling and shaping,27
rials, via evanescent waves. This evanescent coupling approach creates as well as in enhancing light absorption.”” In terms of on-chip beam
a fundamental physical trade-off: while longer waveguide lengths can coupling and shaping, metagratings have exhibited significant
improve total absorption efficiency,"”™"” the non-uniform absorption capabilities in coupling guided modes into free space by converting
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waveguide modes into radiation modes.”*~** Typically, the radiation
modes are designed to efficiently generate Gaussian intensity distri-
butions, which are useful for fiber-to-chip coupling” ™" and gas
spectroscopy.” "’ Furthermore, radiating light beams with a uniform
intensity distribution in free space show potential for enhancing the
resolution of fluorescence nanoscopy.j"\"j'k) On the other hand, the
surface plasmon resonance’’™ or guided-mode resonance (GMR)
effects**™*® of metagratings have been demonstrated to enhance light
absorption. However, due to limited degrees of freedom in single-
layer metagrating designs, it is challenging to simultaneously achieve
on-chip mode field distribution control and light absorption effi-
ciency regulation. Recently, bilayer metagratings have been shown to
provide greater degrees of freedom for designing efficient light cou-
pling, shaping, and topological GMR in comparison with single-layer
gratings,”’~” suggesting the possibility of overcoming this constraint.
However, their potential for solving the uniformity-efficiency paradox
in photodetection remains unexplored.

In this work, we propose waveguide-integrated bilayer metagrat-
ings that decouple light redistribution from absorption processes to
achieve uniform and efficient light absorption, using a silicon-based
germanium material system as an example. The core of this work lies
in the separation of light manipulation processes: the silicon meta-
grating (Si MG) acts as a mode converter to extract and homogenize
waveguide-confined light, while the Ge MG operates as a resonant
absorber independent of propagation-length constraints. We elucidate
the fundamental physics governing resonant mode coupling between
the Si MG and the waveguide. By exploiting the strong coupling
between the grating and waveguide modes, the Si MG efficiently

couples the incident waveguide-propagating light into free space with
84% coupling efficiency and redistributes the optical intensity uni-
formly across the 15 x 3 um? area. The Ge MG enhances light absorp-
tion efficiency via the GMR effect, thereby achieving an absorption
efficiency as high as 90%, which is five times higher than that of an
optical thin film of the same thickness. Compared with conventional
waveguide evanescent coupling methods, the waveguide-integrated
bilayer metagratings approach enables a more uniform distribution of
the optical field intensity within the Ge absorption region. The total
light absorption efficiency can still exceed 70% by adjusting the
thickness of the spacer layer between the two metagratings. We also
investigate the parameter sensitivity and the impact of temperature
variations on the total absorption efficiency. This work holds great
promise for enhancing silicon-based germanium photodetector per-
formance, particularly its saturation power and responsivity. Prior
studies have already achieved fabrication processes including bilayer
integrated nanophotonic structures™ and Ge etching'” on silicon-
on-insulator substrates, which confirm the feasibility of our proposed
waveguide-integrated bilayer metagratings. The principles can extend
beyond Ge systems, offering a framework for III-V/Si hybrid
integration in applications from LIDAR receivers to quantum
photonic processors.

Il. RESULTS AND DISCUSSION

Our structural design is based on a Silicon-On-Insulator (SOI)
substrate. Figure 1 illustrates the schematic diagram of the proposed
waveguide-integrated bilayer metagratings. First, the bidirectional

-

Input light
Flat-top beam

FIG. 1. Schematic illustration of the three-dimensional structure of waveguide-integrated bilayer metagratings, with the inset in the lower right corner showing a two-

dimensional cross-sectional view of the xz-plane.
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propagating transverse-electric (TE, electric field along y-direction)
polarized light, within the topmost Si waveguide, is efficiently
coupled into the free space between Si MG and Ge MG. Flat-top
beam shape is realized at the same time, leading to the uniform
intensity distribution in the Ge MG. Second, the downward flat-top
beam is then absorbed by the Ge MG, enhanced by the designed
guided-mode resonance in this region. Beneath the Ge MG, there
lies a 220 nm-thick SOI slab waveguide. The side view of the total
structure is presented in the lower right corner of Fig. 1. Note that
our design in this work focuses on TE polarization. For a
TM-polarized device, one can insert a TM-to-TE mode converter
at the front of the proposed metagrating device.

A. Analysis of physical mechanisms governing mode
coupling between Si MG and waveguide

For the upper Si MG, high coupling efficiency and flat-top out-
coupling beam shape is critical. For an ideal case, where bidirectional
propagating waveguide modes are perfectly converted into an infinite
flat-top beam without any loss, its reciprocal process is also satisfied.
Actually, this process exactly corresponds to the transformation of a
plane wave into two bidirectional propagating waveguide modes. As
a result, instead of considering the complex process in the forward
case, we look into the reciprocal case and design the upper Si MG.

When a plane wave is coupled into the waveguide through the
Si MG, the wavevector matching condition asks for the following
equation:

nysin®; + mi = Neff- (1)
Ay

Here, neg is the effective refractive index of the waveguide
mode, 6; is the incident angle, m is the diffraction order of the
grating, ny is the refractive index above the incident plane, and A;
is the grating period. For normal incidence, ; = 0 and to prevent
the incident light from leaking into higher diffraction orders, m is
typically set to 1. In this case, only the zeroth and first diffraction
orders survive. Noting that only the first diffraction order is
wanted, one has to suppress the zeroth order for high coupling effi-
ciency. For this purpose, resonant modes in Si MG are further
introduced, whose reflection spectrum is shown in Fig. 2(d).

We first investigate the resonant coupling behavior of a plane
wave into the resonant mode supported by a single-layer Si MG.
The metagrating, as shown in Fig. 2(a), is composed of amorphous
Si with a refractive index of 3.47, immersed in the silicon dioxide
background with a refractive index of 1.44. The grating period A is
650 nm, with a duty cycle of 0.65. Infinite length in the y-direction
and periodicity in the x-direction are set. Note that the Si MG duty
cycle is finely tuned to balance the coupling with waveguide modes
and fabrication process precision. A small duty cycle will weaken
the coupling, while a large duty cycle will lead to an ultra-small
grating gap that creates nanofabrication challenges. If the thickness
of Si MG in the z-direction is assumed to be infinite, the meta-
grating could be regarded as a waveguide array, supporting a
series of orthogonal eigenmodes propagating in the z-direction.
The dispersion of these eigenmodes with normalized wavelength
AIA; and propagation constant f, is shown in Fig. 2(b). The
curves in Fig. 2(b) represent two orthogonal waveguide array

ARTICLE pubs.aip.org/aip/jap

modes propagating along the z-direction within the grating under
normal incidence across the normalized wavelength range of 1.6-2.5.
Since both modes are even modes, their subscripts are labeled S,
and S,. Odd modes (such as ;) and other higher-order modes
cannot propagate within this spectral range.

When the metagrating is truncated into finite thickness tg1, §,
and B, modes will be reflected at the interface of z=0 and
z = tg;. Due to the abrupt change in the refractive index at the
interface, they can couple with each other. To avoid confusion, we
define the hybrid mode formed by the coupling between S, and S,
as ﬁ;. In fact, new orthogonal modes without interaction while
reflected at the interface, also called supermodes in Ref. 53, can be
obtained by the diagonalization. When the coupled mode 3, prop-
agates in the metagrating, the accumulation phase ¢, is acquired.
The metagrating actually acts like a Fabry-Pérot cavity. For a
normal incident plane wave onto the Si MG (from bottom to top)
[Fig. 2(a)], these new orthogonal modes are excited and go back
and forth between two interfaces. When the accumulation phase in
a round trip satisfies the Fabry-Pérot resonance condition ¢, = 2n,
where n is an integer, resonance happens and finally leads to an
abrupt transition in the reflection spectrum in Fig. 2(d). Note that
only the zeroth diffraction order of the Si MG exists under normal
incidence, while higher-order diffraction modes (including the first)
propagate as evanescent waves. Therefore, within the A/A; range of
1.6-2.5, the transmission/reflection characteristics of the zeroth dif-
fraction order arise from the mutual coupling and coherent superpo-
sition of the 8, and 8, modes.

For the combined grating-waveguide system [Fig. 2(c)],
according to Eq. (1), the first diffraction order of the grating
couples to the waveguide when wavevector matching (A/A; = neg)
is achieved. To couple the resonant mode into the waveguide
mode, we further tune the resonant wavelength of Si MG to satisfy

the wavevector matching condition in Eq. (1). The thickness #; of the :

topmost waveguide is 131 nm. The effective refractive index of the
waveguide mode is 2.41, indicating that the matching wavelength is
AA; = 2.41. We simulate the reflection spectrum of the system
combined by Si MG and the waveguide, as shown in Fig. 2(e). The
distance d; between the Si waveguide and the Si MG is 241 nm.
Since Eq. (1) is independent of the thickness of Si MG, one can
observe that sharp transition of reflection along a vertical line across
all thickness in Fig. 2(e). What’s more, by tailoring the thickness,
the resonant mode of the individual Si MG will intersect with the
vertical line, resulting in anti-crossing behavior in Fig. 2(e).”
The anti-crossing behavior in Fig. 2(e) suggests the creation of a
hybrid mode of the resonant metagrating mode /3, and waveguide
mode, equivalent to converting the zeroth diffraction into a
waveguide-couplable first diffraction, which will help to boost the
coupling efficiency. For demonstration, we present the field
pattern at different wavelengths for the fixed thickness of
tgi/A; = 1.31. For wavelengths of 1.41 um, which is far away from
the anti-crossing region, the field pattern is mostly localized in
the Si MG, as shown in Fig. 2(f). In contrast, for a wavelength of
1.55um, which is situated in the anti-cross region, the field
pattern shows localization in both the Si MG and waveguide, as
shown in Fig. 2(g). Due to mirror symmetry, the input plane
wave will be coupled into two waveguide modes with wavevector
components of k, and —k,.
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FIG. 2. Design and mode coupling mechanism analysis of Si MG and the waveguide structure. (a) Schematic cross-sectional view of Si MG in the xz-plane. The structure
is assumed to be infinitely long in the y-direction and periodically repeated in the x-direction. A TE-polarized plane wave is incident from below. (b) The relationship
between the propagation constant A in the z-direction and the normalized wavelength A/A+ for the waveguide array modes in the Si MG. (c) Schematic xz-plane cross-
sectional view of the Si MG integrated with a waveguide. (d) Reflectance spectrum R1 of the Si MG under plane wave incidence. Both the grating thickness tg; and the
wavelength A are normalized by the grating period A+. (€) Reflectance spectrum R2 of the combined Si MG and waveguide structure under plane wave incidence.
(f) Optical field distribution far from the anti-crossing region. The black solid lines represent the contours of the grating and waveguide structure. (g) Optical field distribution
at the center of the anti-crossing region.
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FIG. 3. Optical field distribution and coupling efficiency in waveguide-to-free-space coupling. (a) xz-plane optical field intensity distribution of light symmetrically incident
from both ends of the waveguide and coupled out through the grating. Arrows indicate the directions of light input and output, with the structure’s contour also shown.
(b) Optical field intensity profile at z=—1.5um. (c) Wavelength-dependent coupling efficiency of the light emitted upward and downward through the grating from the
planar waveguide.

B. Uniform and efficient light coupling via Si MG

design

The above analysis finally guides us to design the Si MG for
high-efficient coupling and uniform intensity distribution. To
verify the performance, we first conducted two-dimensional (2D)
finite-difference time-domain (FDTD) simulations for the coupling
process. The incident wavelength is set to 1.55um with TE polari-
zation. As expected, two identical waveguide modes propagating in
the waveguide are transformed into a vertically emitting beam in
free space with a flat wavefront [Fig. 3(a)]. We further extracted the
Ey intensity distribution at the z=—1.5um plane, as illustrated in
Fig. 3(b). Within the range x =5-10 um, the intensity distribution
exhibits a flat-top profile, with a large full width at half maximum
(FWHM) of 8.1 um. On the other hand, the upward and downward
coupling efficiencies are plotted in Fig. 3(c) (dashed lines). At the
central wavelength of 1.55um, the downward coupling efficiency
reaches 90%, while the upward coupling efficiency is only 7%,
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implying high-efficiency performance. Furthermore, considering
experimental feasibility, we also conduct three-dimensional (3D)
FDTD simulations, in which the waveguide and Si MG both have a

length of 3um in the y-direction.

To suppress the higher-order

waveguide modes, one can design a taper structure between a
0.5 um-wide single-mode waveguide and a 3 um-wide waveguide
through adiabatic operation, ensuring single-mode transmission of
incident light. As presented in solid lines in Fig. 3(c), a slightly

lower efficiency of 84% in the downward channel can be observed.
All of these results demonstrate the high-efficiency and uniform
output beam from the upper Si MG.

C. Efficient light absorption via Ge MG design

Next, we consider how to efficiently absorb the output beam

§2'9%'Z| G20T dunr 60

from the upper Si MG, by a lower Ge MG. The refractive index of
Ge near 1.55um is 4.275. A thin Ge film with a thickness tg, of
466 nm is chosen. Then, to match the central wavelength of

s
w
[=+]

Wavelength (pm)

1.52

Absorption Efficiency
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0.6
0.4
0.2

Angle (degrees}

FIG. 4. Light absorption performance of Ge MG. (a) Absorption spectrum of the composite structure consisting of the Ge MG and the underlying Si slab waveguide under ideal
plane wave incidence, with the absorption spectrum of a Ge thin film of the same thickness shown as a reference. (b) Electric field intensity distribution of the composite structure
in the xz-plane, with solid white lines indicating the structural contours. (c) Absorption spectrum of the composite structure as a function of wavelength and incident angle.
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1.55 um and enhance the absorption, the Ge film is structured into
a metagrating with a period A, of 993 nm, a duty cycle of 0.78, and
an etch depth te of 242nm. An additional 220 nm-thick Si slab
waveguide is beneath the metagrating, which is a typical thickness
in CMOS fabrication. Similar to the Si MG, the design of Ge MG
aims to achieve high absorption efficiency via guided-mode reso-
nance near the central wavelength of 1.55 um, and, thus, we set the
duty cycle to 0.78 to strike a trade-off between absorption efficiency
and fabrication precision constraints. 3D FDTD simulations for the
structure composed of the Ge MG and the Si slab waveguide are
conducted. In the 3D simulations, the length and width of Ge MG

(a) :
i i 466 nm
Input light Ge absorption region I
TR 220 nm Si

Ge absorption region

0.4
£ 03
=
N o2

0.1

L e gama 6 8 T v v e

X (um)

Input light Input light

(c) —

Ge absorption region
220 nm Si
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are 15 and 5pum, respectively. Figure 4(a) shows the simulated
absorption spectrum of the metagrating (solid line), compared with
the absorption spectrum of a Ge thin film with the same thickness
(dashed line). Obviously, the Ge MG achieves a strong absorption
peak of nearly 90% at the central wavelength of 1.55 um, with a full
width at half maximum (FWHM) of 30 nm. In contrast, the Ge
thin film of the same thickness has an absorption efficiency of
merely 16% at 1.55um. To understand the mechanism of the
enhanced absorption, Fig. 4(b) presents the near-field xz-plane
profile of the grating at 1.55um. It can be seen that light field is
localized in the Ge MG structure and the intensity is enhanced by

b
(b) o 4
Ge absorption region
I 220 nm Si

Input light Input light

I’l

6 nm

-—

Ge absorption region

z (pum)

0.1 %
0 0
x (pm)
(d) : :
Absorption Efficiency
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£
2 155
2
s .
&
=
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0.5 06 0.7 0.8

d, (um)

FIG. 5. Optical field distribution and absorption performance in Ge regions with waveguide-integrated bilayer metagratings. (a)—(c) Optical power distribution in the Ge
absorption region (xz-plane) for different coupling schemes: (a) single-sided waveguide-coupled, (b) double-sided waveguide-coupled, and (c) bilayer metagrating coupled
proposed in this work. (d) Relationship between the overall absorption efficiency of the bilayer metagrating and the grating interlayer spacing d; at different wavelengths.
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the guided-mode resonance, leading to high absorption efficiency
in Ge. Notably, the Ge MG designed using Ge on oxide can also
achieve high absorption efficiency through analogous methods,
thereby expanding the structural applicability. We also simulate the
angle-dependent absorption of Ge MG in Fig. 4(c). It is evident
that strong absorption is maintained within an incidence angle

range of —5° to 5°.

D. Performance of waveguide-integrated bilayer
metagratings and their impact on photodetector

characteristics

Finally, we evaluate the overall performance of the waveguide-
integrated bilayer metagratings, composed of the Si MG and the Ge
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MG designed above. We begin to discuss the light field uniformity
in the Ge absorption region and the total absorption efficiency of
waveguide-integrated bilayer metagratings. First, we compare the
differences in the light field uniformity in the Ge absorption region
between the waveguide-integrated bilayer metagratings coupling
method and the conventional waveguide evanescent coupling
method. Figure 5(c) presents the optical power intensity distribu-
tion (on the xz-plane) in the Ge absorption region under the
waveguide-integrated bilayer metagrating coupling scheme, as sim-
ulated by 3D FDTD near the 1.55 um wavelength. For comparison,
Figs. 5(a) and 5(b) illustrate the schematic diagrams and corre-
sponding optical power intensity distributions for the single-sided
and double-sided waveguide coupling schemes in the Ge absorp-
tion region. In all three cases, the length, width, and thickness of

(b)

(d)

Total absorption efficiency

Total absorption efficiency

o
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FIG. 6. Impact of structural parameter deviations on the total absorption efficiency of the waveguide-integrated bilayer metagratings. At the central wavelength of 1.55 um, the
total absorption efficiency of the structure under variations in (a) the Si MG period A4, (b) Si waveguide thickness 1, (c) Si MG thickness gy, and (d) Ge MG period A;.
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the Ge absorption region are identical, except that in Fig. 5(c), the
Ge is etched into a grating structure.

It can be observed that, for single-sided waveguide coupling,
the incident light is primarily concentrated at the front of the
absorption region. Double-sided waveguide coupling shows some
improvement by concentrating light on both sides, yet the central
portion of the Ge absorption region still exhibits weak light inten-
sity. In contrast, the incident light modulated by the metagrating
achieves a more uniform intensity distribution across the entire
absorption region. For photodetectors, non-uniform light absorp-
tion can lead to the accumulation of a large number of photogener-
ated electron-hole pairs in certain areas of the absorption region,
causing pileup and counteracting the built-in electric field. This
hinders the transport of carriers from the absorption layer to the
external circuit. In such cases, the space-charge effect occurs, where
the output photocurrent ceases to increase with increasing input
optical power. Therefore, improving the uniformity of the optical
field helps to mitigate the space-charge effect and increases the
input optical power at which output current saturation occurs.'®'”

The total absorption efficiency of the structure is influenced
by the interlayer spacer thickness d, between the two gratings,
and we have evaluated this effect. For the simulation results in
Fig. 5(d), the absorption efficiency of the Ge MG at a wavelength
of 1.55um achieves a maximum value exceeding 70%, indicating
lower parametric sensitivity. In addition, we evaluate the impact
of parameter deviations in the Si MG period A;, Si MG thickness
tg1, Si waveguide thickness t;, and Ge MG period A, on the total
absorption efficiency of the structure at the central wavelength of
1.55 um, as shown in Fig. 6. The results demonstrate that the perfor-
mance is insensitive to g, but relatively higher sensitive to A,, t,
and A,. We also present the temperature-dependent total absorption
efficiency of our proposed structure at the central wavelength of
1.55 um, as shown in Fig. 7. The total absorption efficiency reaches a
maximum of 72% near 28 °C, with only a 10% efficiency reduction
even under +20 °C temperature variations. Over 50% absorption
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FIG. 7. Total absorption efficiency at the central wavelength vs temperature.
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efficiency is retained at temperatures from 0 to 60 °C. The results
indicate that the performance does not degrade significantly under
temperature variations.

Furthermore, the design of the Ge MG enhances the absorption
of incident light, thereby contributing to the improvement of the
responsivity of photodetectors. Under ideal conditions, a single
photon can generate one electron-hole pair, corresponding to 100%
quantum efficiency. Under this condition, the relationship between
responsivity R and wavelength A can be expressed as follows:

Alum)
1.24

Here, g represents the electron charge, 7 is the reduced Planck
constant, and Ae is the absorption efficiency of the overall struc-
ture. Consequently, the maximum responsivity R of the entire
structure can reach 0.9 A/W. For a more common case in photonic
integrated circuits, the proposed structure can also be configured
for single-sided incidence. The maximum responsivity decreases to
0.74 A/W but exhibits no significant impact on the light field uni-
formity within the Ge absorption region.

In addition, Ge MG has the potential to maintain a high 3 dB
opto-electrical (OE) bandwidth since we enhance the absorption
efficiency while reducing its thickness to only 466 nm. The theoret-
ical 3dB OE bandwidth of conventional p-i-n photodetectors is
primarily determined by the transit time-limited bandwidth (fr)
and the resistance-capacitance (RC) bandwidth (frc). frr and frc
can be approximately calculated using the following equations:'”

R = Ry X Ae = 1 x Ae~
ho

x Ae. (2)

fr ~ 0.45%, 3)
/S (4)
Re = 2”'C(RLoad + RS) ’ .
1
fa = (5)

VG T

In this case, as an approximation, we regard the Ge MG as a
uniform thin-film structure with a thickness of 466 nm and a
length of 15um. Figure 8 presents the cross-sectional view of the
proposed p-i-n structure in the yz-plane, illustrating the positions
of the metal electrodes (including the anode and cathode). Such a
configuration of the p-contact metal can avoid the light-blocking

| [cathode |

FIG. 8. Schematic diagram of the geomefric configuration of the p-i-n structure.
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issue when the light enters the Ge layer. Therefore, we stated that
both the top Si waveguide and the Si MG have a width of 3 um
along the y-direction, whereas the Ge MG has a y-directional width
of 5um. This additional width is reserved for fabricating metal
electrodes at the top of Ge. Additionally, the top region of Ge MG
is P*-doped, while the underlying Si slab waveguide beneath Ge
MG is N*-doped. d; represents the intrinsic layer thickness
(assumed to be 366 nm, for 100 nm P*-doped Ge layer forming the
p-i-n junction), vy, is the saturation hole velocity (6 x 10° cm/s), C
is the device capacitance (3.32x 107'*F), Rigq is the load resis-
tance (50 Q), and Rg is the series resistance (assumed to be 0).
Therefore, frr is approximately 74 GHz and frc is 96 GHz. The
theoretical 3dB OE bandwidth of the photodetector is approxi-
mately 58 GHz. Actually, the size of the Ge region can be custom-
ized to achieve the desired bandwidth, and the grating dimensions
can be adjusted accordingly to maintain a uniform light field
distribution.

11l. CONCLUSION

In summary, we demonstrate a waveguide-integrated bilayer
metagratings framework that mitigates the uniformity-efficiency
trade-off in waveguide-coupled photodetectors by decoupling light
redistribution from absorption processes. The Si MG couples out
the waveguide mode and redistributes its intensity uniformly via
resonant mode coupling between the waveguide and the metagrat-
ing, achieving a coupling efficiency as high as 84%. The Ge MG
achieves 90% absorption efficiency through GMR, which is five
times higher than that of a conventional thin film with the same
thickness. This dual-functional architecture maintains over 70%
system-level absorption efficiency while ensuring light field unifor-
mity in the Ge region, demonstrating the potential to transcend the
limitations of evanescent coupling methods. We investigate the
parameter sensitivity and the impact of temperature variations on
the total absorption efficiency. By providing independent control
over light redistribution and absorption enhancement, our
approach paves the way for photodetectors capable of simultane-
ously achieving high saturation power and responsivity. The decou-
pling principle offers a scalable strategy for III-V/Si hybrid
integration in applications such as LIDAR receivers and program-
mable quantum photonic circuits.
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