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Abstract—Inter-layer grating couplers sandwiched by two metal
layers were demonstrated for high coupling efficiency vertical cou-
pling between amorphous-Si:H multi-stacked optical waveguides.
A coupling efficiency of 83% was achieved with grating couplers
formed on 5 ym wide waveguides separated by 1 xm while theo-
retical coupling efficiency of 90% was obtained.

Index Terms—Silicon photonics, amorphous-Si:H (a-Si:H)
waveguide, multi-layer, vertical coupler, grating coupler, metal
mirror.

1. INTRODUCTION

HE optical interconnects are considered to be a critical
T technology for transmitting data in next-generation high-
performance LSI chips [1], [2], as it can overcome the several
difficulties that conventional electrical interconnects are facing
due to the limitation in bandwidth capacity of metal wires [3].
As a promising approach for implementing such optical inter-
connects, Si photonics has the potential benefits of providing a
high degree of integration with current Si-based LSI chips in
addition to the high-speed signal transmission. Optical compo-
nents such as passive devices, modulators, photodetectors, and
hybrid integration of lasers have been demonstrated on silicon
on insulator (SOI) [4]-[7].

Photonic devices and electronic LSI chips can share the Si-
based platform; however, they function best under substrate
specifications that are quite different. For example, the typi-
cal buried oxide (BOX) thickness of SOI wafers is ~3 um for
photonic devices compared to less than 200 nm for state-of-
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the-art CMOS chips. Therefore, integrating photonic devices on
LSI chips by a back-end process is a possible solution since
there is no need to change the structures of the CMOS circuits.
This requires that the fabrication process should be completed
at temperatures below 400 °C to avoid damage to the CMOS
circuits. For such requirement, hydrogenated amorphous sili-
con (a-Si:H) can be deposited at a temperature below 300 °C
by plasma-enhanced chemical-vapor-deposition (PECVD) and
satisfies the back-end process compatibility, although the de-
position temperature of crystalline Si is usually over 1000 °C.
There have been several reports on the low-loss property of a-
Si:H waveguides. Many works have focused on the passivation
of dangling-bonds by H atoms in order to reduce the absorption
loss of a-Si:H [8], [9]. In a recent report, a loss of 1.2 dB/cm
was achieved with wet etched a-Si:H film [10].

There are additional advantages of using a-Si:H. Multi-layer
stacking of a-Si:H can be easily achieved by depositing alternat-
ing layers of a-Si:H and SiO, films, which allows the creation
of a high-density three-dimensional (3-D) optical circuit [11].

For realization of the multi-layered optical circuits, vertical
coupling between the layers is necessary. Unlike in electronic
connections such as VIAs [12], a vertical structure is not so easy
to achieve in optical connection. Until now, mainly two types
of vertical couplers have been investigated. One is a vertical
coupler employing a directional coupler design [13]. High cou-
pling efficiency is expected with such a structure; however, the
distance between layers is typically limited to around 200 nm in
order to achieve sufficient mode overlap. This causes undesired
crosstalk in sections that should not have any coupling. There-
fore, it is desired that the inter-layer distance be a relatively large
value, such as 1 pm. Using the directional coupler for such sep-
aration distance, it requires multiple couplers in order to couple
light between vertically displaced photonic planes with a large
separation [14]. The other approach is to use a pair of grating
couplers. This approach can transfer light over a long distance
of more than a few micrometers [15]-[17]. We proposed to use a
pair of grating couplers for the inter-layer coupling at the inter-
layer distance of 1 um and achieved the coupling efficiency of
22% in the previous report [18]. These types of grating cou-
plers were also reported for a chip-to-chip coupling between
two separate SOI chips where two grating couplers were fab-
ricated on two separate SOI chips and coupled through the air
gap [19], [20].

In this paper, we propose and demonstrate a novel inter-
layer grating couplers sandwiched by metal mirrors for effi-
cient coupling between multi-layered a-Si:H waveguides. In
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Fig. 1. Schematic image of the inter-layer grating couplers with metal mirrors.

Section II, details of the device structure and the coupling
efficiency of the inter-layer grating couplers depending on
the gratings and the metal mirrors will be described. Then,
Section III provides the experimental results from the fabrica-
tion and the measured coupling efficiency.

II. DEVICE STRUCTURE AND DESIGN

A schematic of the proposed inter-layer grating coupler is
given in Fig. 1. Unlike the grating couplers between single-
mode fibers and photonic-wire waveguides, our inter-layer cou-
plers consist of a pair of grating couplers sandwiched between
metal mirrors so as to reflect light back to the grating couplers.
The inter-layer distance between each grating coupler is 1 pym
in this study, which is necessary to suppress the crosstalk below
—30 dB between vertically-stacked-waveguides [21], although
a longer inter-layer distance is also possible as needed. For the
longer inter-layer distance, an offset in the propagation direc-
tion between the multi-layered gratings is needed because the
diffraction angle is typically around 10°. The details of structure
parameters of the inter-layer grating couplers will be discussed
in the next.

A. Device Design

The inter-layer grating couplers consist of three parts: a taper
section for smooth connection between the wire waveguides
and wide-width waveguides, two-layered grating couplers, and
metal mirrors.

Wide-width waveguides were used at the gratings in or-
der to expand coupling tolerance caused by fabrication errors
and beam divergence angle in the orthogonal (to the wave-
guide propagation) direction. Conventional wire waveguides
(500-nm-wide) were used for the input and the output of the
inter-layer grating couplers. Between the wire and the wide-
width waveguides, a 50-pm-long linear taper was used to allow
only the fundamental mode to propagate into the grating region.

For the grating section, shallow etched (70-nm deep) gratings
were used in order to suppress the backward reflection from
the gratings instead of fully etched gratings, which were used
in the previous report [18]. The calculated backward reflection
was less than —23 dB at the input port. The inter-layer grating
couplers were optimized by 3-D finite-difference time-domain
(FDTD) simulation with 3 main parameters: grating period
(A), the number of grating periods (V), and the distance
from the gratings to the metal mirrors (D), ). The wavelength
and the polarization were fixed at 1.55 pm, and only the
transverse-electric mode was considered in the simulations in
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Fig. 2. Coupling efficiency as a function of the grating period (A).

this section. The refractive indices of a-Si:H and SiOy were set
to be 3.48 and 1.45, respectively. Au was used as a material for
the metal mirrors in this study due to our evaporation system
limitation, though Al which is already established in CMOS
technology is also a good candidate. The coupling efficiency
with Al mirrors showed less than 1% difference compared with
the value with Au mirrors. The details of the simulation results
are as follows.

The coupling efficiency was calculated with various grating
periods ranging from 560 to 720 nm (see Fig. 2). We used
uniform gratings with the duty cycle of 50% (in physical length)
in order to simplify the calculation steps. In this calculation,
D) and N were fixed to be 800 nm and 21, respectively. The
coupling efficiency of 92% and 90% are obtained at A of 600 and
640 nm, respectively, while it decreases at A of 620 nm because
of the mismatch in mode profile between the diffracted light and
the gratings deriving from the different diffraction angle. With
a longer grating period, the peak wavelength of the coupling
efficiency shifts to the longer wavelength. For grating periods
shorter than 580 nm, the gratings shows first-order diffraction,
which leads to an increase of the backward reflection. We choose
to use A of 640 nm instead of 600 nm, in order to avoid the
backward reflection in the case of the deviation in duty cycle or
the thickness of the a-Si:H layer occurred due to the fabrication
errors and the actual refractive-indices were different from those
of used in the simulation.

The second parameter is the number of grating periods V. The
same N was used for both the first and second layer gratings.
As N increases, the power transfers to the other side of the
grating coupler will increase gradually and then, light will return
to the original grating coupler and repeat the above behavior.
Fig. 3 shows NV dependence of the coupling efficiency for three
different Dj;. The coupling efficiency has a peak at a certain
number of grating periods as mentioned before. The highest
coupling efficiency was obtained when Dj; and N are 800 nm
and 21, respectively. The coupling efficiency for different D,
takes a peak value at a different number of grating periods due
to the phase matching condition between the light diffracted
from the gratings and reflected light from the metal mirrors.
The coupling efficiency for different D,; takes a peak value
at the different number of grating periods due to the phase-
matching condition between diffracted light from the gratings
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Fig. 3. Calculated coupling efficiency as a function of the number of grating
periods (V) for different metal distances (D ). Blue squares: Dj; = 700 nm,
red circles: Dj; = 800 nm, and green triangles: Djy; = 900 nm.
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Calculated coupling efficiency as a function of the metal distance

and the light reflected from the metal mirrors. Therefore, when
the effective length of the light path which is determined by the
D) value and the diffraction angle of the gratings matches to
the wavelength of the light, the peak coupling efficiency can
be obtained. The D), dependence of the coupling efficiency is
shown in Fig. 4, where the grating period A and the number
of the gratings IV are fixed to be 640 nm and 21, respectively.
The coupling efficiency shows periodic changes and takes peak
values at Dy, of 800 and 1300 nm. In contrast, the coupling
efficiency approaches 0% when D), is 600 or 1100 nm. Hence,
D), is the key issue to control in the inter-layer grating couplers.

Fig. 5 shows the electric-field distribution (Specifically that
of Ex, which is oriented along the orthogonal direction) with
the parameters of A: 640 nm, N: 21 and D);: 800 nm. The
light input is from the left end of the first layer waveguide and
it is output from the right end of the second layer waveguide.
The X,Y, and Z directions are the orthogonal, vertical, and
propagation directions, respectively. Diffraction angle of the
beam was 8°.

In order to confirm the contribution of the metal mirrors to the
device performance, we also calculated the coupling efficiency
of the inter-layer grating couplers without metal mirrors. For
comparison, we used the same gratings (A: 640 nm, N: 21) and
inter-layer distance of 1 pm. In the case without metal mirrors,
we assumed that the reflection comes from the substrate under
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Fig. 5. Calculated electric field distribution of the inter-layer grating couplers
with metal mirrors (cross-section).
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Fig. 6. Calculated coupling efficiency of inter-layer grating couplers without
metal mirrors as a function of BOX thickness.

the BOX layer instead of from the metal mirrors. For the phase
condition of the reflected light, we varied the BOX thickness
around 3 pm which is a typical value for the photonic devices.
Fig. 6 shows the coupling efficiency as a function of the BOX
thickness. The maximum coupling efficiency of 30% can be
obtained at the BOX thickness of 3 pm.

B. Wavelength Dependence

Fig. 7 shows the wavelength dependence of the coupling
efficiency. By introducing metal mirrors, the coupling efficiency
can be increased to 3 times higher value (90%) and the —1dB
(coupling efficiency > 80%) bandwidth becomes 80 nm (from
1520 to 1600 nm), which can cover the full C-band wavelength
range.

C. Tolerance to Misalignment

Since each part of the inter-layer grating couplers will be
fabricated monolithically on a single substrate, the alignment
between the gratings on each layer is difficult to correct after
the fabrication stage. Therefore, tolerance to misalignment is
important from a practical point of view. Tolerance to misalign-
ment in the vertical direction was already discussed in terms of
the parameter D), (the thickness of the SiO,). Here, we will
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consider the in-plane misalignment, in both the propagation di-
rection and the orthogonal direction. As can be seen in Fig. §,
the deviation of the coupling efficiency is below 0.5 dB even
with a 1-pm misalignment for both the propagation and the or-
thogonal directions. In addition, the coupling tends to be more
tolerant to misalignment in the propagation direction, due to the
larger dimension of the gratings in that direction, which was a
length of ~13.5 ym compared to a width of 5-pm.

III. FABRICATION AND MEASUREMENT

In this section, the experimental results of the inter-layer
grating couplers with metal mirrors are described.

A. Fabrication

The inter-layer grating couplers were fabricated based on the
simulation results discussed in Section II (A: 640 nm, Dy;:
800 nm, N: 18-26). All the fabrication processes were carried
out at temperatures below 300 °C including deposition of a-Si:H
film. A two-inch Si substrate covered with 3-um-thick layer of
thermal oxide (SiOs) was prepared as the initial wafer. The first
step was evaporation of a 100-nm-thick Au film and lift-off.
Alignment marks for electron beam (EB) lithography and the
bottom mirrors were formed. The Au patterns were buried by
deposition of SiOs at the process temperature of 300 °C. Then
the surface of the SiO, was flattened by a chemical mechanical
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Fig. 9. Cross-sectional SEM image of the fabricated inter-layer grating cou-
plers with metal mirrors.

polishing (CMP) process (Standard SS25 silica slurry for the
first step, mixture of CMS8401/CMS8452 for the second step).
The thickness of the SiOy was controlled to be equal the tar-
get value of 800 nm by the second deposition of SiO,. As the
core of the first layer, a 220-nm-thick layer of a-Si:H was de-
posited by PECVD with conditions as follows; SiH, flow rate:
100 sccm, Ar flow rate: 100 sccm, power: 100 W, and deposition
temperature: 300 °C. Patterning was carried out by employing
two steps of EB lithography for waveguides and gratings, and
an inductively coupled-plasma reactive-ion-etching system. The
waveguide patterns were buried by SiO, deposition, and the
CMP process was again carried out, followed by SiO, depo-
sition to the thickness of 1 um (corresponds to the inter-layer
distance). For the second layer, a 220-nm-thick a-Si:H film was
deposited and patterned, as was done for the first layer. Next,
SiO9 deposition and the third CMP treatment were performed
to the thickness of 800 nm. The final step is to form the upper
mirrors in the same way that the bottom mirrors were formed.
All thicknesses were monitored by an ellipsometry during the
measurement for accurate thickness control.

Fig. 9 shows the cross-sectional SEM image of the fabricated
inter-layer grating couplers. From the SEM image, the D,
values for the first and second layers were measured to be 795
and 790 nm, respectively. The deviation of the thickness was
~10 nm (target thickness: 800 nm) including the inter-layer
distance.

B. Measurement

For the transmission measurements, lensed-tip single-mode
fibers were used for the input and output of the inter-layer grat-
ing couplers by edge coupling through inverted-taper spot-size
converters [22]. From an ASE source, a range of wavelengths
around 1.55 pm was used as the input. We calculated the mean
value of measured transmittances within the first to the first
layer and the second to the second layer which was fabricated
without grating couplers, separately. Then we also measured the
transmittance between the input to the first layer and the output
from the second layer with the grating couplers. The coupling
efficiency was calculated by subtracting the mean value from
the measured transmittance of the inter-layer grating couplers.

The spectral property of the coupling efficiency of the inter-
layer grating couplers with 20 gratings is shown in Fig. 10. The
peak coupling efficiency of 83% was obtained at the wavelength
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of 1590 nm with NV = 20, whereas N = 21 is the optimum value
as described in Section II. The difference between the simula-
tion results and measurements might come from the fabrication
errors and difference in the simulation parameter as described in
Section II-A. The 3-dB bandwidth was more than 40 nm, which
was limited by the output wavelength range of the light source.

IV. CONCLUSION

In conclusion, we demonstrated inter-layer grating couplers
sandwiched by metal mirrors for high efficiency coupling.
A-Si:H was used as the core material for the waveguides
deposited by PECVD. The device design and optimization
were carefully performed using 3-D-FDTD simulations. A
maximum coupling efficiency of 90% was calculated in the
simulation, and an efficiency of 83% was achieved by the
fabricated device. These results indicate that grating-based
vertical couplers can realize very high coupling efficiency with
metal mirrors and that their application to a-Si:H multi-layered
optical circuits is a cost-effective way to make high-density
on-chip optical interconnects.

Further improvements can be expected by introducing non-
uniform gratings for higher coupling efficiency or a unique taper
design between wire waveguides and gratings to attain a com-
pact device size [23]-[25].
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