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We present on-chip intra- and inter-layer grating couplers fabricated on double-layer, single
crystalline silicon nanomembranes. The silicon nanomembranes were fabricated using an adhesive
bonding process. The grating couplers are based on subwavelength nanostructures operating at the
transverse-electric polarization. Such nanostructures can be patterned in a single lithography/etching
process. Simultaneous intra-layer coupling to separate silicon photonic layers is demonstrated
through grating couplers with peak efficiencies of 18% and 44% per grating coupler for bottom and
top layer, respectively, at 1550 nm wavelength. The inter-layer grating coupler has an efficiency of
25% at 1560 nm wavelength with a 3 dB bandwidth of 41 nm. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4808208]

Silicon photonics is considered a promising solution for
on-chip low power and high bandwidth interconnects." To
date, most silicon photonic devices and circuits are demon-
strated on the silicon-on-insulator (SOI) platform.z’3
However, considering the minimum spacing between optical
waveguides to avoid crosstalk and the relatively large sizes
of on-chip photonic components, such as low-loss waveguide
crossings and beam splitters,*” the bandwidth density
(Gbs/um) of single-layer silicon photonic chips is limited.°®
Vertical integration of multiple layers of photonic compo-
nents can ameliorate the limited bandwidth density on a sin-
gle layer photonic integrated circuit (PIC).” Double-layer
silicon PICs have been demonstrated with film deposition
approaches, including hydrogenated amorphous silicon and
polycrystalline silicon.®® On-chip inter-layer grating cou-
pling was accomplished with amorphous silicon layers,'® but
amorphous silicon has a very low charge mobility, which
limits its application in high-speed PICs. Single crystalline
silicon is the most desirable material for multi-layer silicon
PICs due to its superior material properties such as low mate-
rial absorption loss and high carrier mobility. Unlike amor-
phous silicon and polycrystalline silicon, single crystalline
silicon layers cannot be realized by deposition. Other
approaches have been investigated to build double-layer
structures comprised of crystalline silicon, including silicon
nanomembrane transfer'"'? and direct wafer bonding."’
However, coupling between separate layers has not been
demonstrated in the aforementioned methods. Adhesive
bonding, which has been used in fabricating photonic devi-
ces on single crystalline silicon nanomembrane, '+
as a good candidate for fabricating double-layer PICs.

Various grating couplers have achieved coupling
between photonic layers.lf’_18 However, these are only
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suitable for inter-chip applications, and the grating couplers
are based on partially etching of silicon layers, which require
additional lithography and etching steps to define wave-
guides. Subwavelength nanostructure based grating couplers
can be patterned and etched in the same step with the
silicon waveguide layer and thus simplify the fabrication
process comparing to partially etched grating couplers.
Subwavelength nanostructures provide high coupling effi-
ciency with large optical bandwidth while providing anti-
reflection mechanism through destructive interference in
intra-layer grating coupler applications on SOI wafers and
adhesively bonded silicon nanomembranes.'**"

In this paper, we present vertically integrated, double-
layer, on-chip, single crystalline silicon nanomembranes as a
platform for 3D photonic integration. We demonstrated
simultaneous coupling to both silicon layers through intra-
layer grating couplers based on subwavelength nanostruc-
tures and inter-layer coupling between silicon layers through
a subwavelength nanostructure based inter-layer grating
coupler.

Figure 1 shows a 3D schematic of our intra- and inter-
layer grating couplers. Light is coupled from a polarization
maintaining fiber (PMF) with a core diameter of 9 um to an
area-matched linearly tapered waveguide, followed by a
2.5 ym wide waveguide on the bottom layer through grating
1, and then coupled to a 2.5 um wide waveguide on the top
layer though inter-layer grating coupler, which consists of
grating 2 and grating 3. The light is then coupled out to a sin-
gle mode fiber (SMF) with a core diameter of 9 um through
grating 4. The grating regions are connected to 2.5 um wide
waveguides using 500 um long linear tapers. The two silicon
nanomembranes on different layers are 0.25 um thick with
refractive indices of 3.47. The Buried Oxide (BOX) layer
has a thickness of 3 yum and a refractive index of 1.45. The
gratings on both layers are formed by periodically patterning
parts of silicon layer into subwavelength nanostructures,

© 2013 AIP Publishing LLC
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FIG. 1. A 3D schematic of the intra- and inter-layer grating couplers (SWN
denotes subwavelength nanostructure).

whose refractive indices can be engineered to accommodate
grating coupler design.

The design of subwavelength nanostructure follows the
method described in Refs. 19 and 20. Figure 1 shows a sche-
matic of 1D stratified subwavelength nanostructure used in
our grating couplers. Silicon and etched rectangular holes
are periodically laminated to form the subwavelength nano-
structure. Ay, is the period of subwavelength nanostructure,
Wb is the width of the rectangular etched hole, and Ly, is
the length of the rectangular etched hole. The refractive
index of the subwavelength nanostructure (ng;,) is a function
of Agup, Waup, Operating wavelength (1), and the refractive
index of the material in the etched holes (nyoe)>' and can be
engineered by tuning Wy, with a fixed Ag,,. The gratings
based on subwavelength nanostructure are treated as conven-
tional grating couplers in the inter-layer grating coupler
design described below.

The inter-layer grating coupler consists of grating 2 and
grating 3. We used 25 periods and 50% grating duty cycle
(Lgup = Ag/2) for both grating 2 and grating 3. Grating pe-
riod (Ag), grating 2’s subwavelength nanostructure’s refrac-
tive index (ng,;), grating 3’s subwavelength nanostructure’s
refractive index (ngu,y), SU-8 layer thickness (tgy.g), and
effective length (AL), which is defined as the distance
between the start of grating 2 and the end of grating 3, were
optimized by 2D finite-difference-time-domain (FDTD) sim-
ulations. The input light is assumed to be Transverse-
Electric (TE) polarized at 1550nm operating wavelength.
We found that the maximum coupling efficiency of the inter-
layer grating coupler is 21% with Ag =820 nm for both gra-
ting 2 and grating 3, ng,,; = 2.5, ngpr = 2.55, tgy.g = 3.7 um,
and AL = 12.0 um. We used Ay, =390 nm for the subwave-
length nanostructures of both grating 2 and grating 3. W,
of grating 2 was calculated to be 141 nm with ny,. = 1.575
and ng,p, =2.5. Wy, of grating 3 was calculated to be 70 nm
with npoje = 1, ngyp = 2.55."

Figure 2 shows the electric field distribution calculated
by 2D FDTD simulations with the optimized structural pa-
rameters. Light is coupled from the waveguide on the bottom
layer to the waveguide on the top layer through the inter-
layer grating coupler. Different colors represent the intensity
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FIG. 2. The electrical field distribution of the optimized inter-layer grating
coupler calculated using 2D FDTD.

of the electric field. Note that the power upward emitting
angle of grating 2 and the power downward emitting angle
of grating 3 are both 22° in our design at 1550 nm operating
wavelength.

Grating 1 and grating 4 were optimized using a 2D sim-
ulation package caMFr based on eigenmode expansion. We
used 50% grating duty cycle for both grating 1 and grating 4.
An exhaustive parameter sweep of their Ag and ng,;, combi-
nations show that their maximum power upward efficiencies
are 26% and 59% for grating 1 and grating 4, respectively,
with the parameters shown in Table I. The power upward
emitting angles for grating 1 and grating 4 are 14° and 10°,
respectively. The size of grating 4 was chosen to match the
mode size of a SMF.'” The width of grating 1 was chosen to
be larger than that of grating 4 to account for the field diver-
gence induced by light propagating in the SU-8 layer on top
of grating 1, as well as to increase the fiber-to-chip alignment
tolerance. Giving Agy, =390 nm for both gratings, grating 1
has a Wy, of 202 nm, which corresponds to ng,, of 2.15, and
grating 4 has a W, of 80 nm, which corresponds to ng,, of
2.45. The parameters of grating 1, 2, 3, and 4 are summar-
ized in Table I. For grating 2 and grating 3, their lengths
were given by aforementioned simulations. Grating 3 was
designed to be wider than grating 2 to compensate for the
field divergence as light propagates in the SU-8 layer, as
well as to increase the alignment tolerance between two
layers in y-direction (as defined in Figure 1).

The fabrication process flow of the devices is illustrated
in Figure 3. Gratings on the bottom layer were fabricated on
an SOI chip (250 nm single crystalline silicon device layer
and 3 um BOX layer) using Electron Beam Lithography
(EBL) and Reactive Ion Etching (RIE). This SOI chip served
as recipient substrate in adhesive bonding process. Another
SOI chip was used as donor substrate in adhesive bonding

TABLE I. The parameters of grating 1, 2, 3, and 4.

No. of No. of Duty
Length Width grating Ag subwavelength cycle Ay, Weup Dgup
(um) (um) period (nm) period (%) (nm) (nm)

Grating 1 17 13 23 735 32 50 390 202 2.15
Grating2 20.5 10 25 820 26 50 390 141 25
Grating3 20.5 13 25 820 32 50 390 70 2.55
Grating 4 17 10 25 690 26 50 390 80 2.45
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FIG. 3. A schematic of the fabrication process flow. (a) Substrates prepara-
tion. (b) Spinning-on SU-8 onto substrates. (c) Adhesive bonding. (d) Si
handle and BOX removal. (¢) Device fabrication on top-layer.

process (Figure 3(a)). ~2um thick SU-8 layers were
spun onto both the recipient and donor substrates, followed
by a 2min pre-bake at 95°C to evaporate the solvent
(Figure 3(b)). SU-8 has excellent self-planarization charac-
teristics and low optical loss** at the optical communication
wavelength range, which makes it an ideal adhesive material
in our fabrication process. Next, the two substrates were
brought in close contact using a home-made chip bonder,
which uniformly applied pressure, and kept in a 90 °C oven
to ensure sufficient reflow of SU-8 for trapped air bubble re-
moval to give high quality bond (Figure 3(c)). After adhesive
bonding, the silicon handle of the donor substrate was first
polished down to ~100 um thick and then removed by Deep
Reactive Ion Etching (DRIE). The BOX layer of the donor
substrate served as an etch-stop layer in the DRIE process
and also protected the device layer of the donor substrate
before future process. After the silicon handle was removed,
the SU-8 layer was exposed to ultraviolet (UV) irradiation
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through the donor substrate and post-baked for UV induced
polymer crosslinking and hardening. The BOX layer of the
donor substrate was then removed by wet etching in 49%
hydrofluoric acid (Figure 3(d)). Finally, gratings were fabri-
cated on the top layer using EBL and RIE (Figure 3(e)).

A cross-sectional Scanning Electron Microscopy (SEM)
image of the bonded double-layer silicon nanomembranes is
shown in Figure 4(a). A SEM image of the fabricated grating
2 on the bottom layer before adhesive bonding is shown in
Figure 4(b). Note that the rectangular etched holes on the bot-
tom layer were filled with SU-8 during the bonding process,
as shown in Figure 4(c). The alignment between two silicon
PICs on the top and bottom silicon nanomembranes within
100 nm accuracy was realized by electron beam scanning of
gold alignmarks on the bottom silicon nanomembrane.

The testing setup is shown in Figure 1. Input light is
from a broad band amplified spontaneous emission (ASE)
source with TE polarization. The input and output fiber tilt-
ing angles were adjusted to be 14° and 10° from normal inci-
dence, respectively. The measured fiber-to-fiber coupling
efficiency normalized to the light source is shown in
Figure 5(a). In order to extract the coupling efficiency of the
inter-layer grating coupler, it is necessary to measure the
coupling efficiency of grating 1 and grating 4 first.

The testing setup to measure grating 1 and grating 4 is
described in Refs. 19 and 20. The peak efficiencies for gra-
ting 1 and grating 4 were measured to be 18% (—7.4dB) and
44% (—3.6dB), respectively, as shown in Figures 5(b) and
5(c). Taking into account the mismatch between the electric
field distributions of power upward and optical fiber, the
measured coupling efficiencies agree well with the simulated
values.

Assuming negligible loss for linear tapers and connect-
ing waveguides, we extracted the coupling efficiency of
the inter-layer grating coupler by subtracting the coupling
efficiencies of grating 1 and grating 4 from the coupling

FIG. 4. (a) A cross-sectional SEM image
of the fabricated double-layer silicon
nanomembranes. (b) A SEM image of
the fabricated grating 2 before adhesive
bonding. (c¢) A cross-sectional SEM
image of the subwavelength nanostruc-
ture on the bottom layer showing SU-8
filling the etched holes.
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FIG. 5. (a) Measured coupling efficiency of all four gratings combined as shown in Fig. 1. (b) Measured coupling efficiency of grating 1. (c) Measured cou-

pling efficiency of grating 4.
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FIG. 6. (a) Simulated and measured coupling efficiencies of the inter-layer
grating coupler. (b) Experimental inter-layer grating coupler efficiency at
1560 nm wavelength with different AL value.

efficiency of all four gratings combined, as shown in
Figure 6(a). The peak efficiency for the inter-layer grating
coupler was measured to be 25% (—6.0dB) at 1560 nm
wavelength with a 3 dB bandwidth of 41 nm. The simulated
coupling efficiency is also shown in Figure 6(a). The peak
wavelength shift is possibly due to fabrication errors.
Comparing to the simulated result, the experimental result
shows a higher peak efficiency but a lower bandwidth
because of the local maxima and minima probably induced
by reflections between the two silicon nanomembranes.'®
We experimentally varied AL (as defined in Figures 1 and 2)
over several samples and measured their coupling efficien-
cies at the target wavelength of 1560 nm. The efficiency drop
is less than 1dB when AL=12.0 £0.1 um, as shown in
Figure 6(b), which means that the misalignment-induced ef-
ficiency drop can be controlled within 1dB with the EBL
system.

In conclusion, we presented a fabrication process flow
to fabricate double-layer, on-chip, single crystalline silicon
nanomembranes. We demonstrated simultaneous coupling to

Appl. Phys. Lett. 102, 211109 (2013)

separate photonic layers using subwavelength nanostructure
based intra-chip grating couplers. The peak coupling effi-
ciency to the bottom (top) layer is 18% (44%) at 1550 nm
operating wavelength with TE polarization. We also demon-
strated an on-chip subwavelength nanostructure based inter-
layer grating coupler with a peak efficiency of 25% at
1560 nm operating wavelength with TE polarization and a
3 dB bandwidth of 41 nm. This approach serves as a platform
for 3D photonic integration and 3D photonic devices, such
as optical phased arrays (OPAs). >
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