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Abstract—Surface grating couplers are diffractive periodic
structures that enable efficient coupling of light between optical
fibers and planar waveguides. Conventional grating couplers have
polarization specific and limited wavelength operation, because of
the intrinsic radiation angle dependency on both wavelength and
polarization. In this Letter, we propose, to the best of our
knowledge, the first polarization-independent surface fiber-chip
grating coupler, behaving as a wavelength splitter for the O and C
communication bands. Polarization insensitivity is achieved by
subwavelength segmentation of the silicon gratings, together with
a novel design to allow the dual wavelengths to propagate along
two opposite directions in the chip. For the TE and TM
polarizations, coupling efficiencies around -4.5 dB are achieved at
both 1310 nm and 1550 nm, with an average 1-dB bandwidth of
~45 nm and ~60 nm, respectively. This grating coupler concept can
be used as a part of transceivers to increase the data rate of
wavelength-division-multiplexing (WDM) systems for fiber-to-
the-home (FTTH) network services.

Index Terms—Grating coupler, dual-band, polarization
independent, wavelength-division-multiplexing

. INTRODUCTION

ILICON photonics has emerged as one of the most popular

research areas in integrated optics because of silicon’s low
cost and CMOS compatibility, and its natural oxidation process
[1]. The high index contrast of the silicon-on-insulator (SOI)
platform enables strong light confinement within the waveguide
cores and leads to very compact devices, whose cross-section is
much smaller than the diameter of conventional single-mode
optical fibers. Surface grating couplers are key components to
efficiently couple light from the chip to the optical fiber and
vice versa. Unfortunately, conventional grating couplers have
narrow spectral bandwidths and high polarization sensitivity
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Fig. 1. (a) 3D schematic of the proposed dual-band polarization-independent
grating coupler operating as a wavelength demultiplexer, with 1550-nm- and
1310-nm-wavelength light coupled out to the left and right ports, respectively.
The actual grating will have a higher number of periods to efficiently radiate
most of the power upward. The optical fiber is positioned on top of the grating
with an off-vertical inclination angle 6. (b) Side view of a grating period. (c)
Top view of a grating period.

due to the intrinsic dependency of the radiation angle with the
wavelength and polarization [2]. In addition to fiber-chip
coupling, surface grating couplers have been utilized as
wavelength, polarization and power splitters [3-9]. Broadband
and polarization-independent grating couplers have been
designed to accommodate for the increasing communication
speeds [10-12]. With a growing demand for wavelength-
division-multiplexing (WDM) systems for the fiber-to-the-
home (FTTH) network services, low-cost dual-band (O- and C-
bands) transceivers are required, where dual-band grating
couplers are one of the key elements to simplify the light
coupling between the optical fibers and chips. Most dual-band
designs work as wavelength multiplexer or demultiplexers [8,
12-15], with single-polarized light from two spectral bands
being split into two waveguides to transmit in different
directions. Alternatively, bi-wavelengths of different or same
polarization have also been demonstrated to couple into the
same direction [16-19]. Optimized devices based on inverse
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Fig. 2. (a) Schematic representation of the grating structure used to achieve

polarization insensitivity (lateral view)—first step of the design process. (b)

Design steps to achieve dual-band-wavelength splitting while maintaining

polarization insensitivity (lateral view)— shallow etch selection, hs; and

optimization of Acto Ay’

design and two-stage gradient-based optimization algorithms
were reported [9, 13]; however, either moderate coupling
efficiencies around -6 dB [12-17] or single-band operation [18,
19] performance was observed.

In this Letter, we propose a novel surface grating coupler that
can operate, for the first time to the best of our knowledge, as a
polarization-independent wavelength splitter (at 1310-nm and
1550-nm wavelengths). The input light of two wavelengths is
coupled into the chip simultaneously from a single optical fiber,
and is split and coupled out to two opposite output ports (see
Fig. 1). Specifically, the polarization insensitivity and the
wavelength splitting properties are achieved simultaneously by
leveraging the index engineering of subwavelength
metamaterials on a 360-nm-thick SOI platform. The presented
work can pave the way toward more advanced WDM/FTTH
systems by further increasing data rates and data capacities.

Il. DESIGN

Figure 1 illustrates a schematic of the proposed polarization-
independent wavelength-splitting grating coupler. The device is
designed on an SOl wafer with an upper silicon layer of
thickness h and a buried oxide layer (BOX) of thickness hgox.
The structure comprises a periodic waveguide of length L =
Nu4x and width W = NyA, (W >> h), where Ay and Ay are the
period lengths or pitches in the x and y directions, respectively;
and Nyand Ny are the corresponding numbers of periods. Each
period in the propagation direction consists of a fully etched
transverse subwavelength grating (SWG) region of length Ax(1-
ffy) and a uniform shallow-etched silicon section of thickness
hse and length Axffy, as shown in Fig. 1(b). The width of each
silicon segment in the SWG section is given by the period Ay
and the fill factor ffy as depicted in Fig. 1(c). A silicon dioxide
layer, not shown in the figure, is deposited on the top of the
entire device to ensure structure integrity. Light beams at
wavelengths of 1310 nm and 1550 nm are coupled from the
optical fiber to the grating coupler, and are split into the right
and left ports of the grating coupler, respectively. 500-um-long
linear adiabatic tapers were used to squeeze light efficiently
from the grating to the interconnecting waveguides in the chip.

Radiation in conventional grating couplers is governed by the
momentum conservation equation [20]:

H:Sinl(n—B+m 2 j 1)
nC nCAX

where @ is the radiation angle (6 = 6 for 1310 nm and 6 = -6
for 1550 nm in Fig. 1(a)), ns is the effective index of the
fundamental Bloch—Floquet mode supported by the grating, nc
is the refractive index of the cladding material (~ 1.44), mis an
integer called “diffraction order’ (whose value is typically -1
[20]), 4 is the operating wavelength and Ay is the period along
the propagation direction. As the radiation angle depends
strongly on the wavelength, conventional grating couplers
cannot couple light from a fixed optical fiber into the chip with
a broad bandwidth and therefore cannot operate efficiently in
two different spectral bands. Similarly, because the Bloch—
Floguet effective index for the TE mode is typically higher than
that for the TM mode since the width W is much larger than the
height h, conventional grating couplers couple light at a
different angle for each polarization.

To overcome the wavelength and polarization intrinsic
limitations of conventional surface grating couplers, we follow
a three-step design strategy. Firstly, using the geometry in Fig.
2(a), polarization insensitivity is studied for each central
wavelength by analyzing the thickness h, the fill factor of the
grating in the propagation direction, ffy, and the fill factor of the
SWG region, ff,. The engineering of refractive-index,
dispersion, polarization and anisotropy can be effectively
achieved in SWGs [21, 22]. In particular, SWG structures can
make the effective indices of the TE and TM fundamental
Bloch—Floquet modes in the grating coincide at a given
wavelength Ao [10], such that

GTE (ﬂ-o) = 9TM (ﬁo)’ (2)

where 6re and Orv are the radiation angles associated to the TE

and TM polarizations, respectively. Secondly, the shallow-

etched structure is obtained by selecting hse, as illustrated in Fig.

2(b), to engineer the effective indices at Ao = 1310 nm and Ao =

1550 nm, and to ensure that Eq. (2) is met at both wavelengths

for a range of fill factors that are feasible for fabrication.
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Fig. 3. (a) Estimated effective index versus x-axis fill factor. Other parameters:
h = he = 220 nm, ff,= 0.35. The cross points between the curves at each
wavelength (marked with red circles) show the x-axis fill factors that yield
polarization insensitivity. (b) Estimated x-axis and y-axis fill factors that
achieve polarization insensitivity for thickness h = hg, = 220 nm, 360 nm and
500 nm. (c) Estimated x-axis and y-axis fill factors that achieve polarization
insensitivity for thicknesses hg = 80 nm and h = 220 nm, 360 nm and 500 nm.
(d) Radiation angle (absolute value) as a function of the period 4, for TE and
TM polarizations.
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Finally, the period 4y is chosen and dimensions are refined via
simulation to achieve

6(A1 =1310 nm) = —-0(A =1550 nm) 3)

while maintaining the polarization independence in Eq. (2).
Equation (3) guarantees that light from an optical fiber with a
fixed tilt angle 6 = (A = 1310 nm) is coupled out to two
opposite output waveguides, thereby enabling wavelength
splitting.

As a first approximation, we analytically investigate the
refractive index engineering of the SWG section, for the TE and
TM polarizations, by using the second-order Effective Medium
Theory (EMT), as shown in [10]. Then, we estimate the
Bloch—-Floquet effective index by

ng =n,ff, +n (1-ff,), (4)

where ny and n. denote the effective indices of the shallow-
etched and SWG sections of the grating, respectively. Fig. 3(a)
shows the calculated effective indices when ffy = 0.35 and h =
220 nm at 1310-nm and 1550-nm wavelengths for TE and TM
polarizations. A pitch Ay of 300 nm was chosen to ensure that
the transverse periodic structure operates in the deep SWG
regime with a minimum feature size greater than 100 nm. At
each wavelength, the average effective index of the
fundamental TE mode matches that of the TM mode for the
specific x-axis fill factor, which corresponds to the cross point
marked with a red circle in Fig. 3(a). Thus, for every ffy, an ffy
value might exist that satisfies Eq. (2), which is represented in
Fig. 3(b) for three different silicon thicknesses: h = 220 nm, h
=360 nm and h =500 nm.

Clearly, regardless of the thickness h of the silicon layer and
the pairs (ffy, ffy), it is impossible to achieve polarization
insensitivity for both 1310-nm and 1550-nm wavelengths at the
same time. We then introduce an additional degree of freedom
(hse), by allowing a shallow-etched (non-SWG) region of the
grating, as shown in Fig. 2(b). With the shallow-etched
segments, the difference in effective index between TE and TM
modes can be successfully engineered to fulfill Eq. (2) for both
A0 = 1310 nm and Ao = 1550 nm. As shown in Fig. 3(c), for hee
= 80 nm, h > 220 nm is required to realize polarization
insensitivity at both central wavelengths. In order to choose the
thicknesses of the fully and shallow-etched regions, two criteria
are taken into consideration: (1) extreme fill factors might not
be feasible in fabrication (e.g., for a chosen Ay of 300 nm, y-axis
fill factors greater than 0.8 would imply a minimum feature size
that is smaller than 60 nm, which is not suitable in typical deep-
UV fabrication processes [23]); (2) thick silicon layers should
be avoided to prevent multimode operation. Taking these
conditions into account, a silicon thicknesses of 360 nm is
selected in this preliminary design stage.

Finally, we utilize the grating equation Eqg. (1) to find the
period Ay that satisfies Eq. (3). The absolute value of the
calculated radiation angle for both wavelengths is plotted as a
function of Ay in Fig. 3(d), by forcing m = -1 as normally used
in conventional grating couplers. The cross point between both
curves, at 8 = 9.6°, determines the optimal period that achieves

wavelength splitting, 4x = 708 nm, while maintaining
polarization insensitivity.

I11.  SIMULATION AND TOLERANCE ANALYSIS

We carried out three-dimensional finite-difference time-
domain (3D FDTD) simulations using Lumerical FDTD to
refine the dimensions previously estimated in the design stage
[24]. An optical fiber was positioned over the grating with a tilt
angle of 9°, from which a Gaussian field was launched for TE
and TM polarizations, injecting wavelengths ranging from 1275
nm to 1335 nm in the C-band and 1510 nm to 1595 nm in the
O-band. We calculate the amount of power coupled into their
fundamental modes at each output waveguide. In order to run
3D simulations, the width of the grating coupler was scanned,
revealing that the overlap between the radiated field and the
fundamental mode of an SMF-28 optical fiber (mode field
diameter of ~10 um) is virtually independent of the width in the
range 11-15 um at both operating wavelengths. A final value
of 13.2 um (44 transverse periods) was chosen. The dimensions
of the optimized device are summarized in Table I.

TABLEI
STRUCTURAL PARAMETERS OF THE OPTIMIZED DEVICE
AXis A (nm) # Periods Fill factor
x/y 735 /300 13/44 0.385/0.56
h (nm) hse (Nm) Heox (Um) 0 (9
360 80 2 9

The simulated coupling efficiencies (i.e., amount of power
coupled to the correct port) and crosstalks (i.e., amount of
power coupled out to the opposite port) for each polarization
and spectral band are shown in Fig. 4, where 1-dB bandwidths
(BW1.gg) are labeled. For all peak wavelengths (4 ~ 1310 nm
and 4 ~ 1550 nm) and polarizations (TE and TM), a coupling
efficiency around -4.5 dB (~35%) is predicted, as well as a
crosstalk of less than -20 dB (1%). The FDTD-simulated
performance metrics are extracted and summarized in Table II.
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Fig. 4. Simulated coupling efficiency and crosstalk as a function of the
wavelength for (a) O-band [TE], (b) C-band [TE], (c) O-band [TM] and (d) C-
band [TM1.

TABLEII
SIMULATED COUPLING EFFICIENCY AND 1-DB BANDWIDTH
Wavelength, Coupling 1-dB
polarization Efficiency bandwidth
C-band, TE/TM | -4.3dB/-49dB 54 nm /65 nm
O-band, TE/TM | -4.3dB/-4.5dB 38 nm /53 nm
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Fig. 5. Tolerance analysis of the designed device. (a) Central wavelength and

(b) coupling efficiency deviation as a function of errors in the shallow-etched

depth. (c) Central wavelength and (d) coupling efficiency deviation as a

Two steps are required to fabricate the proposed grating
coupler: to define fully etched SWG sections and to shallow-
etch the silicon sections. In Fig. 5, we study the influence of
fabrication deviations in the etch depth (Ahs) and the size of
grating teeth (AAxffx and AA,ffy simultaneously) with respect to
the nominal values, using 3D FDTD. Fabrication errors lead to
a maximum wavelength shift Adg of £35 nm with respect to the
central operating wavelengths of the grating couplers [Figs. 5(a)
and 5(c)], while the degradation of the coupling efficiency
(JACE]) is less than 0.52 dB (~4.2%) in all cases. As expected,
mask misalignments of £20 nm have a higher influence on the
device’s performance [25], with an additional overall
degradation in the coupling efficiency of around 1.7 dB.

IV. CONCLUSION

In this Letter, a novel polarization-independent wavelength-
splitting surface grating coupler concept on a 360-nm-thick
silicon-on-insulator platform for the O and C communication
bands has been presented. Coupling efficiencies around -4.5 dB
(~35%) and 1-dB bandwidths around 50 nm are achieved for
both bands and polarizations. A detailed fabrication tolerance
analysis was included to demonstrate the performance impact
due to fabrication variations. The reported results show that
polarization independency and wavelength demultiplexing can
be achieved simultaneously in SOI. Further research to
accomplish the practical application of the proposed grating
couplers could involve the utilization of more complex SWG
structures in standard SOI platforms. We believe this work
benefits the development of wavelength-division-multiplexing
systems with multiple channels for fiber-to-the-home services
and open new venues for the investigation of advanced grating
coupling schemes.
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