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Surface grating couplers are fundamental building blocks
for coupling the light between optical fibers and
integrated photonic devices. However, the operational
bandwidth of conventional grating couplers is
intrinsically limited by their wavelength-dependent
radiation angle. Only a few dual-band grating couplers
have been experimentally demonstrated, yet they exhibit
low coupling efficiencies and rely on complex fabrication
processes. Here we demonstrate for the first time, to the
best of our knowledge, the realization of an efficient dual-
band grating coupler fabricated using 193-nm deep-
ultraviolet lithography for 10 Gbit symmetric passive
optical networks. The footprint of the device is 17x10 pm?2.
We measured coupling efficiencies of -4.9 dB and -5.2 dB
with a 3-dB bandwidth of 27 nm and 56 nm at the
wavelengths of 1270 nm and 1577 nm, corresponding to
the upstream and downstream channels, respectively. ©
2020 Optical Society of America
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The silicon-on-insulator (SOI) platform leverages microelectronics
fabrication processes to achieve cost-effective mass-scale
production of high-performance photonic circuits [1]. However, the
tight modal confinement in SOI waveguides results in a large mode
size mismatch with standard single-mode optical fibers that
seriously hampers the efficiency of fiber-chip light coupling [2,3].
Surface grating couplers have been widely used for this purpose.

These couplers rely on diffractive structures that can be positioned
anywhere on the chip surface, allowing wafer-scale testing, and
circumventing the need for optical facet preparation. Compared to
edge couplers, surface grating couplers also provide an easier
alignment process along with more relaxed tolerances to
fabrication deviations [4]. Nevertheless, the operation of
conventional grating couplers relies on radiation of a single beam at
a given angle to couple the light between the chip and the optical
fiber, which generally limits operation to wavelength ranges on the
order of a few tens of nanometers. This restriction inherently arises
from the phase-matching condition relating radiation angle,
wavelength and refractive index [5,6]. While broadband grating
couplers can yield a bandwidth of ~100 - 150 nm [7,8], this is still
insufficient for emerging applications like next-generation passive
optical networks (PON) [9]. By way of illustration, 10 Gbit
symmetric PONs (XGS-PON) utilize upstream and downstream
channels that are 307 nm apart (4; = 1270nm and 4, =
1577 nm) [10]. Although these access network applications have
been successfully deployed using bulk optics components, silicon
photonics has been identified as an enabling technology to further
improve the performance in terms of bandwidth, power
consumption and cost [11-13]. Efficient fiber-chip couplers
operating at distinct wavelength bands are therefore key
components to combine or split different optical bands.

Dual-band grating couplers working as wavelength multiplexer
or demultiplexer (mux/demux) in the SOI platform were initially
proposed by Roelkens et al [14,15] and have since attracted
growing attention for coupling and splitting optical signals at
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Table 1. Experimental coupling efficiency (CE) and operating
wavelengths (1) of demonstrated dual-band grating couplers?

Refs. A CE1 Az CE: TE/TM
(m) (dB) (mm) (dB)
[15] 1300.0 -6.0 1520.0 -4.0 TE
[16] 1485.0 -6.5 1530.0 -6.0 TE
[21] 13100 82 15500 -71 TE&TM
[22] 1486.0 -7.4 1594.5 -7.0 TE
[22] 14815 -84 16615  -76 TE
[23] 1289.0 -7.3 1551.0 -8.2 TE
[25] 1560.0 -7.0 2255.0 -59 TE
[25] 1487.0 -6.9 2331.0 -5.7 TE
Thiswork  1270.0 -49 1577.0 -5.2 TE

aThe worst CE was considered in polarization-independent devices.

different wavelength bands. Leveraging this concept, and using an
index matching fluid to mitigate reflections, a 1D dual-band coupler
was demonstrated in [15] with coupling efficiencies better than -7
dB and -8 dB at 1310 nm and 1550 nm wavelengths, respectively. A
dual-wavelength 2D grating coupler with coupling efficiencies of -
6.5 dB and -6 dB at the wavelengths of 1490 nm and 1530 nm,
respectively, was also demonstrated [16]. Wavelength
demultiplexing couplers operating at normal incidence have been
reported using different design strategies, including inverse design
[17], gradient-based optimization algorithm [18] and finite-
difference time-domain (FDTD) methods [19]. The latter employs a
gold mirror formed underneath the structure to increase the
coupling efficiency, but this requires additional (not CMOS
compatible) steps during fabrication process. A novel
subwavelength engineered dual-band grating coupler was recently
proposed [20], exhibiting a calculated polarization-independent
behavior with coupling efficiencies near -4.5 dB. Finally, couplers
have also been developed that operate at different wavelength
bands but without multiplexing/demultiplexing the optical signals
[21-25]. Table 1 summarizes the performance of state-of-the-art
dual-band grating couplers that have been experimentally
demonstrated. Most of these devices have been fabricated using
electron beam lithography and not yet demonstrated with 193-nm
deep-ultraviolet (deep-UV) photolithography. Furthermore, some
of them imply increased complexity (e.g. using index matching fluid
[15] or requiring small feature sizes around 60 nm [22] and 80 nm
[25]), and no grating coupler has yet been reported operating
according to the ITU-PON wavelength roadmap [10]. Therefore, our
results open promising prospects for the implementation of
efficient and low-cost fiber-chip coupling interfaces for access
network applications.

In this Letter, we propose and experimentally demonstrate an
efficient dual-band grating coupler, which operates as a wavelength
mux/demux in the O and C+L telecom bands in compliance with the
XGS-PON wavelengths. The 1D grating section of our device is
engineered to achieve opposite radiation angles, and thus combine
or separate two optical signals at 4; = 1270 nm and 4, =
1577 nm wavelengths. Additionally, the material platform was
optimized as a tradeoff between the waveguide propagation loss
and the substrate reflectivity for higher coupler efficiency. The
fabrication of our device, with a minimum feature size of 225 nm,
was performed using 193-nm deep-UV process on 300-mm SOI
platform [26], compatible with large-volume production.

A 3D schematic representation of the coupler is shown in Fig.
1(a). We use an SOI platform with thicknesses of Ts; = 310 nm for
the Si waveguides and Ty = 720 nm for the buried oxide (BOX)

(@) g
=— A; =1270 nm nr
— A, = 1577 nm

Optical

/ fiber core

(b) na v A aan TE
i e W B

J’LZ

Fig. 1. (a) 3D schematic view of the dual-band fiber-chip grating coupler.
The two fields that propagate through the optical fiber core at 1; =
1270 nm (blue curve) and A, = 1577 nm (red curve) are coupled to
port P; and P,, respectively. (b) 2D side view of the grating coupler used
during the design process.
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layer. The complete device consists of two distinct parts: a taper-
based spot-size converter of length L, and a 1D diffraction grating
with a period A, duty cycle DC = a/A, and total length L. The
diffractive grating comprises unetched silicon strips (a) and
shallow-etched trenches (A — a) with an etch depth of T =
150 nm. A cleaved single mode optical fiber (SMF-28) is positioned
over the coupler with a tilt angle 6 with respect to the vertical axis.
The principle of operation of the coupler relies on the intrinsic
change of the radiation angle with the wavelength, according to the
grating equation [27]:

Nngg + pA/A = n,sin 6. ()

Here ngp is the effective index of the fundamental Floquet-Bloch
mode supported by the periodic structure, p is the diffraction order,
A is the operating wavelength, A is the grating period, n, is the
refractive index of the upper cladding (here, n, = 1), and @ is the
radiation angle. In demux configuration, the light of two different
wavelengths 1, = 1270 nm and A, = 1577 nm is coupled from
the SMF-28 fiber to the chip and separated into two different
waveguides, which is achieved by designing the grating to operate
with opposite radiation angles for the two wavelengths. The input
fields at ; = 1270 nm and A, = 1577 nm fulfill Eq. (1) with a
positive radiation angle 6 and a negative radiation angle —6,
respectively. Conversely, when the coupler operates as a
multiplexer, the two modes propagating in the opposite
waveguides are combined and simultaneously coupled into the
optical fiber. Figure 1(b) shows a side view schematic of the grating
coupler. Since the width of the grating coupler (W) is much larger
than the operating wavelength, the structure can be considered as
invariant in the x direction [27]. The device is designed for
transverse-electric (TE) polarization. The dual-wavelength band
operation of the 1D grating can be achieved by judiciously selecting
the values of A and DC so that the radiation angle at4; = 1270 nm
is the opposite of that at 1, = 1577 nm, ie. 6(4; = 1270) =
—6(1, = 1577).

In the first step of our design, we examined both the radiation
angle and the power radiated upward as a function of the grating
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Fig. 2. (a) Radiation angle and (b) fraction of power radiated upward as
a function of the grating period for different duty cycles, calculated at
Ay = 1270 nm (blue curves) and 1, = 1577 nm (red curves).
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Fig. 3. Calculated coupling efficiency as a function of the wavelength near
(@4, = 1270 nmand (b) A, = 1577 nm.

pitch and the duty cycle via 2D FDTD simulations (see Fig. 2). Figure
2(a) shows the absolute value of the radiation angle as a function of
grating period for different duty cycles. We choose a period of A =
500 nm and DC = 55%, yielding the same absolute value for
radiation angle for both wavelengths. In this case, the minimum
feature size of the shallow-etch trench is 225 nm, thereby ensuring
compatibility with 193-nm deep-UV optical lithography considered
for fabrication. The width and the length of the grating were set to
Wee =17 um and L = 10 pm, to maximize the overlap
between the fundamental mode of the SMF-28 fiber (near-Gaussian
distribution) and the radiated fields (exponential distribution). The
width mismatch between the interconnection waveguides (W)
and the grating coupler (W) requires a spot-size converter. For
this purpose, we selected linear adiabatic tapers with a length of
Ly = 500 pm to minimize the transition loss. Figure 3 shows the
calculated coupling efficiency of the coupler. The efficiency for the
design wavelengths of 4, = 1270 nm and 4, = 1577 nm is as
high as -4.28 dB and -2.71 dB, respectively. The simulated crosstalk
isbelow-31dBatA; = 1270 nm and-28dBatA, = 1577 nm.In
addition, the coupling efficiency spectra show a 3-dB bandwidth of
42 nm for the O-band channel, whereas the 3-dB bandwidth for the
C+L channel is 75 nm. Moreover, we calculate tolerances to
variations in the etch depth (T;) and the thickness of silicon (T;)
and BOX (T¢x) layers. The CE penalty is 0.74 dB for Tz + 10 nm,
0.53dB for Tg; + 10 nm, and 1.34 dB for T x + 200 nm. Finally,
simulations also show that a one-step antireflection stage [28] with
length of 150 nm, silicon width of 200 nm and gap width of 200 nm
is enough to reduce back-reflections of the proposed coupler below
3% for both 1270 nm and 1577 nm wavelengths.

The coupler was fabricated using STMicroelectronics’ silicon
photonics R&D and manufacturing platform based on 300-mm SOI
wafers [26]. The 310-nm-thick Silayer was patterned using 193-nm
deep-UV optical lithography based on a CMOS 55 nm process. A
two-step etch process was used to define shallow- and full-etch
trenches of the grating section and the strip waveguides. No
material was deposited as upper cladding, exposing devices to air.
Two different flavours with DC = 55% and DC = 50% were
included in the mask. The best performance was found for the
nominal design. Scanning electron microscope (SEM) images of the
fabricated nominal device are shown in Figs. 4(a) and 4(b).

The experimental characterization was performed on test
structures comprising a dual-band grating coupler connected to
two different focusing grating couplers, each optimized for either O-
band or C-band operation, as shown in Fig. 4(c). The grating
trenches of the focusing couplers are described by different ellipses
with common focal point between the interconnection waveguide
and the grating [29]. The focusing grating coupler operatingat 1, =
1270 nm is connected to port P; of our device, whereas the
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Fig. 4. (a) and (b) SEM images of the fabricated device. (c) Schematic of
the test structure employed for the experimental characterization.

focusing grating coupler operating at A; = 1577 nm was
connected to port P, (see Figs. 1(a) and 4(c)). Other auxiliary test
structures were also included, such as two identical focusing
couplers arranged in a back-to-back configuration for both O- and
C+Lbands. These allowed us to determine the coupling efficiency of
a single focusing grating coupler (CEg;) from the insertion loss
measurements (ILg,,) and the setup insertion loss (ILgetyp):
CErge = (ILgux — ILsetup)/Z. Note that Ly, refers to the
system loss for the light being transmitted through the setup in
absence of the chip (i.e. no light coupling to the chip). The devices
were characterized using two tunable lasers (Yenista T100S-HP-O
and T100S-HP-CL), which were connected by means of a passive
component tester Yenista CT400 to sweep the 1260 - 1300 nm and
the 1525 - 1630 nm wavelength ranges. The light was coupled to
the chip and collected from the chip using cleaved SMF-28 fibers.
First, measurements of the auxiliary structures were carried out to
find the optimum tilt angle of the optical fiber for the focusing
grating couplers and determine their coupling efficiencies.
Subsequently, the test structures were measured maintaining the
optimum tilt angle for the focusing grating couplers (~17° for the
coupler operating at O-band and ~7° for the coupler operating at
C+L-bands). An optimum angle of 6 =~ 21° was found for the
fabricated dual-band grating coupler, in good agreement
with our 2D FDTD simulations. The coupling efficiency of our
device was determined according to: CE ;41— pand cc = ILtest —
[Lgetyp — CEpge, where I, is the measured insertion loss of
the test structure, ILg,,,,, is the setup insertion loss, and CEg¢, is
the coupling efficiency of the corresponding focusing grating
coupler. Figures 5(a) and 5(b) show the coupling efficiencies of the
dual-band coupler. A coupling efficiency of -4.9 dB with a 3-dB
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Fig. 5. Extracted coupling efficiencies near (a) ; = 1270 nm and (b)
Ay = 1577 nm.

bandwidth of 27 nm is measured at the wavelength of 1; =
1270 nm, limited at the lower bound by the wavelength range of
our laser. Conversely, for 4, = 1577 nm, the coupling efficiency is
as large as -5.2 dB with a 3-dB bandwidth of 56 nm. Peak coupling
efficiencies of -4.3 dB and -4.6 dB were measured at the
wavelengths of 1280 nm and 1600 nm, respectively. It should be
noted that crosstalk is difficult to measure using this test structure
due to the high rejection of the focusing grating couplers on the non-
optimized bands. Ripples observed in CE measurements are due to
back-reflections in the test structure. Although the contribution of
our device and the focusing grating couplers to this ripple cannot be
accurately separated from experimental data, larger ripples are
expected in the C+L band, as the corresponding focusing grating
coupler operates near the Bragg condition, with a comparatively
small coupling angle of ~7°. Nevertheless, our results compare
favorably to state-of-the-art dual-band couplers (see Table 1).

In summary, we report on the demonstration of a dual-band
grating coupler implemented with 193-nm deep-UV lithography.
The device relies on the engineering of the 1D diffractive grating to
achieve opposite radiation angles, and therefore spatially separate
two wavelength bands. 2D FDTD simulations show that dual-band
operation is achieved with a minimal trade-off between coupling
efficiency, radiation angle and fabricable design parameters. The
device was fabricated using industrial-scale 300 mm silicon
photonics platform. The fabricated devices show some of the
highest coupling efficiencies compared to state-of-the-art dual-
band grating couplers. Specifically, fiber-chip coupling efficiencies of
-4.3 dBand -4.6 dB were achieved near the wavelengths of 1280 nm
and 1600 nm. At XGS-PON wavelengths, the measured coupling
efficiencies were -49 dB (4; = 1270 nm) and -5.2 dB (4, =
1577 nm) with a 3-dB bandwidth of 27 nm and 56 nm,
respectively. The performance of the coupler could be further
enhanced with apodization and also possibly achieve dual-
polarization operation with the introduction of transversal
subwavelength gratings [3,20]. These results prove the
compatibility of our dual-band grating coupler with large-volume
fabrication, paving the way towards a cost-effective deployment of
efficient fiber-chip interfaces operating simultaneously in different
spectral band, including applications in XGS-PON networks.
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