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Abstract: The availability of low-loss optical interfaces to couple light between standard
optical fibers and high-index-contrast silicon waveguides is essential for the development of
chip-integrated nanophotonics. Input and output couplers based on diffraction gratings are
attractive coupling solutions. Advanced grating coupler designs, with Bragg or metal mirror
underneath, low- and high-index overlays, and multi-level or multi-layer layouts, have proven
less useful due to customized or complex fabrication, however. In this work, we propose a
rather simpler in design of efficient off-chip fiber couplers that provide a simulated efficiency
up to 95% (—0.25 dB) at a wavelength of 1.55 um. These grating couplers are formed with an
L-shaped waveguide profile and synthesized subwavelength grating metamaterials. This
concept jointly provides sufficient degrees of freedom to simultaneously control the grating
directionality and out-radiated field profile of the grating mode. The proposed chip-to-fiber
couplers promote robust sub-decibel coupling of light, yet contain device dimensions (> 120
nm) compatible with standard lithographic technologies presently available in silicon
nanophotonic foundries. Fabrication imperfections are also investigated. Dimensional offsets
of £ 15 nm in shallow-etch depth and + 10 nm in linewidth’s and mask misalignments are
tolerated for a 1-dB loss penalty. The proposed concept is meant to be universal, which is an
essential prerequisite for developing reliable and low-cost optical couplers. We foresee that
the work on L-shaped grating couplers with sub-decibel coupling efficiencies could also be a
valuable direction for silicon chip interfacing in integrated nanophotonics.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Silicon-on-insulator (SOI) has become a prominent material platform that has proved useful
for monolithic nanophotonic integration. Using silicon (Si) as a waveguide core enables the
realization of compact components with unique prospects in chip complexity, integration
density, and manufacturing volumes [1-8].

However, scaling device size towards sub-micrometer dimensions complicates optical
chip interfacing, particularly due to the largely disparate mode dimensions of Si waveguides
and standard single-mode optical fibers [9—13]. This imposes a serious hurdle for high-speed
interconnects, communication links and hubs, as well as quantum information sciences,
among others. The presence of efficient input and output optical interfaces drives the
development in SOI nanophotonics and also remains a very active area of research [11-13],
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where optical couplers based on inverse tapers [14—20] and diffraction gratings [21-57] are
routinely adopted solutions.

Edge couplers [14-20], with a high coupling efficiency and low polarization sensitivity
are favorable for wideband applications, although they significant require post-fabrication
treatment. Wafer dicing, high-quality facet preparation, and high-resolution optical alignment
are drawbacks of facet couplers, making them less-suited for on-wafer testing. Surface grating
couplers [21-57], on the other hand, are narrowband and polarization selective devices. They
afford a number of distinctive advantages, which strongly facilitate both integration [21,22]
and packaging [23,24]. This includes flexible placement on the chip surface and rapid circuits
testing using automated wafer-scale accessories. Moreover, the out-of-plane couplers are
typically more forgiving to alignment variation in fiber attachments.

Extensive research on grating coupler designs has been reported over recent years.
Generally, there are two factors that combine together to hamper overall fiber-to-chip
coupling: the fiber-grating field profile mismatch and the light leakage towards bottom Si
substrate [11-13]. The former is overcome by grating coupler apodization, while the latter
typically require more complex design interventions. To prevent the light leakage towards Si
substrate, the thin-film interference at the interface between the buried oxide (BOX) and the
Si substrate can be exploited. In particular, substantially improved coupling efficiency has
been achieved by forming bottom mirrors embedded at the chip backside via Bragg
[21,23,34-36] or metal mirrors [37-40], respectively. However, local BOX thinning, backside
wafer processing, or flip-chip bonding introduce additional complexity in fabrication and
increase the production cost. Alternatively, the efficiency can also be improved by breaking
the vertical device symmetry [41-57]. The out-of-plane asymmetry favors improved coupling
in a desired direction (typically towards optical fiber situated above the chip), while
minimizing the light radiation into the Si substrate. Different approaches have been devised,
including low- and high-index overlays [41-44], multi-layer, and multi-level grating
architectures [45-50]. Although low-loss fiber-to-chip couplers have been reported, such
designs typically require either customized SOI substrates or intended process steps, which
however, differ considerably from recent standards in open-access platform offerings through
foundry sharing initiatives [7,8].

Most recently, we have proposed and experimentally demonstrated efficient grating
couplers that exploit the unique blazing effect by using only dual-etch fabrication process
[51,52]. Here, the radiation performance is controlled through a set of asymmetric scatterers
that yield constructive (destructive) interference in the upwards (downwards) direction.
Surface grating couplers with interleaved [51-53] and L-shaped [54-57] waveguide
geometries have been reported, both showing a broader potential for efficient fiber-to-chip
coupling. Moreover, blazed dual-etch grating couplers are easy to design and can also be
exploited in different waveguide platforms [56,57]. Despite advances achieved recently, as far
as we are aware, surface grating couplers with a robust sub-decibel performance and device
layouts compatible with industrial-scale manufacturing have yet to be developed. Here, we
propose off-chip fiber couplers that meet such challenges and could present a valuable route
for Si chip interfacing with zero changes to the existing manufacturing flow.

2. Grating coupler optimization

Schematic views of the proposed chip-to-fiber grating coupler are shown in Fig. 1. The
coupler design is implemented on SOI platform with 300-nm Si (%), 720-nm BOX, and a
silicon dioxide (SiO,) as a surrounding medium. The refractive index of Si and SiO, is 3.476
and 1.444, respectively. The grating coupler is based on L-shaped geometry with full (&, =
300 nm) and shallow (%, = 150 nm) etch trenches. The diffraction structure is defined via the
grating period (4) with deep- and partial-etch trenches (with lengths /4y and /), and a non-
etched Si slab (with length /,). Fiber-to-chip grating couplers are designed for transverse
electric (TE) polarization and operation at 1.55 pm wavelength. For device design and entire
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optimization, we used tools based on Finite Difference Time Domain (FDTD) [58] and
Fourier-based Eigenmode Expansion (F-EEM) [59] methods. Since grating couplers are
wider than thicker (W, = 15 um >> h,, = 300 nm, in particular), they can be effectively
modeled in two-dimensions (2-D). Yet results provide very good agreement with rigorous
three-dimensional (3-D) calculations [52,54].

a,l a,i
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Fig. 1. (a) Three-dimensional (3-D) and de-coupled two-dimensional (2-D) (b) side and (c) top
view schematics of the proposed fiber-to-chip grating coupler with an L-shaped waveguide
profile and engineered subwavelength grating (SWG) metamaterials embedded within the
etched trenches.

The proposed grating coupler consists of an apodized and a uniform section. As shown in
Fig. 1, the apodized region comprises full- and shallow-etch trenches with a synthesized
subwavelength grating (SWGQG) metamaterial, followed by a uniform coupler region (deep and
shallow trenches are filled by a superstrate medium). This way, the grating directionality and
the grating strength can be controlled simultaneously. The overall grating structure (/) used
in numerical optimization can be expressed as:

NP,
l,=> A, +NP A, )

i=1

Here, NP, and NP, are numbers of periods within the apodized and the uniform coupler
section (NP = NP, + NP,), respectively. Here, NP is total number of grating periods, which is
fixed to 30. 4,; and A, are local grating periods for apodized and uniform section,
respectively, and i is the integer number that corresponds to the apodized period.

The grating directionality, defined as the ratio between the optical power diffracted
towards optical fiber and the power radiated into the Si substrate, strongly depends on the
lengths of deep-etch (/3) and shallow-etch (/) trenches as well as on a non-etched Si slab (/).
The grating strength is altered with equivalent metamaterials that vary gradually along the
axis of light propagation (here, z-axis) to achieve a field matching between profiles of the
diffracted grating mode and the near-Gaussian mode of the standard single-mode optical
fiber. The mode field diameter of 10.4 um is assumed, defined at 1/¢ intensity drop and a
wavelength of 1.55 pm. Synthesized metamaterials comprising periodic arrangements of Si
segments also called sub-wavelength gratings (SWGs), are nanophotonic structures with
dimensions on a scale near or below the wavelength of light propagating through it, thereby
preventing Bragg resonances and frustrating all diffraction orders, except the zero-th order
[60]. These non-resonant metamaterials are implemented perpendicularly to the direction of
light propagation (along the x-axis, see Figs. 1(a) and 1(c)). The refractive index of equivalent
metamaterials is determined as an intermediate refractive index between that of alternating
segments of core (Si) and surrounding (SiO,) materials. By controlling widths of etched (w.)
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and non-etched (w,) holes within a SWG period (4x = w, + w,, A, = 450 nm) of the non-
resonant periodic structure, various refractive indexes can be synthesized [26-30]. In this
design, the outstanding radiation performance of L-shaped grating coupler is virtually de-
coupled from the adjustment of the coupling strength. Yet, such a device arrangement
provides sufficient degrees of freedom to tailor the amplitude and the phase of radiated fields,
thereby controlling the overall coupling performance.

The grating coupler performance (that is coupling loss, #) is calculated as follows:

n[dB]=10-log,, (1-R)-(D)-(FM)) 2)

Here, R is the reflectivity, D is the directionality, and FM is the field matching between the
grating field and the optical fiber mode.
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Fig. 2. 2-D mapping of the grating directionality as a function of the unetched Si slabs and the
shallow-etch trenches for different lengths of the deep-etch trenches: (a) ; = 50 nm and (b) [y =
150 nm. (c) Grating directionality / grating reflectivity and (d) coupling strength as a function
of the width of the etched lateral SWG holes. Inset of (c) synthesis of SWG metamaterials.

Figures 2(a) and 2(b) show the 2-D maps of the directionality for an uniform grating
coupler as a function of longitudinal parameters (lengths of the shallow-etch grating trenches
(l) and the unetched grating teeth (/) for two different lengths of the deep-etch grating
trenches (/;) of 50 nm and 150 nm). The calculations suggest that a directionality close to
100% is achieved for a wide range of grating geometries. As a reference, the uniform grating
coupler has the following parameters: /; = 120 nm, /; = 290 nm, and /, = 300 nm, 4, = 710
nm, and the total number of grating periods (NP) is 30. Such grating coupler dimensions
provide a good trade-off between the grating directionality and minimum feature size
requirements, as well as are consistent with our previous work [54]. The nominal radiation
angle (@) is 17°. The coupling strength is estimated to be 0.047 um™, resulting in an
exponentially decaying field profile that yields fiber-grating mode matching efficiency of
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76%. The 3-D FDTD calculations predict coupling loss of —2.1 dB at 1.55 um, with a
directionality of 98% and a large return losses in excess of 16% (-8 dB).

Figures 2(c) and 2(d) show the evolution of the grating directionality, the grating
reflectivity, and the grating strength as a function of the width of the etched lateral holes (w.).
Throughout the grating coupler optimization, lengths of deep-etch (/4) and shallow-etch (/)
trenches are fixed to 120 nm and 290 nm, respectively, while dimensions of unetched Si slabs
(l,;) are varied according to the phase-matching condition. In the case of an apodized L-
shaped grating coupler with synthesized metamaterials, the following condition holds:

k-A

[, =——(/,+! 3
h nhf,i_nc'Sin(@i) tiri) ®

where, k is the grating diffraction order (k = /), 1 is the operating wavelength, ny; is the
effective index of the Bloch-Floquet mode in the grating region, and . is the refractive index
of the cladding. The local grating period (4; = [y + 5 + [,;) is chirped to maintain a linear
phase of the radiated grating field and a constant radiation angle (© = 17°) along the coupler.
Apodization of L-shaped grating couplers using synthesized SWG metamaterials allows to
judiciously conform amplitude and phase properties of radiated grating fields, which in turn,
enables full control over the grating coupler performance. More specifically, as observed in
Fig. 2(c), the directionality of the L-shaped waveguide coupler remains large enough (here, >
88%) for a wide range of lateral SWG geometries, i.e. over a wide span of synthesized SWG
metamaterials. Moreover, at the same time, the grating return loss is markedly reduced as a
result of the lowered index mismatch at the junction between the input Si waveguide and the
grating coupler region. On the other hand, as shown in Fig. 2(d), the coupling strength of the
L-shaped grating coupler indicates a steep evolution as the minimum feature size of the
etched holes increases, i.e. the refractive index of the synthesized SWG metamaterial
decreases, which in turn, increases the grating strength. This allows gradual variation of the
coupling strength along the length of the grating coupler.
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Fig. 3. Relation between the transversal and the longitudinal parameters of the proposed L-
shaped grating couplers with index-engineered SWG metamaterials.

Figure 3 shows the relation between the transversal grating dimension (w.), the
synthesized metamaterial index (nswg), and the longitudinal grating dimension (/,). This inter-
dependent relation between transversal and longitudinal parameters serves as a look-up table
to provide the exact dimensions of the grating coupler, which when combined together with
Egs. (1) and (3) are steps used in the grating coupler optimization.

3. Optimization results

L-shaped grating couplers with engineered SWG metamaterials can provide a high coupling
efficiency to a standard single-mode optical fibers. Figure 4(a) summarizes the calculated



Research Article Vol. 27, No. 18 | 2 Sep 2019 | OPTICS EXPRESS 26244 I
Optics EXPRESS . 1

coupling loss between an integrated Si waveguide coupler and an optical fiber. The 2-D
mapping of coupling loss, its peak value, is calculated at a nominal wavelength of 1.55 um as
a function of the number of apodized grating periods (NVP,) and the width of the etched SWG
holes (w.), as the later dimensions are of critical interest in practice.
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Fig. 4. (a) 2-D mapping of the fiber-to-chip coupling loss as a function of the number of
apodized grating periods and the width of the etched SWG hole. Coupling loss versus the
width of the etched SWG hole for different number of apodized grating periods: (b) NP, = 5,
(c) NP, = 10, (d) NP, = 15, and (e) NP, = 20. In panels (b) to (e), the horizontal line (solid
black) represents a 1-dB loss threshold in fiber-to-chip coupling, while two vertical lines (solid
red and blue) denote minimum feature size that can be fabricated by using state-of-the-art
patterning technologies (immersion {A} and deep-ultraviolet {B} optical lithography’s) used
in Si nanophotonic foundries.

It is observed that a wide set of grating coupler designs can be chosen, with a coupling
loss below 1 dB. For instance, a grating coupler design with only one apodized period already
predicts coupling loss of 1 dB for a minimum feature size in excess of 160 nm. As compared
to a reference grating coupler design (uniform grating coupler without a synthesized
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metamaterial) with coupling loss of —2.1 dB, the grating coupler apodization improves the
overall device performance by 1 dB.

Detailed inspection of the fiber-to-chip coupling loss for the proposed L-shaped grating
couplers is shown in Figs. 4(b) — 4(e). Here, the coupling loss as a function of the width of the
etched SWG hole are plotted, with a horizontal line (solid black) for a 1-dB threshold and two
vertical lines (solid red and blue, respectively). Two vertical lines correspond to minimum
critical dimensions of established lithographic technologies available in nanophotonic
foundries. Specifically, minimum feature size of 50-nm for electron-beam (e-beam) [61] and
high-end immersion lithography [8], while lowest dimension of 100-nm for 193-nm deep-
ultraviolet (deep-UV) optical lithography [54,62], are considered. Indeed, with a continual
improvement in lithographic technologies, 193-nm deep-UV’s with sub-100-nm resolution,
80-nm in particular, are also accessible in Si-foundry-compatible nanophotonic platforms
[3,21,22].

As shown in Fig. 4(b), an L-shaped grating coupler with a 5 apodized periods provides a
peak fiber-to-chip coupling at a critical dimension of 80 nm, with a corresponding loss of
—0.45 dB. This is also associated with an exceptionally low coupling loss penalty of only
~0.35 dB for an ultra-wide range of minimum feature size, spanning from 50 nm up to 200
nm. Furthermore, the increase of the number of apodized grating periods improves the peak
coupling loss up to —0.25 dB (95% of coupling efficiency) for a 50-nm minimum feature size
(see Fig. 4(c)). It is also observed that grating coupler designs with a larger number of
apodized periods (see Figs. 4(d) and 4(e)) shift the peak coupling loss below the limit of
critical dimensions that are considered in this work (< 50 nm). Moreover, for grating coupler
designs with a large number of apodized periods, the range of critical dimensions, for which
the robust sub-decibel coupling of light can be obtained is continually reduced. The drop in
fiber-chip coupling loss is more pronounced for a larger number of apodized periods and
larger features of the lateral SWG holes. As the grating directionality remains exceptionally
high, in a range of 95% to 99% in particular, the reduction in coupling loss is attributed to the
increased coupling strength of the waveguide grating coupler, which in turn, yields a non-
optimal mode matching between the radiated grating field and the Gaussian-like fiber mode.
Nevertheless, according to our calculations, a robust 1-dB threshold is reached at critical
device features of about 190 nm, 150 nm, and 120 nm for optimized grating coupler designs
comprising 10, 15, and 20 apodized periods, respectively. The presented grating coupler
designs are well-suited to maintain sub-decibel coupling losses for substantially relaxed
critical dimensions (> 120 nm). The fact that L-shaped grating couplers can be made with
such feature sizes is also a promising prospect for ever-improving fabrication process fidelity.
These resolutions correspond to lithographic technologies used by established fabrication
nodes in CMOS pilot lines and foundries [8].
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Fig. 5. Grating reflectivity as a function of the width of the etched SWG hole for different
number of apodized grating periods. Two vertical lines (solid red and blue) denote minimum
feature criteria for immersion {A} and deep-ultraviolet {B} lithographies.



Research Article Vol. 27, No. 18 | 2 Sep 2019 | OPTICS EXPRESS 26246

Optics EXPRESS

The grating reflectivity as a function of the width of the etched lateral hole is shown in
Fig. 5. Calculations are carried out for different coupler designs with various number of
apodized periods (NP, = 5, 10, 15, and 20). The reflectivity of couplers is typically below —20
dB for minimum feature size of 100 nm, near a design wavelength of 1.55 pm. Indeed, it is
observed that the grating reflectivity strongly depends on the critical dimensions. As the
minimum feature size decreases, the reflectivity is reduced, and vice versa. Small device
features yield high refractive index of the synthesized SWG metamaterials in deep- and
shallow-etch grating trenches, which in turn, improves the mismatch between effective
indexes of the injection waveguide mode and Bloch-Floquet mode of the apodized grating
coupler. The grating couplers with very low reflectivity (down to —37 dB) require critical
dimensions that are below the considered fabrication limit (< 50 nm).
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Fig. 6. Coupling loss as a function of the wavelength for different critical dimensions and
various number of apodized grating periods: (a) NP, = 5, (b) NP, = 10, and (c) NP, = 15. (d)
Summarized 3-dB coupling bandwidth of the apodized L-shaped fiber-to-chip grating couplers
as a function of the number of apodized periods and various minimum feature sizes.

Figure 6 shows the calculated coupling losses of apodized L-shaped couplers as a function
of the wavelength. The calculations of the wavelength-dependent coupling loss are performed
for different grating coupler designs, with a variable number of apodized periods (NP, = 5,
10, and 15) and various criteria on minimum feature size of 50 nm, 100 nm, and 150 nm,
respectively. We can see that all grating coupler designs can provide the desired sub-decibel
coupling loss. As expected, wavelength-dependent loss increases with the minimum feature
size of the lateral SWG holes.

The coupling bandwidth of apodized L-shaped grating couplers is wide enough to fully
cover wavelengths in the C-band communication window. More specifically, the 1-dB and
the 3-dB coupling bandwidths are in a range from 29 nm to 40 nm and 54 nm to 68 nm,
respectively. Figure 6(d) summarizes 3-dB coupling bandwidth of respective grating coupler
designs. The coupling bandwidth is reduced for grating couplers with a larger number of
apodized periods’ and for designs with enlarged minimum feature sizes. Nevertheless, the
coupling bandwidths of apodized L-shaped waveguide couplers compare favorably with
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previously reported results for conventional grating coupler designs. The bandwidth of L-

shaped grating couplers can be further enhanced by coupling light to and from an optical fiber
of reduced mode field diameter [47,48,63].
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Fig. 7. Tolerance analysis: Coupling loss as a function of a wavelength for grating coupler
designs. (a) Etch depth variation and (b) in-plane dimensional variation. Insets: Coupling loss
as a function of fabrication errors at a design wavelength of 1.55 pm.

We also evaluate the tolerance of the proposed apodized L-shaped grating couplers to
fabrication imperfections. Figure 7 shows the fiber-to-chip coupling loss as a function of the
wavelength for grating coupler designs taking into the account fabrication errors. Tolerance
analysis is performed for a grating coupler design with 10 apodized periods and reference
minimum feature size of 100 nm. Fabrication errors, denoted as dg, in a range of + 20 nm are
considered. The fabrication errors’ analysis is de-coupled into the vertical and in-plane device
dimensions. The former includes variations in etch depth, whereas the in-plane imperfections
encompass changes in lengths of deep-etch (/), shallow-etch (/) trenches and unetched Si
teeth (/,), in widths of the etched lateral holes (w.), as well as the mask misalignment (m)
between the full and partial etches. For the in-plane device imperfections, the dimensional
offsets of £ 20 nm in both transversal and longitudinal directions are assumed for the grating
coupler design, thus varying the device lateral features accordingly to the length variations in

order to perform a credible tolerance study. The grating structural parameters in the presence
of fabrication errors are defined as follows:

he = he,O + 5err {he}

ly =15+ 0., {ld}

ls = l.v,O + §err {ls} (4)
ln = ln,O - 55}7 {Zn } - 55}7 {m}

We = We,O - 5err {We}

where A ; lao; Ls0; Ino; and we are nominal grating coupler dimensions.

As can be observed in Fig. 7, the proposed L-shaped grating couplers are more tolerant to
variations in etching depth that to variations in in-plane device dimensions. Specifically, etch
level variations of + 20 nm yield a coupling loss penalty of only ~0.16 dB, with notable red
and blue spectral shifts. For operation at a central wavelength of 1.55 pm, calculations predict
that errors in etch depth of + 15 nm yields a 1-dB penalty. Conversely, the Z-shaped fiber
couplers are more sensitive to in-plane perturbations, i.e. to the variations in lengths of etched
trenches and unetched teeth, in widths of etched SWG holes as well as to the mask
misalignment, as shown in Fig. 7(b). For a + 20 nm variation, the coupling loss drops to 0.91
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dB and it is accompanied by noticeable spectral shift. For a 1-dB coupling penalty,
dimensional offsets of + 10 nm are tolerated, as shown in the inset of Fig. 7(b).

4. Conclusions

We proposed an efficient chip-to-fiber grating couplers to enable a low-loss interconnectivity
between integrated SOI nanophotonic circuits and standard single-mode optical fibers. The
grating couplers were formed with L-shaped waveguide profile and synthesized SWG
metamaterials. This device arrangement is favorable for providing enough degrees of freedom
to alter the grating directionality and radiated field profile, with overall fiber-chip coupling
efficiency approaching 95% (—0.25 dB) at a wavelength of 1.55 um. Moreover, apodized L-
shaped grating couplers were designed for robust sub-decibel coupling and device layouts
compatible with lithographic technologies for mass-scale production (> 120 nm). Tolerance
analysis suggested that dimensional offsets up to + 15 nm can be tolerated, with a 1-dB loss
penalty. Overall, our work holds promises to further the development of robust, reliable, and
low-cost off-chip fiber couplers within available silicon-foundry-compatible processing
nodes. This result may provide a crucial edge in building future optical interfaces in large-
volume chip-integrated nanophotonics.
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