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ABSTRACT

Sub-wavelength gratings, segmented resonant-less structures with geometries featuring scales considerably smaller than
the wavelength of light, have enabled an attractive technological concept to locally control light guiding properties in
planar silicon chip architectures. This concept has allowed for additional degrees of freedom to tailor effective mode
index, modal confinement, waveguide dispersion, as well as anisotropy, thereby providing a vital route towards high
performing devices with engineered optical properties. Sub-wavelength integrated nanophotonics has opened up new
horizons for realization of key building components that afford outstanding device performances, typically beyond those
achieved by conventional design strategies, yet favorably benefiting from the sub-100-nm pattern resolution of
established semiconductor manufacturing tools in nanophotonic foundries. The distinctive features of sub-wavelength
grating structures are considered essential for future generation of chip-scale applications in optical communications and
interconnects, biomedicine, as well as quantum-based technologies. In this work, we report recent advances in the
development of high-performance on-chip nanophotonic waveguides and devices engineered with the sub-wavelength
grating metamaterial structures. In particular, we discuss recent achievements of low-loss waveguides with controlled
chromatic dispersion, high-efficiency fiber-to-chip surface grating couplers, micro-ring resonators, and grating-assisted
waveguide filters, implemented on the mature silicon-on-insulator technology.
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1. INTRODUCTION

Silicon-on-insulator (SOI) has been established as a compelling waveguide system for silicon nanophotonics to realize
compact components with nano-scaled dimensions. Silicon nanophotonics is worthily considered to be a key technology
in future to develop optical chips with a high density of device integration. The imminent success of silicon
nanophotonics is in part reached due to the compatibility with the established fabrication tools, techniques, and
procedures, as developed over years by mature micro-electronics industry. Silicon nanophotonics is promising for a
variety of emerging nanophotonic applications, including optical communications, intra- and inter-chip interconnects,
sensing, or health and medicine, to name just a few. Most recently, the manufacturing services of silicon nanophotonic
foundries has become widely accessible to the community via open-access shuttles and chip sharing initiatives. This
opens up a further pathway for the fabless model development of complex integrated circuits that may contain large
number of different components on a single chip. This way, silicon nanophotonic chips hold promises to afford even
complex optical functionalities, beginning with light emission and modulation, through the light processing and
transmitting, and finishing with light detection'-°.



However, silicon nanophotonics also suffers from a serious shortcoming, which is a limited design space. More
specifically, silicon nanophotonics offers only a limited set of fundamental materials and waveguide platforms that can
be straightforwardly processed by the established foundries®. This includes materials such as silicon (Si), silicon dioxide
(Si0y), silicon nitride’s (SiN’s), and germanium (Ge). The strong benefit of this group of fundamental nanophotonic
materials is the fact that they can be monolithically integrated on silicon chips, however, still providing only a relatively
small freedom to make a significant difference. On the other hand, integration of epitaxial I11-V hetero-structures is even
more challenging and comparatively complicated*'*2, Furtheremore, the development of complex silicon nanophotonic
devices and components calls upon multi-layer structuration’s or multi-level etchings'®4. However, this comes hand-by-
hand with an additional fabrication and pre- or post-processing steps, which may be difficult to implement in some
situations. Restrictions in requirements for minimum feature sizes, mask-layer misalignments, and etching depth
variations are also more apparent. Last, but not least, inclusion of novel, typically exotic materials may move the
fabrication out from the well-developed silicon nanophotonics manufacturing conventions®4,

To address the problem of limited design space, segmenting the conventional silicon waveguides at scales substantially
smaller than the wavelength of light propagating through it has been recognized as an excellent solution*>!6, Such a
segmented waveguide with a periodic arrangement of silicon blocks, so-called sub-wavelength grating (SWG), avoids
formation of Bragg reflection zones as well as frustrates diffraction effects'’. This SWG-structured waveguide acts as a
homogeneous slab waveguide with an optically equivalent material, i.e. SWG metamaterial waveguides. The geometry
of SWG waveguide segments offers accurate control of all critically important light propagation properties. This
includes direct tailoring of material and effective index, modal confinement, field profile, dispersion, and anisotropy.
The recent advances in SWGs fundamentals encompass exploitation of the SWG waveguide anisotropy®1°, reducing
sources of back-scatterings?®, mitigating the parasitic leakage loss towards silicon substrate?, as well as controlling jitter
effects??. Over last years, SWG structures have been identified as an important design tool to develop high-performing
integrated silicon nanophotonic devices. Profound examples of superior SWG-tailored nanophotonic devices include, but
not limited to, highly efficient fiber-to-chip edge!>!62326 and surface grating couplers®-3, broadband directional
couplers®®#° and multimode interference beamsplitters®®, highly selective grating filters*-, high quality factors (Q-
factor) ring resonators for sensing*>-*°, dispersion engineered SWG metamaterial waveguides®'>?, optical modulator®3, or
devices for extended mid-infrared operations®-°5. For more details on the theoretical background, design fundamentals,
as well as on the history of SWGs in silicon nanophotonic waveguides, we refer readers to the previous extensive review
articles by Halir, et al.” or most recent summaries by Cheben, et al.? and by Halir, et al.%.

In this work, we report on our recent advances in sub-wavelength integrated silicon nanophotonics and provide few
examples of silicon waveguides and devices engineered via sub-wavelength grating nano-structuration. This particularly
includes devices such as fiber-chip surface grating couplers (Section 2), SWG metamaterial micro-ring resonators
(Section 3), and SWG metamaterial waveguides with an engineered chromatic dispersion (Section 4).

2. SUB-WAVELENGTH-ENGINEERED SURFACE GRATING COUPLERS

Efficient input / output optical interfaces are greatly recognized as essential on-chip devices in integrated silicon
nanophotonics. Out-of-plane chip interfacing realized by surface grating couplers is particularly attractive solution.
Grating-coupled interfaces enable flexible positioning on the chip, which is well-suited for rapid wafer-scale test
assessments. Additionally, surface grating couplers are more tolerant to the alignment variations and further facilitate
advanced integration and packaging strategies. However, the overall coupling efficiency of the fiber-chip grating
couplers is limited by two main aspects. First, the mode size disparity between modes of standard optical fibers and sub-
micron-sized silicon waveguides is excessively large, in particular of about two orders of magnitude. Second, significant
portion of optical power is radiated towards the bottom silicon substrate, which yields in additional penalty for the
overall coupling efficiency.

We proposed and experimentally demonstrated that the dual-etch fiber-chip grating couplers hold the promise to become
an ideal out-of-plane coupling strategy to address the afore-mentioned concerns. Dual-etch couplers with an interleaved
and an L-shaped waveguide geometry have been reported®*38. Exceptionally high diffraction performance, also called
grating directionality, has been predicted with values typically approaching 100%. This high directionality is attributed
to the blazing effect as achieved via deep and shallow-etch grating trenches. This effect will ensure that the optical
power radiated towards the superstrate, where the optical fiber is positioned, is maximized, while the parasitic light
radiation towards bottom silicon substrate is minimized. The vertical view of the proposed L-shaped grating couplers is
shown in Fig. 1a. The “DESIGN A” represents a nominal uniform coupler and “DESIGN B” is fundamentally identical,



yet grating coupler has a short SWG-structured lateral pattern of silicon blocks to reduce the impact of the back-
reflections at the juncture between the injection waveguide and the grating coupler. Devices were implemented on 300-
nm-thick SOl waveguide platform and 720-nm-thick buried oxide (BOX), overcladded by silicon dioxide. The couplers
were designed for operation at 1.55 um wavelength and transverse electrical (TE) polarization, with dimensions that are

compatible with mass-scale deep-ultraviolet lithography. More details about the design and its unprecedented versatility
can be found in Ref. [37].

According to our three-dimensional finite difference time domain (3-D FDTD) calculations, proposed L-shaped couplers
provide a wideband diffraction performance (directionality > 90% over 100 nm), as shown in Fig. 1b. It can be seen that
the inclusion of the reflection-cancelling SWG transition does not affect the outstanding diffraction performance of the
proposed couplers. Furtheremore, as shown in Fig. 2c, L-shaped couplers with a short SWG transition stage significantly

decrease the grating reflectivity across the same wavelength range, with an 8-fold reflectivity reduction at a nominal
wavelength of 1.55 pm.
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Figure 1. (a) Vertical schematics of proposed L-shaped fiber-chip surface grating couplers. “DESIGN A” is a nominal
uniform grating coupler and “DEISGN B” is optimized uniform grating coupler with a short SWG transition region. Spectral
evolution of (b) the grating directionality and (c) the grating reflectivity of the proposed L-shaped fiber-chip coupler without
(“DESIGN A”) and with (“DESIGN B”) SWG transition region.

Figure 2 shows the calculated and the measured coupling efficiency of the proposed L-shaped fiber-chip grating couplers
(“DESIGN A” and “DESIGN B”) as a function of the wavelength. More specifically, 3-D FDTD calculations predict
theoretical coupling performance up to -2.1 dB for designs without and with SWG transition stage, respectively. The
coupling angle for both coupler designs is 22°.

The L-shaped fiber-chip surface grating couplers were fabricated using 300 mm SOI photonic platform within
STMicroelectronics foundry facilities. The structures were defined thanks to a 193-nm deep-ultraviolet optical
lithography, followed by dual-etch process to form deep and shallow grating trenches as well as the interconnecting
waveguides. Final devices were overcladded by silicon dioxide for chip protection. The scanning electron microscopy
images of fabricated L-shaped grating coupler with a SWG transition stage are shown in the inset of Fig. 2.

Experimentally, the peak coupling loss of -3.4 dB were measured for the grating coupler design without the SWG
transition stage (“DESIGN A”), with a noticeable Fabry-Perot fringes observed in the retrieved spectral response. The
amplitude of these fringes varies between 0.7 dB and 0.85 dB. The estimated grating reflectivity is ~8% (-11 dB). On the
other hand, the fiber-chip grating coupler with a SWG transition (“DESIGN B”) provides a comparatively better
coupling loss up to -2.7 dB. In this case, the measured spectral response also exhibits some residual fringes, yet with
substantially smaller amplitude of about ~0.1 dB. This provides an estimated grating reflectivity of only ~1% (-20 dB).
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Figure 2. The calculated and the measured coupling loss of the proposed L-shaped fiber-chip grating couplers as a function
of the wavelength. Solid lines (blue and red colors) corresponds to the 3-D FDTD design predictions, while solid lines with
dots (black and magenta colors) corresponds to the experimental results. Inset: Scanning electron microscopy image of the

fabricated L-shaped grating coupler with a short SWG transition stage.

For a future work in this direction, we foresee that the implementation of SWG apodization may be advantageously used

to further improve the fiber-chip coupling performance, which also allows us to fully exploit the great potential of the
proposed L-shaped fiber-chip grating couplers.

3. SUB-WAVELENGTH METAMATERIAL MICRO-RING RESONATORS

The SWG waveguide structures provide an additional degree of freedom to control the modal confinement of the optical
field. This can be easily performed by optimizing the duty cycle of the segmented waveguide core, i.e. by tailoring the
amount of silicon inside the grating structure. By lowering (enlarging) the grating duty cycle, the equivalent waveguide
core index decreases (raises), and thereby the optical mode is more delocalized (more confined) from (in) the
metamaterial waveguide core. This superior feature of the SWG metamaterial waveguides can be beneficially exploited
to lower the level of back-scattering from SWG waveguides as compared to the conventional silicon strip waveguides?.
In addition, the beneficial effect of optical mode delocalization from the segmented waveguide core is also essential for
developing efficient fiber-chip couplers®-2¢ as well as for exploitation in on-chip evanescent field sensing applications*>-
50

SWG waveguides as combined with a micro-ring waveguide resonators have been demonstrated, providing a significant
contributions to the development of SWG-assisted on-chip biosensors*-*°, However, the optical mode delocalization
from the SWG waveguide core makes it challenging to realize tight bends with a reasonably low radiation losses. To this
end, SWG micro-ring resonators are very attractive to enhanced light-matter interactions, however, suffering from
excessively large bending losses. Figures 3a - 3c show the spectral responses and detailed resonance views of the SWG
micro-ring resonators with ring radii of 10; 20; and 30 um. The SWG waveguide has a period of 200 nm and duty cycle
of 50%. Devices were fabricated by electron beam lithography, followed by dry etching to define a waveguide features,
and deposition of PMMA cladding to protect the sample. Figures 3d and 3e show scanning electron microscopy images
of fabricated devices. As can be observed, in all cases very high extinction ratio of about -30 dB was obtained. In this



example, the corresponding quality factors were determined to be 1700 (R = 10 pm), 9200 (R = 20 um), and 14000 (R =
30 pum), respectively. Here, quality factors increase with larger ring radii due to the reduced bending losses. Significant
improvement of the quality factors of SWG ring resonators can be achieved by using trapezoidally-shaped silicon blocks
for the curved waveguides®®. Mode index is engineered inside the waveguide itself, i.e. the local effective mode index is
gradually changed across the waveguide width to achieve mode shifting and thereby decreasing the bending losses.
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Figure 3. Spectral responses of the SWG metamaterial micro-ring waveguide resonators and the corresponding detailed
resonances for ring radii of (a) 10 um, (b) 20 pm, and (c) 30 um. (d) and (e) Scanning electron microscopy images of
fabricated SWG metamaterial micro-ring resonators.

4. SILICON SUB-WAVELENGTH WAVEGUIDES WITH ENGINEERED DISPERSION

The dispersion control in silicon nanophotonic waveguides is the key to explore a variety of emerging linear and
nonlinear applications. SWG structures provide an extra degree of freedom to tailor the overall dispersion. First, in the
deep SWG operation regime, the metamaterial structure does not make any contribution to the overall dispersion and
spectral evolution of the equivalent metamaterial refractive index is exclusively governed by dispersion of the
constituent materials. On the other hand, when the SWG period approaches the one-half of the effective wavelength in
the waveguide, the metamaterial structure acts as a conventional waveguide, yet with tailorable dispersion. Up to now,
only a minor works have been reported to examine the SWG metamaterial waveguide dispersion3%2,

Figures 4a and 4b show schematics of the SWG structure considered in this work. The segmented waveguide core of
SOI platform is formed by interleaving the unetched silicon blocks with a deeply etched grating trenches filled by the
upper cladding material, which is silicon nitride. The detailed design process as well as various calculation approaches
are described in Ref. [51]. In this work, the impact of transversal and longitudinal waveguide dimensions is investigated
in detail on the evolution of the dispersion in SWG metamaterial strip waveguides.

Figures 4c — 4e show the evolution of the dispersion within the SWG metamaterial waveguides considering various
cross-sectional waveguide arrangement as well as different lengthwise geometries. For a fixed SWG waveguide



geometry along the mode propagation, it becomes clear that metamaterial waveguides are less dispersive for thicker
silicon waveguides due to the better modal confinement. The increase of silicon waveguide thickness produces a vertical
upshift of the dispersion profile. In other words, the absolute dispersion of the SWG waveguides are smaller and
gradually approaches the zero dispersion regions (see insets of Figs. 4d and 4e). In all studied cases, we may observe that
at shorter wavelengths, the SWG waveguides support large normal dispersion profiles (negative values of waveguide
dispersion). This trend is comparatively stronger for thicker silicon waveguides and for SWG structures operating nearby
the Bragg reflection zone. As the wavelength increases, we may follow a very sharp evolution in the SWG waveguide
dispersion. Furtheremore, in the region far away from the Bragg reflection zone, the SWG-structured waveguides
operate in true SWG regime and acts as a conventional waveguide with an optically equivalent core. In this spectral
range, the dispersion profiles are relatively flat across a wide range of operating wavelengths.
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Figure 4. Schematics of the studied SWG metamaterial strip waveguides: (a) vertical and (b) transversal views. Comparative
summary of the dispersion of SWG metamaterial waveguides as a function of the wavelength for various cross-sectional
areas and different duty cycles of the SWG segments: (c) 25%, (d) 50%, and (e) 75%. Insets: Detailed views on calculated
dispersion profiles of studied SWG waveguides.

5. CONCLUSION

Sub-wavelength grating metamaterial waveguide structures are very attractive design tool that allows for the
development of high-performing silicon nanophotonic devices and components. Available lithographic settings enable
straightforward control of light propagating properties such as material and effective index, modal confinement, field
profile, dispersion and anisotropy, and thereby offering an extra degree of freedom for the silicon nanophotonic
designers. In this contribution, we discussed our recent achievements in sub-wavelength-engineered waveguides and
devices, including low-loss fiber-chip surface grating couplers, micro-ring resonators, and dispersion-tailored strip



metamaterial waveguides. The research work on integrated sub-wavelength grating structures progresses rapidly, with
large design opportunities to be studied and explored. The complementary metal-oxide-semiconductor processings as
advantageously combined with the sub-100-nm immersion lithography will most likely facilitate the mass-scale
implementation of sub-wavelength silicon nanophotonics for further scientific, engineering, and even commercial
exploitations.
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