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Abstract: Subwavelength grating metamaterials are enabling a new generation of high-performance
silicon photonic devices. Here we discuss the fundamental physics along with some of the latest
advances in this rapidly expanding field.
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[. INTRODUCTION

Silicon photonics is attracting a lot of attention as a versatile platform for photonic integration, with applications
ranging from high speed optical communications [1], to mid-infrared spectroscopy [2] and bio-sensing [3]. While CMOS
compatibility is one of the advantages of this platform, it also restricts the materials, and hence refractive indexes, that
can be employed. However, the high resolution afforded by modern lithography techniques enables the patterning of
silicon waveguides at subwavelength scale, so that they behave as practical, all-dielectric metamaterials [4]. The ability
to synthesize such metamaterials with a wide range of equivalent refractive indexes has opened new prospects for
manipulating light in photonic chips. A wide variety of devices with unprecedented performance, including low loss fiber-
to-chip couplers, ultrabroadband multimode interference couplers, and narrowband Bragg filters, have been demonstrated
[5], and are poised to become key building blocks in next generation photonic circuits. In this contribution we will briefly
present the fundamentals of subwavelength materials and will then review some of the latest advances in this broad field.

I1. SUBWAVELENGTH GRATING METAMATERIALS

Figure 1(a) shows a silicon subwavelength grating (SWG) waveguide, with period 4 and duty-cycle a/A. For periods
matching or exceeding the Bragg condition 4 = 1/ nett , Where neit is the mode effective index, the structure diffracts light
backwards, or upwards and downwards [Fig. 1(b) center and top]. Below the Bragg threshold diffraction is suppressed
and the structure behaves as a homogeneous waveguide composed of a metamaterial with a refractive index between that
of silicon and the cladding [Fig. 1(b) bottom]. Considering the wide SWG structure shown in Figs. 1(c) and (d), it is clear
that the Bloch-Floquet propagating along the z-direction [Fig. 1(c)] and the waveguide array mode propagating along the
x-direction [Fig. 1(d)] experience difference effective indices, i.e. the metamaterial behaves like a uniaxial crystal with a
permittivity tensor n?= diag(nw?, Nk, Nz22) [4], [5]. The lithographically controlled duty-cycle of the structure governs the
dielectric permittivity value, which can be tuned between that of silicon and the surrounding cladding, enabling the
designer to choose the optimum metamaterial for each device. For a duty-cycle of 50% and 4 = 200nm, we find n = 2.79
and n; = 1.94 at A = 1.55um. The refractive index dispersion can be controlled using an appropriate period: small, deep-
subwavelength periods yield reduced dispersion, whereas periods closer to the bandgap produce higher dispersion.

I11. HIGH PERFORMANCE SUBWAVELENGTH DEVICES

The properties of SWG waveguides can be exploited to enhance the performance of a wide variety of silicon photonic
devices. An extremely important application is fiber-to-chip coupling, where SWG are used to gradually deconfine the
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Fig. 1. Fundamentals of SWG waveguides. (a) A fully etched periodic silicon photonic waveguide. (b) When the period (A) of the structure is smaller
than the wavelength of light propagating through it, it behaves like a homogenous metamaterial. The homogenous metamaterial is anisotropic, as light
propagating along the z-direction (panel c) and x-direction (panel d) experiences different refractive indices.

waveguide mode, offering broadband and polarization insensitive coupling [6]. Another example is the multimode-
interference coupler shown in Fig. 2(a), which acts as broadband 2x2 coupler, splitting the input power equally between
its two outputs with a 90° phase shift. The device exhibits a bandwidth in excess of 300 nm at telecom wavelengths,
effectively tripling the bandwidth of conventional devices. This is achieved by exploiting the anisotropy of the SWG,
which significantly shortens the device and reduces its wavelength dependence [7]. Combined with appropriate phase
shifters and Y-junctions, this device also enables extremely broadband mode (de)multiplexing [8]. The anisotropy of a
judiciously designed SWG, oriented parallel to the direction of propagation, has furthermore been demonstrated to reduce
coupling between adjacent waveguides [9].

The reduced index of an SWG waveguide yields an expanded mode field, enhancing its interaction with the material
surrounding the waveguide. This can be exploited to achieve a very weak, yet highly controlled interaction with loading
segments in the waveguide vicinity — see Fig. 2(b). By separating these segments by the Bragg period, very narrow filters
with high extinction ratios can be designed [10]. Using the additional degree of freedom afforded by a shift, &, between
the loading segments this approach has enabled the demonstration of filter bandwidths as narrow as 200pm with 30dB
extinction [11]. The enhanced modal interaction can also be exploited to improve the sensitivity of photonic biosensors
[12], which through careful design of the complete sensing system will result in better detection limits [13].

The mid-infrared wavelength region is of great interest for applications in environmental monitoring and security, as
many chemical substance exhibit highly specific absorption peaks in this wavelength range. Since silicon dioxide absorbs
strongly at wavelengths beyond 4um, silicon-on-insulator waveguides have to be suspended to operate in most of the
mid-infrared. Using an SWG cladding, as shown in Fig. 2(c), enables the penetration of hydrofluoric acid to remove the
silicon dioxide layer, requiring only one etch step. Using this approach, we have demonstrated waveguides with sub-
decibel per centimeter losses near 3.8um wavelength, 3 dB/cm losses near 7.7um [14], and suspended MMIs [15].

A further degree of freedom of SWG waveguides which has scarcely been exploited so far is the inclination (tilt) of
the segments — see Fig. 2(d). We have recently shown that tilting affects mainly the TE polarized modes, with virtually
no effect on the TM polarized modes [16]. As shown in the inset, the phase front of the TE modes tilts strongly when the
segments are tilted, whereas the phase front of the TM modes is much less distorted. This enables direct engineering of
the waveguide birefringence, with the added advantage that the effective index can be tuned without altering the duty-
cycle. This results in structure with constant feature size which facilitates accurate fabrication. This approach is especially
useful for designing devices that manipulate polarization. We have proposed an MMI with tilted SWG segments that acts
polarization splitter covering a 130 nm bandwidth using a constant minimum feature size of 110 nm [17], [18]. Using a
“mixed” anisotropy approach a polarization splitter covering more than 200nm with a minimum feature size of 65 nm has
been recently demonstrated [19].

I'V. CONCLUSIONS

The flexibility afforded by subwavelength metamaterials, combined with the continuous advances in silicon
lithography is driving the development of a new generation of high-performance devices. As engineering of not only the
local refractive index, but also of dispersion and anisotropy is increasingly well understood and used advantageously by
research groups and industry around the globe, subwavelength structure as becoming an essential tool in silicon photonics.
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Fig. 2. Applications of subwavelength gratings. (a) A beam splitter with an experimental bandwidth in excess of 300nm, based on multimode
interference in an anisotropic metamaterial [7]. (b) A subwavelength waveguide loaded with subwavelength Bragg segments enables measured
bandwidths down to 150 pm [10], [11]. (c) Waveguides with subwavelength cladding allow for suspended waveguide which exhibit low losses in the
mid-infrared [14], [15]. (d) Tilting of subwavelength segments provides fine control over waveguide birefringence; the insets show the field propagation
of the TE and TM modes [16]. The scanning electron microscope pictures have been colored to highlight different parts of the devices.
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