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Abstract: Subwavelength structures such as sub-

wavelength gratings (SWGs) and subwavelength 

metamaterials are capable of tailoring the optical prop-

erties of materials and controlling the flow of light at the 

nanoscale. The effective indices of the subwavelength 

structured strip and slab waveguides can be changed 

in a wide range by choosing an appropriate duty cycle 

or a filling factor of silicon, which provides an effec-

tive method to manipulate the optical field and achieve 

effective index matching for functional devices. Recent 

advances in nanofabrication techniques have made it 

possible to implement subwavelength structures in sili-

con strip and slab waveguides. Here we review various 

approaches used to design subwavelength structures 

and achieve exotic optical responses and discuss how 

these structures can be used to realize high-performance 

silicon photonic devices. Both one-dimensional SWG 

devices and two-dimensional subwavelength meta-

material devices are covered in this review, including 

subwavelength structure–based polarization handling 

devices, mode manipulation devices, and building 

blocks for integrated optical interconnects. Perspectives 

on subwavelength structured silicon photonic devices 

are also discussed.

Keywords: subwavelength structure; silicon photonics; 

metamaterial; polarization handling; mode multiplexing; 

optical interconnect.

1   Introduction

Optical waveguides are fundamental elements in inte-

grated optics. Essentially, all integrated devices are built 

on waveguides. To some extent, the properties of optical 

waveguides determine the performances of passive and 

active components, such as footprint, loss, crosstalk (CT), 

integration density, and so on. Structural design and 

refractive index engineering are important for the realiza-

tion of novel and high-performance devices.

Silicon photonics has recently witnessed significant 

growth in academic research and industrial applica-

tions, mainly due to its compatibility with the comple-

mentary metal oxide semiconductor (CMOS) fabrication 

process. The high refractive index of silicon (∼3.45) 

enables a high contrast relative to the surrounding 

cladding of a silicon waveguide and thus high confine-

ment of the optical field. These properties are desir-

able for achieving densely integrated photonic circuits. 

A number of well-known silicon waveguides based on 

different structures have been  demonstrated, including 

strip waveguide [1], slab waveguide [2], slot waveguide 

[3], and photonic crystal waveguide [4]. However, unlike 

other III–V materials whose refractive indices can be 

flexibly varied by using different constituent propor-

tions, the refractive index of silicon is usually fixed, 

thus limiting the design freedom. Modal effective index 

matching and engineering are often needed in many 

devices, for example, couplers, polarization handling 

devices, and mode multiplexers. Therefore, it is highly 

desirable to find a methodology to change the effec-

tive refractive indices of silicon waveguides over a wide 

range through proper structural designs.

Subwavelength engineering is an effective way to 

vary the refractive index of a waveguide. It was first 

proposed to realize light coupling and mode conversion 

in one-dimensional (1D) subwavelength grating (SWG) 

waveguides [5]. In general, “subwavelength” refers to 

a structural period with which the Bragg reflection and 

diffraction effects are suppressed in the structure. By 

changing the period and duty cycle of an SWG, the effec-

tive index, dispersion, and optical field confinement 
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can be flexibly adjusted over a wide range. The SWG 

waveguide therefore exhibits exotic optical properties 

that cannot be realized with conventional waveguides. 

However, the fabrication of such waveguides should 

be considered carefully as the resolution and fabrica-

tion errors may greatly affect the device performance. 

In the telecom band centered at 1550 nm, the period of 

an SWG waveguide is typically around 300 nm, requir-

ing a fine resolution of better than 90  nm if the duty 

cycle is set to 30%. In terms of fabrication, 193-nm deep 

ultraviolet (DUV) lithography has been widely used to 

define patterns on silicon-on-insulator (SOI) wafers 

[6, 7]. The lithographic resolution of 193-nm DUV light 

is typically 130  nm, which is smaller than the feature 

sizes of some subwavelength structures. Therefore, it 

can be used to fabricate some subwavelength structured 

devices. Thanks to the mass production capability of 

193-nm DUV lithography, the average cost of a single 

device can be lowered with large quantity. However, for 

subwavelength structured silicon devices with smaller 

feature sizes, higher-resolution lithographic techniques 

are required, such as electron beam lithography (EBL) 

[8]. State-of-the-art EBL has enabled ∼7-nm resolution in 

photoresist, and after dry etching, the minimum feature 

size of a device can reach ∼40 nm. It usually results in 

more time and higher cost to define patterns using EBL, 

so EBL is mainly used for forward-looking research in 

laboratories. The development of fabrication technolo-

gies facilitates the research of SWG devices. A number of 

good review articles on SWG structures have appeared 

[9–11], providing comprehensive information from the 

principles to the applications.

Powered by advanced fabrication capabilities, recent 

years have seen a boom in subwavelength research 

not only in 1D SWG devices but also extending to two-

dimensional (2D) index control in waveguides. This 

provides more freedom in optical field manipulation in 

the space domain, enabling new functional devices (e.g. 

mode converters) or improving the performances of inte-

grated devices. In this article, we attempt to provide a 

general review of subwavelength structured waveguides 

and devices, covering the operation principle and the 

latest developments in device research. Section 2 intro-

duces the optical properties of subwavelength struc-

tured waveguides. Section 3 reviews subwavelength 

structured polarization handling devices. Section 4 

summarizes recent developments in mode converters 

and multiplexers. Section 5 discusses some building 

blocks for on-chip optical interconnects. Finally, section 

6 concludes this review.

2   Optical properties of 

subwavelength structured 

waveguides

Subwavelength structured waveguides are waveguides 

that are segmented at a scale substantially smaller than 

the wavelength of the light propagating in the material. 

Here we discuss the behavior of the structure with the 

following two cases:

(a) For light propagating crosswise through a subwave-

length structured waveguide as indicated by the blue 

arrows in Figure 1A, the angle θ
i
 of the diffraction 

order i is given by n
d
sinθ

i
 = iλ/Λ, where n

d
 is the refrac-

tive index of the cladding or the substrate, λ is the 

wavelength of light in vacuum, and Λ is the period. 

If λ/Λ > n
d
 and therefore |sinθ

±1
 | > 1, the diffraction 

effects are suppressed for all the diffraction orders 

|i | ≥ 1 [14].

(b) For light propagating lengthwise through a subwave-

length structured waveguide as indicated by the 

green arrows in Figure 1A, the diffraction effects for 

all the diffraction orders including the Bragg reflec-

tion are suppressed if the period is smaller than the 

guided half-wavelength, that is, Λ < λ/2n
eff

, where n
eff

 

is the effective index of the Bloch–Floquet mode in 

the waveguide [10].

Therefore, in the subwavelength regime where the pitch 

is short enough, light propagates through subwavelength 

structured waveguides without radiation and Bragg 

reflection losses despite multiple discontinuities along 

the propagation direction. The subwavelength segments 

behave like an equivalent waveguide made of an artifi-

cial material, which can be fully described by the effec-

tive medium theory (EMT) [15, 16]. In this review, we focus 

on subwavelength structured waveguides built on the SOI 

platform, including segmented strip and slab waveguides. 

In strip-like waveguides, the subwavelength structures are 

arrayed along the propagation direction of light, acting 

as 1D strip waveguides with equivalent material refrac-

tive indices. In slab-like waveguides, the subwavelength 

structures are arranged along both directions of the plane, 

and the light propagates in all of the in-plane directions 

as in an equivalent slab waveguide. The optical properties 

of the two types of subwavelength structured waveguides 

are analyzed and discussed in the following.

To start with the simplest subwavelength structured 

waveguides, we consider an SWG that has subwavelength 

periodicity along a certain direction. It can comprise 
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alternating strips of silicon and cladding material on 

the SOI platform (Figure 1A). A rigorous description of 

the periodic structure requires the Bloch–Floquet modal 

analysis for which a number of numerical solvers have 

been developed, including MIT Photonic Bands, Rsoft 

BandSolve, Lumerical FDTD Solution, and Photon Design 

CrystalWave [17–19]. However, many geometrical para-

meters of the subwavelength structures need to be opti-

mized to achieve the desirable device performance, which 

is very time-consuming when using numerical solvers. To 

speed up the optimization process, people first use the 

EMT to simplify the physical model and obtain an esti-

mation of the interval where the optimal parameters may 

be located. In this way, the parameter space is narrowed, 

and then one can search for the optimal parameters with 

numerical solvers. So the EMT is of central importance in 

designing subwavelength structured devices. For periodic 

pitches in the deep subwavelength regime (Λλ), the 

structure can be treated as a homogeneous waveguide 

made of an equivalent birefringent material, which was 

first studied by Rytov [20] in the 1950s. According to the 

EMT, the refractive indices of the equivalent material for 

polarizations parallel and perpendicular to the interfaces 

between the alternating layers can be approximated by 

the Rytov’s formulas [20]:

 ⊥

= + −

= + −

2 2 2

|| Si clad

2 2 2

Si clad

(1 ) ,

1 1 1
(1 ) ,

n fn f n

f f
n n n

 (1)

where f = a/Λ is the duty cycle of the grating structure, 

and n
Si

, n
clad

 are the refractive indices of silicon and the 

cladding material, respectively. The results obtained 

from the equations agree well with those derived from 

the Bloch–Floquet modal analysis. The geometry of the 

SWG provides precise control over the effective index and 

therefore modal confinement, dispersion, and birefrin-

gence, which will be discussed in detail later. The EMT 

is also applicable to other subwavelength structured 

waveguides such as the 90° waveguide bend in Figure 1B 

[12, 21]. It consists of trapezoidal silicon segments aligned 

periodically along a 90° arc. The structure is equivalent 

to an inhomogeneous waveguide bend. The refractive 

index of the equivalent material can be calculated by the 

formula in (1) for parallel polarization, with f replaced 

by the radially varying duty cycle η
0
(R) [12, 21, 22]. Light 

propagating in the structure experiences a space-varying 

refractive index as in a gradient index (GRIN) fiber. With 

the help of transformation optics and geometrical optics, 

specific modal distributions and novel device functions 

can be attained by designing equivalent refractive index 

profiles in the waveguides.

When the geometry of the silicon segments changes 

from site to site on a 2D lattice with a subwavelength 

lattice constant, an equivalent metamaterial is formed. 

Figure 1C shows one such example. The silicon pillars 
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Figure 1: Schematic diagrams of various subwavelength structured 

strip and slab waveguides.

(A) SWG waveguide, (B) 90° waveguide bend, and (C) multimode 

crossing based on the subwavelength metamaterial. The red, 

pink, and gray colors represent silicon, partially etched silicon, 

and silica, respectively. B is reprinted from Wu et al. [12]. 

Copyright © 2019 by John Wiley and Sons. The structure in C was 

reported in Xu and Shi [13].
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are distributed on a square lattice in a round area. The 

radius of the cylindrical pillar varies as a function of the 

distance between the position of the pillar and the center 

of the round area. The refractive index of the metamaterial 

can also be obtained using the formula in (1) for parallel 

polarization, with f = πr(R)2/Λ2 being the radius-depend-

ent filling factor of the subwavelength pixel of the slab 

[13, 23, 24]. By varying the filling factor of each pixel, the 

equivalent refractive index can be engineered between 

those of silicon and the cladding material, providing the 

degree of freedom for better control of the polarization, 

mode, spatial distribution, and so on.

With the improvement of high-resolution lithogra-

phy techniques, structures with feature sizes of ∼100 nm 

can be routinely fabricated on the SOI platform. In Figure 

2, we illustrate the fabrication process of the subwave-

length structured silicon devices, which is widely used 

in the silicon photonics field. It starts with an SOI wafer, 

which has a 220-nm-thick silicon layer on top, a 3-µm-thick 

buried oxide layer in the middle, and a silicon substrate. 

Then EBL can be used to define the subwavelength struc-

tures and grating couplers on the photoresist, followed by 

the inductively coupled plasma (ICP) dry etching to trans-

fer the pattern onto the silicon wafer. After obtaining the 

partially etched subwavelength structures and grating 

couplers, the EBL and ICP etching procedures are repeated 

to form the fully etched silicon waveguides. Finally, plasma 

enhanced chemical vapor deposition (PECVD) is used to 

deposit a 2-µm-thick layer of silica on the whole wafer. The 

silica fills in the gap between the silicon segments. In this 

way, one can fabricate a silicon subwavelength structured 

waveguide embedded in the silica cladding material with 

CMOS-compatible processing. This has motivated intense 

research efforts toward subwavelength structured devices. 

A variety of devices with unprecedented performance have 

been demonstrated based on different design principles. 

Among them, subwavelength structured polarization han-

dling devices, mode manipulation devices, and optical 

interconnecting devices are the key components that have 

been extensively studied and used in integrated optical 

communication systems. In the following, we introduce 

the recent development of these three kinds of devices to 

illustrate how subwavelength structures can improve the 

performance of traditional silicon photonic devices.

3   Subwavelength structured 

polarization handling devices

The high index contrast and aspect ratio of the SOI wave-

guides result in large modal birefringence and therefore 

polarization mode dispersion and polarization-dependent 

loss, which hinder their applications in optical commu-

nications. To address this issue, polarization beam split-

ters (PBSs), polarization rotators (PRs), polarization beam 

splitters and rotators (PSRs), and on-chip polarizers are 

widely used in a polarization diversity scheme [25]. Sub-

wavelength structured waveguides exhibit unique proper-

ties, such as strong anisotropy in the effective refractive 

index, which results in large modal birefringence for differ-

ent polarizations. The waveguide birefringence can be uti-

lized to realize polarization-dependent integrated devices.

3.1   Polarization beam splitters

In Qiu et  al. [26], a compact PBS based on a grating-

assisted coupler was numerically studied. The device 

configuration is shown in Figure 3A. By properly 

 designing the waveguide width and the grating period, 

the injected transverse electric (TE) mode is contra–

directionally coupled to waveguide B and reflected back 

SiO
2

deposition

Photo resist

Silicon

Silica

Photo resist

spin coating

EBL

ICP dry etching

Photo resist removing

Photo resist

spin coating

EBL

ICP dry etching

Photo resist removing

PECVD

Figure 2: Schematic diagram of the fabrication process of 

subwavelength structured silicon devices.
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when the phase-matching condition is satisfied, whereas 

the transverse magnetic (TM)–polarized light is well 

confined within waveguide A and propagates through 

without coupling. Compared with conventional PBSs 

based on asymmetric directional couplers (DCs), this 

subwavelength structured PBS has a compact footprint 

(19 µm) and good fabrication tolerance to variations in 

the waveguide width (±40  nm). Fabrication and meas-

urement of this grating-assisted PBS were carried out in 

Zhang et  al. [27] (Figure 3B). A polarization extinction 

ratio (ER) over 30 dB was demonstrated with a ±10-nm 

tolerance to variations in the waveguide width. However, 

the operation bandwidth of this contra-DC structure is 

limited (∼30  nm) due to the Bragg grating bandgap. To 

obtain a PBS with a broader bandwidth, a DC design with 

a subwavelength structured perturbation was introduced 

[28], as shown in Figure 3C. With the assistance of the 

subwavelength structured grating, a PBS was realized 

with a high ER of 24.8  dB and a broad bandwidth of 

200 nm. However, an experimental demonstration of this 

design has not yet been reported.

To further reduce the device footprint, a compact sub-

wavelength structured PBS was proposed with a coupling 

length of 6.8 µm in Xu and Xiao [29]. The schematic and 

simulated electric field distributions for TE and TM polari-

zations are shown in Figure 4A–C, respectively. An inser-

tion loss (IL) of 0.08 dB (0.36 dB) and an ER of 32.19 dB 

(20.93 dB) for the TE (TM) mode were theoretically pre-

dicted. A similar design can be found in Zhang et al. [30]. 

To minimize the device size, a silicon nitride (SiN) layer on 

top of the SOI platform was introduced in Guo and Xiao 

[31], where the coupling length was only 2.7 µm.

Recently, a novel PBS based on heteroanisotropic 

metamaterial structures was proposed and experimen-

tally demonstrated (Figure 5A) [32]. The SWG anisotropic 

Figure 3: Schematic diagrams of the subwavelength structured 

PBSs.

(A) Grating-assisted contra-DC–based PBS. Reprinted from Qiu 

et al. [26]. Copyright © 2015 by the Optical Society of America. (B) 

Scanning electron microscopy image of the contra-DC–based PBS. 

Reprinted from Zhang et al. [27]. Copyright © 2016 by the Optical 

Society of America. (C) DC structure with grating perturbations. 

Reprinted from Liu et al. [28]. Copyright © 2016 by the Optical 

Society of America.
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Figure 4: Theoretical study of an SWG-assisted PBS.

(A) Schematic diagram of the PBS. Simulated electric field 

distributions for (B) TE mode and (C) TM mode inputs. Reprinted 

from Xu and Xiao [29]. Copyright © 2016 by the Optical Society of 

America.
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metamaterial with an optical axis parallel to the x (y) direc-

tion is denoted as AM
[100]

 (AM
[010]

). The diagonal refractive 

index tensors for AM
[100]

 and AM
[010]

 metamaterials can be 

written as

 ⊥ ⊥
= =

[100] || || [010] || ||
diag[ , , ], diag[ , , ],n n n n n n n n  (2)

where n
⊥
 and n

||
 can be calculated using (1). Therefore, the 

AM
[010]

 section between two AM
[100]

 SWG waveguides acts 

as an anisotropic slab. For TM-polarized light, it acts as 

a multimode interference (MMI) coupler, and the light is 

coupled to the cross port, whereas for TE-polarized light, 

it acts as a blocker, and the light will propagate directly 

to the through port without coupling. Attributed to the 

anomalous dispersion of the TE and TM modes in the 

subwavelength structured waveguides, a high ER of 20 dB 

and an ultrabroad working bandwidth of 200 nm can be 

achieved at the same time (Figure 5B).

3.2   Polarization rotators

After the splitting of the two polarization states, it is neces-

sary to design a PR to convert one polarization to achieve 

the symmetrical configuration in the polarization diver-

sity scheme. As the two polarizations are orthogonal, the 

vertical symmetry of the refractive index should be broken 

to increase the mode overlap between the two polarization 

states and hence enable efficient polarization conversion. 

The subwavelength structured waveguide is a good choice 

because of its flexible refractive index tuning property. 

In Wu and Xiao [33], a compact and broadband PR based 

on cross-slot waveguides was numerically investigated, 

where the rotation region of the PR was formed by sub-

wavelength structured waveguides as shown in Figure 6A. 

The vertical refractive index symmetry is easily broken by 

the presence of gratings, leading to a hybrid mode profile 

at the cross section for the TE and TM polarizations. Thus, 

high-efficiency polarization rotation can be observed 

with a low IL (0.71 dB) and a broad bandwidth (260 nm). 

To simplify the fabrication process, a PR with subwave-

length structured shallow-etched trenches was numeri-

cally studied in Xu and Shi [34], as shown in Figure 6B. 

The injected TM mode can be decomposed into a couple 

of hybridized modes (HP
1
 and HP

2
) with a 50:50 power 

coupling ratio. After the beat-length propagation in the 

cut-cornered waveguide, the TM mode is converted to the 

TE mode. The working bandwidth covers the O-, E-, S-, C-, 

L-, and U-band (1.26–1.675 µm). However, these PR designs 

are relatively difficult to fabricate, as at least a two-step 

etching process is required for each device. Accurate 

control over etching depth and precise layer alignment 

are challenging.

Figure 5: Ultrabroadband PBS using heteroanisotropic 

metamaterials.

(A) Schematic diagram of the PBS. (B) Simulated transmission spectra 

of the through and cross ports for TM and TE mode inputs. Reprinted 

from Xu et al. [32]. Copyright © 2019 by John Wiley and Sons.
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Figure 6: Schematic diagrams of the subwavelength structured PRs.

(A) Cross-slot waveguide-based PR. Reprinted from Wu and Xiao 

[33]. Copyright © 2017 by the Optical Society of America. (B) 

Subwavelength grating–assisted PR. Reprinted from Xu and Shi 

[34]. Copyright © 2019 by John Wiley and Sons.
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3.3   Polarization beam splitters and rotators

A PSR combines the functions of a PBS and a PR and is 

capable of separating the two polarizations and simulta-

neously converting one of the polarizations to the other. 

It has attracted much attention as a promising polariza-

tion management device with a compact footprint. A sub-

wavelength structured PSR was proposed in Xiong et al. 

[35], with its schematic configuration shown in Figure 7A. 

The effective index of the Bloch mode in the SWG wave-

guide is very close to that of the TM mode in the strip 

waveguide and differs significantly from that of the TE 

mode. Consequently, the TM mode launched from the left 

port can be successfully coupled to the SWG waveguide 

and converted to the TE mode in the transition taper con-

nected to the cross port. In contrast, the injected TE mode 

fails to couple to the SWG waveguide due to the phase 

mismatch, so it propagates directly to the through port 

(Figure 7B). With the use of the subwavelength struc-

tured waveguide, the fabrication tolerance of the PSR 

is significantly improved. In He et  al. [36], the PSR was 

experimentally demonstrated with a ±50-nm tolerance to 

variations in the waveguide width. Extinction ratios over 

13 dB were achieved for both polarizations in the wave-

length range from 1540 to 1580 nm. Fabrication tolerance 

in other dimensions, such as the gap and the duty cycle 

of the subwavelength structured waveguide, was further 

discussed in Wang et  al. [37]. However, the bandwidth 

of this asymmetric DC-based PSR is intrinsically limited. 

To overcome this limitation, a partially etched subwave-

length structured coupler was theoretically proposed 

in Xu and Xiao [38]. The injected TE mode is coupled to 

the adjacent partially etched waveguide gradually with 

the assistance of the subwavelength structured wave-

guide. Because of the vertical asymmetry induced by the 

shallow etched region, the TE mode is converted to the 

output TM mode simultaneously, whereas the launched 

TM mode is output from the through port with negligi-

ble coupling. The bandwidth can be increased to 102 nm 

while  maintaining a high ER >20 dB.

3.4   Polarizers

Various polarization handling devices such as PBSs, 

PRs, and PSRs have been proposed for on-chip polari-

zation management. However, the polarization ERs are 

typically insufficient. On-chip polarizers, which are 

capable of blocking one polarization while keeping the 

other one intact, are attractive for enhancing the polari-

zation ERs. In Guan et al. [39], a TM-pass polarizer was 

proposed and experimentally demonstrated. A scanning 

electron microscopy image of the fabricated devices 

is shown in Figure 8A. The subwavelength structured 

waveguide is designed to support the Bloch mode for TM 

polarization only, while it acts as a Bragg grating reflec-

tor for the TE mode by properly choosing the period of 

the grating structure. The polarization ER is greater than 

40  dB in the wavelength range from 1520 to 1560  nm. 

Similar designs have also been proposed to realize a TM 

polarizer [41] and a TE polarizer [42]. In Shahin et  al. 

[41], the TE mode is radiated out to avoid damage to 

the laser source caused by the reflected light. In Xiong 

et al. [42], the period of the grating was designed such 

that the device works under the cutoff condition for the 

TM mode with an ER of ∼30 dB. The TE mode propagates 

with an IL of 0.4 dB in the wavelength range from 1470 to 

1580 nm. Recently, an anisotropic metamaterial-assisted 

on-chip all-silicon polarizer with an extremely broad 

working bandwidth was proposed and experimentally 

demonstrated (Figure 8B) [40]. The device is based on 

x
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Figure 7: Theoretical study of a subwavelength structured PSR 

based on an asymmetric DC.

(A) Schematic diagram of the subwavelength structured PSR.  

(B) Simulated wavelength dependence of the conversion loss and 

the CT. Reprinted from Xiong et al. [35]. Copyright © 2014 by the 

Optical Society of America.
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a 180° sharp waveguide bend, assisted with anisotropic 

SWG metamaterial cladding to enhance the polarization 

selectivity. For the TE polarization, the SWG effective 

refractive index is extraordinary, which is much smaller 

than the silicon refractive index. The incident TE mode 

can be tightly confined and can propagate through the 

sharp waveguide bend with negligible bending loss. For 

the TM polarization, the SWG effective refractive index 

is ordinary, which is quite close to the silicon refractive 

index. The incident TM mode will be weakly confined 

and coupled into the radiation mode regardless of the 

wavelength; that is, it will be efficiently filtered out. The 

fabricated polarizer shows low loss (<1 dB) and a high 

polarization ER (>20 dB) over a bandwidth of >415  nm 

from 1.26 to 1.675 µm.

The experimental results for the abovementioned 

subwavelength structured polarization handling devices 

are summarized in Table 1.

4   Subwavelength structured mode 

handling devices

Mode handling devices are key components in on-chip 

mode division multiplexing systems. As mode coupling 

and conversion depend on the propagation constant dif-

ference of two modes β
1
 − β

2
, dβ

1
/dλ = dβ

2
/dλ should be sat-

isfied to obtain an ultrabroad bandwidth. Similarly, dβ
1
/

dw = dβ
2
/dw is required to achieve fabrication tolerance 

with respect to the geometrical parameter w. It is difficult 

to meet these two conditions in conventional SOI wave-

guides. However, benefiting from the  tunability of the 

effective index and the ability of mode dispersion engi-

neering, both β
1
 = β

2
 and dβ

1
/dλ = dβ

2
/dλ (dβ

1
/dw = dβ

2
/dw) 

can be satisfied in subwavelength structured waveguides. 

Consequently, subwavelength structured mode handling 

devices are more tolerant to wavelength  variations and 

fabrication errors than their silicon waveguide counter-

parts [9].

Figure 9A shows a high-order mode (de)multiplexer 

that consists of an SWG waveguide coupled to a strip bus 

waveguide. Using an eigen mode solver, one can calculate 

the effective index of the Bloch mode in the access SWG 

waveguide and that of the TE
6
 mode in the silicon bus 

waveguide as a function of the waveguide width (Figure 

9B). Phase matching between these two modes can be 

achieved by carefully choosing the waveguide widths, 

for example, the circled points in Figure 9B. The slopes at 

these two points are very close to each other, which means 

that the mode coupling is robust to the waveguide width 

variation. As a result, high-efficiency coupling will occur 

between these two waveguides, accomplishing the mode 

conversion from the TE
0
 mode at the input port to the TE

6
 

mode at the output port (with the help of the strip-to-SWG 

transition taper). In addition, it is quite tolerant to fabri-

cation error in the waveguide width. Based on this tech-

nique, a high-efficiency three-mode (de)multiplexer was 

built with SWG DCs, showing CT values of <−16.3 dB and 

ILs of <3.8 dB at 1550 nm [43]. Thanks to the fabrication 

tolerance and therefore the scalability of the SWG DCs, the 

Table 1: Performance of some subwavelength structured polarization handling devices.

Structure and reference IL (dB) ER (dB) Bandwidth (nm) Device length (µm)

Grating-assisted contra-DC PBS [27] <1 >30 20 27.52

Hetero-anisotropic metamaterial structure [32] <1 >20 >200 12.25

SWG-based DC PSR with a TM filter [36] 1.5 ∼13 73 <45

SWG-based DC PSR [37] 1.3 10 50 35

SWG-bridged polarizer [39] 0.5 20 60 ∼9

Figure 8: Schematic diagrams of the subwavelength  

structure–based polarizers.

(A) Basic subwavelength structured waveguide TM polarizer design. 

Reprinted from Guan et al. [39]. Copyright © 2014 by the Optical 

Society of America. (B) Ultrabroadband TE polarizer using an 

anisotropic metamaterial. Reprinted from Xu et al. [40]. Copyright © 

2019 by Chinese Laser Press.
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design was later extended to an 11-mode (de)multiplex-

ing (TE
0
–TE

10
) device [44]. Low CT values (−15.4 to −26.4 

dB) and ILs (0.1–2.6 dB) were measured for all 11 channels 

at 1545  nm. To further broaden the working bandwidth, 

the adiabatic coupling technique is also introduced in the 

SWG-based (de)multiplexer. The Allen–Eberly coupler was 

constructed using the SWG to realize a TE
0
-to-TE

12
 mode-

order converter with the conversion efficiency better than 

−1.5  dB over a 75-nm bandwidth [45]. A two-mode (de)

multiplexer employing the SWG adiabatic coupler was 

predicted by simulations to have a bandwidth of 740 nm 

spanning from 1260 to 2000 nm, where the CT was lower 

than −18.5 dB, and the IL was better than 0.32 dB [46]. In 

the experiment, a CT of <−18.8  dB and an IL of <2.6  dB 

were measured over an ultrabroad bandwidth covering 

the O-, C-, and L-band.

Other devices, such as the Mach–Zehnder interfer-

ometer (MZI) and MMI coupler, can also be implemented 

using subwavelength structures. An add/drop mode 

multiplexer was constructed based on an MZI with SWG 

waveguides in both arms (Figure 10A) [47–49]. The prin-

ciple of operation is as follows: the TE
0
 and TE

1
 modes 

are launched into the device through port 1 and split by 

the input MMI coupler. The TE
0
 mode is reflected in the 

SWG waveguides and outputs at port 2; the TE
1
 mode 

propagates through the SWG waveguides and outputs 

at port 4 of the output MMI coupler. Another TE
0
 (TE

1
) 

mode signal can be added from port 3 and combined 

with the TE
1
 (TE

0
) mode in port 4 (port 2). Simulation 

results indicate that the device has an IL of <1  dB and 

an ER of >30 dB in the whole C-band (Figure 10B, C). An 

ultrabroadband two-mode multiplexer using the SWG 

MMI coupler was designed based on the beam shaping 

technique (Figure 11A) [50–52]. The TE
0
 mode input from 

port 1 (port 2) is distributed to the two output ports of the 

MMI coupler. The upper branch has a 90° phase advance 

(delay) compared to the lower branch. A −90° phase 

shifter is cascaded to the upper branch to obtain the in-

phase (out-of-phase) TE
0
 modes in the branching wave-

guides. The desired TE
0
 (TE

1
) mode profile can be formed 

at the joint of the two branches where the two beams in 

Figure 9: High-order mode (de)multiplexer employing SWG 

waveguides.

(A) Schematic diagram of the (de)multiplexer structure. (B) Effective 

indices of the TE
6
 mode in the strip waveguide and the Bloch mode 

in the SWG waveguide as a function of the waveguide width. The 

waveguide widths used in the (de)multiplexer are indicated by 

circles in the figure. The structure in A was reported in He et al. [43].

Figure 10: Theoretical study of an add/drop mode multiplexer.

(A) Schematic diagram of the mode multiplexer based on MMIs 

and an MZI coupler with SWG waveguides in both arms. Simulated 

device performance of the (B) IL and (C) ER as a function of 

wavelength. Reprinted from Pérez-Galacho et al. [47]. Copyright © 

2015 by the IEEE.
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the separate branches are combined. A theoretical study 

proved that the device exhibits an IL of <0.84 dB and a 

CT value of <− 20  dB over an ultrabroad bandwidth of 

300 nm (1.4–1.7 µm) (Figure 11B, C).

A refractive index perturbation can be introduced by 

metasurface structures to assist the mode-order conver-

sion between two specific modes in dielectric waveguides. 

The conversion between two modes can be described by 

the following mode coupling equations [53]:

 

β β

β β

κ

κ

−

−

∂
− =

∂

∂
− =

∂

( )

( )

,

,

a b

b a

i z

ab

i z

ba

A
i Be

z
B

i Ae
z

 (3)

where A and B are the amplitudes of waveguide modes 

a and b, respectively; β
a
 and β

b
 are the propagation con-

stants of the two modes; and κ
ab

 and κ
ba

 represent the 

exchange coupling coefficients between modes a and 

b. Etching patterns can be designed using the EMT to 

realize various mode-order converters in silicon wave-

guides [54]. A TE
0
-to-TE

1
 mode converter was experi-

mentally demonstrated in an SOI waveguide with a high 

mode purity and a relatively low IL (Figure 12A) [55]. 

Gradient metasurface structures consisting of phased 

arrays of plasmonic or dielectric nanoantennas were 

applied at subwavelength intervals to realize waveguide 

mode converters on silicon, SiN, and lithium niobate 

platforms (Figure 12B) [56]. TE
0
-to-TE

1
 and TE

0
-to-TE

2
 

mode converters were experimentally implemented 

using all-dielectric metasurface structures with tilted 

subwavelength slots (Figure 13A) [57]. Figure 13B and 

C display the measured transmission spectrum of each 

mode in the fabricated TE
0
-to-TE

1
 and TE

0
-to-TE

2
 mode-

order converters, respectively. For the TE
0
-to-TE

1
 mode 

converter, the conversion loss is lower than 1 dB, and 

the CT value is below −10  dB in the  wavelength range 

of 1542–1563  nm. For the TE
0
-to-TE

2
 mode converter, a 

conversion loss of <0.5  dB and a CT value of <−10  dB 

are achieved in the wavelength range of 1545–1565 nm. 

The coupling lengths are 5.75 and 6.736 µm for the TE
0
-

to-TE
1
 and TE

0
-to-TE

2
 mode conversions, respectively. 

Figure 11: Theoretical study of an ultrabroadband mode multiplexer.

(A) Schematic diagram of the mode multiplexer based on SWG 

MMI, a −90° phase shifter and a Y junction. Simulated device 

performance of the (B) IL and (C) CT as a function of wavelength. 

Reprinted from González-Andrade et al. [50]. Copyright © 2018 by 

the IEEE.

Input

TE
0

SiO
2

A

B

Si

TE
10

TE
00

Output

TE
1

Figure 12: Schematic diagrams of waveguide mode converters 

assisted by metasurface/subwavelength structures.

TE
0
-to-TE

1
 mode converter with a (A) subwavelength feature and (B) 

metasurface consisting of gold nanoantennas. The golden color 

represents gold. A is reprinted from Ohana et al. [55]. Copyright © 

2016 by the American Chemical Society. Figure B is reprinted from 

Li et al. [56]. Copyright © 2017 by Springer Nature.
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Similar structures were proposed to realize TE
0
-to-TE

1
, 

TE
0
-to-TE

2
, and TE

0
-to-TE

3
 mode-order converters [58]. 

Numerical results show that the conversion efficiencies 

of TE
0
-to-TE

1
, TE

0
-to-TE

2
, and TE

0
-to-TE

3
 mode-order con-

verters are larger than 94.4%, 95.7%, and 83.7% in the 

wavelength range from 1.5 to 1.6 µm, with corresponding 

device lengths of 8.72, 4.98, and 14.54 µm, respectively. 

Recently, TE
1
-to-TE

2
 mode conversion was achieved via 

two cascaded SWGs, which shows the potential for real-

izing arbitrary mode-order converters by cascading mul-

tiple SWGs [59].

Another type of mode handling device is the mode 

blocking filter, which suppresses undesired modes 

without affecting others. TE
0
 and TE

1
 mode blockers based 

on SWG contra-DCs were demonstrated with CT values of 

<−21  dB and ILs of <2.3  dB [60]. A TM
1
 mode pass filter 

employing cascaded plasmonic bridged SWGs was theo-

retically investigated [61]. Simulation results showed that 

an IL of 0.63 dB, a 3-dB bandwidth of 493 nm (1.222–1.715 

µm), and a mode ER of 26.4 dB can be achieved in the pro-

posed structure.

Subwavelength structured mode handling devices 

with state-of-the-art performances are summarized in 

Table 2. Employing adiabaticity and subwavelength struc-

tures simultaneously in the design shows potential for 

broadening the working bandwidth while shortening the 

device length.

5   Subwavelength structured 

building blocks for optical 

interconnects

Waveguide couplers, splitters, crossings, and waveguide 

bends are essential building blocks in on-chip optical 

interconnect systems [62]. Grating couplers and edge 

couples are basic elements that couple light from silicon 

waveguides to optical fibers, serving as fiber-chip inter-

connects. Subwavelength structures have been employed 

in these devices. In the following, some results for these 

kinds of devices based on subwavelength structures are 

reviewed.

0

TE0
w

w1

TE1/TE2

θ

–2

TE0-experiment

TE1-experiment

TE0-simulation

TE1-simulation

TE0-experiment

TE1-experiment

TE0-simulation

TE1-simulation

TE2-experiment

TE3-experiment

TE2-simulation

TE3-simulation

T
ra

n
s
m

is
s
io

n
 (

d
B

) –4

–6

–8

–10

–12

–14

0

T
ra

n
s
m

is
s
io

n
 (

d
B

)

–10

–20

–30

–40

–50

1545 1550 1555 1560 1565

1540 1545 1550

Wavelength (nm)

Wavelength (nm)

1555 1560 1565

A

B

C

Figure 13: Experimental demonstration of a mode-order converter 

with tilted subwavelength slots.

(A) Schematic diagram of the mode-order converter. The blue, 

yellow, and dark red colors represent silicon, partially etched 

silicon, and silica, respectively. Measured transmission spectra of 

(B) a fabricated TE
0
-to-TE

1
 mode converter and (C) a fabricated TE

0
-

to-TE
2
 mode converter compared with simulation results. Reprinted 

from Wang et al. [57]. Copyright © 2019 by John Wiley and Sons.

Table 2: Experimental results for various subwavelength structured mode multiplexers and converters.

Structure and reference IL (dB) CT (dB) Footprint (µm2) Bandwidth (nm)

Mode (de)multiplexer based on an SWG [44] <2.3 <−19.8 4.2 × 5 50

Adiabatic DC based on an SWG [45] <1.5 – 5 × 75 75

Adiabatic coupler based on an SWG slot [46] <2.6 <−18.8 2.45 × 55 740

Dielectric metasurface waveguide [55] 0.55 −13 1 × 23 –

Waveguide with a metasurface [57] <1 <−10 1.4 × 6.736 20

TE
0
 (TE

1
) mode blocker [60] <1.4 (<2.3) <−21 (<−25.6) 1.9 × 10 (2.2 × 20) 35 (26)
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5.1   Couplers and splitters

Waveguide couplers and splitters are used to combine and 

split two beams of light. Many types of couplers and split-

ters have been demonstrated on the SOI platform using 

different structures, such as a DC [63], an MMI coupler 

[64], and a Y junction [65]. Superimposing a subwave-

length structure on conventional waveguides provides 

an approach to tailor the dispersions of the supermodes 

and improve the performances of the devices [66]. The fol-

lowing section reviews some recent results for waveguide 

couplers and splitters with four typical subwavelength 

structures, as shown in Figure 14.

Directional couplers are widely used in on-chip silicon 

couplers and splitters because the power splitting ratio in 

two parallel waveguides can be controlled by the coupling 

strength and/or the coupling length. However, wavelength 

variations lead to deviations in both the effective indices 

and the coupling strengths; thus, the working bandwidth is 

limited. By adopting SWG structures in the DC architecture, a 

fivefold broader bandwidth was theoretically achieved com-

pared to traditional DCs [67]. Then, DCs with SWG structures 

were experimentally demonstrated with a bandwidth of 

100 nm for power splitting ratios of 50/50, 40/60, 30/70, and 

20/80 [70]. A DC consisting of two tapered SWG waveguides 

was used to achieve an adiabatic mode evolution for broad-

band 3-dB power splitting with a coupling length of 50 µm 

[68]. Excess losses of <0.5 dB and an imbalance of <0.3 dB 

were obtained over a 130-nm bandwidth. Recently, an adi-

abatic 3-dB coupler based on an SWG slot structure was dem-

onstrated with a mode-evolution length of only 25 µm, an 

average IL of 0.2 dB, and a power splitting ratio better than 3 

± 0.27 dB over a 100-nm bandwidth [71]. By properly design-

ing the subwavelength structure in the directional coupling 

region, the coupling strength for TE polarization can be 

tuned to be very close to that for TM polarization, leading 

to similar coupling lengths for both polarizations. Based on 

this concept, an ultracompact polarization-independent DC 

employing subwavelength “nanoteeth” on the waveguides 

was demonstrated with a coupling length of 3.75 µm [72].

Multimode interference couplers based on the self-

imaging effect are used in a wide variety of waveguide 

devices [73]. The lengths and performances of MMI cou-

plers depend on the beat length of the two lowest-order 

modes in the multimode region. Typically, the band-

width is limited to ∼100 nm for a 2 × 2 MMI with an IL of 

1 dB. The dispersion property of the multimode region 

can be engineered using an SWG structure to mitigate 

the wavelength dependence of the device [74]. A meas-

ured bandwidth of 300 nm was achieved in a 2 × 2 MMI 

coupler with an SWG multimode waveguide [69]. The 
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Figure 14: Results for various subwavelength structured couplers 

and splitters.

(A) Theoretical study of a DC with subwavelength structures. 

Reprinted from Halir et al. [67]. Copyright © 2012 by the Optical 

Society of America. (B) Experimental demonstration of a DC 

consisting of two SWG waveguides. Reprinted from Yun et al. 

[68]. Copyright © 2016 by the Optical Society of America. 

(C) Experimental demonstration of a 2 × 2 MMI based on an SWG 

multimode waveguide. Reprinted from Halir et al. [69]. Copyright © 

2016 by John Wiley and Sons. (D) Theoretical study of a 2 × 4 MMI 

with subwavelength lateral claddings. Reprinted from Ortega-

Monux et al. [64]. Copyright © 2011 by the IEEE.
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length is approximately half that of a traditional 2 × 2 

MMI. With the advantages of fully passive structure and 

high fabrication tolerance, 2 × 4 MMI couplers are pre-

ferred as optical 90° hybrids, which are essential compo-

nents in optical coherent receivers [75]. The performance 

of a conventional 2 × 4 MMI is limited by the high lateral 

refractive index contrast. By using subwavelength struc-

tures in the lateral cladding regions, the bandwidth of 

the subwavelength structured 2 × 4 MMI is extended from 

36 to 60  nm, compared to that of a conventional 2 × 4 

MMI [64]. An SWG structure can also be used as the mul-

timode region of a 2 × 4 MMI to increase the bandwidth. 

Recently, a 2 × 4 MMI coupler with an SWG multimode 

waveguide was theoretically studied, which had a length 

of 41.3 µm and a bandwidth of >150 nm [76]. The experi-

mental results for some silicon subwavelength struc-

tured couplers and splitters are summarized in Table 3.

5.2   Waveguide crossings

On-chip integrated photonic circuits require efficient 

waveguide crossings to facilitate connectivity and mini-

mize the device footprint. A conventional waveguide 

intersecting with another one creates a region with no 

lateral mode confinement, leading to high loss and con-

siderable CT. Low-loss and low-CT waveguide crossings 

can be implemented by subwavelength structures, such 

as SWG [77], Maxwell’s fisheye lens [78], and so on.

When two SWG waveguides intersect with each other, 

both the loss and the CT can be reduced on account of 

the propagating Bloch modes. An SWG waveguide cross-

ing was reported with a loss of 0.023 dB/crossing, a polar-

ization-dependent loss of <0.02 dB, and a CT value of 

<−40 dB [77]. Subwavelength nanostructures were used as 

the lateral cladding of MMI crossings to achieve low index 

contrast and reduce the ILs. A 101 × 101 MMI crossing array 

with subwavelength lateral claddings was fabricated with 

a pitch of 3.08 µm. The measured results showed that the 

loss was ∼0.02 dB/crossing, and the CT was <−40 dB [79].

Spatially inhomogeneous metamaterials can be 

realized in silicon slab waveguides by controlling the 

effective material refractive indices with subwavelength 

structures. Combined with transformation optics (espe-

cially conformal mapping [80] and quasi-conformal 

mapping methods [78]) and geometrical optics, it offers 

a large degree of freedom to manipulate the propaga-

tion of light in a silicon chip and implement new device 

functions. The demonstrated subwavelength metamate-

rial devices include invisible cloaks [81], spot size con-

verters [82], Maxwell’s fisheye [83] and Luneburg lenses 

[24], dual-function “Janus” devices [84], and so on. For 

example, it is well known in geometrical optics that Max-

well’s fisheye lens can focus rays emanating from a point 

on the boundary of the lens to a conjugate point on the 

opposite side [85]. This unique property can be utilized to 

realize a waveguide crossing for up to eight waveguides 

with a loss of 0.1 dB and a CT value of −40 dB in simu-

lations [86]. Experimentally, Maxwell’s fisheye lens can 

be built on a silicon slab by designing the geometry of 

the silicon pillars shown in Figure 1C. A silicon eight-port 

multimode waveguide star crossing was experimentally 

demonstrated to support the propagation of TM
0
 and 

TM
1
 modes. Figure 15A shows how the incident TM

1
 mode 

propagates through the waveguide crossing. Thanks to 

the self-imaging property, it forms the same mode profile 

at the other end of the lens, making the intermodal CT 

low enough for a multimode crossing (Figure 15B). The 

measured results show that the losses are <0.3  dB and 

the CT values are <−20 dB [13]. More recently, a universal 

multimode waveguide star crossing supporting an arbi-

trary number of waveguide modes and crossing channels 

was proposed and demonstrated based on Maxwell’s 

fisheye lens [83]. The device was fabricated by gray-scale 

EBL. A 3 × 3  silicon slot waveguide crossing was also 

theoretically proposed based on Maxwell’s fisheye lens 

[87]. Some of the subwavelength structured waveguide 

 crossings are listed in Table 4.

5.3   Waveguide bends

Benefitting from the high index contrast of silicon wave-

guides, ultrasharp single-mode waveguide bends with 

Table 3: Experimental results for subwavelength structured couplers and splitters.

Structure and reference Loss (dB) Imbalance (dB) Footprint (µm2) Bandwidth (nm)

2 × 2 DC with SWGs [70] – 0.7 3 × 14 100

DC with SWG waveguides [68] 0.5 0.3 1 × 50 130

2 × 2 SWG slot DC [71] 0.2 0.27 2 × 65 100

2 × 2 SWG MMI [69] 1 0.5 3.25 × 14 300
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radii of <2 µm have been reported, enabling large-scale 

photonic integration [88]. However, for a multimode wave-

guide bend, there is a significant mode mismatch between 

the straight waveguide and the bent section, leading to 

large mode-mismatching losses and intermodal CT. For a 

4-µm-wide multimode waveguide, a bend radius of >1 mm 

is needed to minimize the mode mixing, which is unac-

ceptably large for high-density photonic integration [89]. 

Subwavelength nanostructures can be used to achieve 

ultrasharp multimode waveguide bends. One approach 

is to introduce a mode converter with a subwavelength 

structured poly(methyl methacrylate) upper cladding 

between the straight multimode waveguide and the bent 

section so that the mode mismatch and intermode cou-

pling can be significantly reduced. A sharp multimode 

waveguide bend with a 30-µm radius was demonstrated 

with a loss of <1 dB and a CT value of <−20 dB over a band-

width of >80 nm [22]. Another method that can be used 

to achieve ultrasharp multimode waveguide bends is to 

tailor the index profile of the bent section. The refrac-

tive index near the inner arc of the bend is designed to 

be larger than that near the outer arc so that the mode in 

the inhomogeneous bend overlaps with that in the silicon 

strip waveguide to a large extent. As a consequence, the 

modes in the straight strip waveguide can pass through 

the 90° SWG bend with low IL and negligible intermodal 

CT. A subwavelength-resolution GRIN profile was intro-

duced in the waveguide bend, which was designed by 

transformation optics and fabricated by gray-scale EBL. A 

4-µm-wide multimode waveguide bend was demonstrated 

with a bending radius of 78.8 µm and a loss of 2.6  dB 

[89]. Recently, shallow-etched SWG structures have been 

introduced in the multimode bent section to modify the 

index profile and reduce the mode mismatch (Figure 1B). 

An ultrasharp 90° waveguide bend with a radius of 10 µm 

was demonstrated with an excess loss of <0.7 dB and a CT 

value of <−22 dB for three TE modes (TE
0
–TE

2
) in the wave-

length range of 1520–1600  nm [12]. The design can also 

be extended to four-mode channels (TE
0
–TE

3
). Figure 16A 

shows how the TE
3
 mode passes through the SWG mul-

timode waveguide bend, whereas Figure 16B shows the 

transmission spectrum of each mode at the output end 

of the bend. An excess loss of <0.8 dB and a CT value of 

<−15 dB were measured with a bending radius of 20 µm 

over a 90-nm wavelength band (1520–1610  nm). Table 5 

shows some of the recently reported subwavelength struc-

tured multimode waveguide bends.

5.4   SWG couplers for fiber-chip 
interconnects

Grating couplers and edge couples are frequently used to 

couple light from silicon waveguides to optical fibers for 

fiber-chip interconnects. Normally fiber-chip coupling is 

Table 4: Experimental results for subwavelength structured waveguide crossings.

Structure and reference Loss (dB/crossing) CT (dB) Footprint (µm2)

SWG waveguide crossing [77] 0.023 −40 <0.5 × 0.5

MMI crossing with subwavelength claddings [79] 0.02 −40 –

Maxwell’s fisheye lens multimode crossing [13] 0.3 −20 18 × 18

Multimode waveguide star crossing [83] <2.68 −19.5 42 × 42

Figure 15: Multimode crossing using a subwavelength 

metamaterial-based Maxwell’s fisheye lens.

(A) Field distribution of the TM
1
 mode when crossing the 

subwavelength structured area. (B) Simulated excess loss and CT 

spectra for the TM
1
 mode. Reprinted from Xu and Shi [13]. Copyright 

© 2018 by John Wiley and Sons.
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challenging because of the large mode area (wavevector) 

mismatch between a silicon waveguide and an optical fiber. 

For vertical coupling, the wavevector mismatch can be com-

pensated by a grating, whereas for the edge coupling, the 

mode area of a silicon waveguide can be expanded by using 

a subwavelength structure. In the following, we summarize 

some results on subwavelength structured grating couplers 

and edge couplers. A typical SWG surface grating coupler 

and a typical SWG edge coupler are shown in Figure 17.

Grating couplers attract much attention due to their 

advantages of easy wafer-scale testing and high toler-

ances for fiber alignment [92]. The key parameters of 

grating couplers include the coupling efficiency, band-

width, large alignment tolerance, and so on [93]. High-

efficiency single-etch grating couplers can be realized 

based on subwavelength structures (Figure 17A). Cou-

pling losses of 2.16 dB at 1.55 µm [90] and 2.5 dB at 1.3 µm 

[94] have been experimentally demonstrated. L-shaped 

grating couplers were used to increase the directional-

ity of the gratings. A measured coupling loss of 2.7  dB 

was achieved with a bandwidth of 62  nm [95]. Through 

the grating apodization, a high-efficiency bidirectional 
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Figure 16: Experimental demonstration of an SWG multimode 

waveguide bend.

(A) Field distribution of the TE
3
 mode when passing through the SWG 

waveguide bend. (B) Measured transmission spectra when the TE
3
 

mode is launched into the waveguide bend. Reprinted from Wu et al. 

[12]. Copyright © 2019 by John Wiley and Sons.

Figure 17: Experimental demonstration of SWG couplers for  

fiber-chip interconnects.

(A) Scanning electron microscopy image of the fabricated 

continuously apodized SWG surface grating coupler. Inset: detailed 

view. Reprinted from Benedikovic et al. [90]. Copyright © 2014 by 

John Wiley and Sons. (B) Scanning electron microscopy image of the 

SWG edge nanocoupler. Insets (i) and (ii) show the coupler tip and 

the intermediate section positioned at 15 µm from the junction with 

silicon wire waveguide, respectively. Reprinted from Cheben et al. 

[91]. Copyright © 2015 by the Optical Society of America.

Table 5: Experimental results for some subwavelength structured bends.

Structure and reference Loss (dB) CT (dB) Radius (µm) Bandwidth (nm)

Subwavelength structured upper-cladding bend [22] <1 −20 30 >80

Transformation optic–based bend [89] 2.6 – 78.8 –

Shallow-etched SWG bend [12] 0.7 −22 10 80
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grating coupler using SWGs could be realized with a cou-

pling loss of 1.8 dB and a 1-dB bandwidth of 37 nm [96]. By 

adding a backside metal reflector, a subwavelength engi-

neered grating coupler was demonstrated with a meas-

ured coupling loss of 0.69  dB and a 3-dB bandwidth of 

60 nm [97]. Conventional grating couplers usually exhibit 

limited operation bandwidths. By interleaving disper-

sion engineered subwavelength structures, a 1-dB band-

width of 70  nm and a 3-dB bandwidth of 117  nm could 

be achieved [98]. An ultrabroad 1-dB bandwidth of more 

than 100 nm was experimentally realized based on focus-

ing-curved subwavelength structures [99]. Using 1D SWG 

structures, both straight and focusing grating couplers 

could be achieved with a 1-dB bandwidth of 90 nm [100]. 

Grating couplers with high alignment tolerance could 

also be realized based on SWG structures. An apodized 

single-etch–step SWG grating coupler was demonstrated 

with high lateral misalignment tolerance and a coupling 

loss of 7.49 dB [101]. Table 6 shows some of the recently 

reported subwavelength structured grating couplers.

Edge couplers can provide high coupling efficiency, 

ultrawide bandwidth, and polarization-independent opera-

tion [91]. Benefitting from the effective index modification 

effect, SWG waveguides can be used to expand the mode 

field in a silicon waveguide, which help maximize the overlap 

between the modes in the SWG waveguide and the lens 

fiber (Figure 17B) [5, 91]. An SWG-based edge coupler was 

 demonstrated experimentally with coupling losses of 0.9 dB 

for TE polarization and 1.2  dB for TM polarization [102]. A 

metamaterial converter between standard fibers to nanopho-

tonic waveguides was reported with both manual probing 

and a self-aligned 12-fiber automated assembly [103]. The 

peak transmission efficiency was −1.6 dB. Fiber V-grooves 

were integrated on the chip with metamaterial converters 

embedded in suspended oxide membranes to prevent cou-

pler-mode leakage to the substrate. The coupler fabricated 

with a 300-mm CMOS production facility was demonstrated 

with a peak transmission of −0.7 dB for TE polarization and 

–1.4 dB for TM polarization [104]. Silicon nitride layers with 

SWG structures were introduced to reduce the leakage to the 

silicon substrate [105]. A coupling loss of 0.35 dB and a 1-dB 

bandwidth of 95 nm were reported in an SiN-assisted edge 

coupler [106]. Robust edge couplers are desired for high-vol-

ume production. An SWG-based edge coupler for coupling 

to high-numerical-aperture optical fibers was proposed 

theoretically with high tolerance to fiber misalignment (±1.5 

µm for a 1-dB excess loss) [107]. Subwavelength grating 

mode converters are also used for optical chip-to-chip con-

nections. Highly broadband coupling was demonstrated 

with a penalty of <0.35 dB over a 120-nm bandwidth [108]. 

Table 7 shows some of the recently reported subwavelength 

 structured edge couplers.

6   Conclusions and perspectives

This article provides a comprehensive review of subwave-

length structured silicon photonic devices. It starts from 

Table 7: Experimental results for subwavelength structured fiber-to-chip edge couplers.

Structure and reference λ (nm) Coupling loss (dB) Minimum feature size (nm) 1-dB BW (nm)

SWG tip [102] 1530 0.9 100 –

Polarization-independent SWG [91] 1550 0.32 – >100

SWG 12-fiber assembly [103] 1490 1.6 140 ∼100

V-groove SWG membrane [104] 1515 1.4 120 >200

Table 6: Experimental results for subwavelength structured fiber-to-chip grating couplers.

Structure and reference λ (nm) Coupling loss (dB) 1-dB BW (nm) θ

Interleaved SWG structures [98] 1570 5.1 70 16

Single-etch subwavelength [90] 1550 2.16 ∼35 27

Focusing curved SWG [99] 1550 4.7 100 20

1D nonuniform grating [100] 1550 3.8 90 24.7

SWG with a backside metal reflector [97] 1538 0.69 ∼30 27

Single-etch SWG [94] 1310 2.5 40 –

L-shaped grating [95] 1550 2.7 62 22

HPF SWG [101] 1550 7.49 14 8

Apodized bidirectional grating [96] 1530 1.8 37 –
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the optical properties of subwavelength structured wave-

guides and then discusses a variety of functional devices 

implemented with refractive index engineering in 1D and 

2D silicon waveguides, including PBSs, PRs, PSRs, polar-

izers, mode converters, mode multiplexers, waveguide 

couplers, crossings, bends, grating couplers, and edge 

couplers. Due to the flexible, wide-range, multidimen-

sional engineering of the refractive index, many novel sub-

wavelength structured devices have been demonstrated or 

can be envisioned in the future. From the perspective of 

fabrication techniques, immersion lithography may facili-

tate the mass fabrication and commercial exploitation of 

subwavelength structured devices, whereas the improved 

lithographic resolution of extreme-ultraviolet lithography 

can extend the operating band from infrared to visible 

wavelengths. In terms of design principles, transformation 

optics is a powerful theoretical tool for the design of novel 

device functions based on subwavelength structured 

waveguides. With the combination of adiabatic coupling 

techniques and subwavelength structure–enabled disper-

sion engineering, ultrabroadband devices are expected 

to be within reach in the next few years. The anisotropic 

optical properties of subwavelength structures have rarely 

been explored so far but will potentially provide another 

degree of freedom to manipulate the propagation of light 

at the subwavelength scale [109]. In summary, advanced 

theoretical analysis and fabrication technologies have 

significantly facilitated research on subwavelength engi-

neering and paved the way toward future commercializa-

tion of these kinds of novel functional devices.
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