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Low Loss Slow Light Waveguiding in Coupled Subwavelength 
Silicon Mie Resonators†  

Lu Ding,*a Ye Feng Yu,a Dmitry Morits,a Mingbin Yu,b Thomas Y. L. Ang,c Hong Son Chu,c Soon Thor 
Lim,c Ching Eng Png,c Ramon Paniagua-Dominguez,*a and Arseniy I. Kuznetsov,*a 

Subwavelength light-guiding optical devices have gained great attention in the photonics community because they provide 

unique opportunities for miniaturization and functionality of the optical interconnect technology. On the other hand, high-

refractive-index dielectric nanoparticles working at their fundamental Mie resonances have recently opened new venues to 

enhance and control light-matter interactions at the nanoscale while being free from Ohmic losses. Combining the best of 

both worlds, here we experimentally demonstrate low-loss slow light waveguiding in a chain of coupled silicon Mie 

resonators at telecommunication wavelengths. This resonant coupling forms waveguide modes with propagation losses 

comparable to, or even lower than those in a stripe waveguide of the same cross section. Moreover, the nanoparticle 

waveguide also exhibits slow light behaviour, with group velocities down to 0.03 of the speed of light. These unique 

properties of coupled silicon Mie resonator waveguides, together with hybrid coupler designs reducing the coupling loss 

from a bus waveguide, as also shown in this work, may open a path towards their potential applications in integrated 

photonics for light control in optical and quantum communications or biosensing, to mention some.

1 Introduction 

Optical communications and optical signal processing, having faster 

speed, broader bandwidth, and lower power consumption than 

electronic counterparts, are widely regarded as the key enablers for 

the next generation of information technologies. In this regard, 

subwavelength light guiding gains the ever-lasting attention of the 

photonics community because it enables the miniaturization of the 

optical interconnect technology in an integrated platform that 

mimics that of electronics.1-3 The conventional approach for 

subwavelength light guiding based on simple dielectric strip 

waveguides, typically made of silicon or silicon nitride, has been 

thoroughly studied in the literature and has become the standard for 

commercial applications.4-6 The limitations of this technology, 

however, has resulted in significant efforts being put on developing 

complementary technologies for potential higher bandwidth and 

further miniaturization. One approach to achieve the former is to 

utilize two-dimensional photonic crystals (2D PCs) with a line defect 

having the photonic band gap (PBG) at the operational frequency.7, 8 

The disadvantages of such devices compared to the conventional 

dielectric waveguides are a larger footprint and significant coupling 

losses due to the poor coupling with a bus waveguide.7 Regarding 

further miniaturization, plasmonic systems, such as chains of coupled 

metallic particles supporting localized surface plamons,9, 10 or hybrid 

metal-dielectric designs11-13 gained significant attention in the past 

several years due to their ability to achieve truly subwavelength 

mode volumes. Metals, however, have inherently high material 

losses in the optical frequency range which lead to high propagation 

losses.  

A promising alternative approach that has recently emerged 

uses resonant, high refractive index dielectric nanoparticles to 

achieve subwavelength light guiding.14-20 One obvious 

advantage of this approach, compared to plasmonics, is that 

material losses of dielectrics at optical frequency are 

significantly lower than those of metals. At the same time, high 

refractive index particles may support both electric and 

magnetic Mie resonances even in the subwavelength regime, 

providing additional degrees of freedom to engineer their 

optical properties by manipulating the geometry.21-25 While 

initial designs of linear arrays of resonant dielectric 

nanoparticles were inspired by Yagi-Uda antennas, and 

optimized for highly directional optical emission,26 further 

development of this concept generated the design of a chain of 

coupled resonant dielectric nanoantennas, which was first 

theoretically studied15, 19 and subsequently experimentally 

demonstrated in the gigahertz range16-18 and at optical 

frequencies.20 In this system, the electric and magnetic Mie 

resonances of the individual dielectric nanoantenna and the 

coupling between them play a decisive role in the light guiding. 

This key feature distinguishes this approach from light guiding 

in one dimensional non-resonant blocks (based on pure 

periodicity effect), better known as the subwavelength grating 
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waveguides (SWG).3, 27-30 In our first experimental 

demonstration of waveguiding based on resonant silicon 

nanoparticles in the visible and near-IR spectral ranges, the 

measured propagation losses were relatively high (34 dB/mm at 

720 nm and 5.5 dB/mm at 960 nm),20 mainly due to the high 

material losses of silicon at these wavelengths and asymmetric 

waveguide structure exposed to air from one side. In this paper, 

we adopt the same design concept and extend the operation 

wavelength to the telecommunication wavelength range 

(~1550 nm) where the material losses of silicon are negligible. 

Moreover, we fabricate our waveguides on a commercially 

available silicon-on-insulator (SOI) wafer platform using 

standard, CMOS compatible photolithography, demonstrating 

its feasibility for mass production. When compared to the 

conventional stripe waveguide with the width of 400 nm widely 

used by the silicon photonics community, our nanochain 

waveguide has a narrower width, reducing the footprint, and 

similar or even lower propagation losses in a certain wavelength 

range. Together with transmission loss measurements, we also 

show that the insertion loss of this component can be greatly 

reduced by introducing a hybrid tapered coupler between the 

bus and the nanochain waveguides. Finally, we show that our 

nanochain waveguide exhibits slow light effects with low 

associated losses, demonstrating the speed of light traveling in 

the waveguide to be as low as 0.03c. 

2 Design and Simulation 

The subwavelength waveguide, made of a chain of cylindrical silicon 

nanoparticles with diameter D = 340 nm, gap g = 170 nm and height 

H = 220 nm, is designed to work in the telecommunication 

wavelength range. The structure parameters are chosen to meet the 

fabrication constraints of the commercial silicon photonic foundry 

using CMOS compatible 193 nm photolithography (supplementary 

material S1). To understand the waveguiding mechanism of the 

nanoparticle chain, the mode analysis of both single nanoparticle and 

the uniform, infinite, nanoparticle chain waveguide is performed by 

full numerical simulations using the finite difference time domain 

method (Lumerical FDTD) (supplementary material S2). The left 

panel of Fig. 1(a) shows the dispersion relation of the infinite 

nanoparticle chain, assuming a surrounding medium with a 

refractive index of 1.45 (closely matching that of the SiO2 substrate 

and the cladding in the experiment). As can be seen, the nanochain 

waveguide supports four transverse guided modes in the frequency 

range of interest (the longitudinal guided modes that exist in this 

range are not included in the plot for simplicity, as they cannot be 

efficiently excited by the input waveguide modes in the experiment). 

The grey shaded area highlights the region above the light line of 

SiO2, in which the geometry supports a continuum of leaky modes. 

The fundamental and first order guided modes are transverse 

electric (TE-like) and transverse magnetic (TM-like), respectively. The 

rectangular cross section of the nanoparticles in the xy plane lifts the 

degeneracy of TE and TM modes into TEx, TEy and TMx, TMy. The TEx 

and TMy modes are characterized by the main component of the 

electric field oscillating along the x direction, whereas for the TEy and 

TMx modes the main component of the electric field oscillates along 

the y direction (PBG is indicated in Fig. 1(a)). Here, TEx is the lowest 

order mode. It should be noted that the relative spectral position of 

the electric and magnetic modes in the nanochain is determined by 

the aspect ratio (height/width) of the nanoparticles as well as the 

mutual coupling between them and, thus, can be tailored by tuning 

the nanoparticle geometry. The right panel of Fig. 1(a) shows the 

total scattering efficiency of a single nanoparticle with dimensions 

corresponding to those in the chain, superimposed with the electric 

dipole (ED), magnetic dipole (MD), and electric quadrupole (EQ) 

contributions to the scattering obtained through the multipole 

decomposition31 (supplementary material S2). The MD resonance 

has the lowest energy with high quality factor while the ED 

resonance peaked at the blue side of MD has low quality factor and 

also dominant at longer wavelength. Comparing the left and right 

panels one can see that the positions of the fundamental TE modes 

of the waveguide chain are at the low energy tail of the ED 

resonances of the nanoparticle, which indicates that each 

nanoparticle in the chain indeed operates at the fundamental Mie 

resonance.  

As an illustration of the different field interactions and distributions 

for the different modes supported by the nanochain, Figs. 1(b)-1(e) 

show those corresponding to the TEx and TMy modes. In the 

schematics, the purple and green arrows indicate the electric (E) and 

magnetic (H) fields, respectively. For the TEx mode (Fig. 1(b)), the E-

field lies along the x direction in the nanoparticle and (at the photonic 

band edge) has opposite direction between adjacent nanoparticles, 

whereas the H-field concentrates in the gaps, each nanoparticle 

working as an electric dipole resonator. Due to the destructive 

interference of dipole emission, the radiation loss is suppressed and 

the guided mode is formed.14 From this coupling mechanism one can 

understand the mode sensitivity to the gap distance between the 

nanoparticles and the periodicity of the chain.20 Also, from the 

electric field intensity (|E|2) distribution, which is mainly confined 

outside the nanoparticles, as shown in Fig. 1(c), one can understand 

the mode sensitivity to the surrounding medium, which makes it a 

good candidate for sensing applications. For TMy mode, the 

schematics of field interaction is shown in Fig. 1(d). The H-field is 

located in the nanoparticle with alternative directions between 

Fig. 1 (a) (left) Dispersion plots of an infinite chain of cylindrical silicon nanoparticles 

with height H = 220 nm, diameter D = 340 nm and gap g = 170 nm embedded in a host 

SiO2 medium with 1.45 refractive index. (right) Multipole decomposition results for the 

Mie resonant modes inside a single nanoparticle with the same dimensions in the 

homogeneous medium. ED, MD, and EQ indicate contributions of electric (cyan curve), 

magnetic (magenta curve) dipoles, electric quadrupole (orange curve) to the total 

scattering efficiency (grey curve) of the nanoparticle. (b-e) Schematics of the E- and H-

fields interaction (b, d) and the electric field intensity (c, e) of the TEx mode (b, c) and 

TMy mode (d, e) of the nanochain waveguide. Green and purple arrows indicate 

magnetic and electric fields respectively. The upper inset shows the definition of 

coordinates and geometry of the nanoparticle chain. 
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adjacent nanoparticles (at the band edge).32, 33 The E-field follows the 

tangential curvature of the physical boundary of the nanoparticle, as 

can be seen from the characteristic electric field intensity (|E|2) 

shown in Fig. 1(e), having a minimum at the centre of the particles. 

This transverse magnetic mode is similar to that discussed in our 

previous work.20 In the following discussions however, we will mainly 

focus on the fundamental, lowest-order TEx mode for all designs.  

3 Results and discussion 

As mentioned before, the nanochain waveguides are fabricated on 

an SOI wafer using the CMOS compatible 193 nm photolithography 

and reactive ion etching. The structure is then covered by a top SiO2 

cladding with a thickness of 2 µm to form a homogeneous 

surrounding for the waveguide and minimize the radiation loss from 

the interface. The chip is designed for edge coupling to characterize 

the transmission properties of the devices (supplementary materials 

S3 and S4). Fig. 2(a) shows the top and tilted view SEM images of one 

of the nanochain waveguides after removing the top cladding 

through wet etching in BHF 6:1 acid solution for 11 minutes. As can 

be seen, the nanoparticles are well resolved by the photolithography 

fabrication process. The cylindrical shape is nicely reproduced 

according to the design with just an ~8% overall shrinkage of the 

diameter due to the proximity effect.  

The light guiding performance of the nanochain waveguides is 

systematically studied by varying their structural parameters, namely 

the diameter (D = 300, 320, 340 nm) and gap (g = 130, 150, 170 nm). 

Fig. 2(b) plots the transmittance of the nanochain waveguide as a 

function of g while keeping D = 340 nm. All spectra are normalized to 

the transmission of a stripe waveguide with a width of 400 nm. The 

nanochains have a uniform length L ~2 mm and the total length of all 

the devices is kept the same. Within the spectral bandwidth limit of 

the characterization system, only the TEx band is captured. For g = 

170 nm, the photonic bandgap (PBG) is at around 1544.5 nm 

wavelength, below which the light propagation is forbidden. The 

spectrum smoothened by filtering the high frequency oscillations is 

superimposed on top of the experimental data to show the 

maximum total transmittance, which is below 20%. Similar features 

are observed in the nanochain waveguides with a fixed g = 170 nm 

and varying D (Fig. 2(c)). In both cases, the PBG blue shifts with 

decreasing g and D, as expected from the theory. The structural 

dependence of the total (maximum) transmittance is more 

complicated because it does not depend only on the propagation loss 

of the chain, but also on the coupling loss between the bus 

waveguide and the nanochain, which will be analysed in the 

following parts.  

The propagation loss of the nanochain waveguide is studied using the 

cut-back method: while keeping the same total length of the device, 

a certain length of the bus waveguide (width 400 nm) is substituted 

in each device by the nanochain waveguide and a pair of tapered 

couplers (stripe waveguide with the length of 100 µm and width 

varying from 400 to 340 nm) for coupling to the bus waveguides 

(supplementary material S5). In this way, we can obtain the relative 

propagation loss of the nanochain, which is defined as the 

propagation loss difference between the nanochain and the bus 

waveguide (αchain – αbus). Fig. 3(a) shows the transmittance of a series 

of nanochain waveguides (D = 340 nm and g = 170 nm) with L varying 

from 0.1 to 2 mm, with the PBG indicated by the grey shaded area. 

Low frequency Fabry-Perot (FP) oscillations that strongly modulate 

the transmission spectrum can be clearly seen. Their amplitude and 

period increase when the length of the nanochain waveguide 

decreases. Approaching the PBG, the period becomes small and 

difficult to resolve, indicating the slow light effect near the PBG. It 

should be noted that, away from the PBG, the maximum 

transmittance for each curve is very similar, reaching the level ~20%, 

which indicates that the propagation losses of the nanochain and the 

bus waveguide are comparable.  

We deduce the values of αchain – αbus as a function of wavelength by 

linearly fitting the slope of the length dependent transmittance in log 

scale for each wavelength (supplementary material Fig. S2). Fig. 3(b) 

shows the results for the several chains with D = 340 nm and varying 

gaps. For each curve, we include the standard deviation of the fit and 

the corresponding PBG wavelength, indicated by a vertical, dashed 

line. For the case of g = 170 nm, corresponding to Fig. 3(a), αchain – 

αbus reaches values between -0.1 and 0.2 dB/mm in the spectral 

range above the PBG. Here αchain – αbus = 0 means that the 

propagation loss of the nanochain and the bus waveguides are 

identical, which shows that the propagation loss of the nanochain is, 

over a broad wavelength range, comparable to or, in certain 

Fig. 2 (a) Top and tilted view SEM images of a nanoparticle chain fabricated using 193 

nm photolithography. (b), (c) Transmittance of the nanoparticle chain as a function of 

(b) the gap g (D = 340 nm and L = 2 mm) and (c) the diameter D (g = 170 nm and L = 2 

mm). 

Fig. 3 (a) Transmittance of the nanoparticle chain as a function of its length L (D = 340 nm 

and g = 170 nm). The spectra are artifically shifted by 0.5 from one another for clarity. (b) 

Propagation loss (relative to a bus waveguide with the width of 400 nm) of nanoparticle 

chains with gaps g = 130 nm, 150 nm and 170 nm and diameters D = 340 nm. The 

propagation loss of a bus waveguide with a width of 340 nm is also included. The error 

bars, represented as shaded areas, are superimposed for each curve. 
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wavelength range, even lower than that of the bus waveguide. 

Taking the average propagation loss ~0.2 dB/mm of a silicon stripe 

waveguide with a rectangular cross section of 450 nm  250 nm,34, 35 

the measured propagation loss of our nanochain waveguide is 

estimated to be in the range of 0.1~0.3 dB/mm, which is similar to 

that in SWGs29, 36, 37 although that the nanochain resonators have a 

smaller cross section. The propagation loss of the nanochain 

waveguide rapidly increases when approaching the PBG due to the 

increasing scattering loss associated with the slow light effect.38 The 

relative propagation loss of the nanochains with g = 150 and 130 nm 

is also included in Fig. 3(b), showing similar spectral responses and 

blue-shifted PBG with a decreasing gap. In all cases, the propagation 

loss of the nanochain in the transmission band is lower than that of 

the straight waveguide with the same width of 340 nm (black curve) 

and similar, in some frequency ranges, to that of 400 nm width, 

which demonstrates that nanochains provide waveguiding possibility 

with a similar guiding efficiency but smaller device footprint than 

conventional silicon nanowaveguides.  

Although the studied nanochains have low propagation losses, the 

maximum transmittance is yet not greater than 20%. This can be 

explained by a large coupling loss between the bus and the 

nanochain waveguides. This stems from the abrupt geometric 

change and associated effective refractive index jump at the 

interface, introducing significant scattering and reflection. In order 

to have a smooth, adiabatic transition between the two waveguides, 

a hybrid tapered coupler39, 40 is used here to optimize the coupling 

efficiency (supplementary material S6). Fig. 4(a) shows top and tilted 

view SEM images of the hybrid tapered coupler, which transforms 

the nanoparticle chain into a tapered waveguide (width varying from 

340 to 100 nm), giving a smooth geometric transition. Fig. 4(b) shows 

the direct comparison of the transmittance of the nanochains with 

and without the hybrid tapered coupler. The black curve is the device 

without the coupler, while coloured curves are the devices with 

couplers of various tapered lengths (defined by the number of 

nanoparticles N in the hybrid taper). For this proof of concept study, 

the nanoparticles in the nanochain waveguide between the tapered 

couplers have identical D = 340 nm and g = 150 nm, and their number 

is kept at 10. As can be seen, the overall transmittance through the 

device increases from 20% to ~70% thanks to the hybrid coupler. 

However, it also introduces a low frequency FP oscillations in the 

transmission spectrum, whose frequency and amplitude increase 

when increasing the length of the taper.   

As mentioned before, near the PBG of this system strong slow light 

effects can be observed, as seen e.g. in the transmission spectrum of 

the nanochain waveguide shown in Fig. 3(a). In fact, by analysing the 

FP interference phenomena present in the spectrum, it is possible to 

obtain the group velocity of light propagation through the 

nanochain.41 Fig. 5(a) plots a close look of the transmittance 

spectrum of a nanochain with D = 340 nm, g = 170 nm, and L = 0.7 

mm in the spectral range from 1540 to 1560 nm. As can be seen, the 

oscillation period is not constant and becomes smaller when 

approaching the PBG, suggesting a strongly dispersive character for 

the guided mode. The decrease in the separation of consecutive FP 

peaks by λ2/(2Lng) implies an increase in the group index ng (or a 

decrease in the group velocity vg). The inset of Fig. 5(a) is a zoom-in 

of the spectrum, showing that the oscillation period can be well 

resolved down to values of 66 pm. Fig. 5(b) shows the spectral 

dependence of the deduced group index ng. When far away from the 

PBG, ng is ~2.5, which is the modal index of the stripe silicon 

waveguide (width 340 nm).42 Approaching the PBG, ng increases to 

~30, i.e. nearly one order of magnitude, corresponding to the group 

velocity of ~0.03c. The measured value of ng from devices with 

different lengths agree well with each other, reflecting the actual 

dispersion relation of the chain, which is only related to D and g and 

independent on L. It should be noted that the maximum measured 

ng is on the same order of magnitude as the highest reported value.37 

It should also be mentioned that the maximum measurable ng value 

strongly depends on the losses of the nanochain waveguide.43 In 

addition to this, in our case, ~80% of the energy is lost in these 

samples due to the insertion losses, which makes the FP peaks near 

the PBG not detectable due to the low transmittance value. The 

bandwidth of the slow light region is ~1 nm, highlighted by the grey 

region in Fig. 5(b), which is similar to the reported values for one 

dimensional slot photonic crystal waveguides44 and smaller than that 

of SWGs.37 This value, however, could potentially be further 

expanded via band engineering.37  

Fig. 4 (a) Top and tilted view SEM images of the hybrid tapered coupler fabricated 

using 193 nm photolithography. (b) Transmittance of the nanoparticle chain (D = 340 

nm, g = 150 nm, and 10 nanoparticles) with and without the hybrid tapered coupler 

(comprising N = 10, 20, 30, 40 and 50 nanoparticles). For the sake of clarity, in the 

plotted spectrum, the high frequency FP oscillations have been filtered out to 

emphasize the effect of the hybrid tapered coupler. 

Fig. 3 (a) Transmittance of the nanoparticle chain (D = 340 nm, g = 170 nm, and L = 0.7 

mm) around the PBG region. The inset is a zoomed-in plot to show resolved FP fringes 

near the PBG. The FP peaks are highlighted by red stars. (b) The spectral dependence of 

the deduced group index ng for different lengths of the nanoparticle chain waveguide. 

Modal refractive index of the stripe silicon waveguide with width 340 nm is plotted as a 

grey dashed line for the reference. 
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4 Conclusions 

In summary, we designed and experimentally demonstrated 

subwavelength light guiding structures at telecommunication 

wavelength bands based on chains of resonant silicon 

nanoparticles. The nanochain waveguides show comparable or 

even lower propagation loss compared to that of optimal silicon 

stripe waveguides with 400 nm width, while having a smaller 

footprint. Importantly, and contrary to the stripe waveguide, 

the nanochain waveguide exhibits strong slow light effects near 

the photonic band gap, with group velocities down to 0.03 of 

the speed of light, which might be used to enhance light-matter 

interactions in and around the nanostructure. While the 

coupling loss of the device is relatively high without an 

engineered coupler, we showed that a simple, and possibly far 

from optimal, hybrid tapered coupler greatly reduces the 

coupling loss between the nanochain and the bus waveguide. 

We believe that the suggested system, which complements 

existing integrated photonic solutions, may find potential 

applications in data communication, light modulation, 

biosensing and quantum photonic applications.  
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