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ABSTRACT 

Label-free optical biosensors using nanophotonic concepts have made substantial progress in the 

last few years due to their ability to realize fast, compact and cost-effective chemical detection 

devices. Among those, high refractive index dielectric Mie nanoresonators hold promise for deep 

miniaturization of bio-sensing devices while keeping high sensitivity and low dissipative losses. 

In this work, we report a high sensitivity and small footprint refractive index sensor based on this 

concept. The device consists of a one-dimensional chain of coupled silicon nanoresonators 

supporting high quality factor collective Mie modes. The measurements with aqueous glycerol 

solutions show a high sensitivity range of 420 – 440 nm/RIU and a maximum figure of merit of 

2700 RIU-1. Being fully compatible with standard CMOS processes and having a small sensing 

area of only 0.5×18.2 µm2, we believe this design, once arranged in arrays functionalized for 

different analytes, could become an attractive solution to realize lab-on-a-chip sensor arrays for 

high-performance, label-free multiplexing in a cost-effective way.  
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INTRODUCTION 

Nowadays, the usages and needs of chemical sensors and biosensors are continually increasing in 

modern societies to secure human health and well-being. Their applications range widely from 

food and environment contaminat detection  to novel point-of-care medical diagnostics. Label-free 

optical sensing schemes based on nanoplasmonic1 and nanophotonic2 technologies have gained 

particular interest due to miniaturized footprint, high sensitivity, biocompatibility, and 

simultaneous real-time monitoring capabilities. The operation principle of the vast majority of 

optical sensors is based on refractive index sensing. Namely, the optical resonance mode of the 

sensing body is exposed to the environment and its peak position has one-to-one correspondence 

with the refractive index of the surrounding medium. There are two characteristic parameters to 

compare the refractive index sensors, namely the sensitivity and the so-called figure of merit3. The 

sensitivity (S) is defined as the shift of resonance frequency upon a change in the refractive index 

of the surrounding medium, i.e. S = Δλ/Δn. Large S is typically achieved in waveguide-based 

sensors, e.g. surface plasmon resonance (SPR) sensors4-6, by increasing the overlap area between 

the analyte and the sensing body. These sensors are bulky and require a large amount of analyte. 

Another way to boost S is to utilize optical Vernier effect7 in two coupled interferometers8-9. This 

method also increases the device footprint as well as the complexity of the sensor design. On the 

other hand, the figure of merit (FoM) is defined as the sensitivity (S) normalized by the full width 

at half maximum (FWHM) of the resonance mode, i.e. FoM = S/FWHM. The FoM defines the 

detection limits of localized refractive index change and gives a good quantitative measure of the 



performance of resonator-based miniaturized sensors for surface refractive index sensing or 

biomolecule detection. 

Plasmonic nanoantennas10-13 with localized surface plasmon resonances (LSPR) are well known 

to sense the refractive index changes in their near field limited to a few tens of nanometers14. It 

enables foorprint miniaturization of the sensors and cost-effective devices. Besides that, LSPR 

sensors are able to resolve even single-molecule binding event on the surface of individual metal 

nanoparticles15-17. However, due to the Ohmic losses inherent to plasmonic nanoparticles at optical 

frequencies,18 LSPR sensors suffer from low FoM and optical heating of the metallic nanoparticles 

and their surroundings, resulting in photothermal degradation of the sensor as well as the analyte19. 

Recently, high refractive index dielectric nanoantennas20-21 have been found to be a suitable 

substitution of metallic counterparts for sensing applications3, 22-26. Dielectric nanoantennas 

support Mie-type electric and magnetic resonances in the subwavelength regime and have low 

dissipative losses and optical heating27. Resonance peak position from randomly distributed 

dielectric nanoantennas is also found to have a more linear response to adsorbate layer thickness 

changes19. However, the FoM of an individual dielectric nanoantenna is still generally low, below 

10 per refractive index unit (RIU-1) due to the broad resonance spectral linewidth. To improve the 

FoM, engineering of complex resonant structures with high quality factor is required. Nanoantenna 

arrays exhibiting spatially extended resonance features, such as Fano resonances28, lattice 

resonances22, supercavity modes29, and bound states in the continuum24, have improved FoMs to 

a few tens or even a few hundred RIU-1.  

Recently, we have reported a one-dimensional (1D) resonator composed of a chain of coupled 

silicon nanoantennas with a high quality factor resonance of up to 104 and high sensitivity to optical 

modulation30. Remarkably, these nanoresonators can be fabricated using conventional 



photolithography processes in a cheap and scalable manner. Here, we show that the application of 

this kind of coupled Mie resonators to refractive index sensing allows us to achieve a sensor with 

an average sensitivity of 430 nm/RIU and the maximum FoM of 2700 RIU-1. This finding result 

is much higher than what was previously shown for LSPR- and Mie resonance-based sensors and 

is comparable to the larger-scale sensors based on 1D photonic crystal cavities31-36, subwavelength 

grating microring resonators37, and suspended slot 2D photonic crystal cavities38-39, which 

typically require more sophisticated and non-scalable nanofabrication procedures using electron 

beam lithography. Considering the compact footprint and possibility for large scale CMOS 

nanofabrication, on-chip sensor arrays based on 1D nanoparticle chain resonators would have great 

potential for realizing label-free sensing multiplexing in a cost-effective manner. 

EXPERIMENTAL DETAILS 

Numerical Design. 1D nanoparticle resonator for sensing is designed by adopting the same design 

rule as in our previous work30. The cavity consists of a chain of Mie-resonant nanoparticles with 

varied dimensions sandwiched between two similar nanoparticle chains with a photonic bandgap 

at the wavelength of operation and acting as highly reflective mirrors. The cavity resonance lies 

inside this photonic band gap opening a narrow transmission window. Figure 1a illustrates a 

schematic of the 1D nanoparticle resonator composed of 40 cuboidal silicon nanoparticles with 

identical height (H) of 220 nm, width (W) of 455 nm, period (Λ) of 455 nm and varied length. The 

whole system sits on SiO2 (n = 1.45) and is immersed in water, which acts as a top cladding with 

a refractive index of 1.317 at 1550 nm wavelength40. The design length (L) of the mirror and cavity 

nanoparticles corresponding to their index numbers is shown as the solid grey curve in Figure 1b. 

Parabolic modulation of the length profile helps to provide a high quality factor of the cavity 

resonance41. FDTD simulation (see Methods) of light transmission through the resonant cavity 



normalized to the source power is shown in Figure 1c. The aspect ratio of the nanoparticles (H/W) 

determines the polarization of the fundamental cavity resonance mode, corresponding to a linearly-

polarized field transverse to the chain axis (TEx). The lowest transmission band appears above 

1543 nm with a maximum transmittance of 60% and a sharp resonance in the photonic bandgap at 

1521.85 nm with a quality factor of ~7100. The effective mode volume is calculated to be ~ 

1.12(𝜆 𝑛𝑆𝑖⁄ )3, which is similar to the mode volume of 1D photonic crystal nanobeam cavities 

(typically ~1(λ/nSi)3)42. At the cavity resonance, the nanoparticles support electric dipole modes 

(magnitude of the electric and magnetic field is shown in the insets of Figure 1c), which is 

advantageous for biomolecular sensing performance due to the higher exposure of the field to the 

surrounding medium25. All these make the nanoparticle chain resonator a suitable candidate for 

sensing applications. 

Device Fabrication and Characterization. Figure 2a illustrates a schematic of the sensing device. 

The nanochain resonator is fabricated on a standard SOI chip with a 220 nm layer of crystalline 

silicon on top of a 2 µm SiO2 cladding on a 500 µm silicon substrate (see Methods). The resonator, 

as the primary sensing body, is exposed to air or sensing liquid by selectively opening a sensing 

window, while coupling waveguides are protected by a top SiO2 cladding. Figures 2b and 2c show 

the overview and zoom-in view of the scanning electron microscope (SEM) micrograph of the 

etched pattern. The resonator particles have the same width as the single mode silicon waveguides, 

which are used to couple light in and out of the resonator. The cuboidal shape of the nanoparticles 

is nicely reproduced, with slightly rounded corners, and the measured lengths (L) matches well the 

design, as shown in Figure 1b (black circles together with the measurement error). The 

transmission of the device is characterized by a tunable laser source and a photodetector (see 

Methods). Figure 2d plots the normalized transmission spectrum of the resonance when the cavity 



is embedded in a DI water droplet. The resonance shows a clear Lorentzian profile and peaks at 

1509.66 nm, with a quality factor of ~7500, which matches well with the simulations. The 

measured peak position is about 10 nm blue-shifted comparing to the simulated value, which we 

attribute to a slight deviation of the actual refractive index of silicon from the simulated one and 

fabrication imperfections.  

RESULTS AND DISCUSSION 

Covering the nanoparticle chain resonator with different refractive index materials leads to an 

expected shift of the cavity resonance. The characterization of the sensing response of the device 

is carried out by measuring the transmission spectrum of the cavity resonance when the sensor is 

drop-casted by glycerol – DI water mixture at various volume fractions V% of glycerol (Fig. S2). 

Between each step, the sensor is flushed thoroughly by running DI water and blow dried. The laser 

power is kept to a minimum to avoid any thermo-optic effect. The resonance of the cavity covered 

with DI water is used as the reference for calibration after each complete set of measurements. 

This helps to exclude any influence of variations of incidental factors (e.g. temperature variation). 

The normalized cavity resonance red shifts with increasing V% as shown in Figure 3a. The peak 

position of the resonance is extracted from the spectrum, and relative peak shift is plotted in Figure 

3b as a function of refractive indices of the glycerol – DI water mixtures38 at 1550 nm and 298 K. 

V% varies from 0% to 100% with a step of 10% and the refractive index monotonically increases 

from 1.3164 to 1.4569 with a nearly linear increment of 0.0147, correspondingly. Numerical 

simulations are also carried out to reproduce the peak shift as a function of refractive indices and 

the result is superimposed in Figure 3b (See Methods). Both measured and simulated peak shifts 

show similar near-linear growth, while the measured one has a slightly smaller slope indicating a 

smaller sensitivity. The actual sensitivity of the optical sensor relies on the local electromagnetic 



filed distribution of the actual device. We attribute the discrepancy between the experiment and 

simulation to  the fabrication inperfections and deviation of the actual refractive index of materials 

from the simulated values. 

Figure 3c plots the sensor sensitivity S = Δλ/Δn, i.e., the slope or local derivative of the peak shift 

with respect to the refractive index. The experimental value is in the range of 420 – 440 nm/RIU, 

while the simulation predicts one between 468 – 483 nm/RIU. The overall performance of the 

nanoparticle chain cavity sensor is then characterized by the figure of merit (FoM = S/FWHM). 

Figure 3d plots FoM depending on the refractive index of the local environment. The experiment 

FWHM of the resonance, obtained by Lorentzian fitting, gradually decreases from 202 pm to 168 

pm with increasing refractive index. As a result, FoM has a gentle increase from 1900 to 2700 

RIU-1. These large FoM values, obtained for solutions with the refractive index in the range of 

1.31 to 1.4, which corresponds to the typical refractive index values for most biomaterials43, 

validate the good performance of our device. We note that the obtained S and FoM values are 

comparable to the best sensors based on 1D photonic crystal cavities33-35 but can be achieved here 

in more compact structures, which also can be fabricated with simpler and scalable CMOS 

nanofabrication techniques30.  

Table 1 List of state-of-the-art 1D photonic sensing structures with their key parameters. PCNBC and PCC are the acronyms of 

photonic crystal nanobeam cavity and photonic crystal cavity, respectively. 

Configuration Materials RI Range Footprint Mode Volume Sensitivity FoM 

   μm2  nm/RIU RIU-1 

PCC33 SOI Δn = 0.03 2×16 1.48(λ/nSi)3 269 4638 

Slotted PCC34 SOI 1.333*-1.378 2.5×16.8 0.217(λ/nSi)3 410 1213 

PCC35 SOI 1.333*-1.378 0.75×14.6 1.28(λ/nSi)3 428 3590 

Suspended coupled 

PCNBC31 
InGaAsP 1.333*,1.342 1.1×12.7 -- 900 419 

PCNBC32 Polymer -- 3.2×110 ~ 30(λ/nZEP)3 386 9190 

quadrabeam PCC44 SOI 1.333*-1.3658 1.1×29 -- 451 2060 

Porous PCNBC36 Porous-Si Δn = 0.03 1.2×20 -- 1000 842 

Our device SOI 1.31640-1.457 0.5×18.2 1.12(λ/nSi)3 430 2700 



* It is worth mentioning that the refractive index of water of 1.33345 used in all the listed works is the value taken at 556 nm and 

289 K while the typical detection wavelength is around 1550 nm. Rigorously, the refractive index of water of 1.316440 must be 

used instead. It might slightly alter the reported sensitivity. 

To make a proper comparison of our sensor to the other state-of-the-art 1D photonic sensing 

structures such as photonic crystal nanobeam cavity (PCNBC) and photonic crystal cavity (PCC), 

we summarize the key obtained parameters in Table 1. As can be seen from this comparison, our 

sensor has the smallest device footprint (0.5×18.2 μm2) comparing to all the listed sensors while 

keeping the high performance. Importantly, our sensor is also based on SOI platform with CMOS 

fabrication compatibility, miniaturization, and integration. The refractive index range of operation 

is adjusted for water-based solutions that cover liquid environment of most of biomaterials. Thus, 

our compact structure is attractive for realizing on-chip sensor arrays for label-free multiplexing. 

Combining with microfluidic channels, the device has strong potential for lab-on-a-chip 

applications2, 46.   

CONCLUSIONS 

In this paper, we have demonstrated a high-performance refractive index sensor based on 1D 

resonator formed by a chain of coupled silicon nanoantennas. The average sensitivity of 430 

nm/RIU and maximum FoM of 2700 RIU-1 are measured for the refractive index range of 1.3 to 

1.4. Our sensor significantly outperforms other sensors made from an individual dielectric 

nanoantenna due to the high quality factor of the cavity resonance. In addition, the sensor is highly 

compact with a footprint of only 0.5×18.2 µm2, and the width of the sensor is no greater than a 

silicon single mode waveguide. The demonstrated device has high Q-factor, large FoM, wide 

sensing range and small sensing area. It will be a promising candidate to realize on-chip sensor 

arrays for label-free multiplexing. We also highlight the potential of this design to realize cost-

effective devices, as wafer-level fabrication of similar chain resonators has already been realized 

using CMOS compatible photolithography30.  
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Methods 

Numerical Simulation:  Finite difference time domain (FDTD) method was employed to calculate 

the resonance spectrum of the chain of nanoparticles embedded in water-glycerol mixture with 

different glycerol concentration using commercial software (Lumerical FDTD). The 1D 

nanoparticle chain resonator system consisting of 40 cuboidal silicon nanoparticles with identical 

height (H) of 220nm, width (W) of 455nm and period (Λ) of 455nm was simulated. Silicon strip 

waveguides of the same H and W dimensions are used as input and output for the coupling to and 

collection of light from the resonator system. The simulation domain consists of the input and 

output silicon waveguides, and the 1D nanoparticle chain resonator system sitting on top of SiO2 

cladding with a refractive index of 1.45 and with top cladding with varied refractive index. 

Perfectly matched layer (PML) boundary conditions were used to surround the whole system. 

Transverse electric (TE) polarization, in which the dominant electric field is polarized horizontally, 

is chosen to match with the modes of the waveguide and cavity. The 3D silicon strip waveguide 

mode is injected into the input waveguide, transmitted through the 1D resonator chain, and exits 

through the output waveguide. Appropriate monitors are placed to record the transmission by 

normalizing the output power with the input source power. Simulations were performed for 

different glycerol concentration (0 to 100%) and compared with the experimental results. 

Fabrication: Devices are fabricated by EBL on a blank SOI chip (20×20 mm2) with 220 nm of 

crystalline silicon on top of a 2 µm SiO2 layer on the 500 µm silicon substrate using the same 

process described previously30. There, we have also demonstrated that similar structures based on 

the same materials can be obtained using conventional 8-inch CMOS photolithography processes. 

After etching, the nanoparticle chain cavity was protected by solid PDMS film and the whole 

structure was covered by a top SiO2 cladding with a thickness of 2.5 µm using ICP chemical vapor 



deposition (Plasmalab System 100, Oxford). The chip was manually cleaved and the facets were 

mechanically polished to the end of the edge couplers which are composed of inverse taper 

waveguides. PDMS film was then peeled off to expose the cavity window for refractive index 

sensing. 

Transmission characterization: An image of transmission measurement set-up is shown in Fig. 

S3. The characterization method is the same as described previously30.  

SUPPORTING INFORMATION 

Measurement procedure, glycerol preparation procedure, and transmission measurement set-up. 
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Figure 1 (a) Schematics of the 1D silicon nanoparticle chain resonator with top and bottom 

claddings. (b) Length profile of the mirror and cavity nanoparticles: grey solid curve is used in 

numerical simulations; black circles are taken from experiment. (c) FDTD simulation of 

transmittance through the resonant cavity and input/output waveguide with bottom SiO2 cladding 

and top water cladding. Inset shows electric and magnetic field profile, |E| and |H|, of the 

nanoparticle’s resonance mode in x-y plane. 

  



 

Figure 2 (a) Artistic illustration of the sensing device where the chain resonator is exposed to 

drop-casted liquid environment. (b) and (c) Scanning electron microscope (SEM) images of the 

nanoparticle chain resonator. (d) Experiment transmission spectrum of the cavity immersed in DI 

water at the resonance normalized by its peak transmission. 

  



 

Figure 3 (a) Resonance spectra as a function of volume fraction V% of glycerol in DI water. (b) 

Measured and simulated peak shift of the cavity resonance vs. glycerol concentration and 

refractive index of the mixture at room temperature and 1550 nm40. The error bar shows the peak 

position variation in different repetitive measurements (Fig. S1). Measured and simulated 

sensitivity (c) and FoM (d) as a function of the refractive index. 
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