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Abstract. A one-time etching suspended microracetrack resonator with 
lateral sub-wavelength-grating (SWG) metamaterial cladding is 
theoretically and experimentally demonstrated on commercial 340 nm-
thick-top-silicon silicon-on-insulator (SOI) platform for mid-infrared (MIR) 
bio-chemical sensing applications. The suspended structure can offer a 
larger exposed area of waveguides with the testing chemicals as well as a 
decent sensitivity. And the one-time etching process also eases the 
fabrication. The suspended waveguide is optimized with a balance between 
propagation loss and the sensitivity. The suspended microracetrack 
resonator is experimentally measured at 2 µm wavelength and well fitted 
with an extinction ratio (ER) of 12.3 dB and a full-width-at-half-maximum 
(FWHM) of 0.12 nm, which corresponds to a quality factor (Q factor) of 
16600. With the equivalent refractive index method and a specially 
developed numerical model, the expected sensitivities of fundamental TE 
and TM mode were calculated as 58 nm/RIU and 303 nm/RIU respectively. 
This one-time etching suspended microracetrack resonator shows great 
potential in MIR optical bio-chemical sensing applications.  

1 Introduction 
Recently, silicon photonics based on silicon-on-insulator (SOI) platform has attracted a lot 
of research interest, since it can utilize the industrial mature fabrication process with lower 
cost. Many efforts have been invested on the SOI based bio-chemical sensing in the near-
infrared (NIR) band, typically around 1.3-1.6 µm wavelength [1-6]. Various structures and 
methods have been utilized to achieve high sensitivity [7-18]. However, limited work has 
been reported on mid-infrared (MIR) sensors based on the SOI platform. One of the 
limitation of MIR sensing based on SOI platform is the large absorption in SiO2 at the 
wavelengths longer than 4 µm. One solution is the suspended structures with the buried-
oxide-layer removed, which can also increase the exposed area of waveguides with the 
testing material hence increase the sensitivity [19-22]. In 2012, a suspended membrane 
waveguide based microring resonator working at 2.75 µm was reported by Z. Cheng et al. 
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[23]. In 2013, Y. Xia et al. experimentally reported a suspended Si resonator working at 3.4 
µm and 5.2 µm [24]. But for these two structures, multiple etching processes are needed, 
which include a partial etching of the rib waveguide and a full etching of the via holes for 
the following hydrofluoric acid (HF) etching. Furthermore, the wide and thin slabs beside 
the rib waveguide, which target to suppress the mode leakage, limit the mechanical stability 
of the system. 

In this manuscript, for the first time, we theoretically and experimentally demonstrate a 
one-time etching suspended microracetrack resonator with lateral sub-wavelength-grating 
(SWG) metamaterial cladding on a commercial SOI platform for MIR bio-chemical sensing 
application. A quality factor (Q factor) of 16000 and an extinction ratio (ER) of 13.4 dB 
were measured at 2 µm wavelength. Furthermore, with the equivalent refractive index 
method and a specially developed numerical model, the expected sensitivities of 
fundamental TE and TM mode were calculated as 58 nm/RIU and 303 nm/RIU.  This 
system shows great potential for the MIR band sensing applications. 

2 Device designs, fabrication and characterization 
The one-time etching suspended microracetrack resonator with lateral SWG metamaterial 
cladding are designed on a commercial SOI wafer with 340 nm-thick-top-silicon and 2 µm-
thick buried SiO2 (BOX) layer. The cladding layer is air. At first, designing and optimizing 
the fundamental building block namely the suspended waveguide were carried out. Fig. 1 
shows the schematic of the suspended waveguide. 

 
Fig. 1. The schematic of the one-time etching suspended waveguide with lateral SWG metamaterial 
cladding 

For the optimization of the suspended waveguide, three crucial points need to be 
addressed: 1. Diffractive effects and back-reflections; 2. Mechanical stability; 3. Enhance 
the overlap between the evanescent field and the testing chemicals. First, in order to 
suppress the diffractive effect and back-reflections, the pitch of the sub-wavelength grating 
( si gapPitch L L= + ) needs to follow the Bragg condition [21]: 
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where BgPitch  is the Bragg period; λ  is the working wavelength; B Fn −  is the effective 
index of the fundamental Bloch-Floquet mode propagating in the waveguide. Second, in 
order to obtain a robust structure to overcome the fluctuations caused by testing liquid or 
gas flows, we need to have wide silicon pillars. However, it is known that the sensitivity is 
determined by the overlap between the evanescent field and the testing chemicals [25]. The 

trade-off is that while the duty-cycle ( / ( ) /si si gap siDC L L L L Pitch= + = ) increases with the 
pitch fixed, the exposed area of waveguide becomes smaller as well as the overlap between 
the evanescent field and the testing chemicals, which results in a degradation of sensitivity. 
Hence, a balance between the mechanical stability and the sensitivity needs be considered 
under the precondition of a small enough Pitch that can suppress diffractive effect and 
back-reflections. The width of the lattice is set as 2 µm to prevent the lateral energy leakage. 
Another two important influencing factors are the width and the thickness of the waveguide. 
The reduction of the waveguide cross-section area will compress the mode field. 
Consequently, more energy will gather at the surface of the waveguide thus bringing a 
higher overlap between the evanescent field and the testing chemicals but at the expense of 
a higher propagation loss. This is another trade-off which needs to be taken into account. 

In order to test and verify the above discussions, one-time suspended waveguides with 
different dimensions were fabricated on a commercial SOI wafer with a 340 nm-thick-top-
silicon layer and a 2 µm BOX layer. The waveguide and SWG cladding are defined with 
electron beam lithography (EBL) at the same time and subsequently fully etched to the 
BOX layer with deep reactive ion etching (DRIE) in order to have straight and smooth 
sidewalls. Then the BOX layer is etched away with buffered oxide etching (BOE). 

  

 
Fig. 2. (a). The propagation loss under different DC and Pitch when Wwg = 800 nm and Tsi = 340 nm; 
(b) The propagation loss under different Wwg when DC=0.3, Pitch = 350 nm and Tsi = 340 nm; (c) 
The experimental measured propagation loss and fitted line when DC=0.3, Pitch = 350 nm, Wwg = 
800 nm and Tsi = 340 nm. 

All the characterization is conducted under room temperature with fundamental TE 
mode. As shown in Fig. 2(a), when DC  = 0.3, Pitch  > 450 nm, the propagation loss 
suddenly increases significantly and reaches the limitation of our detector (-32 dB) due to 
the serious diffractive effect and back reflections. With the increase of DC  to 0.8, the cut-
off point moves to smaller pitches, which is consistent with the reported simulation results 
[21]. In order to completely avoid the diffractive effect and back reflections while possess a 
large exposed area of waveguides and enough mechanical stability, we choose the 
dimensions as Pitch  = 350 nm and DC  = 0.3. Fig. 2(b) shows the influence of the 
waveguide width on the propagation loss with Pitch  = 350 nm and DC  = 0.3. As seen, 
with the increase of width from 600 nm to 800 nm, the propagation loss drops dramatically. 
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But when the width further increases, the decreasing rate of propagation loss becomes 
slower and then saturated. Although a much wider waveguide ( wgW  > 800 nm) can offer a 
better confinement and a lower propagation loss, the sensitivity is degraded due to a less 
energy leakage and in turn a smaller overlap between the evanescent field and the testing 
chemicals. As a result, we set wgW  = 800 nm in order to have a balance between the 
propagation loss and the sensitivity. Due to the limitation of experimental setup, the impact 
of the thickness is not investigated in this work. The shrinking of thickness will put more 
compression to the mode field from vertical direction, which will result in a larger energy 
leakage of fundamental TM mode and a higher sensitivity. But this will also result in a 
higher propagation loss as a larger portion of energy is scattered by the roughness at the 
upper and lower surfaces. With all the above optimized parameters and siT  = 340 nm, the 
propagation loss has been plotted and fitted in Fig. 2(c). As seen, the propagation loss of the 
one-time suspended waveguide is about 9.2 dB/cm. 

Based on the above suspended waveguide design ( Pitch  = 350 nm, DC  = 0.3, wgW  = 
800 nm, and siT  = 340 nm), the suspended microracetrack resonator was fabricated and 
characterized. The scanning electron microscope (SEM) images of the fabricated device 
have been shown in Fig. 3. The coupling length (CL ) and the gap width ( gW ) between the 
bus waveguide and the microracetrack are set as 10 µm and 200 nm respectively. The 
radius of the bendings ( R ) is set as 50 µm. 

 

 
Fig. 3. (a). The overview SEM image of the one-time etching suspended microracetrack resonator; (b) 
The magnified SEM image of the coupling region. 

The experimental and theoretical fitting results are shown in Fig. 4. The fitting 
numerical model is specially developed based on the equivalent refractive index method 
[14,15,26,27]. As Pitch  = 350 nm is small enough, the equivalent refractive index of the 
lateral SWG metamaterial can be written as:  

 *( )eq cladding si claddingn n DC n n= + −  (2) 

where claddingn is the refractive index of the cladding layer, such as air or testing chemicals; 

sin  is the refractive index of silicon. With this equivalent refractive index of the lateral 
cladding layer, the effective indices of the suspended waveguide at different wavelengths 
can be calculated with the BeamPROP module of Rsoft software by taking the dispersion 
into account. Then by substituting the effective indices into our numerical model and tuning 
the coupling coefficient k  and round-trip power attenuation 2α , the fitted transmission 
spectrum can be obtained. The fitting parameters are: k  = 0.375i, 2α  = 0.9116. From the 
measurements, the full-width-at-half-maximum (FWHM) is about 0.12 nm, which 
corresponds to a quality factor (Q factor) of 16600.  The extinction ratio (ER) is about 12.3 
dB. 

 
Fig.4. The experimental and theoretical fitting results of the one-time etching suspended 
microracetrack resonator with SWG metamaterial cladding under CL = 10 μm, Wg = 200 nm, and R = 
50 μm. 

Here we calculated the sensitivity with the ethanol-water solutions of different 
concentrations (0% ~ 4%). The refractive index of pure water is 1.306 at 2 µm wavelength. 
When the concentration of ethanol increases by 1%, the refractive index of the ethanol-
water solution increases by 0.00047. As shown in Fig. 5, by substituting the fitted 
parameters and the different equivalent refractive indices of the cladding layer into our 
numerical model, the transmission spectra can be calculated. By measuring the wavelength 
shifting of the resonant dips, the sensitivities can be obtained as 58 nm/RIU and 303 
nm/RIU for fundamental TE and TM mode, respectively. The moderate sensitivity of 
fundamental TE mode is due to the lattice structure at the two sides of waveguide, which 
covers the area at the connection point with the waveguide. And less exposed area of the 
waveguide results in smaller overlap between the evanescent field and the testing chemicals. 
If the BOX layer can be etched away with vapor HF to avoid the releasing stress, thinner 
silicon pillars can be fabricated and more exposed area can be obtained. Besides, by 
reducing the width of waveguide, the mode field is compressed and more energy will gather 
at the side walls, which also can improve the sensitivity but increase the propagation loss at 
the same time. 
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Fig. 5. (a) The normalized transmission spectra of fundamental TE mode under the ethanol-water 
solutions of different concentrations; (b) The normalized transmission spectra of fundamental TM 
mode under the ethanol-water solutions of different concentrations 

3 Conclusion 
In this manuscript, for the first time, we have theoretically and experimentally 
demonstrated a one-time etching suspended microracetrack resonator with lateral SWG 
metamaterial cladding for MIR bio-chemical sensing applications. With the advantage of 
suspended structure, the overlap between the evanescent field and the testing chemicals is 
greatly enhanced, which is helpful for improving the sensitivity. The one-time etching 
process also makes it easier to fabricate. Various one-time etching suspended waveguides 
with different dimensions were fabricated and characterized. The propagation loss of the 
optimized suspended waveguide is experimentally measured as ~9.2 dB/cm. Based on the 
optimized suspended waveguide, the one-time etching suspended microracetrack resonator 
was fabricated and tested. The experimental transmission spectrum is well fitted with our 
specially developed numerical model. The ER is ~12.3 dB. The FWHM is about 0.12 nm 
which corresponds to a Q factor of ~16600. With the equivalent refractive index method 
and our numerical model, the expected sensitivities of fundamental TE and TM mode were 
calculated as 58 nm/RIU and 303 nm/RIU respectively. The results presented in this 
manuscript show a great potential of the one-time etching suspended microracetrack 
resonator with SWG metamaterial cladding for MIR integrated optical bio-chemical 
sensing applications.  
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and our numerical model, the expected sensitivities of fundamental TE and TM mode were 
calculated as 58 nm/RIU and 303 nm/RIU respectively. The results presented in this 
manuscript show a great potential of the one-time etching suspended microracetrack 
resonator with SWG metamaterial cladding for MIR integrated optical bio-chemical 
sensing applications.  
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