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Abstract: We introduce a photonic crystal cavity array realised in a silicon thin film and 

placed on polydimethlysiloxane (PDMS) as a new platform for the in-situ sensing of 

biomedical processes. Using tapered optical fibres, we show that multiple independent 

cavities within the same waveguide can be excited and their resonance wavelength 

determined from camera images without the need for a spectrometer. The cavity array 

platform combines sensing as a function of location with sensing as a function of time. 
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1. Introduction  

Photonic waveguide structures such as ring resonators [1–3], slot waveguides [4] and photonic 

crystals [5–9] have shown promise as sensors for “lab-on-a-chip” style applications due to their 

combination of small size and high sensitivity. Typically, these devices are chip-based, which limits 

their use to laboratory-based applications. In contrast, it is very desirable to develop sensors that can 

measure living cells and tissue in-situ, in order to monitor biomedical processes directly. Such in-situ 

sensors need to be small, flexible and able to directly interface to an optical fibre, such that the fibre 

becomes the limiting factor of the device size, not the chip. The sensor should be addressable from 

both sides, i.e., not sit on an opaque substrate. Furthermore, one would like these sensors to be 

multimodal, i.e., to measure different aspects of the same sample, either by looking for multiple 

biomarkers or by taking data points at different spatial locations. For example, being able to detect the 
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secretion or binding of different proteins at different locations on a cell or wound, or the refractive 

index profile across the breadth of a microfluidic channel. 

The photonic crystal cavity array platform we introduce here meets all of these requirements. The 

platform is based on an array of “hollow” cavities [10,11], each of which is designed for a different 

resonance wavelength, hence we use the well-known technique of wavelength division multiplexing to 

address spatially separate cavities; the wavelength separation allows us to either detect different 

analytes, or to detect different areas of the sample, all through the same fibre channel. Here, as a  

proof-of-concept demonstration, we demonstrate the operation of an array of photonic crystal cavities 

mounted on a transparent polydimethylsiloxane (PDMS) substrate. The array is directly connected to a 

tapered optical fibre via an inverse tapered waveguide. By using a tuneable laser on the input side, we 

also remove the need for a spectrometer thereby highlighting that the platform, despite its novel 

functionality, is intrinsically very simple.  

2. Experimental Section  

2.1. Photonic Crystal Fabrication and PDMS Transfer 

Photonic crystal structures were created in 220 nm top layer silicon-on-insulator (SOI) substrates 

using the following protocol: ZEP 520-A e-beam resist was spun at 3200 r.p.m. on a small piece of 

SOI, and baked at 180 °C for 10 min. The desired pattern was then written on the resist in a Raith 

Voyager 50 kV electron beam writer. After developing for 1 min 25 s in xylene, and rinsing in 

isopropanol, the pattern was transferred into the silicon via reactive ion etching using a 1:1 blend of 

CHF3 and SF6. The silicon dioxide below the top silicon layer was then removed using a buffered 

oxide etch of 1:6 (49%) HF: (40%) NH4F for 10 min. To transfer the structure to PDMS, Dow Corning 

Sylgard 184 was mixed in a ratio of 1.3:10 curing agent:base elastomer by volume, degassed in a 

desiccator, poured on top of a silanized piece of silicon wafer in a petri dish, and placed in a 60 °C 

oven for several hours. The cured PDMS was then peeled from the silanized silicon and cut to size 

with a scalpel. The best results for transferring the photonic crystal waveguide to the PDMS were 

achieved when an extra step of Piranha cleaning (3:1 H2SO4:H2O2 for 10 min) of the SOI was first 

performed. After Piranha clean, the SOI was rinsed in deionized water, followed by acetone and 

isopropanol. The side of PDMS originally in contact with the silicon PDMS master was then gently 

dropped on top of the SOI containing the photonic crystal waveguide structures, before firmly pressing 

down, turning the chip upside down, and placing in a 60 °C oven overnight. The PDMS was then 

peeled from the SOI, revealing the photonic crystal structures transferred to the PDMS. The photonic 

crystal remains attached to the rest of the silicon at the top and bottom boundaries of the lattice (see 

Figure 1) after the oxide etch. The input and output waveguides can bend downwards after oxide 

etching, but for the 200 micron long waveguides used here they do not break from the rest of the 

crystal. Yields approaching 100% have been achieved for the transfer of the photonic crystals 

themselves, whereas for the input and output waveguides, this is closer to 50%. Initial work suggests 

that placing periodic vertical supports (300–500 nm wide) along the length of the waveguides can 

result in higher yields and longer waveguides being transferred. 
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2.2. Tapered Fibre Fabrication 

Tapered optical fibres were prepared using the following method: An SMF28e single mode fibre 

with FC/PC connectors was cut in half using a scalpel. A small length of the outer jacket was then 

removed via a small incision with the scalpel and gently pulled apart. The protective Kevlar threads 

were then cut. To remove the inner jacket, an incision was made on either side with the scalpel, and the 

fibre immersed in paint stripper (Nitromors ®) to soften it, before gently pulling it off. The acrylic 

coating was then removed by gently scraping along one side of the fibre, immersing again in 

Nitromors, and wiping along the fibre with lens tissue. The exposed end of the fibre was then attached 

to a gantry and a 20 g weight attached to the fibre end. The exposed region of the fibre was then heated 

with a propane blow torch, the fibre stretching under the influence of the attached weight, thus 

naturally forming two tapered fibre ends.  

3. Results and Discussion  

3.1. Photonic Crystal Arrays and Refractive Index Sensitivity Measurements 

Many of the resonant waveguide sensors in the literature (for example [4–8]) utilize a single cavity 

as a point of reference for measuring refractive index changes. Photonic crystals, however, are small 

enough that multiple independent cavities can be combined in the same structure, with spacing on the 

order of a few microns. For example, the idea of side-coupling multiple cavities from the same bus 

waveguide has already been demonstrated by Mandal et al. [9]; here, we are taking the idea further by 

placing multiple cavities into the same photonic crystal (Figure 1), removing the substrate and directly 

attaching the fibre. Each of these cavities is excited simultaneously using a side coupling architecture 

in order to realise the wavelength division multiplexing approach and the ability to monitor refractive 

index changes as a function of both time and location. To demonstrate the multi cavity platform, we 

choose a “hollow cavity” design previously used for sensing [10] and optical trapping [11], due to its 

high sensitivity. The design parameters used here were the same as in [11], namely period a = 420 nm, 

radius r ≈ 125 nm and cavity defect radius rd ≈ 350 nm. Each successive cavity was made slightly 

larger in radius by 4 nm in order to tune the resonances to be approximately 5 nm apart in wavelength. 

An SEM image of a fabricated five-cavity array is shown in Figure 1. 

To optically characterize these waveguides, the chip was mounted in an end-fire setup, using an 

Amplified Spontaneous Emission (ASE) light source (33 mW, 1520–1620 nm). Light was collected 

from the rear of the chip with a 40x objective and sent to an optical spectrum analyser (OSA). The 

measured spectrum of one such device immersed in water is shown in Figure 2. Each resonant dip 

observed in Figure 2 was confirmed with the tuneable laser to visualize light being scattered from the 

respective cavity on resonance. Quality factors of approximately ≈9000 in air and ≈ 3000 in water were 

obtained. To test the refractive index sensitivity, a 40 micron high, 200 micron wide PDMS microfluidic 

channel was integrated onto the SOI substrate by treating the PDMS with oxygen plasma as described  

in [8]. Different solvents were injected, namely deionised water, methanol and ethanol, and the resonance 

wavelength tracked. The results for a single resonance are shown in Figure 3. From these measurements, 

and known values of refractive index for the solvents (nmethanol = 1.317 [12], nDI = 1.333 [13–15],  

nethanol = 1.342 [14]) the refractive index sensitivity was determined to be 200 nm/RIU from the gradient of 
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Figure 3b). On another sample the difference between air and deionised water was measured to be 43.5 nm 

(see supplementary material), which suggests a refractive index sensitivity of 130 nm/RIU. We therefore 

find that the refractive index sensitivity of these cavities to be between ≈130–200 nm/RIU which 

agrees with the ≈ 150 nm/RIU predicted in [11,16]. 

Figure 1. SEM images of fabricated five-cavity array. 

 

Figure 2. Transmission spectrum (end-fire measurements) of five-cavity array in water 

highlighting each resonance and image of light scattered from each cavity location on 

resonance (inverted colours). 

 

Figure 3. (a) Transmission spectra (log scale) for a single cavity immersed in a variety of 

solvents. (b) Resonance shift (Δn) versus refractive index change (Δλ) for measurements in (a). 
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3.2. Coupling to Photonic Crystal via Tapered Fibres on SOI 

The results shown in Figures 2 and 3 were obtained using a free space end-fire transmission setup. 

Whilst end-fire is useful for fast characterization in a lab environment, it is less suitable for integrated 

photonics. Recently, it has been demonstrated [17] that tapered optical fibres can be used to excite 

inverse tapered waveguides [18] on-chip. Tapering the fibre to dimensions below that of the fibre core 

(6 microns for SMF28) allows the evanescent field to penetrate out of the cladding and into the air and 

affords evanescent coupling to another waveguide. Such tapered fibres can also be bonded directly 

onto the sensor without the need for angular coupling as required by grating couplers. In order to 

demonstrate the tapered fibre approach, we fabricated the same structure as in Figure 1 and added an 

inverse tapered waveguide (tapered from 50 nm to 3 microns width over a length of 100 microns) at 

the input end for coupling into the photonic crystal (Figure 4a). A tapered fibre was then mounted on a 

microblock and connected directly to the ASE, in order to actively align the fibre. To help alignment, a 

micronviewer IR camera and 20x objective were used to image the chip as shown in (Figure 4b). To 

test the different cavities, the ASE source was then exchanged for a tuneable laser, and the cavity 

resonances excited in sequence (Figure 4c). This highlights the ability of measuring cavity resonances 

that does not require a spectrometer. Instead, resonances can be tracked at different locations by 

imaging the light scattering from each cavity as the wavelength is tuned at the source. The uncertainty 

in the resonance wavelength is at worst the width of the resonance itself, which for these cavities 

would be 0.2 nm in air, and 0.5 nm in water. As the brightness of the cavity is at its highest at the 

centre of the resonance and the exciting laser can be very narrow in wavelength (for example less than 

0.1 nm) the actual resolution of this technique could be much higher. 

Figure 4. (a) Schematic of photonic crystal design and coupler. (b) Experimental setup for 

characterising structures on silicon-on-insulator (SOI) and polydimethylsiloxane (PDMS) 

using tapered fibres. (c) Light scattered from each cavity on resonance (for an SOI sample 

with tapers) collected by IR camera (colours inverted).  

 

3.3. Photonic Waveguides Transferred to PDMS 

Whilst the scheme shown in Figure 4 does not require a spectrometer to track multiple resonances, 

this setup necessitates using a camera and objective from above. A common constraint of photonic 
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waveguide structures is that they sit on a rigid and opaque substrate, for example silicon-on-insulators. 

For in-situ applications, e.g., tissue monitoring, a flexible and transparent substrate is much preferred, 

and we use polydimethylsiloxane (PDMS) for this purpose. PDMS is also the most popular platform 

for microfluidic structures and has the advantage of being flexible, biocompatible and transparent from 

400 nm–2 microns. Using the method outlined in Section 2.1, photonic crystal cavity arrays were 

transferred onto PDMS. The resulting photonic crystal arrays on PDMS are shown in Figure 5 with 

images taken both in reflection and transmission.  

The PDMS chip was then inserted into the setup shown in Figure 4b, and aligned to a tapered 

optical fibre using the microblock and camera. Each of the cavities were detected and excited 

independently as before using the tuneable laser and the image of the scattered light from each cavity 

observed by the IR camera. The resulting images are shown in Figure 6. Whilst PDMS transfer of 

microstructures have been shown before [19,20], this result shows that it is also possible to integrate 

photonic waveguides directly with PDMS. As the PDMS is highly transparent, this is particularly 

useful for combining with microscopy, optical traps and fluorescence applications. Using PDMS 

transfer reduces the amount of SOI needed, for example a chip with a long microfluidic channel would 

not need a large piece of silicon only a large piece of cheaper PDMS, thus higher yields can result 

from a piece of SOI. The mechanical flexibility of PDMS also gives another degree of freedom to open 

up new applications. Initial tests with two fibres, one at the input and one at the output, suggest that 

coupling efficiencies are comparable to end-fire coupling. Future work will involve more detailed 

studies of measuring and optimizing the coupling efficiency. Also of interest for future study will be 

the direct integration of the photonic crystal with the tapered fibre. Photonic crystals directly integrated 

with fibres [21,22] have recently been of interest for “lab-on-a-fibre” applications, for example for the 

direct probing inside a cell [21]. In that case, the fibre was used to collect light emitted from 

photoluminescence. The work presented here has potential for an alternative fibre probe where the 

fibre is instead used to excite the cavities directly. This will be the subject of future work. 

Figure 5. Photonic crystal waveguides transferred to PDMS substrate (a) and (b) viewed 

in reflection and (c) viewed in transmission from light microscope. 
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Figure 6. Independent excitation of multiple cavities within the same photonic crystal 

transferred to PDMS. 

 

4. Conclusions  

In conclusion; we have demonstrated that photonic crystal waveguides can be transferred to PDMS; 

that multiple cavities within the same crystal can be detected using a camera for sensing as a function 

of location; and that tapered fibres can be used to excite these waveguides. This platform has potential 

for greater integration with microfluidics and microscopy than conventional wafer based photonics due 

to the material advantages of PDMS. Future work will focus on optimising the coupling efficiency and 

integrating the photonic crystals directly onto the tapered fibre. 
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