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ABSTRACT
To come up to the demand for extremely sensitive biosensors for parallel real-time bioanalyses, we present two configurations of label-free biosensors on Silicon-on-Insulator optical chips. We discuss results on microring resonators and the design and fabrication of an integrated Surface Plasmon Resonance interferometer. The high refractive index contrast material offers submicron-size features with high quality for dense integration, high sensitivity and detection with very low analyte volumes. Fabrication with Deep UV lithography allows for mass production of cheap disposable biochips.
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INTRODUCTION
Label-free biosensors enable monitoring the dynamics of molecular interactions and quantitative concentration measurements. When integrated on chip, high throughput screening of biomolecular interactions becomes possible. Label-free biosensors overcome the stability and quantification problems of labelled detection techniques and are thus extremely valuable for protein analyses. 
Silicon-on-Insulator (SOI) is a very interesting material system for highly integrated photonics circuits. The high refractive index contrast allows photonics waveguides and waveguide components with submicron dimensions to guide, bend and control light on a very small scale so that various functions can be integrated on a chip. Moreover, SOI offers a flexible platform for integration with surface Plasmon based components which in turn allows for even high levels of miniaturization. A high portion of the light is concentrated outside of the core material, thus making them suitable for sensitive detection of environmental changes. Using SOI has also a major technological advantage. Silicon technology has reached a level of maturity that outperforms any other plane chip manufacturing technique in terms of performance, reproducibility and throughput. All our devices have been fabricated using 193nm Deep-UV lithography[1]. Using Silicon-on-Insulator (SOI) as an optical biosensor platform allows for extremely dense integration, mass fabrication and integration with electronics and microfluidics for compact stand-alone lab-on-a-chip devices. 
We present two sensor configurations; an SOI microring resonator biosensor (section 2) [2] and a gold-SOI Surface Plasmon Resonance (SPR) interferometer biosensor (section 3) [3]. Both devices are only a few square microns and can be placed in arrays. Addressing individual sensors on a micron scale requires integration of the device in a microfluidic setup (section 4).  This way thousands of spots can be measured within a few square millimetres.   
MICRORING RESONATOR BIOSENSOR
Principle and sensitivity

The shift of the resonance wavelength when biomolecular interaction takes place at the surface can be used for sensing. We fabricated SOI microring resonators with radius 5μm, Q-factor 20,000 and FSR 15nm. This results in a 3dB peak width of the microring resonance of about 75pm (Fig. 1a). The waveguide dimensions are 500x220 nm2 . The ring supports modes that resonate at a wavelength λresonance for which . L is the round trip length and m is the cavity mode order (=1,2...). When discussing sensitivity, there are two figures of merit: sensitivity for bulk refractive index changes and sensitivity for homogenous covering of the surface with a molecular layer of mass M=ρ Ѕ t, ρ being the mass density of the molecular layer, S the sensing area and t the thickness of the layer. From the resonance condition we obtain: 

		(2)
	[image: ]	(3)

When the resonance used in the measurement is in a given wavelength band (1550 nm in our case), the cavity mode order m scales with the cavity length L so the ratio m/L is constant and independent of cavity length. Therefore the minimal detectable bulk refractive index change ∆nmin is independent of the microring’s radius. But the minimal detectable protein mass ∆Mmin does scale with the area. When it decreases, fewer molecules are needed to cover the sensing area while the resonance shift will not be influenced negatively by the decreasing round trip length. This allows for the detection of an extremely small mass of biomolecules. Simulation of for a curved waveguide with radius 5 μm results in 0.3/μm –side wall binding taken in consideration– while ρ is taken approximately 1.33g/cm3 [4] and the ring’s surface area is 21,8 μm2. For a minimal detectable wavelength shift of 5pm – a realistic value for our device –a minimal mass of 0.7fg can be detected. Single molecule detection would require a measurement resolution of 1fm. Since biomolecules are provided in liquids such as blood or serum one has to find an elegant way to bring molecules at the sensing surface in an acceptable time. 
Characterization
Liquids with varying refractive indices are flown across the ring resonator in order to characterize the sensor for bulk refractive index sensitivity. No surface chemistry was carried out, so the refractive index is homogenously changed above the ring resonator. Fig. 1.b shows a linear shift of the resonance wavelength of 70nm/RIU (Refractive Index Units), the shifts are determined after Lorentzian fitting. All measurements are done three times to prove repeatability. The variations are very small, proving a very high refractive index sensor’s stability. A shift of one fifteenth of the peak width is easily measurable, so a minimal detectable wavelength shift of 5pm corresponds with a minimal detectable refractive index shift of 10-5 RIU.

We used the avidin/biotin system, which has a high affinity constant () and therefore gives a very specific and stable interaction, as a model of biomolecular ligand/receptor interaction. The surface was covered with an APTES layer. The amino end groups reacted further with E,Z lin-NHS-LC-biotin to obtain  a biotin covered surface. 
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)We compare the resonance wavelength of the cavity immersed in Phosphate Buffer Solution (PBS), before and after being in contact with the avidin solution (avidin in PBS). Redundant avidin molecules are rinsed thoroughly with PBS, so no bulk refractive index changes are involved. The evolution of the wavelength shift for different avidin concentrations compared to the reference PBS resonance wavelength is shown in Fig 1c. All measurements are performed with at least 3 different samples, and error bars are indicated. For avidin concentrations above 10μg/ml the surface is fully covered, the resonance wavelength shift saturates. This is another proof that we detect a surface modification and not a bulk liquid modification, like in Fig 1b. For smaller avidin concentrations we see a smaller wavelength shift which allows us to quantify the avidin concentration. The estimated lowest detectable concentration, for a minimal detectable wavelength shift of 5pm, is 10ng/ml [2]. This compares well with commercially available label-free protein detection methods [5]. 
Fig. 1d shows the change in output intensity for a fixed wavelength for real time detection of biotin/avidin interaction. The rise time is due to mixing in the flow cell and diffusion of molecules. When integrated in a microfluidic setup, flow rates and concentrations can be controlled and kinetic information can be extracted from real time measurements (Section 4). 
SURFACE PLASMON INTERFEROMETER
Integration of SPR sensors in a high index contrast material is not straightforward. Phase-matching of guided waveguide modes with surface plasmon modes can only be obtained for effective indices that are much lower than those of the waveguides. Moreover, the operating spectral range of such a device is set by the phase-match conditions, as is the case in conventional SPR waveguide sensors. The key to the solution is not to use phase-matched surface Plasmon resonance but to use the interference between two surface plasmon modes [3].
Theory and sensitivity
The interferometer consists of a gold layer embedded into the silicon membrane (n = 3.45) on top of a supporting silica layer (n = 1.45), all dimensions and length scales are depicted in Fig. 1a. The gold layer possesses two distinct surface plasmon modes which propagate independently through the structure. These modes are excited by end-fire coupling from a regular SOI waveguide with the transverse-magnetic (TM) ground mode. The phase of the top surface plasmon mode is influenced by the refractive index of the environment, while the phase of the bottom surface plasma mode is fixed by the structure. After traversing the gold strip, both surface plasmon modes excite the ground mode of the SOI waveguide. Depending on the relative phase their contributions to the ground mode will interfere constructively or destructively. 
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Figure 2. a) Schematic setup of the device. All dimensions in 
μm
. b) Simulation of transmission minimum as a function of bulk refractive index changes. c) Simulation of transmission minimum as a function of add layer thickness. d) SEM picture of FIB cross section of the fabricated device. e) measurement and simulation result.
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Detecting refractive index changes using the intensity measurement approach yields a sensitivity for this device of 10000 dB/RIU. The shift of wavelength for which transmission is minimal is 463.5nm/RIU (Fig. 1b). In conjunction with an optoelectronic system which can measure changes in the optical power of 0.01 dB, variations in the refractive index as small as 10−6 can be measured. In Fig. 1c the adsorbed layer thicknesses varies from 1 to 400 nm and has a refractive index of 1.34. By inspection of the slope of the curve we can estimate the dependence of the peak position on the layer thickness to be approximately equal to 6 pm/nm. This demonstrates that our device can be used to measure layer thicknesses of absorbed protein layers. Again we can profit from scale effects; this device is two orders of magnitude smaller than earlier published integrated SPR sensors to our knowledge, so less amount of molecules is needed to cover the sensor’s surface. 
Fabrication and measurements
The device we fabricated is depicted in Fig 1d, we made a cross-section using Focused-Ion Beam (FIB). The device consists of broad Si waveguides (10 µm) of which we etched 60 nm of Si using Reactive Ion Etching (RIE) over a distance of 6.5 µm. Using a lift-off process we deposited 60 nm of Au (using thermal evaporation) where the Si was etched, so we end up with a 60 nm thick gold layer embedded in the Si waveguide. To couple light in and out of our waveguides we use grating couplers that are optimized for TM polarized light. Fig. 1e shows a good correlation between measured output and simulation. The refractive index of gold used for the simulation was measured using ellipsometry.
MICROFLUIDIC INTEGRATION
For multiparameter analyses multiple sensors have to be measured simultaneously and the interaction on all of them has to happen in equal flow conditions. Light is coupled to the waveguides on the chip through vertical grating couplers, which couple light with an efficiency of -6dB. This allows for high alignment tolerances, and multiple input gratings can be addressed with one single mode fibre. Detection of multiple waveguides simultaneously can be done using an infra-red (IR) camera. When integrating the chips with microfluidic channels, aligned bonding is needed and during the bonding procedure the proteins on the surface shouldn’t be touched by bonding glue or heat. We designed a cage with PDMS channels that contains the chip. Bonding is done after O2 plasma treatment under controlled pressure and temperature, the SOI surface is untouched during the entire bonding process.  
CONCLUSIONS
Silicon-on-Insulator as a platform for label-free biosensors has a number of advantages over other platforms. The high light confinement in this high index contrast material allows for very dense component integration and high light-matter interaction. Moreover using mature CMOS processing techniques these devices can be manufactured on a very large scale. Cost per chip is thus minimal. We present two very sensitive sensing configurations; based on microring resonators and surface plasmon interferometry. Both compete well with elsewhere published integrated biosensors in terms of sensitivity [5]. All our devices are fabricated with 193nm Deep-UV lithography. More functionality can be given to the chip and integrated in a microfluidic setup SOI can open the way to cheap disposable lab-on-a-chip sensors. 
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Transmission minimum as a function of layer thickness
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Transmission minimum as 2 function of bulk refractive index
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