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Introduction

Biological and chemical optical sensors are an active research topic for their many potential applications in medical diagnostics, screening of chemical compounds in drug development, food safety, environment monitoring and security defence. 1,2 Among the existing biological and chemical sensors, micro-resonators (MRs) have been demonstrated to be extremely sensitive and offer the advantage of significantly minimizing the device size, which greatly reduces the amount of molecules to be detected. 3,4 MRs based on integrated optical waveguides possess promising performances, particularly thanks to their integration capability with electronic devices as well as photonic devices, and to their easy fabrication with mature semiconductor processing technologies. [5][6][7] Moreover, these sensors allow label-free detection, compatibility with micro-fluidic handling and capability of providing high specificity using surface chemical modifications. 8,9 They can be easily implemented using polymer materials with a low cost of fabrication. 10,11 Most of the MR sensors rely on evanescent wave to detect the presence of molecules whether adsorbed on the sensor surface (surface sensing) or spread in the surrounding medium (homogeneous sensing). 12 The interaction between these molecules and the evanescent waves induces a shift in the specific resonance wavelength ∆λ due to the refractive index (nc) variation of the upper cladding of the resonator waveguide. In this case, the sensitivity (S) of the sensing optical function is given by S = ∆λ/∆nc expressed in nm/RIU (Refractive Index Unit).

The context of this work is to improve optical sensor sensitivity based on easily integrated micro-resonator (MR) component. We present a preliminary study on polymer integrated MR with sub-micronic ring waveguide gaps for sensing applications by taking advantage of our previous experiments on filters based on MRs. 13,[START_REF] Maalouf | Silicon Photonics and Photonic Integrated Circuits conference[END_REF] SU8 polymer as core layer and PMATRIFE polymer as lower cladding layer have been chosen due to their refractive index contrast (∼ 0.17 at 1550 nm). First results of such MR using PMATRIFE as lower and upper cladding layers have been recently published. [START_REF] Girault | SPIE Proceedings, Optical Sensing and Detection III[END_REF] This current work carries out the study of MR structures with the same couple of polymers, but without an upper cladding layer to allow laying of solutions such as glucose aqueous solutions for sensing applications. 

I. Principle

The configuration studied in this work is a single side coupled micro-ring resonator represented in Figure 1. Using a broadband source, wavelengths injected through the first waveguide are coupled into the ring. Those, which are in tune with the incident wave (Σλ) after a round-trip in the ring, resonate by constructive interferences in the ring. The spectrum observed at the output of the straight waveguide shows extinction for each resonant wavelength.

In the coupling region considered as symmetrical, τ² is the self-coupling ratio in the straight or the ring waveguides whereas κ² is the cross-coupling ratio as well from the straight waveguide to the ring waveguide at the entrance as from the ring waveguide to the straight waveguide at the exit. In this case of symmetrical and lossless coupling, τ² and κ² verify τ 2 + κ 2 = 1, and the normalized transmitted intensity can be expressed [START_REF] Yariv | [END_REF] by : 1where:
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-Ei and Et are respectively the amplitude of the incident and transmitted fields, -ϕ 2πR neff β (2) is the single-pass phase shift of the propagated wave in the ring of radius R, with β the propagation constant and n eff the effective index of the ring waveguide.

a e -2πR α (3) represents the round trip field attenuation constant and the propagation losses per unit length.

The transmission T(λ) has periodic resonances occurring when λres 2πR neff p (4), corresponding to a single pass phase shift equal to an integer (p) times 2$: ϕ = p 2π .

Two consecutive wavelengths extracted from the ring are separated by a FSR (Free Spectral Range), FSR λres 2 2πR ng (5), where n ( is the group index which can be expressed as a function of wavelength and effective index by:

ng(λ neff(λ -λ dneff dλ (6). 
Q λres δλ (7) is the quality factor (with δλ the full width at half maximum of the resonance peak)

and the transmission contrast is expressed by the difference (Tmax -Tmin (8) in which Tmax is the maximum of the transmission and Tmin, the minimum of transmission at the resonant wavelength. FSR, Q and transmission contrast are the characteristic values of MRs taken into account in this study. They depend, for a given design, on the coupling ratio between the ring and the straight waveguide and on the round trip losses.

II. Micro-ring implementation

A. Materials

In this paper, we present the fabrication of micro-ring resonators using Epoxy photoresist SU8 as core material and PMATRIFE (Poly (2,2,2 MethAcrylate of TRIFluoro-Ethyle ))

polymer as cladding layer. No upper cladding layer is used unlike in our previous study [START_REF] Girault | SPIE Proceedings, Optical Sensing and Detection III[END_REF] to implement the structure for sensing applications. SU8 is often used in polymer integrated optics for its optical and chemical properties, as well as its biological compatibilities. 17 To ensure a sufficient light confinement in the waveguide ridge core, PMATRIFE polymer, which offers a relatively low refractive index, has been chosen.

Refractive index evolution of these two polymers as a function of wavelength was investigated by spectroscopic ellipsometry, under ambient conditions (i.e. at 25°C and 55% of relative humidity). In each case, a uniform layer of polymer was deposited on a cleaned wafer of silicium by spin-coating at room temperature. Tetrahydrofuran was used as solvent to dissolve PMATRIFE. The solution was spin-cast at rotation speed of 4000 rpm during 10 seconds, to control the thicknesses of the films. After deposition, the samples were further processed by a two-step thermal treatment (10 minutes at 120°C, then 5 hours at 150°C), to evaporate all the solvents and to optimize its mechanical properties. SU8 corresponding to a liquid formulation was used without solvent. The solution was spin-cast first at rotation speed of 500 rpm during 5 seconds and after at 3000 rpm during 20 seconds. Finally, the samples were also processed by a two-step thermal treatment (first 1 minute at 65°C, after the temperature is increased gradually up to 95°C for a total duration of 4 minutes, the sample being at 95°C during 1 minute).

The ellipsometer (Jobin Yvon-Uvisel instrument) was mainly composed of a Xenon source, ranging from long-range ultraviolet to infrared (250-1700 nm), a polarizer, an analyzer and a monochromator handling the dispersion and the selection of the wavelength to a photomultiplier. Each sample was measured at three incident angles 65°, 70° and 75°.

Measurements were fitted with a Cauchy layer model, which is composed of a silicon substrate with a 2-nm-thick native SiO2 layer and a polymer film on top 18 . The fitting parameters were the refractive index of the polymer film, its thickness and the angle of incidence. The obtained thicknesses were 2.15 ± 0.10 µm for PMATRIFE and 1.05 ± 0.05 µm for SU8.

On figure 2 The effective index variation as a function of wavelength has been fitted by a linear function over the studied range (Figure 3). Taking into account the refractive index dispersion (equation ( 6)) mentioned in section I, the group index of the polymer waveguides have been deduced for the three configurations at 1550 nm. For air upper cladding layer: n g = 1.657 ± 0.002 RIU whereas for deionized water cladding layer, n g = 1.627 ± 0.002 RIU and for glucose aqueous solution (100 g/l), n g = 1.625 ± 0.002 RIU. 

B. Design and fabrication

Compared to our previous study of PMATRIFE / SU8 / PMATRIFE MR, we used the structure without PMATRIFE upper cladding layer which has been replaced by air or water superstrates for sensor applications. Nevertheless, we have used the same photolithography mask, the design of which is reminded hereafter. Then we have verified thanks to a coupling study that the gap range is suitable to the SU8 / PMATRIFE MR characteristics values taking into account air and water superstrates.

In order to neglect the bend loss propagation in the ring while keeping in mind the optical integration, a radius of 120 µm has been chosen. [START_REF] Maalouf | Proc. SPIE 6996, Silicon Photonics and Photonic Integrated Circuits[END_REF] Using the equation ( 5), the calculated FSR of 2 nm will allow a relatively large detection window to be explored. The gap separation between the straight waveguide and the ring is an important parameter which is linked to the coupling ratio. Gaps varying from 0.5 to 1 µm have been studied regarding the theoretical photolithography resolution limit of 0.4 µm. [START_REF] Maalouf | [END_REF] Such designed waveguides have been realized using photolithography steps. [START_REF] Girault | SPIE Proceedings, Optical Sensing and Detection III[END_REF] In class 100 clean-room, all the polymer solutions used during the process (Figure 3) were filtered at 0.2 µm before the spin-coating steps. A 7 µm-thick layer of PMATRIFE (500 g/l in THF 

C. Coupling study

In order to determine the coupling ratio between the straight and the ring waveguides as function of the gap g between them, we have used the Marcatili method 22 considering two different upper cladding layers: air and water. All the calculations were performed using Matlab software. In this configuration, the distance separation in the y direction varying along the z direction can be expressed by the following equation:

y(z g 5 R(1 -cos(θ (9).
where g is the minimal distance between the straight and the ring waveguides, R the ring radius and θ arcsin( z R is varying in this configuration from -9 to 9 .

We note CTE(z) the coupling coefficient for a z abscissa given in Marcatili method 22 for the mode TE :
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where:

-a is the core waveguide width (in the y transverse direction),

-kz is the axial propagation constant which depends on the transverse propagation constants kx and ky, and on the propagation constant k1 in the free space medium of refractive index n1;
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The transverse propagation constants kx and ky depend on the refractive indices (figure 5.b.) of the core waveguides (n1), of the lower (n2) and upper cladding layers (n3) and on the coefficients Ai which are defined for i=2,3 by the expression :
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Then to obtain the coupling coefficient Cw over the whole distance L of the coupling area (figure 5a), we have to integrate the CTE(z) function between the abscissa -L to L : (10) Then the coupling ratio X is equal to [START_REF] Okamoto | Fundamentals of optical waveguides[END_REF] :

CW = ⌡  ⌠ - L 2 L 2 CTE(z)dz
κ 2 = 1 -( cos(CW)) 2 (11)
κ 2 is calculated at lambda = 1550 nm and plotted as a function of the gap g in figure 6. Within the gap range (0.5 µm to 1 µm) that can be obtained from a technological point of view, coupling ratio varies from 0 to 2.45 ± 0.04 % for air superstrate and from 0 to 12.2 ± 0.3 % for water superstrate. The uncertainties on the coupling ratio have been estimated taking into consideration the uncertainties on the refractive index of the materials ( section II.A). For the sensing study, we expect the highest contrast transmission defined by equation (8). The normalized transmission contrast of the MRs as function of the coupling ratio κ 2 for 3 different propagation losses is plotted in figure 7 using equation ( 1). These values of attenuation 1, 3 and 5 dB/cm were chosen in relation to the ring propagation losses of 2.15 dB/cm measured in our previous study [START_REF] Girault | SPIE Proceedings, Optical Sensing and Detection III[END_REF] and to the material propagation losses of 5 dB/cm in SU8 [START_REF] Poon | [END_REF] .

In our model used to calculate the normalized transmission, the contrast only depends on the coupling ratio κ 2 and the propagation losses. It does not depend on the real effective index that we have calculated previously. Then, the normalized transmission contrast is similar for air and water superstrates.

Figure 7 shows that the maximum of contrast is obtained with a coupling ratio of about 5 % for propagation losses of 1 dB/cm and is about 15 % for losses of 5 dB/cm. According to figure 6, we can approach such coupling values with the gap range of the photolithography mask that we have previously used for PMATRIFE / SU8 / PMATRIFE MR [START_REF] Girault | SPIE Proceedings, Optical Sensing and Detection III[END_REF] . Thus this gap range of 0.5 µm to 1 µm is suitable to obtain sufficient SU8 / PMATRIFE MR transmission contrast taking into account air and water superstrates. The etching edges (Figure 8.d) are quite satisfying at this scale. However, an evaluation of the roughness is difficult to obtain yet we estimated the roughness to be about 50 nm.

Moreover, the gap of 0.5 µm has been successfully made (Figure 8.c). Figure 8.e shows a cross section view of the straight ridge waveguide with the suitable dimensions. 

B. Extinction responses

In order to characterize the microresonators, we have measured their spectral responses.

A tunable laser (Agilent 8164A with 81680A tunable source) was injected in the input waveguide using a lensed single mode fiber (mode radius of 2.2 µm). At the output, another lensed single mode fiber is used to couple the output of the waveguide to a power meter or a spectrum analyzer (figure 9). For sensing applications, it is suitable to have one selected polarization to optimize their caracteristic values, such as Q and transmission contrast, and to make the analysis of the MR responses easier. Therefore, a polarization controller is inserted between the laser and the input of the lensed fiber.

The measurements of transmission were done on the through port in the wavelength range of 1550-1560 nm with a step of 2.5 pm. The calculated transmission were adjusted to experimental ones using equation (1) defined in section I. The adjustment of resonances shape was performed by modifying the coupling ratio and the propagation losses in the ring whereas the FSR was adjusted with the index group parameter. Adjustment parameters with their uncertainties are given in Table I. The expected values for coupling ratio and group index, already reported respectively in figure 6 and figure 3, are also indicated. The coupling ratio obtained from the Marcatili method is in the two cases lower than the ones obtained from the adjustment of experimental data. The Marcatili method only matches for low refractive index contrasts between the core and the cladding layers. The index contrast of the couple of polymer (SU8/PMATRIFE) is 0.17, value which might be too high to use the Marcatilli method. The limitation of this method for our refractive index contrast values could explain the difference between the coupling ratio obtained by adjustment of the experimental data and the calculated ones. Another reason which could explain this difference could be technological imperfections at nanometer scale that would favor the coupling. From a technological point of view, according to SEM observations, the gap of 0.5 µm is reached with an estimated accuracy of 0.05 µm. If we take into consideration these accuraties on figure 6, the uncertainties of coupling ratio reach nearly 1.5%. This quite high value could thus also explain the difference between the calculated and adjusted coupling ratio.

Estimation of material propagation losses in the ring have been deduced thanks to a fitting of spectral MR response with equation (1).

Material propagation losses around 4 -5 dB/cm have been obtained for the two studied upper superstrates (air or deionized water). This value is in the same order as other losses obtained in micro-ring resonators using SU8 for core layer but OG-125 (n = 1.456) for lower and upper cladding. [START_REF] Poon | [END_REF] If we take this propagation loss value in figure 7, we can observe that the maximum of contrast is obtained for a coupling ratio of 15 %, value which is experimentally reached for deionized water upper cladding. For air upper cladding, taking into consideration the same propagation losses, a contrast of around 0.7 is expected and corresponds to the measured one. On the contrary, the presence of deionized water in the ring rather than air, induces a decrease of the Q factor (2.7 10 4 in air against 1.5 10 4 in deionized water) due to the increase of the coupling ratio. In this case, the contrast nearly reaches the maximum: the measured value is 0.98. For this gap and for the water superstrate case, the coupling is then optimal. We observe an opposite behaviour for group index. The group index obtained from adjustment is lower than the calculated one. The experimental group index is deduced from the equation ( 5) with FSR and λres taken from experimental data and with the ring radius R equal to the expected one (120 µm). The calculated group index just takes into account the wavelength dispersion. First, it is determined from the experimental material refractive indexes and then from simulation by the finite difference method at several wavelengths. However, the curvature of the ring may also affect the group index, which has not been taken into account.

Concerning the resonant wavelength, the presence of deionized water on the ring rather than air, induced a shift of resonant wavelengths. It can be estimated using the effective index of the waveguide that we have determined (see figure 3). For air upper cladding, the resonant wavelength is 1556.4 nm corresponding to an order p of 700, according to equation ( 4), with an effective index of 1.464. For deionized water upper cladding, because of the effective index increase, and for the same integer order p = 700, the resonant wavelength is about 1600.6 nm.

The red shift of resonant wavelength induced by the increase of effective index approaches 44 nm which corresponds to nearly 22 times the value of FSR. Consequently, we did not estimate any sensitivity from these measurements.

IV. Sensing experiment

Our interest in this work was to use the MR structure as an optical transducer for sensing applications. For this objective and in order to evaluate the sensitivity of the structure by homogeneous sensing, glucose aqueous solutions were used with different concentrations. The solutions were introduced into the MR structure using a micro-syringe and were kept at the ambient temperature of the experimental room. The studied range of glucose concentration varied from 0 to 100 g/l with an accuracy of 2.5 g/l. This concentration range was chosen to prevent a shift of the resonant wavelength higher than the FSR.

The experimental transmission spectra obtained with deionized water superstrate and with a glucose aqueous solution using a concentration of 100 g/l, are reported in Figure 11.a.

In this condition, the increase of the refractive index of deionized water due to the presence of solubilized glucose was 0.012, according to Ciminelli et al. 25 . Such a refractive index variation provided a resonant wavelength red-shift of 1.39 nm at around 1558 nm (figure 11.a). In order to estimate the uncertainty on the red-shift, we performed the measurements 3 times by removing the sample from the optical bench. The error on the red shift has been estimated to 0.05 nm. The sensitivity of the MR was, in this case, 116 ± 8 nm /RIU (Refractive Index Unit) corresponding to the wavelength shift variation per upper cladding refractive index variation.

In the uncertainty of 8 nm/RIU, both the uncertainties on the red shift and on the glucose concentration have been taken into consideration. We observed a decrease in the contrast of nearly 1 -2 dB for each studied glucose concentration. The small increase of upper cladding refractive index may induce, for the same gap between the ring and the straight waveguide, a slightly higher coupling ratio. For aqueous solution, the optimal coupling ratio was reached for the gap of 0.5 µm. Therefore, by increasing the upper cladding refractive index, the increase of coupling ratio would provide a decrease in the contrast according to Figure 6.

In MR 25 and higher sensitivity (300 nm/RIU) 6 was obtained with silicon slot-waveguides-based ring resonator on insulator. 

Conclusion

This study aimed to implement integrated polymer MRs for sensing applications using SU8 as core material and PMATRIFE as lower confinement material. Different superstrates such as air, deionized water and glucose aqueous solution were studied. With the aim of determining the index group of the structures, parameter necessary for the simulation study, refractive index of the different polymers, used in the fabrication of MRs, are given as a function of wavelength.

To optimize the design of the MRs, a coupling study was performed to link gap and characteristics values of MRs. These preliminary studies allowed us to implement successfully MRs with sub-micronic gaps varying from 0.5 to 1 µm. The best result is obtained for water superstrate. Normalized transmission contrast of 0.98 with a quality factor of nearly 1.5x10 4 was achieved for a gap of 0.5 µm corresponding to a coupling ratio of 14.7 % and ring propagation losses of 5.5 dB/cm according to the theoretical MR responses. The sensing application is tested with different glucose concentrations in water. We have measured a sensitivity of the SU8/PMATRIFE MRs of 115 ± 8 nm/RIU using a couple of polymers which technology is mastered in our lab. Our current work is to increase further the sensitivity by using other core and cladding materials with larger flexibility of their refractive index.

  After theoretical reminders used in the calculations of MRs characteristics, we present the refractive index study of the polymer waveguide. Micro-ring implementation is then described. A coupling study of the design is presented taking into account different upper cladding mediums. Measurements of extinction responses obtained with MRs with different upper cladding layers are presented and adjusted to theoretical ones in order to determine the group index, coupling and loss parameters. Optical results are discussed taking into account SEM observations and the results obtained in the coupling study. Finally first results of homogeneous sensing experiments using glucose aqueous solution are presented.

FIG. 1 .

 1 FIG. 1. Single side coupled micro-ring resonator. The field amplitudes are denoted by Ei (incident) and Et (transmitted). Self-coupling (τ) and cross-coupling (κ) amplitude coefficients are indicated.

19 FIG. 2 .

 192 FIG. 2. Refractive index evolution of SU8 and PMATRIFE polymers as a function of the wavelength.

FIG. 3 .

 3 FIG. 3. Effective index evolution of SU8 / PMATRIFE waveguides as function of the wavelength with a SU8 ridge core dimensions of 1.5 µm x 1.5 µm. Different waveguide upper cladding layers were studied regarding the sensing applications: air, deionized water without and with 100 g/l of glucose.

FIG. 4 .

 4 photo-sensitive resin (~ 400 nm) have been deposited. The thin SiO2 layer allowed the protection of SU8 from the next UV exposure step. Then, patterns were produced through a chrome photolithography mask under UV exposure and developed. To obtain the desired waveguides, an oxygen plasma RIE was performed. The top view and the cross section of the obtained waveguides at the end of the process are schematized in Figure4.
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 55 FIG. 5. Schema of the coupling region of micro-ring resonator: (a) top view and (b) cross section view at z=0.

FIG. 6 .

 6 FIG.6. Coupling ratio calculated as function of the gap between the straight and the curved waveguides considering two cases of upper cladding layers: air or deionized water.

FIG. 7 .

 7 FIG. 7. Normalized transmission contrast plotted in function of the coupling ratio for propagation losses per unit length of 1, 3 or 5 dB/cm at 1550 nm.

Figures 8 .

 8 Figures 8.b, 8.c and 8.d give a top and a titled views of the coupling region.

FIG. 8 .

 8 FIG. 8. SEM images of the Air/SU8/PMATRIFE MR. (a) Top overview, (b) and (c) top view of the coupling region. (d) Tilted view of the etched waveguides in the coupling region. (e) Cross section view of the straight ridge waveguide.

FIG. 9 .

 9 FIG. 9. Overview of the optical MR characterization system.

Figure 10

 10 FIG. 10. Experimental and calculated transmission spectra for one polarization light and for the gap of 0.5 µm: (a) for Air/SU8/PMATRIFE and (b) for deionized water /SU8/PMATRIFE micro-rings.

Figure 11 .

 11 b, the measured red shifts obtained for glucose concentration of 50, 75 and 100 g/l are plotted as function of the refractive index variation of the aqueous solution with dissolved glucose (Figure 11.b). The sensitivity of our SU8/PMATRIFE MR taking into consideration the different glucose aqueous solutions as upper cladding is around 115 ± 8 nm /RIU. Such sensitivity values are reported in literature for silicon on insulator (SOI)

FIG. 11 .

 11 FIG. 11. (a) Experimental transmission spectra for one polarization light for deionized water/SU8/PMATRIFE and glucose aqueous solution (100 g/l)/SU8/PMATRIFE micro rings. Wavelength shift (∆λ) of the resonance associated with the change of refractive index (∆n) of the upper cladding layer. (b) Wavelength shift (∆λ) of the resonance plotted as a function of glucose concentration dissolved in water and as a function of the refractive index change (∆n) of the upper cladding layer.

TABLE I .

 I Adjustment parameters: coupling ratio, propagation losses in the ring and group index and calculated ones.

	WAVEGUIDE	Air/SU8/PMATRIFE	Aqueous
				solution/SU8/PMATRIFE
	Parameters	From adjustment	Calculated	From adjustment	Calculated
	Coupling rate	3.95 ± 0.05	2.45 ± 0.04	14.7 ± 0.2	12.2 ± 0.3
	(%)				
	Propagation losses	4.23 ± 0.08	-	5.55 ± 0.05	-
	(dB/cm)				
	Group index	1,628825 ± 10 -6	1.657 ± 0.002	1,610250 ± 10 -6	1.627 ± 0.002
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