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Abstract

:

The technologies of optical planar evanescent wave chemical and biochemical sensors require chemically resistant, high refractive index waveguide films having very good optical transmission properties. In this paper we present such two-compound SiOx:TiOy waveguide films fabricated by using the sol-gel method and the dip-coating technique. These films not only have high optical quality and low propagation losses but also an extremely high refractive index of >1.90 (λ = 632.8 nm). Further we demonstrate efficient and simple sensing structures, designed and fabricated based on these films. For this purpose, grating couplers with a period of Λ = 417 nm were fabricated on the interface between a waveguide film and cover using the single-step nanoimprint method. These sensing structures were tested as planar refractometers. The results of the theoretical analysis on the basis of which the structures were designed as well as results of their experimental characterization are presented in this work. Consequently, the relationship between parameters and the sensitivity of investigated sensing structures is discussed. As a result, the profitable properties of the designed grating coupler sensors are verified and excellent consistency between the results of the theoretical analysis and experimental results is achieved.
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1. Introduction


Integrated optics applications have been developed since the late 1960s [1,2]. Currently, the application areas are predominantly focused on telecommunication and sensory systems. In both cases one deals with optical systems integrated on a single planar substrate, which are based on the same set of subcomponents and operate on the same physical principles. Grating couplers are among the fundamental integrated optics subcomponents for both these application areas. They are used for vertical light coupling to an integrated optical system from an external light source directly or via an optical fiber [3,4,5,6,7]. The sensing structure presented in this work takes advantage of the properties of grating couplers.



Currently, the integrated optics for telecommunication applications is being developed for the NIR spectral range, which is predominantly based on two material platforms, namely: silicon-on-insulator (SOI) and indium phosphide (InP) [8,9,10]. The material platform based on silicon nitride (Si3N4) is a complement to the above mentioned in the VIS-NIR spectral range [5,11]. Moreover, the application of polymeric materials in the integrated optics has attracted considerable attention in recent times [12,13,14]. With regard to sensory applications, and in particular to integrated optics planar evanescent wave sensors that are widely used in chemical and biochemical measurements, those systems are mainly designed for the VIS spectral range. Waveguide films for these applications should have not only good transmission properties, but also should be chemically resistant. Furthermore, parameters of such waveguide films should be stable over longtime periods [15]. Compounds that are the most resistant to acids, bases and organic solvents are transition metal oxides such as: TiO2, ZnO, ZrO2, HfO2. Thanks to the wide optical band gap, those materials offer good transmission properties in the Vis-NIR spectral range. Many research groups, using different technologies, have carried out research on fabrication of planar waveguides based on these materials. There are many articles presenting fabrication methods and discussing optical properties of waveguide films made of transition metal oxides. Their authors almost always conclude that these films can be applied as waveguides pointing only on a value of their refractive index. Some authors support this claim using the m-line spectroscopy technique to demonstrate the excitation of guiding modes. However, only few authors present the results of measurements of optical losses and in that case presented waveguide films have either refractive index slightly greater than substrate [16,17] or are thick enough to support multimode propagation [18]. Until now, few results of optical loss measurements in single-mode waveguide films with high refractive index have been presented.



Bradley et al. [19] have presented that both amorphous and polycrystalline anatase waveguide films (>2.4) can be fabricated by using a reactive sputtering method. They have reported propagation losses of about 1.2 dB/cm for amorphous films and >20 dB/cm for polycrystalline films, at a wavelength λ = 632.8 nm. Heideman et al. [20] have presented ZnO waveguides, fabricated using a RF magnetron sputtering, having refractive index in range of 1.93–1.96 (at λ = 632.8 nm). They have reported that propagation losses were in range of 1–3 dB/cm. Therefore, with the application of sputtering methods it is possible to fabricate planar waveguide films having optical losses slightly larger than 1 dB/cm. However, these methods have low production yield which makes them more appropriate for wafer-scale processes. The sol-gel fabrication method, presented in this paper, is very efficient and cost-effective when applied for fabrication of waveguide films. This method is also used by a number of research groups for fabrication of either single-component or multi-component films. In Reference [21], erbium doped ZrO2 waveguides are presented. They have a refractive index in the range of 1.83–1.92 and optical losses exceeding 1 dB/cm. The authors of that paper have also reported that optical losses have been increasing with the annealing temperature. They have achieved the lowest optical losses of 1.2 dB/cm for the waveguide film having thickness d = 607 nm, annealed at the temperature of 300    °  C. In Reference [22], Touam et al. presented the development of two-mode amorphous TiO2 waveguide films fabricated using the sol-gel method and annealed at the temperature of 350    °  C. The authors have reported achievement of optical losses of about 0.5 dB/cm for the TE0 mode in the waveguide film having refractive index n ~ 1.97 and thickness d = 358 nm. The authors have also reported that TiO2 waveguide films (n ~ 2, d = 336 nm) annealed at the temperature of 500    °  C have been polycrystalline. The optical losses of these waveguides for the TM0 mode have been 0.8 dB/cm. However, the careful analysis of the Figure 6 in Reference [22] shows that the optical losses can actually be higher than the reported value. The reasoning behind that supposition is backed by high values of root mean square (RMS) surface roughness of those films (Table 2 in Reference [22]). The influence of waveguide films parameters on optical attenuation coefficients have been discussed in Reference [23]. The sol-gel derived waveguide films presented in that work have been bimodal, whereas evanescent wave spectroscopy related applications require single mode waveguides. Moreover, the lowest propagation losses have been achieved as a result of the reduction of the temperature of annealing processes. However, as a result of the reducing of the annealing temperature organic residues in waveguide films, remnants of hydrolysis and condensation processes, are not completely removed. Such waveguides can be unstable over long time periods and in the case of their application in evanescent wave sensors, the organic remnants may interact with sensitive films in unpredictable ways. Elimination of organic remnants requires annealing processes carried out at temperatures exceeding 430  ° C. However, generally in this case, a polycrystalline structure is formed in single-component films. There is a method enabling fabrication of amorphous films annealed at even higher temperatures. It consist of using two-component films, e.g., combining transition metal oxides with silicon dioxide. In this paper we present two-compound SiOx:TiOy single mode waveguide films. Such films have been fabricated since the year 1983 [24,25]. Their refractive indices can be tailored by selection of the molar ratio of input reagents. However, it is becoming increasingly hard to obtain homogeneous compositions with increasing content of titania. It is noticeable that homogeneity is a necessary condition for obtaining low optical losses. There is a view in the literature that there is a tendency of glasses to crystalize if the molar content of titania exceeds 10% [26,27]. Other research groups have so far reported the development of low-loss SiOx:TiOy waveguide films with a maximum refractive index of about 1.75 [24,25,28,29,30]. The development of waveguide films having a refractive index of about 1.80 has been reported in our previous articles [31,32,33]. In this work we present SiOx:TiOy waveguide films with a very high refractive index, exceeding 1.90 (at λ = 632.8 nm) and demonstrating low propagation losses. Waveguide films with such a high refractive index, fabricated using the sol-gel method and dip-coating technique have not been presented in the literature so far. In this paper we also present the application of these films for the design and fabrication of sensor structures based on grating couplers. The latter have been fabricated using a nanoimprint method and have a period of 417 nm. We have tested the operation of these structures as refractometers.



The refractive index measurements are one of the fundamental types of measurements in biochemistry [34,35]. Sensor structures with input grating couplers were for the first time used for sensing applications by the research team led by Lukosz et al. [25,36]. The research group led by Szendrö and Vörös has also achieved a great deal in this research area [28,29,30]. Our grating couplers have been fabricated using the same method that was used by these two research groups. However our structures consists waveguide films having higher refractive index.



From the point of view of the fabrication of two-component SiOx:TiOy waveguide films using the sol-gel method, the crucial problem is the development of the homogeneous sol. That is because titanium is more active than silicon, as a result of which has tendency to form separate phase and to crystallization. Consequently, a roughness of waveguide film interfaces increases that leads to a substantial increase of scattering losses. Moreover, the nanocrystallites formed in the bulk are sources of additional scattering losses.



The purpose of this article is to present the result of our new investigations on planar waveguide sensing structures with grating couplers. The novelty consist in the development and application of the new material platform characterized by high refractive index contrast (n ~ 1.92) and low propagation losses. The sensing structures we fabricated are highly sensitive to refractive index variations of the medium they are covered with. These structures demonstrate also low threshold values for a detection of refractive index variations (resulting in low detection limit). This is a result of the use of high refractive index waveguides. Such advantageous properties makes them suitable for biomedical measurement applications.



The paper is organized as follows. Section 2 presents the theoretical basis of the grating coupler as a sensor element. It also includes results of the theoretical analysis showing the influence of waveguide film parameters on their homogeneous and surface sensitivity. As the result of the latter, the optimal values of waveguide film thickness have been determined, for which those sensitivities are maximum. Section 3 presents the technology of waveguide films and methods of their characterization. This section also contains the results of our investigations of fabricated sensing structures with grating couplers in the context of their application as refractometers, as well as discussion on the related findings of other researchers.




2. Theoretical Background


2.1. Grating Coupler


A schematic diagram of the sensor structure with a grating coupler is shown in Figure 1. The waveguide film of thickness d and refractive index n1 is on the top of the optical substrate of refractive index nb. The grating coupler has a form of a periodic disturbance, with period Л, of the waveguide film top interface. On the top of the waveguide film there is the sensitive film of thickness ws and refractive index nws. Above the sensitive film there is the uniform medium having refractive index nc (cover/ambient). Suppose that such a structure is illuminated with the collimated and polarized light beam of wavelength λ. Changing the angle of incidence θ, the incident light beam will be coupled to a waveguide film for a certain value θr, exciting a given waveguide mode. This is the resonant phenomenon.



The coupling angle θr depends on the wavelength and the polarization of the incident beam, parameters of the waveguide film (n1, d), parameters of the sensitive film (nws, ws), refractive indices of the substrate nb and cover nc. Finally it depends on the grating coupler period Л. The operating principles of chemical/biochemical sensors rely on phenomenon that the resonant coupling angle θr depends on the cover refractive index nc, thickness of the sensitive film ws and its refractive index nws. The resonant coupling of the incident light beam to a mode of the waveguide film takes place if the phase matching condition is fulfilled:


   β →  =   k →   p x   ± r  G →   



(1)




where   β →   is a propagation constant of a guided mode,     k →   p x     is a wave vector longitudinal component of the incident beam illuminating the grating coupler,   G →   is a wave vector of periodic disturbance of a surface of the waveguide film and r = ± 1, ± 2…is a diffraction order. A magnitude of the longitudinal component of the incident beam does not change with the transition into subsequent medium, therefore kpx = k1x. It is a consequence of the Snell-Descartes law.



Two cases of the condition (1) i.e., r = ±1 are illustrated in Figure 2. A propagation constant of the guided mode fulfills the following condition:


    2 π    λ 0     n b  < β <   2 π    λ 0     n 1   



(2)







Therefore in the first case (Figure 2a, r = +1) the guided mode is propagating to the right, whereas in the second case (Figure 2b, r = −1) is propagating to the left. It is convenient to conduct the further analysis in terms of the waveguide mode effective index N that is related to the propagation constant by equation   β =   2 π  λ  N  . Considering two additional relations:    k  p x   =   2 π  λ   n p  ⋅ sin  θ r    and   G =   2 π  / Λ   , the phase matching condition takes the form of:


  sin  θ r  =  n p  − 1   ⋅   N − r  λ Λ     



(3)







Our further considerations are carried out under the assumption that wavelength λ is constant. The Equation (3) shows the dependence of the resonant coupling angle θr on period Л of the grating coupler. The relevant characteristics for the first three values of the diffraction order r are presented in Figure 3. These characteristic were calculated for a value of the effective index N = 1.52. This value is accessible for waveguide films presented in experimental part of this work.



One can observe on Figure 3 that the waveguide mode having effective index N = 1.52 can only be excited in the first diffraction order (r = 1) if the grating period Л < 500 nm. Whereas for gratings having longer periods excitation is also possible for higher diffraction orders. However, a coupling efficiency is decreasing with the increase in the diffraction order r because in this case one is dealing with diffraction at higher harmonics. It is also apparent that the resonant coupling angle θr can assume both positive and negative values. A sense of the propagation vector   β →   of the excited mode complies with the longitudinal component of the incident beam (Figure 2a) for positive values of θr, whereas for negative values of θr these vectors have opposite sense (Figure 2b). Resonant excitation of a waveguide mode for a negative coupling angle is depicted in Figure 1. In that case, excitation shall be registered by a photodetector placed at the right-hand side of the structure. Similar situation takes places if the structure is illuminated from the left-hand side. Then, the range of negative angles is corresponding to the excitation of modes propagating to the left-hand edge of the structure. Therefore, characteristics plotted with red lines correspond to the photodetector placed at the right-hand side of the structure, whereas the blue ones correspond to a photodetector placed at its left-hand side. Both families of characteristics are symmetric with respect to line θr = 0. This feature has practical application in measurement systems with grating couplers (Section 3.2).




2.2. Sensing Structure


The operational principle of planar evanescent wave sensors with grating couplers uses the dependence of the resonant coupling angle θr on the effective index N (Equation (2)). The assumption that changes of either the refractive index of the cover nc or thickness of the sensitive film ws are small, allows to express a change of the coupling angle in the following form:


  Δ  θ r  =     ∂  θ r    ∂ N           ∂ N   ∂  n c      Δ  n c  +     ∂ N   ∂  w s      Δ  w s     



(4)




where [31]:


    ∂  θ r    ∂ N   =    n p 2  −   N − r  λ Λ       



(5)




is a sensitivity of the resonant coupling angle θr to changes of the effective index. The two remaining derivatives       ∂ N  /  ∂  n c        and       ∂ N  /  ∂  w s        are called homogeneous sensitivity and surface sensitivity, respectively [36].



The Equation (4) reveals that the magnitude of the change in resonant coupling angle resulting from changes in refractive index of the cover nc or thickness of the sensitive film ws, depends on the sensitivity of the resonant coupling angle to changes of the effective index       ∂  θ r   /  ∂ N       and on homogeneous       ∂ N  /  ∂  n c        and surface sensitivity       ∂ N  /  ∂  w s       , respectively. Characteristics demonstrating how the sensitivity       ∂  θ r   /  ∂ N       depends on period Л are shown in Figure 4. They are grouped in two families differing in diffraction order. Three characteristics calculated for different effective index values belong to each family. One can see that this sensitivity depends primarily on the coupler period Л and the diffraction order r, whereas the dependence on waveguide film parameters is much less profound. The latter occurs through the effective index N and is minor within a range of small resonant coupling angles (Figure 3 and Figure 4). Limiting considerations to the first diffraction order, one can see that sensitivity is practically independent on the effective index N for a coupler of period Л < 400 nm, where it reaches the minimum value. For periods Л < 400 nm this sensitivity decreases along with the increase of N, while for Л > 400 nm it increases. For small values of the resonant coupling angle       ∂  θ r   /  ∂ N       sensitivity values are close to unity. This indicates that the sensitivity of a structure presented in Figure 1 depends solely on parameters of the waveguide film, wavelength λ and polarization. The sensitivity can be almost doubled by selecting higher values of the grating period Л. However in this case, the resonant coupling angle would assume values at least several dozens of angular degrees, which in practice would lead to considerable increase in duration of measurements.



Theoretical analysis of the homogeneous sensitivity was carried out for the three-layered waveguide structure. The latter is composed of a waveguide film having refractive index n1 that is placed on the top of a substrate having refractive index nb = 1.520. The waveguide film is covered from above by the uniform medium of refractive index nc = 1.333 that is corresponding to water. This way, results of the theoretical analysis may be used in biochemical measurements wherein samples are very often in form of liquids having refractive indices close by value to water. Characteristic equations for the analyzed structure have the form of:


    tan   − 1            n 1     n b       ρ       N 2  −  n b 2     n 1 2  −  N 2        +   tan   − 1            n 1     n c       ρ       N 2  −  n c 2     n 1 2  −  N 2        =   2 π  λ  d    n 1 2  −  N 2    + m π  



(6)




where ρ = 0, 1 for polarization TE and TM, respectively.



In turn, theoretical analysis of the surface sensitivity require investigation of the four-layered structure. The additional layer, called sensitive, is placed on the interface of the waveguide film to the cover. This layer of thickness ws = 1 nm and refractive index ns = 1.5 acts as the sensitive film. Both structure types were analyzed with the application of the transfer matrix method [32]. Modal characteristics for three selected values of the waveguide film refractive index n1 are presented in Figure 5. The range of thickness of the waveguide film is corresponding to single mode operation regime depends on the magnitude of n1. In particular, considering the TE polarization, the following ranges have been established: d = 69 ÷ 501 nm for n1 = 1.70, d = 65 ÷ 388 nm for n1 = 1.80 and d = 49 ÷ 323 nm for n1 = 1.90. In the further part of this section our considerations are limited to single mode slab waveguides. Characteristics of the homogenous       ∂ N  /  ∂  n c        and surface sensitivity       ∂ N  /  ∂  w s        with respect to a thickness of the waveguide film are presented in Figure 6. They are grouped in two families differing in polarization. Three characteristics calculated for previously selected values of n1 belong to each family. Certain patterns are easy to observe. Both, the homogeneous and surface sensitivity reach their maxima for a thickness of the waveguide film slightly larger than a cut-off thickness for the fundamental mode of a specified polarization. Moreover, one can observe that maximum of either the homogeneous or surface sensitivity increases with increasing value of n1. Assuming that refractive index of the waveguide film increases from 1.8 to 1.9, one can observe from the comparison of homogeneous and surface sensitivity characteristics that the maximum value of the former increases of 22% and 19% for TE0 and TM0 mode, respectively. Whereas, for these modes, the increase of the surface sensitivity is 30% and 26%, respectively. One can also see from the calculation results presented in Figure 6 that the optimal value of the waveguide film thickness dopt, for which sensitivity is maximum, also depends on n1. This optimal thickness decreases with increasing value of n1. These relationships are presented in the form of charts in Figure 7 and Figure 8. Characteristics of the maximum homogeneous and surface sensitivity with respect to a refractive index of the waveguide film are shown in Figure 7a,b, respectively. One can observe that for all values of n1 the TM polarization is more sensitive. The relative difference of maximum sensitivities for TM0 and TE0 modes is lower in case of the surface sensitivity.



Characteristics of the optimum thickness of the waveguide film with respect to its refractive index are presented in Figure 8. The charts show that values of dopt are larger for the TM0 mode. Regardless of the polarization, the surface sensitivity reaches its maximum for slightly larger values of dopt.





3. Experimental Study


3.1. Materials and Methods


Two compound SiOx:TiOy waveguide films were manufactured via the sol-gel method and dip-coating technique. Tetraethoxysilane (TEOS) and titanium (IV) ethoxide (TET) were applied as precursors to SiOx and TiOy, respectively. These two reagents were purchased from Sigma-Aldrich. The other reagents used to synthesize sols were: deionized water, anhydrous ethanol (EtOH) and hydrochloric acid (HCl). The latter was used as a catalyst. The process of preparing the SiOx:TiOy sol was carried out in two stages. In the first stage, the hydrolysis of each precursor was carried out separately. Then the solutions were mixed in the appropriate proportion and the process was continued. The molar ratio TEOS:TET of sols used in the investigations was 1:1.8. The molar ratio (TEOS + TET):EtOH:H2O was 1:7:2. For the final solutions the measured pH = 3. The final SiOx–TiOy synthesized sol was filtered through a 0.2 μm PTFE syringe filter. The produced sols were aged in tightly closed vessels at the temperature of 18 °C. The films were deposited on soda-lime microscope slide glasses (Menzel-Glaser) of the dimensions 76 × 26 × 1 mm. Glass substrates were cleaned following the procedure that involved mechanical washing in water with detergent, rinsing in deionized water, soaking in the solution of isopropyl alcohol, rinsing in deionized water, rinsing in acetone and drying. The sol from which substrates were withdrew was in the beaker shielded by a glass cylinder. The application of such a procedure helped to prevent accidental air movements, thereby improving the homogeneity of waveguide films. Films of final thicknesses varying from ~128 nm to ~198 nm were withdrawn with speeds in the range of 3.1–7.0 cm/min. Deposited films were annealed at a temperature of 500 °C for 60 min.



Sol films are liable to quick densification after deposition on substrates as a result of evaporation of solvents. Nevertheless over some period of time, directly after deposition, they are susceptible to deformation, which may come from mechanical strain. This property is used for the fabrication of the grating couplers using the nanoimprint method. The holographic grating of constant 2400 g/mm was used as a master grating. The replication of the master grating structure onto waveguide films was followed by their annealing at a temperature of 500 °C for 60 min.



The refractive index and thickness of the fabricated waveguide films were measured using monochromatic ellipsometer SENTECH SE 400 (Sentech model 2003, Berlin, Germany). Transmittance and reflectance spectra were measured over the range of 200–1100 nm using a UV–VIS AvaSpec-ULS2048LTEC spectrophotometer (Avantes) and lab-grade Reflection Probes QR400–7-SR (Ocean Optics). The deuterium-halogen lamp AvaLight-DH-S-BAL (Avantes) was used as the light source.



Finally, the refractometric properties of the sensor structures (PS) fabricated this way were investigated using the experimental setup presented in Figure 9. The influence of the cover refractive index nc on the resonant excitation angle θr of waveguide modes, was determined with the use of the goniometer GO. The sensor structure was coupled to the measuring chamber (MC) that was filled with aqueous solutions of glycerol having different refractive indices. The detection of light excitation was achieved by using photodiodes placed on both edges of a sensing structure mounted in the setup. A laser diode LD operating at wavelength λ = 676.7 nm was a source of the input light beam. Linear polarization of the latter was set and adjusted by the polarizer P and polarization rotator RP. The laser diode was controlled by alternating signal from the generator G. The goniometer was driven by a stepper motor. Electric signals from photodiodes were provided into the homodyne nanovoltmeter NH and after demodulation were registered with a data acquisition card. The setup was controlled by a PC computer.




3.2. Results


The dependence of the thickness and refractive index of final waveguide films on the substrate withdrawal speed are presented in Figure 10. Full square markers correspond to the experimental characteristics d = d(v), whereas empty square markers correspond to the experimental characteristics n = n(v). The first relationship was approximated with the second-degree polynomial by the least-squares method, whereas the second one with linear function. The thickness d increases significantly with the increase in v. Hence the latter is the main parameter by which the thickness of films fabricated using the dip-coating technique is controlled. The refractive index, in turn, increases weakly with the increase in v. The technological characteristics d = d(v) and n = n(v) were used in the design processes of fabrication waveguide films that have desired parameters.



It was aforementioned that homogeneous waveguide films are desired for application in evanescent wave sensors. One can relatively easily verify whether some optical layer/film is homogeneous by analyzing its reflectance spectrum. Our previous paper [33] is devoted to the issues of homogeneity of waveguide films produced by the sol-gel method. In that work, it was shown that if a given film is homogenous then interference minima on its reflectance spectrum that are far from an absorption edge lie on a reflectance spectrum of a substrate. This criterion allows us to infer about the homogeneity of the waveguide films. The exemplary reflectance spectra of silica–titania films fabricated on soda-lime substrates together with a spectrum of the substrate itself are presented in Figure 11a. As one can see, minima of reflectance spectra for wavelengths exceeding 500 nm lie on a spectrum of the soda-lime substrate, which confirms the homogeneity of those films. On the other hand, considering wavelengths below 400 nm, as the wavelength decreases the reflectance minima increasingly drift apart from the substrate reflectance spectrum. This results from the proximity to the absorption edge that occurs at ~350 nm, as one can observe in Figure 11b. When it comes to transmission spectra, a similar regularity occurs if films are weakly absorbing. Namely, they are homogeneous if their transmission maxima far from the absorption edge lie on a transmission spectrum of the substrate. The detailed analysis of transmission spectra in the absorption region, by using the Tauc method [37,38], revealed that the absorption edge of investigated silica–titania films belongs to the spectral range of 342–351 nm. The observed shift of the absorption toward shorter wavelengths with the decrease of the film thickness is a result of the quantum size effect [39,40]. From the perspective of the accuracy of measurement, the crucial requirement is the homogeneity of the waveguide films.



High refractive index of waveguide films is necessary to achieve high sensitivity. However, waveguide films are suitable if their transmission losses are sufficiently low. A picture presenting the slab waveguide in which the TM0 mode was excited is shown in Figure 12. A streak of the scattered light visible on the photo has length of ~4.5 cm. The intensity of light scattered at a given point is directly proportional to light intensity reaching it. Analysis of the light intensity distribution in the streak allowed to determine that this waveguide has propagation losses at the level of ~0.3 dB/cm.



Angular characteristics of sensing structure excitations are shown in Figure 13. They were registered for different values of the cover refractive index nc. The measurements were carried out within such range of the angle θ that each photodetector registered the in-coupling peak corresponding to excitation of a given waveguide mode (Figure 3). That way, there are two in-coupling peaks on each angular characteristic for a given value of nc. For every angular spectrum a half of the distance between the in-coupling peaks equals the resonant coupling angle θr. The application of such a procedure allows to eliminate the necessity of determination the right angle direction to the top surface of the sensing structure. It should be stated that determination of the right angle direction would be a source of additional uncertainty in the process of measuring the resonant coupling angle [31]. The position of the right angle direction is plotted on Figure 13 with a dashed line. The characteristics at which in-coupling peaks are tall (signal > 2) were registered for TM polarization–the TM0 mode was excited. The in-coupling peaks corresponding to the TE polarization are also shown. They were registered under conditions for which air was the cover layer for sensing structures (nc = 1.0). The remaining conditions under which the measurements for both polarizations were carried out were the same. Subsequent measurements were carried out only for the TM polarization for two reasons. Namely, amplitudes of the in-coupling peaks corresponding to the TE0 mode are low and a maximum of either the homogeneous or surface sensitivity is higher for TM modes (Figure 6). One can read from Figure 3 that for the investigated structure the resonant coupling angle is negative for each value of the cover refractive index and for each photodetector. Hence, as one can see θr increases with increase in nc. The values of resonant coupling angles measured for both polarizations and for nc = 1.0 allowed to determine the refractive index and thickness of the waveguide film. In the first step the effective indices of the fundamental modes were calculated using Equation (2). Their values are: NTE = 1.6191 and NTM = 1.5261. In the second step, knowing effective indices, it was possible to solve a set of two nonlinear characteristic Equation (6) for d and n1. As a result it was determined that the thickness of the waveguide film is d = 151.3 nm and its refractive index is n1 = 1.9102.



The characteristic presenting a dependence of the resonant coupling angle θr on the cover refractive index is shown in Figure 14. Square markers show the experimental dependence, whereas a continuous line represents values of the resonant coupling angle calculated on the basis of waveguide film parameters determined from the values of resonant coupling angles for nc = 1.0. One can see excellent compatibility of calculations with the experiment.



In practice due to a dispersion of parameters characterizing technological processes, the thickness and refractive index of the waveguide film is calculated using values of θr measured for nc = 1.0 and then the theoretical relationship θr = θr(nc) can be applied to determine a refractive index of the cover based on measured values of θr. The homogeneous sensitivity of the presented sensing structure is       ∂ N  /  ∂  n c        = 0.1925 for wavelength λ = 676.7 nm, whereas the surface sensitivity is       ∂ N  /  ∂  w s        = 4.31 × 104 (RIU  ·  nm−1).




3.3. Discussion


The computational results presented in Figure 7 and Figure 8 show that in order to achieve high homogeneous       ∂ N  /  ∂  n c        or surface sensitivity       ∂ N  /  ∂  w s        it is advisable to use waveguide films having high refractive index and carefully selected thickness. It turns out that significant technological difficulties are growing with increase in waveguide films refractive index. This is due to the fact that it is very difficult to achieve homogeneous SiOx:TiOy composition because titanium is much more reactive than silicon and tends to form the separate TiOy phase. That is why a small number of research groups have so far reported the development of technologies allowing fabrication of such films. We were able to overcome this problem and therefore waveguide films presented in this work are significantly better than those so far presented in the literature. What we have said foregoing, optical losses of our SiOx:TiOy waveguide films having refractive index above 1.9 are ~0.3 dB/cm. The single mode waveguide films presented in our paper have thickness of 138 nm (Figure 12). In such films the density of optical power on interfaces to the ambient and substrate is very strong. As a result the scattering on the imperfections of these interfaces is also strong. Optical losses resulting from this scattering is directly proportional to a square of the root mean square roughness characterizing these interfaces Reference [23]. Therefore, interfaces of waveguide films must be very smooth if low optical losses are to be achieved. This requirement is very difficult to meet. If waveguide films are made of polycrystalline materials then the root mean square surface roughness of their interfaces become very high. Moreover in this case additional scattering in the bulk appears. This is the reason to which exemplary amorphous waveguide films presented in cited papers of another researchers, had acceptable losses until they were underwent annealing processes. Optical losses of these films increase significantly when they are annealed at higher temperatures, because then crystallization occurs rendering them polycrystalline.



Tiefenthaler and Lukosz in Reference [41] reported SiO2:TiO2 waveguide films having similar refractive index, however those films have optical losses of ~2.5 dB/cm at wavelength λ = 632.8 nm. Jiwei et al. in Reference [42] presented SiO2:TiO2 waveguide films produced by the sol-gel method having refractive index n = 1.83 and optical loss of 7.4 dB/cm. It is instructive to compare our silica–titania waveguide films and TiO2 films presented in Reference [22]. The latter also have optical losses equal to 0.3 dB/cm. However, we have achieved such low losses in waveguide films having their thickness optimal with respect to maximization of the homogeneous (Figure 5) and surface (Figure 6) sensitivity. The values of these sensitivities for the sensing structure presented in this work (n1 = 1.91, d = 151 nm) are       ∂ N  /  ∂  n c        = 0.192 and       ∂ N  /  ∂  w s        = 4.31 × 10−4 (RIU  ·  nm−1), whereas for the waveguide film having parameters given in Reference [22] (n1 = 1.97, d = 358 nm) one gets:       ∂ N  /  ∂  n c        = 0.0458 and       ∂ N  /  ∂  w s        = 1.72 × 10−4 (RIU·nm−1). One can see that sensitivities of the latter are several times lower than of the sensing structure presented in this work.



The detection threshold for changes in the cover refractive index calculated for the waveguide film presented in this work (n1 = 1.91, d = 151 nm) can be calculated from the equation below:


      Δ  n c      min   =       ∂ θ   ∂ N       − 1         ∂ N   ∂  n c        − 1       Δ θ     min    



(7)







Its value for TM0 mode and the cover refractive index nc ~ 1.333 equals to       Δ  n c      min     = 3.63 × 10−6 (RIU), whereas for waveguide films having refractive index n1 = 1.78, reported in our former paper [31] it is       Δ  n c      min     = 5.0 × 10−6 (RIU). One can see that application of the waveguide film whose refractive index is increased from 1.78 to 1.91 reduces the refractive index change detection threshold of 27%. The accuracy of resonant coupling angle measurements accepted for calculations results from the characteristic of our measurement setup. Its value is       Δ θ     min     = 0.7 × 10−6 rad [31]. The detection threshold for changes in the sensitive film thickness can be calculated from similar equation:


      Δ  w s      min   =       ∂ θ   ∂ N       − 1         ∂ N   ∂  w s        − 1       Δ θ     min    



(8)







Assuming that average refractive index of the sensitive film is ns = 1.5, its thickness is ws = 1 nm and refractive index of the cover is nc = 1.333, the value of this threshold is (Δws)min = 1.62 × 10−3 nm, whereas for waveguide films having refractive index n1 = 1.78, the detection threshold for the change of sensitive film thickness is 2.05 × 10−3 nm. In this case application of the waveguide film having refractive index increased to 1.91 results in lowering the detection threshold of 21%. The values of both detection thresholds for the sensing structures presented in this work are comparable with the values obtained by other researchers, both for sensing structures with grating couplers and other solutions [35]. The resulting values show that the sensing structure presented in this work are sufficiently sensitive for biochemical applications.





4. Conclusions


This paper presents evanescent wave sensor structure with input grating coupler. Silica–titania waveguide films having high refractive index (>1.9), optimal thickness, with respect to their homogeneous sensitivity, and low optical losses, due to their excellent homogeneity, were fabricated by using the sol-gel method and the dip-coating technique. Sensor structures were created by fabrication of grating couplers on the top of these waveguide films by using the nanoimprint method and tested by refractometric measurements.



The theoretical analysis of planar waveguide films showed that it is necessary to use films having high refractive index and optimal thickness if high sensitivity is to be achieved, either homogeneous or surface. The influence of grating coupler period on sensitivity of resonant coupling angle to changes of effective index were also discussed. It was demonstrated that both homogenous and surface sensitivity are maximum if waveguide films are single mode and their thickness is slightly larger than the cut-off thickness of fundamental TM mode. We have developed and fabricated such waveguide films. Their absorption edge occurs for wavelength lower than 350 nm. That is why these films have very good transmission properties in the Vis and NIR spectral range. For these waveguides we achieved optical transmission losses as low as ~0.3 dB/cm. Other researchers also reported such values of optical losses, but it was for films having thickness significantly larger than cut-off, being frequently bimodal for a given polarization.



Fabricated sensing structures with grating couplers were tested in the goniometer setup. The detection thresholds for changes in either the refractive index of the cover or the thickness of the sensitive film were determined. These values: (Δnc)min = 3.63 × 10−6 RIU and (Δw)min = 1.62 × 10−3 nm, are lower than those for silica–titania waveguide films having refractive index n = 1.8. Thanks to the application of the waveguide films having a higher refractive index than before, both the minimum change detection thresholds of the ambient refractive index and sensitive film thickness can show further decreases of 27% and 21%, respectively. These parameters of the fabricated sensing structures make them suitable for biochemical measurements.
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Figure 1. Planar sensor structure with a grating coupler. 
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Figure 2. Wave-vector diagrams for coupling an incident light beam to a slab waveguide in the case of co-directional coupling (a) and counter-directional coupling (b) case, respectively. 
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Figure 3. Dependences of coupling angle on grating coupler period for effective index N = 1.52 and wavelength λ = 632.8 nm. 
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Figure 4. Calculated sensitivity of the resonance coupling angle with respect to a period of the grating coupler for three different values of the effective index and for wavelength λ = 632.8 nm. 






Figure 4. Calculated sensitivity of the resonance coupling angle with respect to a period of the grating coupler for three different values of the effective index and for wavelength λ = 632.8 nm.



[image: Electronics 10 01389 g004]







[image: Electronics 10 01389 g005 550] 





Figure 5. Modal characteristics of slab waveguides on glass substrates for selected values of the refractive index of the waveguide film. The remaining parameters have the following values: nb = 1.510, nc = 1.333, λ = 632.8 nm. 






Figure 5. Modal characteristics of slab waveguides on glass substrates for selected values of the refractive index of the waveguide film. The remaining parameters have the following values: nb = 1.510, nc = 1.333, λ = 632.8 nm.



[image: Electronics 10 01389 g005]







[image: Electronics 10 01389 g006 550] 





Figure 6. Influence of the thickness and refractive index of waveguide films on the homogeneous (a) and surface (b) sensitivity. The remaining parameters have the following values: nb = 1.510, nc = 1.333, ns = 1.500, ws = 1.0 nm, λ = 632.8 nm. 






Figure 6. Influence of the thickness and refractive index of waveguide films on the homogeneous (a) and surface (b) sensitivity. The remaining parameters have the following values: nb = 1.510, nc = 1.333, ns = 1.500, ws = 1.0 nm, λ = 632.8 nm.



[image: Electronics 10 01389 g006]







[image: Electronics 10 01389 g007 550] 





Figure 7. Influence of refractive index of the waveguide film on maximum value of the homogeneous sensitivity (a) and surface sensitivity (b). Wavelength and parameters describing the planar waveguide are given in the caption of Figure 6. 






Figure 7. Influence of refractive index of the waveguide film on maximum value of the homogeneous sensitivity (a) and surface sensitivity (b). Wavelength and parameters describing the planar waveguide are given in the caption of Figure 6.



[image: Electronics 10 01389 g007]







[image: Electronics 10 01389 g008 550] 





Figure 8. Optimum thickness of the waveguide films corresponding to the maximum values of the homogeneous and surface sensitivity, respectively. 
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Figure 9. The schematic diagram of the measuring set-up. GO—goniometer, PS—planar sensor structure, D1, D2—photodiodes, MC—measuring chamber, LD—laser diode, P—polarizer, RP—polarization rotator, G—generator, NH—homodyne nanovoltmeter, SM—stepper motor. 
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Figure 10. Experimental characteristics showing the dependence of the thickness and refractive index with respect to the substrate withdrawal speed from sol. Description of symbols: d—thickness, n—refractive index, v—withdrawal speed. 
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Figure 11. Experimentally measured reflectance (a) and transmittance (b) spectra for selected silica–titania films on soda-lime glass substrates. 
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Figure 12. Image of the slab waveguide with visible streak of scattered light for excited TM0 mode. The silica–titania waveguide film has refractive index n1 = 1.91 and thickness d = 138 nm. 
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Figure 13. Modal spectra of the investigated sensing structure excited with the use of grating coupler for different refractive indices of the cover. The remaining parameters have the following values: nb = 1.510, χ = 2400 g/mm, λ = 676.7 nm, d = 151.3 nm. 
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Figure 14. Experimental and theoretical characteristics of the in-coupling angles of the TM0 mode with respect to a refractive index of the cover. The remaining parameters have the following values: χ = 2400 g/mm, λ = 676.7 nm, n1 = 1.9102, d = 151.3 nm. 
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