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Abstract 

In this paper, we demonstrate a new method to obtain a low gap between the access 

waveguide and the racetrack cavity of a micro-resonator based on porous silica material and 

using standard photolithographic process. The photolithographic process is first carried out on 

porous silicon layers to obtain porous silicon ridge waveguides that constitutes the racetrack 

micro-resonator. Then the full oxidation of the micro-resonator is performed.  Because of the 

volume expansion of silicon that occurs during its full oxidation, the gap is reduced. Lower gaps 

and then lower coupling distances can be obtained using a low cost photolithographic process 

compared to e-beam technology. This original method proposed in this paper allows to improve 

the miniaturization of such porous silica micro-resonators which is of great interest for integrated 

optical biosensor application.   
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I. Introduction 

Porous silicon (PS) is a material of which the optical properties have been widely studied for 

many applications [1] such as optoelectronics [2] and also, over the past decade, for chemical [3, 

4] and biological [5, 6] sensing applications. 

 

 PS is easily fabricated by electrochemical
 
etching of silicon [7]. The tunability of the 

porosity and of the thickness of PS layers, which depends on the fabrication parameters, allows 
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optoelectronic components such as filters [8, 9], Bragg grating [10] and optical waveguides [11] 

to be developed.  

The large internal surface of PS and its biocompatibility are significant advantages for 

biosensing applications [6]. Indeed, PS is a real potential host for various molecules which can 

either be in solution in the pores, or grafted onto the internal surface.  However, as the surface of 

PS is strongly hydrophobic, thermal oxidation and chemical adaptation must be applied 

respectively to stabilize and functionalize the internal surface of the PS layer to obtain 

subsequent efficient molecules attachment [6]. In most of the cases, these molecules can be 

detected by a change in the refractive index of the PS, induced by their presence inside the pores. 

Indeed, the refractive index is a weighted average of the refractive indices of silicon, silica and of 

molecules present or grafted in the pores.  

Integrated optical PS sensors using refractive index variations
 
[12] have already been the 

subject of several studies, the number of which continues to grow due to the interest of this 

porous material in order to increase the sensor sensitivity. Furthermore, PS sensors can be 

integrated on Photonic Integrated Circuits (PIC) which provide a route towards small, low-cost 

and very rugged optical systems and could therefore be a game-changer for sensor systems. 

In the field of integrated optics applied to bio-detection, micro-resonators (MRs) are certainly 

the most compact structures that allow to achieve very low optical detection limits and high 

sensitivities [13-15]. Combining a MR structure and a porous material such as PS, is of  great 

interest to enhance sensor characteristics as the interaction between the molecules to be detected 

and the optical wave is optimized as it occurs in the core of the porous waveguide instead of in 

the evanescent part for MR based on bulk materials [16]. Very promising values of sensitivities 

have already been obtained with one MR based on PS for salt solution [17], glucose detection 

[18] or with different ethanol-water dilutions [19]. Moreover very promising low limit of 

detection has been calculated especially by cascading a PS MR with a reference MR based on 

polymers [20].  

A MR is an interferometer constituted of an access waveguide, in which light propagates, and a 

cavity, separated by a submicron gap, in which light is coupled. At the output of the access 

waveguide, the spectral response of the MR presents lacks of transmitted light for specific 

wavelengths that resonate in the cavity. The presence of the molecules in contact with the MR 
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results in a shift of the resonant wavelengths which increases as the concentration of molecules 

increases.  

Low-loss waveguides supporting single-mode propagation are required for MR sensing [21]. 

Moreover, for sensing applications, the contrast between on/off resonant intensity has to be the 

highest as possible to ease the detection of the wavelength shift. A high contrast is obtained for a 

critical coupling ratio of the light between the access waveguide and the resonant cavity. Critical 

coupling corresponds to a balance between the energy coupled into the resonator and the energy 

loss in the resonator. The energy coupling into the resonator mainly depends on the gap 

separation between the cavity and the access waveguide, and also on the optical losses: the lower 

are the losses, the wider gap can be considered, which is easier to be obtained from a 

technological point of view in relation to the resolution of the manufacturing process [13]. A 

racetrack geometry can be considered with a coupling distance which aim is to increase the gap 

and ease the fabrication [22]. Nevertheless, in the goal of the miniaturization of the device, the 

length of the coupling region has to be minimized and a low gap which can be technologically 

obtained is preferred.  

Concerning the fabrication, we have demonstrated recently the proof of concept of a 

racetrack MR based on porous silica ridge waveguides manufactured using standard 

photolithographic process, which is a low cost method [18].  Due to the theoretical 

photolithography resolution limit of 0.4 µm [23] and the experimental resolution, the smallest 

gap of 0.5 µm was taken into account into the photolithographic mask [18]. However, 

experimental gaps of 0.7 µm have been obtained instead of 0.5 µm aimed because of a lateral 

etching of the ridge waveguides occurring during the process [18]. 

In the present work, we propose a proof of concept in order to reduce the gap between a 

racetrack resonator and the porous silica-based access waveguide by standard photolithography 

followed by an oxidation step to take advantage of the phenomenon resulting from silicon 

volume expansion.  The choice of a racetrack geometry is chosen in order to optimize the 

coupling while keeping in mind the miniaturization of the component. Porous silica, obtained by 

complete thermal oxidation of PS, has been preferred to partially oxidized PS as the optical 

losses are lower [6, 24, 25].  

In a first part, the fabrication method of the MR based on porous silica ridge waveguides is 

described. Then the design of the MR taking into account the refractive index and the condition 
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of single mode propagation are presented. Eventually, the microstructural and optical 

characterizations are reported and discussed.  

 

II. Fabrication method of racetrack MR based on porous silica ridge waveguides 

The studied racetrack MR is based on porous silica ridge waveguides which were obtained from 

a photolithographic process of three porous silicon layers of different porosities followed by a 

complete oxidation treatment.  

These three consecutives PS layers have been prepared by electrochemical etching at ambient 

temperature (20°C) of a heavily doped P (100) silicon substrate with a 5 m.cm
 
resistivity and 

using applied current densities of 4, 10 and 90 mA/cm
2
 respectively and for specific times. The 

electrolyte was formed by combining hydrofluoric acid (50 %) with ethanol and deionized water 

in the ratio of 2-2-1 respectively. The first PS layer (4 mA/cm²) is a thin barrier layer with a very 

low porosity (around 6%) on the top of the two other porous layers. This first upper porous layer 

plays the role of a “technological barrier” that prevents the other deeper porous layers from being 

infiltrated by the resin during the subsequent photolithographic process which is necessary to 

create the ridge porous waveguides. The second (10 mA/cm²) and the third (90 mA/cm²) porous 

layers constitute the core and the lower cladding layers respectively of the PS waveguides. The 

corresponding porosity of the core and the cladding layers are respectively of 50 % and 80 % 

(Table I).   

Then, PS ridge waveguides constituting the MR have been implemented using a large scale 

standard photolithographic process performed on the three porous silicon layers. The process is 

described in Figure 1 (a, b and c). A positive photosensitive resin layer (S1805) was deposited by 

spin coating on the top of the structure. Patterns were then produced under UV exposure through 

a well-defined chrome mask designed using Olympios software. To obtain the ridge waveguides, 

a trifluoromethane CHF3 plasma RIE/ICP was performed in order to remove the sacrificial layer 

and the core layer from either side of the mask. Then a final etching is performed on the whole 

surface to remove the sacrificial layer.  

Given the electrochemical etching used for the manufacture of PS layers, it is necessary to 

always proceed in the same way (temperature, identical configuration of the electrolytic cell) to 

obtain a reproducible PS characteristics.   
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Due to the inhomogeneity of porous silicon on the wafer edges, special care is taken to perform 

photolithography on the homogeneous part in the center of the wafer. 

Moreover it is really necessary to respect the conditions of the reactive ion etching which is a 

very important step of the photolithography process to obtain a reproducibility of porous silica 

waveguides with similar shape and dimensions with uncertainties in the order of 50 nm. 

 

After the photolithographic process, the obtained porous silicon ridge waveguides were 

completely oxidized, to obtain porous silica ridge waveguides, by a thermal treatment in two 

steps: the first one at 300°C under air during one hour followed by the second step at 960 °C 

during one hour under humid oxygen.  

 

Moreover during the complete oxidation, a volume expansion of PS occurs depending on the 

porosity and the morphology of the pores [26 - 29]. The porosities of the core and the 

confinement layers are reduced and the dimensions of the ridge waveguides are increased which 

implies a reduction of the gap between the straight and the curved waveguides (Figure 1.d). 

 

Figure 1:  Schema of the photolithographic process used for the fabrication of porous silica 

ridge waveguides: a) deposit of a photosensitive resin and exposure under UV; b) wet 

etching development of the photosensitive resin; c) dry etching of the porous silicon 

(sacrificial and core layers) under the unprotected area. Gap “g” between the straight 
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waveguide and the racetrack MR; d) Full thermal oxidation: achievement of porous silica 

ridge waveguide based MR. Reduction of the gap “gox” < “g”.  

 

The porosities of the core and the cladding layers after complete thermal oxidation and the 

associated refractive indices are also reported in Table I. 

These porosities and associated refractive indices at 1550 nm have been determined from 

reflectivity measurements of two single PS and porous silica layers whose fabrication parameters 

correspond to those of the ridge waveguides. From the thicknesses measured by scanning 

electron microscopy, porosities and then refractive indices have been determined by the 

adjustment of the calculated reflectance spectra of each porous layer with experimental one using 

Bruggemann model [26, 30].  

 

Table I: Porosity and associated refractive index at 1550 nm for the PS core and cladding layers 

just after the electrochemical etching process and after complete thermal oxidation. 

 

After electrochemical anodization   

Porous silicon layers Core Cladding 

Current density (mA/cm²) 10 90 

Porosity (%) 50 80 

Refractive index 1.92 1.68 

After complete oxidation 

Porous silica layers   

Porosity (%) 20 60 

Refractive index  1.35 1.17 

 

It should be noted that these porosities have been chosen for a sensor application and, from a 

mechanical point of view, to avoid the detachment of the core of the waveguide due to the 

stresses generated in the material by the volume expansion. Regardless of these aspects, in order 

to take advantage of the volume expansion in the core of the waveguide to reduce the gap, a low 

porosity with a small pore diameter will be necessary [27]. Thus, with regard to all these aspects, 

an initial porosity of 50% which gives after oxidation a porosity of 20%, has been chosen. This 
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porosity allows to obtain pore diameters in an estimated range [10 – 30 nm] that is sufficient for 

detection applications that we have already conducted for example in reference [31, 32]. 

 

III. Design of racetrack MR based on porous silica ridge waveguides 

 

In this part, the design of the racetrack porous silica MR is detailed in terms of geometrical 

parameters. 

The dimensions of the ridge waveguides have to be chosen to provide single mode propagation 

at 1550 nm. Using the effective refractive index method [33], the effective refractive index of the 

porous silica core ridge waveguides has been calculated as a function of its width and height for 

three different TE and TM modes: the fundamental mode 00, the mode 01 and the mode 10. 

From these results, the dimensions of the ridge waveguide required to obtain only single mode 

(mode 00) propagation for both the TE and TM modes, were deduced.  

Figure 2 reports the lowest dimension limits (width and height) of the 00, 01 and 10 TE 

modes propagation that involve solutions to the Maxwell equations [34]. Thus, the hatched area 

between the lowest limits of the 00 mode (fundamental mode), the 01 and 10 modes, represents 

the single mode propagation region. For TM modes, the curves are similar to TE modes but are 

slightly shifted towards higher dimension values. Thus, the results indicate the range of width 

and the associate height of porous silica ridge waveguide that could allow single mode 

propagation. Based on these results, a width of 2 µm and a height of 1 µm have been aimed.  
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Figure 2: Solutions of the Maxwell equations
 
for the 00, 01 and 10 TE modes as a function 

of the porous silica ridge waveguide dimensions. The hatched area between the 

fundamental mode (00) and the 01 and 10 modes curves represents the waveguide 

dimensions range for which only single mode propagation is possible. 

 

Then, for these chosen dimensions, an effective refractive index of 1.235 ± 0.020 for the TE 

mode and 1.209 ± 0.020 for the TM mode were calculated using the effective index method. 

Similar values were obtained from the Finite Difference Generic (FDG) method which is a full 

vectorial solver using Olympios software. The accuracies on the calculated refractive indices 

take into account the measurement errors on the refractive index of the core and cladding porous 

silica layers.  

 

The top view and the cross section of the porous silica racetrack MR design are presented 

in Figure 3. 
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Figure 3:  Schema of: (a) top view of the porous silica racetrack MR and (b) cross section 

of the waveguide. 

 

As already mentioned in introduction, the separation (gap) “g” between the straight 

waveguide and the MR (Figure 2) is an important parameter which contributes to the coupling 

coefficient. Considering the theoretical resolution limit of photolithography of 0.4 µm [23], the 

minimal gap of 0.5 µm has been considered in the photolithographic mask. To obtain a sufficient 

coupling ratio with gap less of 1 µm between the straight and the curved waveguides, the MR is 

designed as a racetrack with an internal radius R of 50 µm and a coupling length Lc of 40 µm:  

the radius of 50 µm has been chosen with respect to a compromise between the optical losses 

(due to the waveguide curvature) and the miniaturization of the structure. 

Indeed, in these conditions, the coupling ratio, calculated as a function of the gap by the 

method described in a previous study [18] and based on Marcatilli method [34] for TE and TM 

modes, becomes more and more significant when decreasing the gap down to 0.7 µm (Figure 

4.a).  This trend clearly shows the interest of reducing the gap.  
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Figure 4: Coupling ratio as a function of the gap between the straight and the curved 

waveguide of a racetrack MR with a radius of 50 µm, a coupling length of 40 µm, and aimed 

waveguide dimensions of 2 µm (width) x 1 µm (height) (a) Porous silica (complete oxidized 

porous silicon)  based MR  (b) non-oxidized-porous-silicon  based MR.  

 

Aside from the benefit of lower losses due to the decrease of the refractive index contrast 

that allows an evanescent wave more important, as illustrated in Figure 4.a, the full oxidation is 

also a mean to obtain a sufficient coupling rate, close to the critical coupling rate which is of 
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about 30% in this case by considering similar losses as in reference [17]. Considering the same 

design, and taking into consideration the indices of non-oxidized porous silicon core and 

cladding layers, much lower coupling rate values would be obtained for the same gap range 

(Figure 4.b). 

 

 

IV. Characterizations of the racetrack MR 

Scanning Electron Microscopy (SEM) has been performed on the porous silicon racetrack MR 

just after the photolithographic process (Figure 5) and after the complete oxidation step (Figure 

6) in order to determine the experimental ridge waveguide dimensions and the experimental gap. 

  

 

Figure 5: SEM observations after the photolithographic process: (a) Porous Silicon 

waveguide section; (b) Top view of the MR with a low magnification; (c) Top view of the 

coupling area at a higher magnification. 
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The follow up of the etching during the process quite allows to reach the aimed height of the 

porous silicon core waveguide. Nevertheless, the obtained core waveguide has a rounded shape 

with a maximum width size of 1.8 µm and a minimum one of 1.7 µm (Figure 5.a) instead of the 

2 µm size aimed on the mask pattern.   

Thus, due to the smaller width of the waveguides, in the coupling area (Figures 5.b and 5.c), 

an increase of the distance between the straight and the racetrack waveguide is observed; indeed, 

a mean gap value of 0.75 µm (Figure 5.c) is obtained compared to the expected 0.5 µm patterned 

on the mask.  

After the complete oxidation step, the height of the waveguide is slightly increased of 0.1 µm 

as well as its mean width which reaches 2.05 µm (Figure 6.a). The waveguide dimensions which 

are obtained always allow a single modal propagation of the light (Figure 2).  

The width of 2.05 µm for the two waveguides is confirmed by the top view of the coupling 

region (Figure 6.b). An expansion ratio of about 17% in width reduces consequently the gap: the 

mean value of the gap is 0.45 ± 0.05 µm (Figure 6.c). Thus the oxidation performed after the 

photolithographic process reduces the gap by nearly 40%. 
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Figure 6: SEM observations after complete oxidation: (a) Cross section of porous silica 

waveguide; (b) Top view of the MR with a low magnification; (c) Top view of the coupling area 

at a higher magnification.  

 

A schema of the width evolution of the waveguide is reported on Figure 7:  initially planned 

on the mask (Figure 7.a), after the photolithographic process (Figure 7.b) and after the complete 

oxidation (Figure 7.c). Moreover, the width and the height before and after the thermal oxidation 

as well as the corresponding expansion ratio are reported in Table II for the core and the cladding 

layers.  
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Figure 7:  Schema of the top view of the coupling region of core waveguides reporting the 

width and the gap between the two waveguides: (a) as planned on the mask, (b) after the 

photolithographic process and (c) after the complete oxidation step.   

 

Table II: Height and width of the core and cladding layers of the ridge waveguide before and 

after the complete thermal oxidation and the corresponding expansion ratio.  

 

Core waveguide   

 Before 

oxidation 

After  

oxidation 

Expansion 

ratio  % 

Height 0.9 µm 1 µm 11 

Width 1.75 µm 2.05 µm 17 

Gap 0.75 µm 0.45µm  -  

Cladding waveguide 

 Before 

oxidation 

After  

oxidation 

Expansion 

ratio % 

Height under the core 4.55 µm 4.95 µm 9 

Height  3.6 µm 3.9 µm 8 

Width under the core 1.75 µm 1.9 µm 9 
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After the photolithographic process, the real separation distance between the two PS 

waveguides is higher than expected by a mean value of 0.25 µm because of an additional lateral 

etching that occurred in the core PS layer. This phenomenon had been already observed in a 

previous study [18]. 

Then, as already mentioned previously, during the complete oxidation step of PS 

waveguides, an increase in volume of silicon crystallites occurs [26 - 29]. This volume expansion 

is due to the transformation of silicon into silica and induces a reduction of the porosity and also 

an increase of the ridge waveguide dimensions.  

In the core waveguide, the increase of the height is about 11% and the one of the width 

waveguide is of 17%. This width expansion allows to reach a gap of 0.45 µm that is not possible 

to obtain if, as in our previous study [18], the standard photolithographic process is performed 

after the oxidation step of the PS layers. The expansion rate values reported in Table II reveal an 

anisotropic character of the expansion volume all the more marked in the core layer (lower 

porosity). The photolithography process was initially carried out on straight guides in the same 

way as the micro-resonators in order to predict the expansion volume. Very similar lateral 

expansions with less than 0.5% of difference have been obtained showing the reproducible 

process if it is carried out in a strictly identical way from the elaboration of porous silicon layers 

to the photolithography process. 

 

This inhomogeneity of the expansion ratio results from the anisotropic porous structure 

constituted of columnar pore shape, perpendicular to the silicon substrate [35] and typical of the 

electrochemical etching of  P
+
 orientated (100) silicon substrates. Thus, when the porosity is 

higher, the width expansion occurs more within the pores inducing a decrease of the pore 

diameter instead of an increase of the total width. Nevertheless, even with an initial porosity of 

80% in the cladding, the width expansion remains significant (9%). So the reduction of the gap 

with such a core porosity would be also obtained using the method of porous silica waveguide 

fabrication described in this paper. 
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Then, after having shown the feasibility of reducing the gap in porous silica-based MR, it is 

important to show that the MRs are optically operational. Using the experimental method 

described in our previous studies [18], the experimental spectral response of the porous silica 

MR has been measured and is reported in Figure 8.a.  

The transmitted response shows peaks that corresponds to resonance wavelengths. The 

difference between two resonance wavelengths (Free Spectral Range: FSR) is of 4.35 nm which 

corresponds to the aimed one considering the effective index and the geometrical parameters of 

the racetrack cavity.  

An extinction ratio of 25 dB has been obtained and corresponds to the contrast between the 

maximum of transmitted light and the minimal one at resonant wavelengths. 
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Figure 8 : Transmission spectra for one polarization of light of the porous silica racetrack MR  : 

(a) Experimental and calculated spectra (gap of 0.45µm), (b) normalized experimental spectrum  

(gap of 0.45µm), (c) Calculated spectra for gaps of 0.45 µm and 0.75µm. 

 

Using the equations defined in a previous study on polymers MR [36], the theoretical 

transmission has been calculated and then adjusted to match the experimental one (Figure 8.a). 

The adjustment of the resonance shape is performed by modifying the coupling ratio and the 

propagation losses in the MR with the assumption that the coupling losses are negligible. The 

wavelength difference, or free spectral range (FSR), is adjusted from the group index [35].  

The adjustment of the calculated spectrum to the experimental one has been obtained with a 

coupling ratio of 30% and a field attenuation constant “a” of 0.86, which corresponds to 

propagation losses per length unit of 32 dB/cm. To match the experimental FSR, the group index 
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was adjusted to 1.4194. According to Figure 4, a gap of 0.45 – 0.5 µm allows to reach a coupling 

ratio of about 30 - 40% for the TM mode and for waveguide dimensions of 2 µm x 1 µm. The 

selected polarization in the experiment presented in Figure 8.a is then the TM mode. As the real 

dimensions are of 2.05 µm x 0.9 µm, we have calculated again the coupling ratio for these 

dimension and the same parameters as in figure 4 and verified that a coupling ratio of about 30 % 

can be obtained for a gap of 0.45 – 0.5 µm.  

 

The corresponding normalized transmission is reported in Figure 8.b. The contrast obtained 

is nearly of 100% which means that the critical coupling is reached. This demonstrates that the 

coupling of the light between the access waveguide and the racetrack cavity is optimal as a 

maximum contrast is obtained. Despite the lateral over lateral etching that occurs due to the 

porous nature of the layers, this experiment shows clearly that we have succeed in making a 

ridge porous silica racetrack MR with low gap of about 0.45 – 0.5 µm by taking advantage of the 

volume expansion of silicon that occurs during oxidation of the ridge PS waveguides. Such gap 

value allows to reach the critical coupling of around 30% in this case.  

If oxidation had been carried out before the photolithographic process, as in our previous 

study [18], a gap of 0.75 µm instead of 0.45 µm would have been obtained. In this case, the 

coupling ratio for the same mode (TM) would be 6% (8% for the TE mode). The calculated 

transmission spectra of the porous silica MR with a gap of 0.75 µm, taking into consideration the 

same conditions (refractive indices, dimensions, optical losses) except for the coupling ratio  

shows a lower contrast compared to the transmission spectra of the porous silica MR with a gap 

of  

0.45 µm (Figure 8.c). This comparison clearly demonstrates the interest of reducing the gap. 

Without the over lateral etching effect, the gap could be further reduced. If we take into 

account the reduction obtained of 40%, for a minimum gap before oxidation of 0.5 µm, limited 

by the resolution of the standard photolithography technique, a gap of 0.3 µm could be obtained 

after oxidation of the MR. Such a value would further allow to miniaturize the MR by reducing 

the coupling length and radius of curvature of the MR. It would also allow the use of slightly 
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larger waveguides, respecting the single modal conditions, up to 2.3 µm (width) x 1.5 µm 

(height) which would induces lower optical losses. 

Conclusion 

In this paper, a new method of processing racetrack MR based on porous silica ridge 

waveguides has been demonstrated in the objective to obtain lower gap between the straight 

access waveguide and the racetrack cavity. The method consists first in performing the standard 

photolithographic process on PS layers to obtain the ridge PS waveguides and then to carry out 

their complete oxidation in order to obtain porous silica waveguides. The method adopted 

previously consisted in oxidizing the PS layers before the processing of the ridge porous silica 

waveguides. In both method, a lateral etching occurs, reduces significantly the width of the ridge 

waveguide and increases consequently the gap. Such phenomenon resulted in the use of larger 

coupling distance (Lc) in the design of the racetrack.  

The method demonstrated in this paper allows to use lower coupling distances and so to 

miniaturize further PS ridge waveguides MRs. To do so, the fabrication process takes advantage 

of the volume expansion of silicon that occurs during the full oxidation of PS ridge waveguides. 

The volume expansion is all the more marked when the porosity of the core is low. In this work, 

we demonstrated a gap reduction of about 40% that has been obtained due to the expansion 

phenomena with an initial porosity of 50%. The resulting porosity after oxidation (20 %) remains 

sufficient for sensor application for gases or small molecules as proteins which can be easily 

grafted on porous silica after an appropriate functionalization of its high specific surface.   
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