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Abstract:  

The design of Porous Silicon (PSi) integrated micro-resonators is studied for both surface sensing and 

homogeneous sensing at 1550 nm to optimize the sensors’ sensitivity and Limit of Detection (LOD) as a function 

of the porosity, dimensions and propagation losses of PSi ridge waveguides. A model for estimating the different 

contributions to the losses of PSi waveguide as a function of the dimensions and the porosity is then developed to 

allow calculation of the performance of the sensor. Low refractive index difference and high porosities mean that 

higher sensor performance can be obtained due to the reduction of surface scattering losses as the waveguide 

dimensions become larger. 

The sensitivity and limit of detection calculated in this paper for optimized dimensions and porosities of 

PSi ridge waveguides are respectively 0.04 nm/(pg.mm-2) and 0.5 pg.mm-2 for Bovin Serum Albumin (BSA) 

molecules surface sensing which are higher than the state of the art.  

For homogeneous detection, a promising sensitivity of 800 nm/RIU, higher than the sensitivities that can 

be currently obtained with one micro-resonator, has been estimated. A limit of detection of 1.2.10-4 RIU, which is 

within the range of state of the art of micro-resonator (MR) based biological sensors, has also been calculated for 

homogeneous detection.  These promising results obtained by the optimization of the porosity and the ridge 

waveguide dimensions with respect to optical losses reinforce the attraction of PSi for integrated optical sensing 

application.  

 

Highlights: 

-  The performances of micro-ring resonator biological sensor based on porous silicon waveguides are calculated 

in terms of sensitivity and limit of detection as a function of porosity and waveguide dimensions. 

- A micro-resonator is designed for both surface and homogeneous sensing by taking into account the optical 

losses. 

- A comparison of the performances of micro-resonator sensors for both surface and homogenous detection 

highlights the interest of porous silicon waveguides having optimized porosities and dimensions, in obtaining the 

best limit of detection and sensitivity that are currently possible to reach with only one micro-resonator. 

Keywords: Porous silicon, Micro-resonator, Optical integrated sensor, optical losses calculation, 

1. Introduction 

  

The development of sensors to detect various molecules including gas, proteins or viruses has an 

important role in societal applications such as food safety, environmental monitoring, health and defense. 

 Such sensors must provide a fast, sensitive and selective detection response with a low limit of 

detection (LOD). Among the existing integrated transducers, different optical devices such as evanescent 

waveguides [1], slot waveguides [2, 3], Mach-Zehnder interferometers [4, 5], photonic crystals [6, 7], and micro-

resonators [8, 9] have been developed.  

Integrated micro-resonators (MRs) have been successfully used for biosensor applications with high 

sensitivity and low LOD. Most of these MR sensors are based on evanescent wave detection. The Electromagnetic 

field (EM-field) guided in the waveguide can directly interact with analytes which are grafted onto the surface of 

a functionalized MR [10, 11]. In this case the interaction is called “surface sensing”. On the other hand 

“homogeneous sensing”, occurs when the guided EM-field interacts with the analytes in the surrounding medium 
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(superstrate). Both types of interaction lead to a wavelength shift in the MR response due to the variation of the 

superstrate refractive index induced by the presence of analytes.  

A LOD of 17 pg.mm-2 has been achieved with SOI MRs [12] for Avidin molecule surface detection 

whereas a sensitivity of 200 nm/RIU (Refractive Index Unit) [13] for a polymer MR sensor and a LOD of 7. 6.10-

7 RIU [11] for a SOI MR sensor has been obtained for homogeneous sensing. 

To improve the sensor performance, the interaction between the propagated light and the analytes can be 

further enhanced using a porous material such as porous silicon (PSi) for the MR waveguide. PSi layer is a three 

dimensional porous material which optimizes molecules interactions with the guided EM-field and increases the 

binding sites for surface functionalization because of its high specific internal surface [14].  

PSi is also interesting because of its tunable porosity which varies with the fabrication parameters. This 

adjustable porosity, directly related to its refractive index (which can then vary between the air index and that of 

bulk silicon), allows the fabrication of waveguides [15]. An oxidation step is, however, necessary to reduce its 

hydrophobicity and instability [18].  

In addition, PSi is already widely used as an active detection layer for biomolecules because of its 

biocompatibility which allows easier functionalization [16].  

Moreover, the potential of PSi as a material for the implementation of MRs destined for sensor 

applications has been demonstrated by Hutter et al. [17] giving an improvement of sensitivity, which can 

theoretically achieve 700 nm/RIU . The creation of the first PSi based MR sensor was demonstrated by [18] with 

a sensitivity of 380 nm/RIU for homogeneous sensing of salt. Very recently, our group obtained a sensitivity of 

560 nm/RIU for homogeneous sensing of glucose with single ridge PSi MR fabricated using a standard 

photolithography process and a LOD of 8.10-5 RIU, equivalent to a glucose concentration of 0.7 g/L, has been 

achieved [19].  

One possibility to further greatly increase the sensitivity of the ridge PSi based MR sensor is to make use 

of the tunability of the porosity and dimensions of the waveguide.  

In this paper, therefore, a general method is presented in order to optimize the sensitivity and the LOD of 

PSi MR integrated transducers for both surface sensing and homogeneous sensing at 1550 nm by considering the 

porosity and the dimensions of PSi ridge waveguides. The different contributions of the propagation losses are 

also taken into consideration as they constitute an important parameter in regards of the LOD value. So optical 

losses and mode field profiles for PSi based ridge waveguides are estimated in order to calculate the theoretical 

LOD for both surface and homogeneous sensing. This general method can be applied to other porous materials for 

both surface and homogeneous sensing. After a review of the principle of a sensor based on a MR, the definition 

of sensitivity and LOD are given for the two types of detection. Then, the oxidation rate, the porosity and the 

refractive index of PSi layers used to fabricate the waveguides are presented. Two ridge waveguides of different 

sizes and refractive indices are studied for the simulations. The different contributions of the propagation losses 

such as, surface scattering losses, volume diffusion losses and material absorption losses are defined and estimated 

for different configurations. Finally, the results of the sensitivity and LOD calculations are discussed in order to 

outline an approach which gives a way of reaching highly sensitive PSi MR sensors with a low LOD. 

2. Introduction to micro-resonator sensors for sensing application 

 

The MR studied, presented in Fig.1a, is a single side coupled micro-racetrack defined by a radius R and 

a coupling length Lc separated by a gap g from an access waveguide.  
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Figure.1.a) Diagram of a single side coupled micro-racetrack resonator. The field amplitudes are denoted by Ei 

(incident) and Et (transmitted). Self-coupling (τ) and cross-coupling (κ) amplitude coefficients are also indicated. 

b) Transmission spectrum of a single side coupled micro-racetrack resonator in the presence (red) or absence 

(green) of analytes. 

The light is coupled into the cavity by evanescent coupling and the cross-coupling amplitude κ between the access 

waveguide and the resonant cavity can be calculated with the analytical methods presented in [20]. By setting the 

different following parameters and constants:  

-  L is the perimeter of the MR, 

-  a is the attenuation coefficient per MR round trip which is linked to  𝛼𝑜𝑣𝑒𝑟𝑎𝑙𝑙  which represents the MR 

optical propagation losses, 

-  𝛽 =
2𝜋

𝜆
. 𝑛𝑒𝑓𝑓 is the MR propagation constant, 

-  𝜂 is the coupling efficiency coefficient between the access and MR waveguides. In this study, a 

symmetrical lossless coupling is assumed, so 𝜂=1 and  |𝜏|2 + |𝜅|2 = 1, 

the MR intensity transmission is given by the following equation: 

𝑇(𝜆) = |
𝐸𝑡
𝐸𝑖
|
2

= |𝜂.
𝜏 − 𝜂. a. exp⁡(𝑗𝜙)

1 − τ. 𝜂. a. exp⁡(𝑗𝜙)
|

2

 

 

 

(1) 

 

with 

𝜙 = 𝐿. 𝛽⁡ 
  

L = 2πR + 2L⁡𝐶 ⁡⁡⁡⁡⁡ 
 

(2) 

 

and                            

𝜏 = √1 − 𝜅2 
 

(3) 

 

and 

a = 𝜂. exp⁡(−𝐿.
𝛼𝑜𝑣𝑒𝑟𝑎𝑙𝑙
2

) 

 

(4) 

 

At the output of the access waveguide, periodic resonance occurs in the transmission spectrum at res according to 

the following condition: 

𝜆𝑟𝑒𝑠 =
2𝜋𝐿𝑛𝑒𝑓𝑓

𝑝
 

 

(5) 

with p an integer parameter and neff the effective index of the propagated mode.  

The Full Width at Half Maximum (FWHM) of the resonance is estimated for a MR with the analytical expression 

given by [21]: 

𝐹𝑊𝐻𝑀⁡(𝑛𝑚) =
𝜆𝑟𝑒𝑠

2

𝜋. 𝐿. 𝑛𝑒𝑓𝑓
× (

1

|𝜏|
. 𝑒−𝛼𝑜𝑣𝑒𝑟𝑎𝑙𝑙.

𝐿
2 − |𝜏|𝑒𝛼𝑜𝑣𝑒𝑟𝑎𝑙𝑙.

𝐿
2) 

(6) 

 

The main experimental technique (Fig.1.b) used to detect the presence of analytes with a MR is based on 

the resonance wavelength shift of the transmission spectrum. This consists of measuring the spectral shift of the 
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resonance peak 𝜆𝑟𝑒𝑠 due to the presence of analytes. Thus, the shift in the resonance peak Δλres of the MR 

transmission is induced by the refractive index variation due to the presence of analytes.   

An integrated MR relies on this variation of the effective index 𝑛𝑒𝑓𝑓 to detect the presence of grafted 

analytes for surface sensing or solubilized analytes for homogeneous sensing as described in Fig.2.  

 

   

 

Figure.2.a) Surface sensing application b) Homogeneous sensing application.  

 

To optimize the MR sensitivity, the variation of 𝑛𝑒𝑓𝑓 with the analyte concentration must be as high as 

possible. So therefore, the interaction between the propagated light and the analytes should be increased. In this 

work, PSi is used for fabricating the MR waveguides (see Fig.2.a). PSi waveguides can be used for both surface 

and homogeneous sensing. When used for surface sensing, the high specific surface of PSi, up to 500 m2.cm-3 for 

mesoporous silicon, increases the interaction between EM-field and analytes grafted onto the functionalized 

surface [22]. Surface sensing experiment can be carried out with an air superstrate as the analytes are grafted to 

the internal surface after surface functionalization and drying steps. For homogeneous sensing (see Fig.2.b), the 

interaction between the EM-field and analytes is enhanced as the analyte in solution infiltrates the pores of the 

guiding layer. 

Surface sensitivity Ssurf. depends on the variation of the effective index of the propagated mode, taking 

into account the variation of the analytes mass per unit of surface grafted onto the waveguide silicon crystallite 

surface (Fig.2.a). Ssurf.  is defined as: 

𝑆𝑠𝑢𝑟𝑓.(𝑛𝑚 (𝑝𝑔.𝑚𝑚−2⁄ )) =
𝜕𝜆

𝜕𝑛𝑒𝑓𝑓

𝜕𝑛𝑒𝑓𝑓

𝜕𝑀𝑎𝑛𝑎𝑙𝑦𝑡𝑒𝑠

=
𝜆𝑟𝑒𝑠
𝑛𝑔(𝜆)

𝜕𝑛𝑒𝑓𝑓

𝜕𝑀𝑎𝑛𝑎𝑙𝑦𝑡𝑒𝑠

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡ 

 

(7) 

With 𝑀𝑎𝑛𝑎𝑙𝑦𝑡𝑒𝑠 the mass of target molecules grafted inside the waveguide per unit of surface and with ng the group 

index.  

The quantity of analytes grafted on the surface of the porous silicon waveguide can be calculated with the model 

developed by J.Charrier et al. [23]. As the quantity of analytes grafted on the surface of the waveguides depends 

on its properties, the Bovin Serum Albumin molecule (BSA) studied in [23] is taken as a reference analyte for 

surface sensing in this paper. The calculation of the sensitivity can be adapted to other analytes by evaluating the 

variation of effective index as a function of the mass concentration of grafted analytes.  

Homogeneous sensitivity Shom. depends on the variation of the effective index of propagated mode as a 

function of  the variation of the refractive index variation of the aqueous solution infiltrated in the pores of the 

guiding layer (Fig.2.b). In a similar way to surface sensitivity 𝑆ℎ𝑜𝑚 can be expressed as: 
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𝑆ℎ𝑜𝑚.(𝑛𝑚 𝑅𝐼𝑈⁄ ) =
𝜕𝜆

𝜕𝑛𝑒𝑓𝑓

𝜕𝑛𝑒𝑓𝑓

𝜕𝑛𝑐
=

𝜆𝑟𝑒𝑠
𝑛𝑔(𝜆)

𝜕𝑛𝑒𝑓𝑓

𝜕𝑛𝑐
 

 

(8) 

with nc the refractive index of the detection medium (guiding layer) and ng the group index.  

The refractive index of the porous silicon layers can be estimated with the Bruggeman model [24],[25]. The 

effective index of the propagated mode and the group index can then be calculated. 

The LOD is the minimum quantity of analytes detectable by the sensor. It is expressed in (pg.mm-2) or in 

(RIU) for surface and homogeneous detection respectively. LOD can be estimated by [26] 

𝐿𝑂𝐷(𝑝𝑔.𝑚𝑚−2𝑜𝑟⁡𝑅𝐼𝑈⁡) =
3𝜎

𝑆
 

⁡⁡⁡⁡⁡⁡ 
 

(9) 

with 𝜎 the total system noise variance defined by:  

𝜎 = √𝜎𝑎𝑚𝑝𝑙−𝑛𝑜𝑖𝑠𝑒
2 + 𝜎𝑡𝑒𝑚𝑝−𝑖𝑛𝑑𝑢𝑐𝑒

2 + 𝜎𝑠𝑝𝑒𝑐𝑡−𝑟𝑒𝑠
2  

 

(10) 

where:  𝜎𝑎𝑚𝑝𝑙−𝑛𝑜𝑖𝑠𝑒 , 𝜎𝑡𝑒𝑚𝑝−𝑖𝑛𝑑𝑢𝑐𝑒  and 𝜎𝑠𝑝𝑒𝑐𝑡−𝑟𝑒𝑠 are the noise related to intensity fluctuations, the temperature 

induced and the spectral resolution standard deviation respectively :  

- The parameters 𝜎𝑡𝑒𝑚𝑝−𝑖𝑛𝑑𝑢𝑐𝑒  and 𝜎𝑠𝑝𝑒𝑐𝑡−𝑟𝑒𝑠 are fixed by the experimental setup. 

-  𝜎𝑠𝑝𝑒𝑐𝑡−𝑟𝑒𝑠  standard deviation can be set to 0.29⁡pm corresponding to a 1 pm resolution spectrum 

analyzer commonly used for sensing experiment [20], the temperature induced standard deviation can be 

neglected assuming a thermally stabilized setup 𝜎𝑡𝑒𝑚𝑝−𝑖𝑛𝑑𝑢𝑐𝑒 ≪ (𝜎𝑠𝑝𝑒𝑐𝑡−𝑟𝑒𝑠 , 𝜎𝑎𝑚𝑝𝑙−𝑛𝑜𝑖𝑠𝑒) [27]. 

-  𝜎𝑎𝑚𝑝𝑙−𝑛𝑜𝑖𝑠𝑒  can be calculated from the Full Width at Half Maximum (FWHM) of the resonance peak of 

the MR transmission given by equation (6) and the setup Signal to Noise Ratio (SNR) given by [26];  

Standard integrated optics experimental setup SNR with porous silicon MR is estimated to 40 dB in this 

paper. 

𝜎𝑎𝑚𝑝𝑙−𝑛𝑜𝑖𝑠𝑒 =
𝐹𝑊𝐻𝑀

4.5(𝑆𝑁𝑅0.25)
 

 

(11) 

To estimate the LOD, the FWHM value can be deduced from the transmission response of a reference 

MR with a radius R=100 µm, with given optical losses per MR round trip (parameter a defined in equation (4)) 

that will have to be estimated for the configuration of critical coupling which ensures a maximal contrast.  

3. Porous silicon waveguide for sensing applications   

 

The principal parameters of the sensor (LOD and sensitivity) have been defined by using a micro-

racetrack resonator as transducer. The fabrication of the transducer based on PSi layers is described in the next 

sections and the optical losses will be estimated for different detection configurations by using an aqueous medium 

(for homogenous detection) or an air medium (for surface detection) as the superstrate. 

      3.1 Porous silicon fabrication: porosity, oxidation rate and refractive index 

 

PSi is formed by electro-chemical anodization etching of a silicon substrate using a hydrofluoric acid solution. 

The porosity of the material is controlled by the etching parameters such as current density or electro-chemical 

solution composition. After this, an oxidation step of the PSi layers at 500°C has to be carried out in order to 

stabilize the pores and to decrease the native hydrophobicity of PSi layers. This is necessary to allow either 

functionalization and analyte grafting for surface sensing or aqueous solution penetration for homogeneous 

sensing. This thermal step at 500°C performed under air for one hour permits a partial oxidation of PSi layers 

with an oxidation rate (𝑡𝑜𝑥) near 30% estimated by [19] (fraction of oxidized silicon) that allows the retention of 

a high porosity layer, the oxidation step inducing a 𝑉𝑒𝑥𝑝 =27% volume expansion of the silicon crystallites.   
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The refractive index of the PSi layers has been determined after the partial oxidation step. For porous 

silicon, the refractive index has been calculated by the Bruggeman method which calculates the refractive index 

of effective material by taking into account the volume fraction of each component and its refractive index [28] : 

𝑝
𝑛𝑎𝑖𝑟/𝑤𝑎𝑡𝑒𝑟

2 − 𝑛2

𝑛𝑎𝑖𝑟/𝑤𝑎𝑡𝑒𝑟
2 + 2𝑛2

+ 𝑓𝑆𝑖,𝑜𝑥
𝑛𝑆𝑖

2 − 𝑛2

𝑛𝑆𝑖
2 + 2𝑛2

+ 𝑓𝑆𝑖𝑂2
𝑛𝑆𝑖𝑂2

2 − 𝑛2

𝑛𝑆𝑖𝑂2
2 + 2𝑛2

= 0 

 

 

(12) 

 

With p the porosity of the partially oxidized PSi and n the effective index of the PSi. 𝑛𝑆𝑖𝑂2 , 𝑛𝑆𝑖 and 𝑛𝑎𝑖𝑟/𝑤𝑎𝑡𝑒𝑟  are 

the refractive index of oxidized silicon, silicon and air or water. 𝑓𝑆𝑖,𝑜𝑥,⁡𝑓𝑆𝑖,𝑖𝑛𝑖𝑡 and 𝑓𝑆𝑖𝑂2correspond respectively to 

the remaining volume fraction of Si after the oxidation, the initial volume fraction of Si before oxidation, the 

resulting volume fraction of SiO2 after the oxidation. These volume fractions are linked to 𝑡𝑜𝑥 , p and 𝑉𝑒𝑥𝑝  by the 

relations  : 

{
 
 

 
 𝑓𝑆𝑖,𝑜𝑥 = 𝑓𝑆𝑖,𝑖𝑛𝑖𝑡(1 − 𝑡𝑜𝑥)

𝑝 = 𝑝𝑖𝑛𝑖𝑡 − (1 + 𝑉𝑒𝑥𝑝)𝑡𝑜𝑥𝑓𝑆𝑖,𝑖𝑛𝑖𝑡

𝑡𝑜𝑥 =
𝑓𝑆𝑖,𝑖𝑛𝑖𝑡 + 𝑓𝑆𝑖𝑂2

𝑓𝑆𝑖,𝑖𝑛𝑖𝑡

 

 

 

(13) 

 

   In the next sections, two waveguide configurations (1 and 2) which differ in the porosity of the guiding 

core layer are considered. The objective is to study the effect of refractive index difference between PSi cladding 

and guiding layers on waveguide dimensions required to obtain single mode waveguide, on the optical losses and 

finally on the sensitivity and LOD. The two configurations in terms of porosity, refractive index and difference in 

refractive index are presented in Table I for air superstrate in case of surface detection (1SD and 2SD) and in Table 

II, for water superstrate (1HD and 2HD) for homogeneous detection.  

Table I: Porosity and refractive index values at 1550 nm for the two types of waveguides studied for surface detection (in 

this case, the superstrate is air).  n corresponds to the index difference between guiding and cladding layers. 

 Guiding layer Cladding layer Index 

difference 

Waveguide  pguiding (%) nguiding(air superstrate) pcladding (%) ncladding(air superstrate) Δnsurf. 

1SD 50  1.89 70  1.35 0.54 

2SD 60  1.51 70  1.35 0.16 

Table II: Porosity and refractive index values at 1550 nm  for the two types of waveguides studied for homogeneous 

detection (in this case, the superstrate is water).  n corresponds to the index difference between guiding and cladding layers.   

 Guiding layer Cladding layer Index 

difference 

Waveguide  pguiding (%) nguiding(water superstrate) pcladding (%) ncladding(water superstrate) Δnhom. 

1HD 50  2.03 70  1.57 0.46 

2HD 60  1.70 70  1.57 0.13 

 

The layer porosity values in Table I and II are carefully chosen to illustrate the principal trends in sensitivity and 

LOD for the two types of sensing applications. For a heavily-doped P Si substrate, the porosity p of the PSi, after 

the thermal oxidation step at 500°C, varies between 50% and 70% [18]. The cladding layer porosity has therefore 

been chosen as 70 %, which is the maximum porosity achievable for this configuration. The guiding layer porosity 

value has been fixed to obtain an index difference between the guiding and the cladding layers close to Δn = 0.50 

(configuration 1) or Δn = 0.15 (configuration 2) for homogeneous and surface detection respectively.  

The porosity values of the different waveguides are the same in table I and II respectively for surface and 

homogeneous detection, but homogeneous detection implies the presence of water as the superstrate. Infiltration 

of water into the pores explains the higher refractive index of the porous layers in this case as compared to surface 

detection.  

The effective index of the propagated mode has been calculated with a Finite Difference Method solver [29], from 

the refractive index of each waveguide configuration presented in Table I and II. The cladding and superstrate 
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layers have been taken thick enough to have no influence on the modal characteristics. Only the waveguide 

dimensions which allow single mode configuration will be considered here. The effective index of the single mode 

TE00 for surface detection and the two configurations presented in Table I are presented in Figure 3. For ease of 

presentation, the geometrical dependence of losses, sensitivity and LOD will be presented on the same figure for 

the two configurations later in this paper. 

 

Figure.3. a) Effective index of configuration 1 for surface detection for single mode condition TE00 and at 1550 

nm b) Effective index of configuration 2 for surface detection for single mode condition TE00 and at 1550 nm 

 

      3.2 Study of porous silicon waveguides losses 

 

PSi waveguides optical losses⁡𝛼𝑜𝑣𝑒𝑟𝑎𝑙𝑙. depend on the surface scattering losses 𝛼𝑠𝑢𝑟𝑓_𝑠𝑐𝑎𝑡𝑒𝑟𝑟𝑖𝑛𝑔, the 

volume diffusion losses 𝛼𝑣𝑜𝑙_𝑑𝑖𝑓𝑓 and the material absorption 𝛼𝑎𝑏𝑠_𝑚𝑎𝑡⁡[30]. For the micro-racetrack resonator, the 

high radius value (R=100 µm) is sufficiently large to allow neglect of the curvature losses.  

In this section, each contribution to the losses in PSi ridge waveguides is calculated and presented for 

waveguide 2 configuration only, both for surface and homogeneous detection. The tendencies for configuration 1 

are calculated similarly. Square section waveguides of two dimensions have been first considered to illustrate the 

effect of the waveguide dimensions on the contributions to the losses. At the end of the section, the overall losses 

are then presented for both configuration 1 and 2. The effect of the dimensions of the waveguide is generalized to 

rectangular section. 

The surface scattering losses 𝛼𝑠𝑢𝑟𝑓_𝑠𝑐𝑎𝑡𝑒𝑟𝑟𝑖𝑛𝑔 induced by surface roughness has been calculated adapting 

the model developed by Payne et.al. [31] to ridge waveguides [32]. In Fig.4, surface scattering losses are plotted 

as a function of the surface roughness and for 2SD and 2HD ridge waveguides core dimensions of 1.5 x 1.5 µm2 or 

1.75 x 1.75 µm2. As the transducer ridge waveguides should be single mode, these dimensions between 1.5 µm to 

less than 2 µm respect the single mode condition both for surface and homogeneous detection. 

 



 
 

8 
 

 

Figure.4. a) Surface scattering losses due to surface roughness in ridge waveguides 2SD and 2HD with square 

section of 1.5 x 1.5 µm2 or 1.75 x 1.75 µm2 for TE00 and at 1550 nm b) Horizontal TE00 mode intensity profiles 

of ridge waveguides 2SD with square section of 1.5 x 1.5 µm2 or 1.75 x 1.75 µm2 

The surface scattering losses increase with the roughness of the waveguide. The surface scattering losses 

are higher for PSi waveguides with low dimensions (1.5 μm square ridge value) because mode confinement factor 

is lower as shown in Fig.4.b where the normalized transverse intensity TE00 mode profiles are plotted for two 

squared waveguides.   

To calculate the overall losses at the end of the section, roughness has been taken as 12 nm according to 

[33] and the correlation length has been taken as 30 nm [34].  

To calculate the volume diffusion losses and the material absorption losses, the distribution of field 

intensity in the superstrate, cladding and guiding layers, as represented in Figure 5, should be considered. 

 

 

Figure.5. Schematic diagram of field intensity distribution in a ridge waveguide. 

 

In order to calculate the field distribution in the waveguide, the finite difference mode solver developed 

by Fallakhair et.al. [29] has been adapted to calculate the evanescent intensity ratio () in the superstrate and the 

cladding layers (Fig.5). The distribution of the field intensity in the superstrate, guiding and cladding layers relative 

to the total intensity are defined respectively as:   

𝛤𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒 =
∬ |𝐸(𝑥, 𝑦)|2⁡𝑑𝑥𝑑𝑦
𝐴𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒
0

∬ |𝐸(𝑥, 𝑦)|2
+∞

−∞
𝑑𝑥𝑑𝑦

 

 

(14) 

𝛤𝑔𝑢𝑖𝑑𝑖𝑛𝑔 =
∬ |𝐸(𝑥, 𝑦)|2⁡𝑑𝑥𝑑𝑦
𝐴𝑔𝑢𝑖𝑑𝑖𝑛𝑔
0

∬ |𝐸(𝑥, 𝑦)|2
+∞

−∞
𝑑𝑥𝑑𝑦

 

 

(15) 

𝛤𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 =
∬ |𝐸(𝑥, 𝑦)|2⁡𝑑𝑥𝑑𝑦
𝐴𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔
0

∬ |𝐸(𝑥, 𝑦)|2⁡𝑑𝑥𝑑𝑦
+∞

−∞

 

(16) 
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Where E(x,y) is the field amplitude and Asuperstrate, Aguiding and Acladding are the surface ares of the 

superstrate, guiding core and cladding layer respectively. 𝛤𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒 , 𝛤𝑔𝑢𝑖𝑑𝑖𝑛𝑔 and 𝛤𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 obey the relation : 

𝛤𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒 + 𝛤𝑔𝑢𝑖𝑑𝑖𝑛𝑔 + 𝛤𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 = 1 

 

(17) 

 

The presence of cylindrical pores in the PSi layers generates, vertically orientated from the top to the 

bottom of the layer generates volume diffusion losses. The volume diffusion losses 𝛼𝑣𝑜𝑙_𝑑𝑖𝑓𝑓 in PSi can be 

estimated for the non-oxidized ridge waveguide using the model developed by A.Kirchner.et.al [35]: 

𝛼𝑣𝑜𝑙_𝑑𝑖𝑓𝑓 = 𝛤𝑔𝑢𝑖𝑑𝑖𝑛𝑔 . 𝛼𝑣𝑜𝑙_𝑑𝑖𝑓𝑓_𝑔𝑢𝑖𝑑𝑖𝑛𝑔 + 𝛤𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 . 𝛼𝑣𝑜𝑙_𝑑𝑖𝑓𝑓_𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 

 

(18) 

with 𝛼𝑣𝑜𝑙_𝑑𝑖𝑓𝑓_𝑔𝑢𝑖𝑑𝑖𝑛𝑔 and 𝛼𝑣𝑜𝑙_𝑑𝑖𝑓𝑓_𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 being the volume diffusion losses in the guiding layer and in the 

cladding layer respectively.  

 

The pore diameter must be small to achieve high specific surface according to the model developed by 

Charrier et.al.  [23] for P heavily-doped PSi, but large enough to allow analytes and liquids to infiltrate and diffuse 

easily and quickly in the PSi according to Lawrie et.al. [36]. Besides, attention must be paid to verify the complete 

diffusion and rinsing of the different analytes and liquids during the functionalization process in the PSi structure 

by using for example the adjustment of the experimental spectroscopic measurements with the Bruggeman model 

[24]. The pores of the guiding layers studied in this paper have a mean diameter of 25 nm. This pore diameter 

range leads to less than 1 dB/cm losses for bulk PSi with air superstrate (Fig.6) and is large enough to allow BSA 

molecules to be infiltrated easily as their effective radius is 3.4 nm. For larger molecules, the pore diameter can be 

increased by modifying the PSi fabrication conditions. However, according to Fig.6, care must be taken as an 

increase in pore diameter leads to significant increase of the volume scattering losses. Figure 6 also highlights the 

fact that this loss decreases when the porosity increases. 

 

Figure.6. Influence of pore diameter in PSi on the volume scattering losses at 1550 nm for 2SD.  

 

The material absorption loss⁡𝛼𝑎𝑏𝑠𝑚𝑎𝑡  has been taken from experimental data. Water absorption loss is 

equal to 43 dB/cm at 1550 nm [37]. Bulk P type silicon losses is estimated at 21.7 dB/cm. This value is extrapolated 

from the value of a PSi planar waveguide fabricated from heavily P doped Si substrate presented in [38]. The free 

carrier absorption loss of silicon is the main contribution to the losses for planar PSi waveguides according to the 

authors. The material absorption losses for the ridge waveguide are then calculated by neglecting the effect of 

oxidation in order to increase the material absorption by the following equation:  
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𝛼𝑎𝑏𝑠𝑚𝑎𝑡 = 𝛤𝑔𝑢𝑖𝑑𝑖𝑛𝑔 . 𝛼𝑎𝑏𝑠𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒 . 𝑝𝑔𝑢𝑖𝑑𝑖𝑛𝑔 + 𝛤𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 . 𝛼𝑎𝑏𝑠𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒 . 𝑝𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 + 

𝛤𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒 . 𝛼𝑎𝑏𝑠_𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒 + 𝛤𝑔𝑢𝑖𝑑𝑖𝑛𝑔 . 𝛼𝑠𝑖 . (1 − 𝑝𝑔𝑢𝑖𝑑𝑖𝑛𝑔) + 𝛤𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 . 𝛼𝑠𝑖 . (1 − 𝑝𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔) 

 

(19) 

with 𝑝𝑔𝑢𝑖𝑑𝑖𝑛𝑔 and 𝑝𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 the porosity values respectively of the guiding and cladding PSi layers. 

𝛼𝑎𝑏𝑠_𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒 and 𝛼𝑠𝑖 are the bulk absorption values respectively of the superstrate (water or air) and silicon.  

The overall losses 𝛼𝑜𝑣𝑒𝑟𝑎𝑙𝑙. are then calculated by adding all losses contribution: 

𝛼𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝛼𝑎𝑏𝑠_𝑚𝑎𝑡 + 𝛼𝑣𝑜𝑙_𝑑𝑖𝑓𝑓 + 𝛼𝑠𝑢𝑟𝑓_𝑠𝑐𝑎𝑡𝑒𝑟𝑟𝑖𝑛𝑔 (20) 

 

Let us notice that the bulk silicon losses are very sensitive to initial silicon substrate doping and to changes 

in PSi fabrication [38]. So the absorption coefficient of bulk silicon si in eq.(19) would have to be modified to fit  

the overall experimental losses overall in eq.(20).   

The contribution of each loss are represented in Fig.7.a and Fig.7.b as a function of the waveguide size 

for waveguide 2SD and 2HD configurations respectively. Surface scattering increases with low waveguide 

dimensions. Material absorption is important for both configurations, which is correlated to the high absorption of 

doped silicon substrate at 1550 nm, and the contribution of water further increases material absorption for 

waveguide 2HD. Volume diffusion makes only a small contribution to overall losses. 

 

Figure.7. Contribution dependence of losses on waveguide size for square waveguide a) 2SD with air as 

superstrate at 1550 nm b) 2HD with water superstrate at 1550 nm. 

 

In order to generalize to a rectangular section for the ridge waveguides studied, the overall losses have 

been calculated for various widths and heights. Fig.8 represents the overall losses, for TE00 polarization at 1550 

nm, as a function of the width and the height of the waveguide with an incremental dimension step equal to 0.25 

μm for all the single mode waveguide studied configurations (as developed previously in Fig.3). The clear areas 

correspond to non-guiding conditions or multimode propagation conditions whereas the colored areas correspond 

to single mode propagation conditions. For all waveguide configurations, the overall losses decrease as the 

waveguide dimensions increase as illustrated in Fig.8. The lowest overall losses are typically between 8 - 12 dB/cm 

in the case of an air superstrate for 2SD waveguides whereas they are equal to 35 - 40 dB/cm for a water superstrate 

for 2HD waveguides. Losses increase for the smallest waveguides because surface scattering losses increase 

significantly as a function of the decrease in dimensions, as shown in Fig.7.  
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Figure.8.a) Overall losses as a function of the waveguide size calculated at 1550 nm for TE00 single mode condition 

for the waveguide configurations a) 1SD and 2SD with an air superstrate b) 1HD and 2HD with a water superstrate.  

 

4. Study of optimal waveguide configuration on LOD and sensitivity values: Results and Discussion 

 

The LOD and sensitivity are calculated for the rectangular ridge waveguide dimensions presented in Fig.8 

in order to illustrate the effect of the waveguide size and PSi porosity, the effect of optical losses and the choice 

of superstrate medium on single mode waveguide sensing performances.  

4.1 Surface Sensing  

 

PSi sensor performances (LOD and Sensitivity) have been calculated for surface sensing for 1SD and 2SD 

(air superstrate). In this case, sensitivity and LOD are given by equations (7) and (9) respectively. The theoretical 

results are represented in Fig.9.a and 9.b for the TE00 mode. The TM mode performances can be calculated 

similarly.  

 

Figure.9.a) Surface sensitivity and b) LOD as a function of the waveguide dimensions for 1SD and 2SD 

configurations 

The best LOD and associated sensitivity that can be obtained with optimized dimensions and overall 

optical losses (Fig.8.a) for single mode waveguides are summarized in Table III for the two configurations 1SD and 
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2SD, studied. The distribution of the field in the core, cladding and superstrate defined in eq.(14-16) of the optimized 

waveguides are also given in Table III. 

Table III. 

Waveguide  

 

Sensitivity 

(nm/(pg/mm2)) 

LOD  

(pg/mm2) 
𝛤𝑐𝑜𝑟𝑒 

(%) 

𝛤𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡 

(%) 

𝛤𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 

(%) 

Losses 

(dB/cm) 

Dimensions  

h ⨉ w 
(μm2) 

1SD,opt 0.03 1 35.1 21.9 43.0 12.9 0.25⨉4 

2SD,opt 0.04 0.5 32.1 4.8 63.1 8.4 0.5⨉4 

 

Higher waveguide dimensions reduce the overall optical losses as seen in Figure.7.a. That is a reason why 

why a lower LOD is obtained for the 2SD configuration. Moreover, as the analytes are grafted in the guiding layer, 

the 2SD waveguide configuration has a better sensitivity than the 1SD as the EM-field in the core and the cladding 

is higher (𝛤𝑐𝑜𝑟𝑒 + 𝛤𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔(1SD, opt) > 𝛤𝑐𝑜𝑟𝑒 + 𝛤𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔(2SD, opt)), as indicated in Table III, due to its lower index 

difference and, as a result, the interaction between EM-field and analytes is increased.   

These results allow, for better design choices, to be made for targeted biosensing application which use 

PSi micro-resonators. Lower refractive index difference with a high porosity PSi cladding layer (configuration 2) 

helps the decrease of the surface scattering losses. Fig.9.b underscores the fact that the highest LOD waveguide 

2SD configuration with a low height (lower than 1 µm) and a width greater than 2 µm, which respect the single 

mode conditions.  

Sensitivity and LOD change less with waveguides dimensions for configuration 2 compared to 

configuration 1; as the RIU difference between the core and the cladding layers is reduced, the mode profile is less 

sensitive to dimension variations. For both configuration, the optimal dimensions, detailed in table III, are reached 

for the lowest propagation losses.  

In Fig.10, the sensitivity as a function of the LOD is represented relative to the state of the art for MR 

integrated sensors based on surface sensing. Ridge waveguides have been fabricated in bulk material by Luchansky 

et.al. , Xu et.al. and Vos et.al. and are based on evanescent detection (grey area) [39], [40], [10]. Slot waveguides 

have been developed by Carlborg et.al. and Barrios et.al. to enhance the evanescent part of the mode and so to 

increase the interaction between the field and the molecules grafted onto the surface of the waveguide [41],[3] (red 

area). MR sensor based on PSi waveguides 1SD,opt and 2SD,opt are plotted in Fig.10 (purple area). This figure 

shows that the PSi MRs studied have a high surface sensitivity because of the presence of pores and analytes in 

the guiding layer which increase the light – analyte interaction. LOD is lower due to the high specific surface of 

PSi. Consequently, PSi MRs are promising transducer for the fabrication of highly sensitive surface sensors.  
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Figure.10. Sensitivity as a function of LOD for different MR surface sensors.  

4.2 Homogeneous Sensing 

 

PSi sensor performances have been calculated for homogeneous sensing. Sensitivity and LOD values, 

obtained from equations (8) and (9) and for the TE mode, are shown in Fig.11.a. and 11.b respectively.  

 

 

Figure.11. a) Homogeneous sensitivity b) LOD as a function of the waveguide dimensions for 1SD and 2SD 

configurations 

The highest sensitivity close to 900 nm/RIU is achieved in a very small and low width range for (1HD) 

waveguides and for small values of waveguide width (Fig.11.a). These waveguides have a higher 𝛤𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒, as 

indicated in table IV, but the main limitation for these dimensions is the high scattering loss (Fig.7.b). However, 

the high porosity of PSi 2HD also permits to reach high sensitivities, up to 800 nm/RIU. 

For homogeneous detection, as for surface detection, the lowest LOD Fig.11.b, between 1.2 and 1.4.10-4 

RIU, can be obtained for waveguide configuration with low refractive index difference (2HD) because the scattering 

losses are reduced for larger dimensions.  
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In the same way as for surface detection, the sensitivity and LOD change less with the waveguide 

dimensions for configuration 2 compared to configuration 1. Indeed, the mode profile is less sensitive to dimension 

variations because the refractive index difference between the core and the cladding is reduced.  

Table IV summarizes the best LOD and the associated sensitivity that can be obtained with optimal 

dimensions and optical losses (Fig.7.b) of single mode waveguides 1HD opt and 2HD opt for the two configurations 

1HD and 2HD, studied. 

Table IV. 

Waveguide  Sensitivity 

(nm/RIU) 

LOD  

(RIU) 
𝛤𝑐𝑜𝑟𝑒 

(%) 

𝛤𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒 

(%) 

𝛤𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 

(%) 

Losses 

dB/cm 

Dimensions 

h ⨉w (μm²) 

1HD,opt 700 1.2.10-4 34.1 22.5 43.4 41.3 0.25⨉4 

2HD,opt 800 1.4.10-4 32.4 5.4 62.2 37.5 0.5⨉4 

 

Optimal dimensions are detailed in table IV, for both configurations. Given that the waveguide height is small 

compared to single mode fiber core diameter, coupling between waveguide and fiber should be implemented with 

a fiber taper to decrease the coupling losses due to the mismatch of their mode field diameters. A gap between the 

access waveguide and the micro-ring resonator should be kept small in order to ease the evanescent coupling. 

Optical losses are reduced for configuration 2 compared to configuration 1 because of a higher distribution of the 

field intensity in the core and in the cladding ( 𝛤𝑐𝑜𝑟𝑒 + 𝛤𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔). 

The corresponding values are plotted in the pink area of the Fig.12 which represents sensitivity as a function of 

the LOD for different MR sensors. 

  

Figure.12. Sensitivity as a function of LOD for different homogeneous MR sensors. 

Fig.12 represents sensitivity as a function of the LOD for different MR sensors. As for surface sensing, 

different configurations of MR sensors have been fabricated. The first configuration developed by Iqbal et al., 

Kim et al., Liu et al. Guider et al. and Devos et al. are based on bulk material ridge waveguides (grey 

area)[11][13][43][9][44]. Then Carlborg et al., Claes et al., Barrios et al., Robinson et al. developed bulk material 

slot MR sensor (red area) to increase the interaction between the field and the solution [41][44][2][45]. Porous MR 

sensor have been developed recently in polymer by Mancuso et.al. [46], and in PSi by Rodriguez  et al. and Girault 

et al.[18][19] and have been optimized in this work by 1HD and 2HD MR sensors (pink area). These last devices 

principally improve the sensitivity.  

By studying and then optimizing the waveguides of MR sensors, the characteristics of porous MR sensors 

have been enhanced. It can be noted that the MRs studied have a better sensitivity than the state of art because of 

the infiltration of analytes into the guiding layer adding to the evanescent detection. On the other hand, the LOD 
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is higher than those obtained by the best sensors of the state of the art because of the high losses induced by porous 

silicon and water absorption due to its infiltration into the guiding layer.  

5. Conclusion  

 

In this paper, MR based PSi waveguides for sensing detection have been studied to calculate the LOD 

and the sensitivity for surface and volume detection. The calculation of losses as a function of waveguide 

dimensions and refractive index difference have been estimated for both sensing techniques to predict the 

parameters of transducers. The influence of waveguide dimensions and porosity on sensitivity and LOD for both 

surface and homogeneous sensing have been developed by taking into account the different contributions of the 

waveguide optical losses. These calculations now give new guidelines for PSi waveguide design in case of sensing 

applications.  

For surface sensing, a limit of detection of 0.5 pg.mm-2 and a sensitivity of 0.04 nm/(pg.mm-2)  have been 

calculated. These values are better than those obtained in the state of the art. A limit of detection of 1.2.10-4 RIU 

and a sensitivity as high as 800 nm/RIU have been estimated for homogeneous detection. The volume 

homogeneous sensitivity calculated is better than the state of the art and the values of LOD are comparable to 

those obtained in the state of the art from bulk material based MR sensors. 

In both cases, a lower refractive index difference leads to a lower LOD thanks to the reduction of surface 

scattering losses for higher waveguides dimensions. The possibility to detect analytes both in surface and 

homogeneous detection with the same waveguide material and dimensions could lead to interesting multiplexed 

sensing possibilities on a single chip. Moreover, such single MR could be integrated into a Vernier effect sensor 

to increase further both the sensitivity and the LOD [47].  
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