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1 GENERAL ISSUES 

1.1 NOTE for the READER 

This document is the Deliverable 3.1 “1DPC design”. It stems from the Annex to the D4.1 that 
was delivered as a support to the “Preliminary Instrument Design”.  The activity reported here 
summarised some general considerations in the features of a one dimensional photonic crystal 
(1DPC) as used in the configuration set up in D4.1 and propose specific designs worth to be used 
as reference for future tests. Some parameters, among which the wavelength ranges for label-
free and fluorescence operation, have been defined after the Task 3.1, to which this report 
refers, begun.  Therefore some  of the design considerations reported here were obtained for 
different a wavelength. However, the scalability of the 1DPC stack allows to keep valid the main 
results. For the latest results the design activities were carried out in the windows indicated in 
the D4.1 at M9 and during other meetings later on. 

1.2 Document revision history 

 

Revision No. – date  Contributions considered from  

Rev. 0 – November18, 2013 Initial document set-up (POLITO, Descrovi) 

Rev. 1 – December16, 2013 First revision after SAPIENZA contribution  

Rev. 2 - January 2nd 2014 Second revision after IOF contribution 

Rev. 3 - January 15 2014 Third  revision after SAPIENZA contribution 

Rev. 4 – January 22 2014  Fourth revision after integration from POLITO, SAPIENZA 
and IOF 

Rev. 5 – January 23 2014 Edited and formatted by SAPIENZA. Reviewed by the 
Executive Committee of the BILOBA Consortium.  

Rev. 9 – February 5 2014 Inserted contribution from HJY. Edited and formatted by 
SAPIENZA. Reviewed by POLITO. Reviewed by the Executive 
Committee of the BILOBA Consortium. Clearance for 
transmission to the European Commission given. 

Table 1 Document revision history. 
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1.3 Introduction 

The aim of BILOBA is to set-up and test an optical instrument to perform labelled and label-free 
analysis on a one-dimensional photonic crystal (1DPC). Coupling the surface of this 1DPC and the 
radiation filed by means of a Bloch surface wave (BSW) promises to yield improved label-free limit 
of detection as well as enhanced fluorescence sensitivity. As sketched in Figure 1, the photonic 
crystal’s spectral dispersion will introduce an angular shift of the resonance vs. wavelength that 
might be exploited for spectral separation or resolution issues.  

 

Figure 1Sketch of the initial BILOBA approach according to the proposal. 

Starting from this basic idea, the overview given in Figure 2 has been derived in a precedent work 
package, assuming the measurement areas (“spots”) to be aligned in a one dimensional row as 
shown in Figure 3. These sketches rely on very basic assumptions that have been considered in 
detail and crosschecked among the different groups and work packages in the project.  

 

Figure 2 Overview of the analytical system and the initial sketch of the optical system (both from WP 2). 
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Figure 3Illustration of the arrangement of layers and spots on top of the 1DPC. 

The intention of this document is to summarize different arguments and approaches that have 
been discussed in order to design, fabricate and test the BSW chips. Therefore all the 
contributions will be collected, resulting in an agenda to be followed for detailed BSW chip 
optimization.  

2 DESIGN TOOLS 

In order to address issues related to the optical features of 1DPC, computational tools have been 
set up for: (i) estimating the reflectivity/transmissivity of photonic crystals, (ii) estimating the 
coupling of radiation emitted by sources on the 1DPC surface into the available modes. 

POLITO, IOF and SAPIENZA have built their own codes for this purpose. In particular, POLITO has 
focused efforts in developing a 2D code based on Fourier Modal Methods, allowing the study of 
the interaction of external radiation with multilayers in presence of interface modulations. This 
tool includes the possibility of considering either purely planar structures or 1DPCs provided with 
additional gratings. 

Prior to BILOBA, Fraunhofer IOF had developed a self-written software tool for tasks related to 
passive and active stratified media. It is based on a transfer-matrix-approach1

                                                      
1 N. Danz et al., „Dipole lifetime in stratified media“, JOSA B 19 (2002), 412.  

 for calculating the 
field distributions inside any layered geometry. It can be applied to reflection/transmission 
problems (“passive” systems) as well as to quantitative emission simulations when fluorescence is 
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emitted inside any stack (“active” systems). Please refer to published results2

2.1 New software tools for 1DPC design 

 for applications of 
this tool. 

The partner SAPIENZA developed a custom MatlabTM code (SiMeDS) based on the transfer matrix 
method (TMM) to numerically calculate the far field reflectance of a BSW biochip (Figure 4). The 
code can:  

• handle both monochromatic coherent radiation and incoherent radiation characterised by 
a broad wavelength spectrum;  

• handle both TE and TM polarisation and their combination with any relative phase shift;  

• simulate any type of aperiodic dielectric/metal multi-layered structure;  

• take into account the inhomogeneity of the layers thicknesses;  

• fit the results of experimental far field reflectance measurements and estimate the values 
of the thickness and complex refractive index of the layers;  

• perform the optimisation of the 1DPC geometry and dielectric properties in order to 
maximize a given parameter, such as the resolution or the sensitivity for example;  

• perform simulations by taking into account the fabrication tolerances and evaluate the 
robustness of the BSW characteristics with respect to variations of the 1DPC geometry and 
dielectric properties.  

The SiMeDS code has been used to perform simulations on test 1D photonic crystal (1DPC) 
structures with the aim to optimise the performance of the biochips in terms of sensitivity and 
resolution.  

                                                      
2 See the following publications concerning some examples for the application of “Radiating Slabs”: M.C. 
Gather et al., “Net optical gain in a plasmonic waveguide embedded in a fluorescent polymer”, Nature 
Photonics 4 (2010) 457; 
M. Flämmich et al., “Oriented phosphorescent emitters boost OLED efficiency”, Org anic Electronics 12 
(2011) 1663; N. Danz et al., “Detection of sub-10 nm emission profile features in organic light-emitting 
diodes using destructive interference”, Optics Letters 37 (2012) 4134 
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Figure 4: Control panel of the SiMeDSMatlabTM code and two examples of output plots. 

3 FIGURE OF MERIT FOR BSW RESONANCE 

3.1 Label-free detection configuration and BSW resonance characteristics 

In Figure 5(b) we show a typical optical layout that implements the excitation of BSW on 1DPC. 
Here a collimated laser beam at λ0 is used to measure the far field reflectance of a 1DPC coupled 
to a coupling prism by means of a contact oil. The 1DPC is topped with a fluidic cell where the 
analytes can be injected. The laser beam can be prepared in any polarization state by means of the 
combination of a polarizer and a liquid crystal retarder (LCR) and the polarisation state of the 
reflected beam is probed by the analyzer. The incident and reflected intensities are monitored by 
means of photodiodes (PD1 and PD2). The sample and the PD2 arm can be rotated by a θ-2θ 
stage. 
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Figure 5: (a) Transverse BSW intensity distribution. (b) Experimental setup used to characterize the 

performance of optical biosensors exploiting the BSW excitation. (c) Typical angular reflectance spectrum 

measured at λ0 showing the BSW resonance. The external medium is doubly deionized water. 

The excitation of a BSW is revealed by the observation of a sharp resonance of the far field 
reflectance angular spectrum at the angle θBSW(λ0) when matching of the transverse components 
of the wave vectors of the external and BSW fields is achieved. In Figure5(c) we plot the BSW 
resonance for a given1DPC. 

As for all mode coupling phenomena3

                                                      

3R.Ulrich, Theory of the Prism-Film Coupler by Plane-Wave Analysis, J.Opt.Soc.Am., 60(10), 1337 
(1970). 

 

 the characteristics of the resonance, the depth (D) and the 
full width half maximum (W), are determined by the losses of the materials constituting the 1DPC 
and by the coupling coefficient between the external radiation and the BSW, which is controlled 
by N once the bilayer properties are fixed.  
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Figure 6: Numerical calculations of the TE reflectance of a 1DPC, with different number of repetition units 

N, from 2 to 5.The high and low refractive index materials used for the numerical calculation are among 

those that can be deposited by the BILOBA partners. They are tantalia (Ta2O5) and silica (SiO2), with 

refractive indices nH=2.096 and nL=1.450, and thicknesses dH=130 nm and dL=247 nm, respectively. Only 

losses in the low index layers were taken into account, with extinction κL, because the field is mostly 

localised in such layers as it is evident in Figure 5(a).In the plots κL scans from 0 to 10-3. 

In Figure 6 we show the angular spectrum of the TE reflectance (RTE), with the BSW resonance, 
calculated at SAPIENZA by means of SiMeDS at λ0=543 nm for the 1DPC sketched in Figure 
5(a)with four different values of N, from N=2 to 5. In Figure 5(a), we show the transverse intensity 
distribution of the TE polarized BSW propagating at the surface of the 1DPC with N=4. The BSW is 
squeezed at the interface and shows an exponential tail in the external medium that can be used 
for optical biosensing. Inside the 1DPC the BSW is mainly localised in the low index layers. The 
external medium is doubly deionised water.  

In each plot the evolution of R as κL varies is shown. It is evident that strong coupling (small N) and 
large κL contribute to increase W and that the maximum D can be achieved by properly tuning κL 
and N. In particular, for a given N, an optimum value of κL, is needed to get a full depth (D=1) 
resonance. From the simulations it can also be seen that the resonance angle does not depend on 
the value of κL. We point out that in all numerical calculations reported in Figure 6 the laser 
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linewidth is always so small that it does not give rise to any broadening of the natural BSW 
resonances calculated at λ0.  

3.2 Definition of a Figure of Merit and its numerical evaluation for a 
monochromatic and coherent excitation beam 

Generally optical biosensors exploiting the sensitivity of surface electromagnetic waves to 
perturbations of the refractive index of the external medium (∆nEXT) are operated in a single 
polarization scheme, TM for SPP and TE for BSW. The setup is sensitive only to intensity variations 
and does not reveal any phase information. 

 

Figure 7: Numerically calculated TE reflectance spectrum RTE(θ) of the1DPC with design given in the 

Paragraph 3.1 and N=4. The grey curves were obtained when the external medium is doubly deionized 

water, the coloured curves were calculated for a slight positive perturbation ∆nEXT. The red curve 

corresponds to κL=2.410-5 and the blue to κL=2.410-4. 

It is intuitive that, if the sensitivity and resolution with respect to a perturbation ∆nEXT must be 
maximized, it is desirable to have resonances with maximum D and minimum W. SAPIENZA 
recently introduced a figure of merit (FOM) in order to characterize the performance of single 
polarization BSW biosensors and to compare them to SPP biosensors4

                                                      
4A. Sinibaldi, E.Descrovi, F.Giorgis, L.Dominici, M.Ballarini, P.Mandracci, N.Danz, F.Michelotti, Hydrogenated 
amorphous silicon nitride photonic crystals for improved-performance surface electromagnetic wave 
biosensors, Biomedical Opt.Expr., 3, 2405 (2012); A.Sinibaldi, N.Danz, E.Descrovi, P.Munzert, U.Schulz, 
F.Sonntag, L.Dominici, F.Michelotti, Direct comparison of the performance of Bloch surface wave and 
surface Plasmon polariton sensors, Sens.Act.B, 174, 292 (2012). 

.  
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3.2.1 FOM in the case of label-free amplitude sensing 

With reference to Figure 7, in a sensing approach in which the TE reflectance RTE of a 1DPC  is 
measured at λ0 and at fixed working point angle (amplitude sensing), the change ∆RTE due to a 
change ∆nEXT is given by: 

  n
dn

d
d

dRR BSW

WP

TE
TE ∆⋅

θ
⋅

θ
=∆  ,      (1) 

where dnd BSWθ is the sensitivity S of the biosensor5 θddRTE and is the slope of the resonance at 

the working point. If the working point is chosen in the flex of the resonance and a Lorentzian 
shape is assumed, the slope is 1 0.77TE FL

dR d D Wθ = ⋅ and the response is maximized: 

   .       (2) 

Such result justifies our definition of the FoM as: 

   ,        (3) 

The resolution of the biosensor will then be given by: 

   ,       (4) 

Where ∆RTE,MIN is limited by the measurement noise. 

NOTE on the Sensitivity S dnd BSWθ – The definition of the sensitivity as refers to a perturbation 

of the whole volume of the external analyte. We can refer to it as “bulk sensitivity”. Such 
definition can be used for design and optimization purposes in the simulations only when we 
expect that the exponential tail of the BSW in the external medium will not change much in the 
simulations. This is the case of the present paragraph. Here the simulations for a given N are 
performed by changing the extinction coefficient κL. We verified that in such a case the BSW tail 
does not change shape; therefore it probes the same analyte thickness in proximity of the 1DPC 
surface. Under these conditions the bulk sensitivity is a good estimation of the sensitivity due to a 
perturbation at the surface (surface sensitivity), as they are linked simply by a constant coefficient. 

3.2.2 FOM in the case of label-free angularly resolved sensing 

The amplitude sensing scheme described in the precedent paragraph is however generally not 
adopted because it guarantees a worse resolution with respect to other configurations, mainly 
                                                      
5J. Homola, S. S. Yee, G. Gauglitz, Surface plasmon resonance sensors: review, Sens. Act. B, 54, 3 (1999). 

1
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due to the noise we get when measuring the reflected intensity5. One of the configurations that 
guarantees a better sensitivity is the so called angularly resolved sensing scheme3. This is the 
configuration that is adopted in BILOBA for the label-free operation. The other scheme is the 
wavelength resolved sensing scheme and will not be discussed here. 

In this paragraph we show that, under certain conditions, the FOM defined in the precedent 
paragraph is the relevant parameter to be used to optimize also sensors based on the angularly 
resolved schemes. The considerations reported here will be expanded in section 6 to a more 
general case, where also fluorescence detection is taken into account. 

With reference to Figure 1 and 7, in the angularly resolved sensing scheme, the 1DPC is 
illuminated with a focused light beam at λ0and the angularly resolved reflectance is measured by 
means of an array detector. Sensing is performed by measuring the angular shift of the resonance 
position. 

Let’s start from the results we obtained previously to the beginning of BILOBA on the comparison 
between the performance of BSW and SPP biochips fabricated in order to work with the same 
analytical instrument4. In such case the instrument optics and the CCD angular window θ∈[64deg, 
68deg] are fixed. The optical design is such that the conversion factor between angle and camera 

position is . 

The SPR is characterized by the values of  , and . Similarly the BSW resonance by
, and . 

To simplify the approach we can introduce the quantity that we really measure during the 
experiments and that is exploited for sensing, the pixel bulk sensitivity, defined as the shift of the 
resonance measured in camera pixel for a unitary perturbation of the external refractive index and 
relate it to the angular bulk sensitivity: 

  [pixel/RIU] .    
 (5) 

With this definition in mind the limit of detection is then: 

   [RIU] ,        (6) 

Where  is the standard deviation of the noise we have on the determination of the position of 
either the SPR or BSW resonance minimum. We have: 

  and   .    (7) 
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In order to compare the SPP and BSW performance, under the same conditions, we can imagine to 
change the optics in a way that the BSW resonance occupies exactly the same portion of the CCD 
sensor as it was before for the SPR. To do this we restrict the CCD angular detection range by a 

factor . As a consequence we change the conversion factor between angle and 

camera position that now becomes  and the pixel sensitivity that 

becomes . 

Then we have that the limit of detection of the BSW sensor, under this new condition, becomes: 

        (8) 

If D would be 1 for both sensors, given that after magnifying we are operating with the same W 
measured in pixel, one could assume that the error one makes to determine the position of the 
resonance is the same: 

            (9) 

However D is not the same for SPP and BSW. But, if we recover the information we found on D 
from several simulations, i.e. that the variance of the error we make in measuring the resonance 
position is inversely proportional to D, we have: 

           (10) 

Therefore: 

 

         (11) 

We then obtain: 

         (12) 
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And we find again the definition of the FoM as it was given in the precedent paragraph: 

          
 (13) 

This result demonstrates that in general, if the window of angularly resolved sensors (whichever it 
is the surface wave type on which they are based) is chosen to match the resonance angular 
width, the LoD is inversely proportional to the FOM. Therefore the FOM is a good optimization 
parameter also for angularly resolved sensing schemes. 

A more general approach will be presented in sections 5 and 6, where simultaneous label-free and 
fluorescence operation are considered. There, taking into account the need to collect fluorescence 
with the same array detector in an angular window larger than the BSW resonance width, it is 
shown that the FOM is given by a different formula. 

3.2.3 Dependency of the FOM on the resonance parameters 

From the observation of Figure 7 it is also clear that tuning κL from 2.410-5 to 2.410-4 leads to an 
increase of the response. Of course there is an interplay of D and W, connected to N and κL. 

In order to clarify the dependency of the FOM on the latter parameters we analysed the data 
shown in Figure 6. From each plot we extracted the dependency of D and W on κL. Such 
dependencies are shown in Figure 8(a)-(d) for the four values of N. Clearly the depth of the 
resonance D for a 1DPC with N periods gets the maximum value for a given κL, as resumed in Table 
2, and such value is smaller as the N increases. At the same time the half width half maximum W/2 
is a monotonic increasing function with respect to κL. The value of the sensitivity for each N was 
numerically calculated by evaluating the shift of the BSW resonance as a function of the refractive 
index of the external medium.. The values for S are reported in Table 2. We found that, within 2%, 
the value of the sensitivity S does not depend on κL, as expected, as shown by the results of the 
numerical simulations reported in Table 3. 

As a result we retrieved the dependencies of the FoM defined by the Eq.(3) on N and κL, as shown 
in Figure 9. For each N the maximum of the figure of merit FoMMAX is achieved for an optimum 
value, different from zero, of the extinction coefficient κL,OPT; values are reported in Table 2.  
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Figure 8 Numerically calculated D (blue) and W/2 (black) for the 1DPC described in Figure 6 and with 

different number of repetition units N. The horizontal dashed line marks the linewidth (W=0.044 deg) 

obtained when simulating the BSW resonance for a finite width of the illumination system spectrum 

(∆λFWHM=2.5 nm at λ=543 nm). 

The results shown in Figure 9 can be used to optimize the design of the 1DPC to be used for optical 
label-free biosensing based on BSW. 

N 
S 

[deg/RIU] 
FoMTE,MAX 

[RIU-1] 
κL,OPT 

2 43.5 - - 
3 40.1 277 4.610-4 
4 38.8 1030 1.210-4 
5 38.4 3756 3.410-5 

Table 2 Numerically calculated parameters in the single polarization configuration. The sensitivity S, the 

figure of merit FoM and the optimum extinction coefficient κL,OPT of the low index layers are reported for 

the four different values of the 1DPC number of repetition units N. 
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S=dθBSW/dn 
[ deg/RIU ] 

κL 
10-6 10-5 10-4 10-3 10-2 

N 

2 44 44 44 44 44 
3 40 40 40 40 40 
4 39 39 39 40 40 
5 38 38 38 38 39 

Table 3 Numerically calculated volume sensitivity S as a function of the number of periods N and of the 
extinction coefficient of the low index layers κL. For the 1DPC with geometry given in the caption of 

Figure 6 

 

Figure 9 Numerically calculated FOM for the 1DPC defined in the text and with different number of 

repetition units N. 

Finally we point out two problems that limit the single polarisation label-free biosensing approach. 

First of all the results show that some extinction is needed to obtain a deep resonance, i.e. to 
increase D up to its upper limit (D=1). Unfortunately the extinction makes W to increase too, 
leading to a trade-off FoM. It would be much more desirable to increase the resonance depth D 
without increasing W by adopting any other method. 

The second problem is that depositing dielectric layers with a controlled value of the extinction 
coefficient is not straightforward. Generally thin film deposition experts work out methods and 
recipes that minimize the extinction coefficient of their layers. We have recently shown that the 
silica layers in silica/tantalia 1DPC deposited at FRAUNHOFER-IOF by plasma ion assisted 
evaporation under high vacuum conditions show an extinction coefficient as low as κL=3.510-6, 
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measurable by monitoring the BSW resonance6

3.3 Numerical evaluation of the FoM for broad spectrum and incoherent 
excitation 

. Such low value, very desirable for other 
applications such as very low loss mirrors for example, would make that the FOM for single 
polarization optical biosensing would not be optimized. An increase of extinction could be 
achieved by depositing additional lossy layers embedded in the 1DPC structure. 

Given that in BILOBA the option to excite the BSW by means of an incoherent light source, such as 
a LED with a narrow band filter, was taken into account and discussed, we need to model the 
effect of the source spectrum on the FoM. In Figure 10 we report the numerical calculation of the 
far field TE reflectance for a 1DPC with the structure described in the caption of Figure 6, κL =2E-5 
and N=5. 

 

Figure 10 Numerically calculated far field TE reflectances for either monochromatic (red points) or 

broadened (blue points) light source. The black solid lines are fits with a Lorentzian curve. 

The reflectance curves were calculated at λ0=543 nm for either a monochromatic source or a 
broadened spectrum source (∆λFWHM=2.5 nm). Such results shows that, despite one choose very 
low values of κL, the curve will be anyhow broadened. As a consequence, from Figure 8(a)-(b) it is 

                                                      
6F. Michelotti, A. Sinibaldi, P. Munzert, N. Danz, E. Descrovi, Probing losses of dielectric multilayers by 
means of Bloch surface waves, Opt. Lett., 38, 616 (2013). 
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clear that in the region where the values calculated for W/2 are smaller than the W/2 expected for 
a broad band source the values are wrong and consequently the calculated FoM is overestimated. 
In the case N=2 and N=3, where the BSW are broad, the light source spectrum doesn’t constitute a 
limit. For N>3 there are some regions for κL that cannot be exploited. In Figure 11 we plot the 
same curves for the FoM calculated for a monochromatic source (left hand ordinate axis) as in 
Figure 9. Roughly we can say that below the limit for κL imposed by the light source broadening 
such curves are incorrect (dashed curve region). 

In order to be more precise we repeated the simulations taking into account a broadened light 
source at λ0=543 nm with ∆λFWHM=2.5 nm. Given the computation time needed we evaluated the 
curves for a smaller set of κL values. 

 

Figure 11 Numerically calculated FoMTE for either monochromatic (left ordinates axis) or broadened 

(right ordinate axis) 

It is important to notice that, when we calculate the far field reflectance curves for a wide 
spectrum source, we obtain resonances that are distorted with respect to the Lorentzian shape of 
a not broadened resonance. This appears evident in Figure 10, where the results of the numerical 
simulations are represented with dots and the Lorentzian fits are given by a black solid curve. The 
consequence is that, when fitting with a Lorentzian curve and evaluating the D and W parameters, 
we obtain wrong values and the real FOM is underestimated (for very broad sources) because the 
slope of the resonance can be large at the edge of the resonance itself even if this is wide (the 
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resonance shape can be becker-like). Therefore, in the case of spectral broadening, we calculate 
the FOM as: 

  
MAX

TE d
dRS770FoM

θ
⋅⋅= .  ,       (14) 

where the 0.77 factor is needed to compare with the FOMTE defined as in the Eq.(3). 

In Figure 11 (right hand axis) we plot the FOM values resulting from the calculations for the broad 
spectrum source for a small set of κLvalues (the solid line is a guide for the eyes). From the analysis 
of the results it clearly appears that: 

The maximum values of the FOM are more than ten times smaller than in the monochromatic 
case, as expected; 

The FoM is not optimised for the largest value of N; 

The FoM is optimised for a given larger value of the extinction coefficient of the low index layers;  

The FoM is less peaked around a maximum value. 

If we plot the simulation in a semilog graph as in Figure 12, we can also notice that for large values 
of κL, i.e. for broad BSW resonances, the limitation of the light source spectrum disappears and 
the two calculations converge to the same asymptotic behaviour. 

 

Figure 12 Semilog Plot of the numerically calculated FoMTE for either monochromatic (left ordinates axis) 

or broadened (right ordinate axis). 
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3.4 Statistical approach for 1DPC robustness 

SiMeDS was used by SAPIENZA to perform some simulations to evaluate the robustness of the 
characteristics of the BSW resonance (D, W, S, θBSW, and FOM) with respect to fabrication 
tolerances of the 1DPC deposition by plasma assisted thermal evaporation carried out by the 
partner FRAUNHOFER-IOF. As test structure for the calculations, we used the same model 1DPC 
described in the paragraph 3.1 above with N=4 and performed the calculations in the 
monochromatic case at λ0=543nm. We assumed that the thickness of the layers deposited by 
plasma assisted thermal evaporation at FRAUNHOFER-IOF can fluctuate by ±2% with respect to 
the design value. The calculations assume that the sensitivity is defined as dnd BSWθ  (bulk 

sensitivity). 

In Figure 13 we show the histograms of the calculated distributions for D, W, S, θBSW, and the FOM. 
The first row in Figure 13 was obtained by changing the thicknesses of the two last layers of the 
1DPC (last period, see sketch on the left) by ±2% in 21 steps. We calculated the angular 
reflectance and its dependence of the external refractive index for each combination (441 angular 
spectra) and from each curve evaluated D, W, S, θBSW, and the FOM. The same was done for the 
other periods of the 1DPC and is shown in the rows below.  

 

Figure 13 Histograms of the calculated distributions for D, W, S, θBSW, and the FOM. In each row, from top 

to bottom, we show the results obtained by changing the thicknesses of the layers on the 1st, 2nd, 3rd, 

and 4th period respectively by ±2%. 

From the histograms one can extract information of the robustness. While θBSW and S are mainly 
affected by the outmost periods, D and W depend on the properties of all periods of the 1DPC. 
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From the shape of the histograms one can say that the starting 1DPC was not optimised for the 
FOM (and resolution). 

In Figure 14we show the histograms for the distributions for D, W, S, θBSW, and the FOM, 
calculated when thickness variations of several periods are taken into account at the same time 
(see sketch on the left of each row). The first and second rows in Figure 14 were obtained by 
changing the thicknesses of the layers (always in the range ±2%) of the two top and two bottom 
periods respectively. Similar conclusions as in the case discussed above can be drawn. In the last 
two rows of Figure 14 we calculated the histograms when changing all thicknesses arbitrarily (row 
three) and when changing arbitrarily the thickness of all the low and high refractive index layers by 
the same value (row four). The range of variation was always ±2%. We point out that the case 
shown in the last row of Figure 14 is the most likely to happen, as during the deposition there can 
be some calibration problems that offset the thickness of either the low or the high refractive 
index layers. 

From Figure 14 we find that the starting 1DPC is not optimised with respect to the FOM. However 
from the analysis of the last row it can be observed that the histogram for D shows an asymmetry 
and a high value cut-off as expected for optimised structures. This feature is consistent with the 
method that has been heuristically used until now to design the 1DPC at POLITO that relies on the 
optimisation of the depth D of the resonance.  

 

Figure 14 Histograms of the calculated distributions for D, W, S, θBSW, and the FOM. The first and second 

rows were obtained by changing the thicknesses of the layers of the two top and two bottom periods 

respectively. In the last two rows we calculated the histograms when changing all thicknesses arbitrarily 

(row three) and when changing arbitrarily the thickness of all the low and high refractive index layers by 

the same value (row four). The range of variation was always ±2%. 
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3.4.1 Illustrative optimization of BSW characteristics for biosensing applications 

SiMeDS was used to perform some simulations to optimize the characteristics of the BSW 
resonance for bio-sensing applications. As optimization parameter we chose the FOM. In the 
calculations we used the surface sensitivity defined as dhd BSWθ , where h is the thickness of the 

biolayer grown at the sensor’s surface (we assumed for such biolayer nBIO=1.43). We think that 
such definition of the sensitivity better describes the conditions expected in a biosensing 
experiment. 

As test structure for the calculations, we used the same model 1DPC described in the paragraph 
3.1 above with N=4, which was designed to operate at λ=532 nm (Descrovi-POLITO). We scaled 
the optical thicknesses of the layers, and taking into account the materials’ refractive index 
dispersions, in order to shift the operation wavelength to λ=632.8 nm for such not optimized 
structure. The structure of such starting 1DPC is then: 

λ=632.8 nm 
Number of Periods   4 
High Index Layers  dH=143nm nH=2.075 
Low Index Layers  dL=272nm nL=1.447+i1.2E-4 
BUFFER   nBUF=1.335 
SUBSTRATE   nSUB=1.515 
 

In Figure 15(a) we show the reflectance map in the Kretschmann configuration and the dispersion 
of the BSW for such not optimized 1DPC. In the calculation we did not assume any dispersion for 
the refractive index of the materials, that are fixed to the value at λ=632.8 nm. 

 
(a)        (b) 

Figure 15 (a) TE Reflectance for the not optimized 1DPC in the Kretschmann configuration. (b) TE 

Reflectance for the 1DPC optimized at λ=632.8 nm. The optimization parameter is the FOM and the 

surface sensitivity was used. 

Starting from a tentative 1DPC design we performed several cycles and optimized the FOM at 
λ=632.8 nm. The FOM was calculated by taking into account the surface sensitivity defined in the 
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paragraphs above, measured in deg/nm. In Figure 15(b) we show the dispersion of the BSW for 
the optimized 1DPC. It appears evident that the result of the optimization is a shift of the 
dispersion towards the total internal reflection edge (light line); the BSW at λ=632.8 nm is pushed 
to work at the light line, where the FOM is optimized. The structure of the optimized 1DPC is:  

λ=632.8 
Number of Periods   4 
High Index Layers  dH=124.5nm  nH=2.075 
Low Index Layers  dL=261.9nm  nL=1.447+i1.2E-4 
BUFFER      nBUF=1.335 
SUBSTRATE      nSUB=1.515 
 

For such optimized structure we have: 

FOM=1.652 nm-1 ;           Ss=2.54E-3 deg/nm ;           dR/dθ=650.9 deg-1 

Once optimized the 1DPC to work at λ=632.8 nm we performed the analysis of the robustness of 
the BSW properties. With respect to the case reported above, instead of calculating D and W we 
evaluated the maximum slope dR/dθ of the BSW resonance on the large angle side. If the 
resonance is described by a Lorentzian then dR/dθ = D/(0.77 W). Also we use the surface 
sensitivity instead of the bulk sensitivity to calculate the FOM. The properties of the BSW were 
calculated by changing the thickness of all high and low layers together in the range ±2%, as in the 
case of row 4 in Figure 14. In Figure 16we show the histograms for the FOM, the slope and the 
surface sensitivity Ss.  

 
(a)    (b)    (c) 

Figure 16 Histograms of the FOM, slope and surface sensitivity obtained when evaluating the robustness 

of the BSW for the optimized 1DPC. 

From Figure 16(a) we see that the FOM distribution is strongly skewed, as expected for an 
optimized structure. The optimised 1DPC lays on the high FOM edge of such histogram. We see 
that the FOM distribution is very peaked. However the fact that the BSW is operating very close to 
the light line makes that a small perturbation can lead in 10% of cases to resonances with very low 
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FOM. Such result sets a serious problem for the optimization of the 1DPC. If we wish to design and 
fabricate 1DPC with a robust FOM we cannot operate close to the light line, where the FOM is 
optimized. As it can be seen from Figure 16(b) and Figure 16(c) both the slope and the surface 
sensitivity are not optimized and present a broad histogram. 

In Figure 17 we show the BSW resonances obtained for the optimized 1DPC and for one of the 
1DPC structures explored during the robustness evaluation and corresponding to the lowest FOM 
value found. Clearly the optimised BSW resonance (Figure 17(a)) is very narrow. A question rises 
on the effect of the line width of the illuminating source on the BSWR width in a real application. 
The broadening will have to be taken into account in the design. Figure 17(b) also shows that the 
BSWR corresponding to the worse value of the FOM lies below the light line and gets consequently 
distorted and broadened. 

 
(a)       (b) 

Figure 17 (a) BSW resonance at λ=632.8 nm for the optimised 1DPC. Same for a 1DPC obtained by 

changing the thicknesses in the range of ±2% and giving rise to the worse value for the FOM. 

3.5 Considerations on the bulk and the surface sensitivities 

During the BILOBA meetings, in the WP3 discussions, it was proposed (Descrovi-POLITO) that 
operating close to the light line can lead to an increase of the sensitivity and that this can lead to 
an increase of the resolution of the BSW biosensors. In order to clarify this point we used SiMeDS 
to simulate the performance of a BSW biosensor. Here we propose a new definition for the 
sensitivity of an optical biosensor based on BSW. The classical definition of sensitivity is the 
variation of θBSW with respect to the variation of the external medium’s refractive index (next). The 
new definition proposed considers a biological layer (nBIO=1.43) that binds to the surface of the 
1DPC. Such event will shift the position of θBSW as well. The new definition for the sensitivity is the 
variation of θBSW with respect to the thickness of the additional biological layer. 
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As test structure we used a 1DPC designed by Descrovi-POLITO. The structure is not optimized and 
is described below: 

λ=532nm 
Base 1DPC Number of Periods  3(+1) 
High Index Layers    dH=110nm  nH=2.086 
Low Index Layers    dL=310nm  nL=1.449 
Top layers 
High Index Layer    dH=110nm  nH=2.086 
Low Index Layer    dL=120nm  nL=1.449+i1E-3 
Polymer Layer     dL=800nm  nL=1.5 
BUFFER        nBUF=1.333 
SUBSTRATE        nSUB=1.519 
 

The numerical calculations were performed setting two parameters in the SiMeDS Advanced 
Mode: the first is a sweep over the wavelength from 300 nm to 600 nm (with 151 points); the 
second is the presence or not of the additional biological layer to evaluate the sensitivity. The 
calculations do not take into account the dispersions of the materials of the 1DPC. The calculations 
range for θ is from 61.27 deg to 75 deg with a step of 0.001 deg. 

In Figure 18 we show the results of the calculation of the 1DPC dispersion (top left). We also show 
the calculation of the surface sensitivity (green), maximum slope (red) and FOM (blue) as a 
function of the wavelength (top row) and as a function of the θBSW angle (left column). 

For comparison, in Figure 19 we show the results of the calculation of the bulk sensitivity (green), 
maximum slope (red) and FOM (blue) as a function of the wavelength (top row) and as a function 
of the θBSW angle (left column). In this case we simulated the same structure and, in order to 
assess the sensitivity, we changed the refractive index of the external medium from 1.3330 to 
1.3332. 

The analysis of the Figures 18 and 19 shows that the bulk sensitivity is optimized at the light line 
edge whereas the surface sensitivity is peaked somewhere in the middle of the dispersion. The 
FOM is always optimum close to the light line. However, in case we use the surface sensitivity to 
define the FOM (as it should be for bio applications), for the angle where the surface sensitivity is 
peaked the FOM can attain a value close to the optimum. Operating around such angle can lead to 
a more resolved sensor. Moreover, according to the results we reported above in the Paragraph 
3.4.1 concerning the robustness of the BSW properties, it permits to avoid the problems deriving 
from the BSW resonance properties random variations introduced by the 1DPC deposition 
tolerances of the final commercially exploitable biochips. 



FP7-ICT-2011-8 – BILOBA 
  

D3.1 1DPC Design 
 

 

33 
 

 

Figure 18 Dispersion relation, surface sensitivity

 

, slope and FOM for the not optimized 1DPC described in 

the text. 

Figure 19 Dispersion relation, bulk sensitivity

 

, slope and FOM for the not optimized 1DPC described in the 

text. 
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3.6 Tuning of resonance by absorption 

3.6.1 Label-free detection 

As discussed in the preceding section, the visibility of the resonance depends strongly on the 
losses in the stack. In any ideal, loss-free stack no intensity “dip” will be apparent. Instead, the 
system discussed in this section contains a thin absorbing layer to mimic dye absorption. This 
extinction causes the resonance to be visible in the angular resolved visibility.  

As such extinction is usually not present in high quality thin film systems the resonance depth and 
width need to be tuned by adjusting the losses in the stack. Here, one could start from an ideal 
stack without losses (Figure 20). In contrast to the previous calculations, one part of the 
uppermost low index layer can be replaced by an absorbing medium. This can be achieved by 
using non-stoichiometric silicon oxide (SiO). Figure 21 illustrates the resonance showing up in this 
case. Note the tremendous effect of the small SiO extinction on the resonance. In result, the 
preparation of such stacks is required to provide reliable losses to achieve constant results.  

 

Figure 20 Ideal, loss-free stack and expected angular reflectivity. The calculation assumes H=130 nm 

(Ta2O5) and L=247 nm (SiO2) at 548 nm wavelength. 

 

Figure 21 Increasing losses by inserting a slightly absorbing SiO layer with n~1.64+0,003i. The top SiO and 

SiO2 layers comprise 25 nm and 165 nm thicknesses. Colours correspond to TE (red), TM (blue), and 

average (black) polarization. 
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3.6.2 Fluorescence detection 

This approach will affect the fluorescence emission in any labelled detection mode. Fluorescence 
energy might be transferred non-radiatively onto neighbouring species (compare Förster transfer) 
or be reabsorbed by its surroundings. Both situations require molecular states absorbing the 
wavelength range of emission. Here, this effect results in a quenching of fluorescence due to the 
absorbance of the stack. Figure 22reveals this quenching to be in the order of a factor four! Note, 
that this result is independent of the distance in-between the emitters and the absorbing sensor 
surface.  

 

Figure 22 Quantitative comparison of luminescence emission (integrated over 560..600 nm wavelength 
range) for a 10 nm-thick layer on top of the two different stacks shown in Figure 20 and Figure 21. The 

fast oscillations results from finite discretization steps. 

In result, tuning the losses of the stack enables one to increase the resonance visibility. But, this 
absorbance introduces losses that decrease the fluorescence detection efficiency. An interesting 
point to note is the fact, that the TM polarized emission suffers less from this absorbance, as it is 
decreased by approximately 15% only. Finally, its level compares to that of TE polarized emission 
in the presence of absorption. This aspect can be exploited by providing a 1DPC design showing 
both a TE and TM polarized modes close to the surface. 

3.7 Dependence of sensitivity upon resonance parameters 

POLITO investigated the effects of the resonance width/depth/angular position in a CCD-based 
system, similarly to the experimental arrangement illustrated in the document D4.1. 

The illustrative structure used for these investigations is made of silica and tantalia layers arranged 
according to the following scheme: glass/[Ta2O5(170nm)/SiO2(247nm)]xN/water. The 
corresponding reflectance map indicating the BSW dispersion curve is presented in Figure 23. 
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Figure 23 Calculated reflectance map for the multilayer structure mentioned above wherein the BSW 
dispersion can be appreciated as a low reflectivity narrow band. 

 

Resonance width. 

The detected resonance (angular) width is not intrinsically associated to the corresponding BSW 
mode. In fact, by changing the refractive index of the substrate where the 1DPC is deposited, it is 
possible to change the detected angular width of the resonance accordingly. In addition, if the 
detection is performed with a CCD-based system capable of Fourier Transform, the imaged 
resonance is also dependent on the magnification optics employed. However, it is possible to keep 
a given 1DPC layout and modify the resonance width by simply adding more layers with the same 
periodicity. When the layout proposed above is taken with a variable number of periods, it is 
possible to estimate the sensitivity dndS BSWθ= for the different configurations by adding a 10 

nm-thick perturbing layer showing a ∆n=10-3 with respect to water. The BSW resonance shift is 
estimated for three 1DPC configurations with 8, 10 and 12 layers respectively. Results are shown 
in Figure 24 below, when the BSW at λ=670 nm is considered. 
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Figure 24 Calculated BSW resonance (in reflectance) for three 1DPC layouts wherein only the number of 
layers is varied. The shift of the resonance is calculated upon the addition of a 10 nm-thick perturbing 

layer having a ∆n=10-3 with respect to water. 

From this result it is possible to see that, for a layout with a given pair of high- and low-index 
materials with given thicknesses, the resonance width as tuned by adding/removing additional 
layers does not affect significantly the sensitivity. In the three cases depicted in Fig.24, the angular 
shift∆θ changes by less than 10% when the resonance is varied by adding more stack layers. 

Resonance depth. 

In the three cases shown above, the increase of the number of layers produces also an increase of 
the resonance depth. This feature affects the sensitivity in a similar way as the width does, as long 
as the dip is not overwhelmed by noise, as outlined in the section above. 

Working Angle. 

In order to check whether there is a preferred angle for coupling BSW for label-free, calculations 
have been done for estimating an eventual benefit produced by a slight increase of the BSW 
coupling angle for the label free scheme. For comparison, it is essential that the angular position of 
BSW is shifted without changing too much the 1DPC layout. Starting from the 1DPC reported 
above, a kind of adiabatic deformation of the layer thicknesses has been performed in such a way 
that three BSWs angularly separated by 0.3 deg and 0.5deg are obtained. This can be obtained by 
proportionally scaling the layer thickness by a relative factor of few percent. A perturbation 
∆n=10-3 is introduced in a 10nm thick layer on top of the 1DPC. Results are presented in Figure 25, 
wherein the estimated angular shift changes by 10% or less as a function of the angular position of 
the BSW resonance. 
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Figure 25 Calculated BSW resonance (in reflectance) for the 1DPC layout presented in section 4.1 and two 
similar layouts  resulting in a BSW that is  slightly shifted angularly. The estimated sensitivity in these 

cases shows slight changes. 

If the 1DPC layout is scaled in such a way that the BSW is shifted toward the critical angle, the 
sensitivity is slightly decreased (by 10%)  the situation wherein the refractive index perturbation is 
limited to a thin layer on the 1DPC surface (Figure 26). 

 

Figure 26 Calculated BSW resonance (in reflectance) for a 1DPC layout resulting in BSW slightly shifted 
angularly. This stack is obtained by adiabatically deforming the 1DPC mentioned above. Also in this case, 

the estimated sensitivity is unchanged. 

In conclusion, the resonance parameters such as width and depth are only weakly affecting the 
sensitivity of the BSW, even in the case of relatively high Q factors. Concerning the resonance 
angle, it appears clear that the sensitivity is decreasing when the critical angle is approached. 
Although the decrease of sensitivity found is smaller as compared to the findings reported in Fig. 
18, the two results are not contradicting. In fact, in the calculations shown in Fig.18 the 
approaching to the critical angle implies also a simultaneous increase of the wavelength, thus 
leading to a general increase in the penetration length of the evanescent field within the external 
medium. Therefore in such a situation, the surface sensitivity is affected not only by the angular 
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position of the resonance, but also by the BSW wavelength, as opposite to the case considered in 
this paragraph. 

4 LABEL FREE DETECTION IN CASE OF NOISE 

After having defined the FoM as in the previous sections, we show here how the effectiveness of 
FoM can help to improve the limit of detection (LoD) of the label-free detection in case of noise. 
The goal is to show that a high FoM leads to a reduced uncertainty of the parameters of the BSW 
resonance such as, e.g., the resonance angular position obtained upon a fitting procedure.  

4.1 General considerations on BSW optimization 

Utilizing BSW for sensing offers many advantages. In contrast to SPR there are many degrees of 
freedom for optimizing the transducing element with regard to different characteristics. This has 
been discussed previously in terms of a “figure of merit” (abbreviation FoM, compare section 3). 
But, it is not discussed yet if such FoM represents a quantity that needs to be optimized for best 
sensitivity.  

4.1.1 Optimization issues 

The general target of optimization for the present system needs to be split into three different 
tasks:  

• Improve the performance of the label-free detection as much as possible (i).  

• Maximize fluorescence detection efficiency (ii).  

• Find a compromise to match both (i) and (ii).  

Usually a trade-off between (i) and (ii) will arise that complicates task (iii). However, efficiency 
measures as a result of (ii) can always be multiplied to any label-free value (i) to be optimized thus 
creating a merit function for numerical optimization. Therefore, this chapter will focus on the 
label-free optimization (i). Furthermore, fluorescence emission calculation and optimization is 
state-of-the art and shall be dropped here.  

4.1.2 Limit of detection 

For the sake of completeness, the definition of the FoM as previously used7 should be given. It 
constitutes from the ratio of resonance width W (given in degrees) and sensitivity S (in the unit 
degree/nm), thus defining a finesse of the resonance. Furthermore, resonance depth D is 
considered as a factor:  
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           (15) 

From the measurement point of view such FoM has been shown to represent intensity change 
measurements (at single angle and wavelength) well. For angular resolved analysis one needs to 
minimize the “limit of detection” (abbreviation LoD) that is the minimum amount of effect that 
can be observed with the system. If the sensitivity S, giving the angular shift per nanometer 
organic layer binding7

            (16) 

when assuming a noise σ of angular position determination. Equation (16) illustrates that there 
are two ways of optimizing a sensor: One can decrease the noise or enhance the sensitivity in 
order to improve (i.e. decrease) the LoD.  

In the case of intensity measurements, i.e. intensity/reflectivity analysis at a single point defined 
by wavelength and angle of observation, one could formally estimate the noise. If the relative 
measurement uncertainty is ∆I/I, the noise of (angular) position determination becomes  

, is known, this limit of detection becomes  

            (17) 

with the slope of the resonance W/D. Introducing equation (17) into (16) yields the inverse of 
equation (15), thus linking the two different approaches of FoM and LoD.  

This result points out another important aspect: When comparing FoM and LoD one has to keep in 
mind that in any optimization procedure FoM should be maximized while LoD should be 
minimized. This fact is also apparent form the power of the sensitivity in the equations. However, 
in order to utilize equation (16) and to compare with equation (15) the effect of resonance 
parameters on the measurement noise need to be estimated.  

4.1.3 Sources of noise 

The analysis of angularly resolved intensity distributions suffers from multiple factors of noise. For 
illustration, some examples are described:  

• Noise of the light source intensity that might appear as fluctuations of the intensity or as 
fluctuations in the (angular) intensity distribution.  

• Detector shot noise.  

                                                      
7 Note, that in the literature this quantity is usually given in degrees per refractive index change, thus 
relating the signal to the volume refractive index of the analyte solution.  
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• Errors due to mismatch between any fitting function (or mathematical routine) and the 
real angular distribution.  

• Noise due to the selecting a limited angular fit range. Changes (noise) in the boundaries of 
the fit region will result in noise of the minimum derived.  

• Less than perfect surroundings of the system, i.e. temperature, pressure, refractive index 
fluctuations of the analyte solution.  

These sources of noise can be hardly quantified because such quantification requires in depth 
knowledge of the (temporal dependent) representations of light intensity distributions. 
Furthermore, any discussion in that way will discard noise appearing due to less than perfect 
surroundings (v). At the present stage it is more important to derive scaling laws. Such result will 
enable to optimize stack and optical system towards optimum performance. 

4.2 Statistical approach to the description of fitting in the presence of noise 

4.2.1 Fitting errors in presence of noise 

An empirical approach has been followed by POLITO to give a reasonable indication about the role 
of the FoM on the accuracy of the BSW resonance position when some noise is assumed. 

The following results come from a very basic fit calculation on a simplified model. The model 
mimics a BSW resonance as measured by an array of 1000 pixels over an angular range of [+1,-1] 
degrees, that is roughly what it is expected to have in an experimental implementation. 

A Lorentzian curve for the detected intensity is defined as 

1
2/

2

+





 −

=

W

DL
BSWθθ

 wherein D is the 

resonance depth and W is the resonance width. The position of the BSW resonance is θBSW but all 
the following plots are as a function of the pixel number. 

The maximum of intensity is normalized to unit. 

The noise is modeled as a uniformly distributed value comprised within [-2%, 2%] of the total 
intensity (i.e. [-0.02, 0.02]). This purely additive noise is intended to mimic perturbations and 
fluctuations due to a number of external sources. In fact, from past experience, it appears that the 
intensity profiles measured in a CCD-based system are affected by the detection noise as well as 
by fluctuations that seem to be related to effects such as scattering and refractive index 
inhomogeneties. In particular, close to the 1DPC surface, refractive index inhomogeneities can 
occur due to physical effects (e.g. temperature or pressure gradients) and/or to chemical effects, 
mainly associated to the surface functionalization and immobilization of biological species. In 
order to provide a basic modeling of this fluctuations, a low-frequency random noise is 
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introduced. In a first scenario, the noise is a Fourier-filtered white noise generated randomly for 
each pixel. By taking an illustrative experimental measurement  (reported below as published on 
A. Sinibaldi et al.Sens. Act. B, 174, 292 (2012)),  an additive noise δ=0.02 is added uniformly to the 
generated Lorentzian function. 

 

Figure 27 (left) measured BSW and SPR resonance at λ=810nm on a commercial SRR machine; (right) 
Lorentzian shape with white noise from the considered model. 

In order to demonstrate that a higher FoM can be helpful in increasing the resolution (or the 
accuracy) of the resonance position estimation, we compare the case of an SPR resonance and the 
case of BSW sustained by the structure outlined above. The SPR is excited at λ=810nm while the 
BSW is excited at λ =670nm. 

When using a CCD detector to image the SPR and BSW resonances can be plotted in pixel number. 
The resonance profiles and the corresponding parameters are shown in Figure 28. In addition, the 
resonance shifts corresponding to a 10-nm thick perturbation layer bringing a ∆n=10-3 with 
respect to water. The pixel shift ∆x for the SPR is more than a BSW by a factor of 5, as expected. 

When noise is added and the resonance profiles are recovered through a fitting procedure, it is 
possible to produce an histogram of the errors associated to the resonance position. When 
iterating this procedure many times, it is possible to obtain a statistically meaningful trend of the 
fit errors in both cases.  
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Figure 28 Calculated resonance profiles for SPR (left) and BSW(right) plotted in deg. The pixel shift ∆x 
upon the introduction of a perturbing layer 10nm thick showing a ∆n=10-3 with respect to water is also 

shown for SPR and for BSW resonances (red line). 

Results are shown in Figure 29, where we observe a Gaussian-shape distribution of the resonance 
position errors for the SPR and BSW cases. 

 

Figure 29Histogram distribution showing the occurrence of fit errors on the resonance position in case of 
SPR (left) and BSW (right). 

Although the 1DPC sustaining BSW is exemplary for illustrative purpose only, it is possible to 
appreciate that the increase FoM of BSW results in a smaller error in the resonance position 
estimation. This leads to a reduced relative error in the BSW position as compared to SPR by a 
factor of 2, with a corresponding increase in the estimation resolution. 

In conclusion, provided the experimental conditions wherein the real measurement will be 
performed, it appears beneficial to have 1DPC layouts showing narrow BSW resonances for 
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increasing the measurement resolution. Nevertheless, it should be noted that the improvement in 
resolution is not directly proportional to width decrease. In the example above, in order to reduce 
the absolute fit uncertainty δx by a factor of 5 (from δx=2.5 pixel to δx=0.5 pixel), a decrease of the 
width by a factor of 40. In the following sections, a more realistic description of the angularly 
resolved resonance detection will be presented, taking into account specific sources of noise 
related to the photodetector. 

4.2.2 Extended statistical approach 

Extended statistical simulations were carried out by HJY, starting from the principles established in 
the precedent section, in order to clarify the dependence of the fitting errors on the BSW 
resonance characteristics. 

 

4.2.2.1 Parameters definition 

 

• S is the sensitivity of the biosensor in deg/RIU 

• D is the relative depth of the resonance (0≤D≤1, unitless) 

• W is the angular Full Width at Half Maximum of the resonance (in deg) 

• A is the total angular range imaged on the CCD (in deg) 

• # is the number of pixels along a line of the CCD 

• θBSW is the angular position of the BSW resonance (in deg) 

• w is the pixel Full Width at Half Maximum of the resonance (in pixels) as given by the Eq.31 

A
Ww #

⋅=  

 

4.2.2.2 Generation of the simulated data 

 

Some simulated noisy values of the measurements are created following these steps. 

• Introduction of some new parameters 

- ADC: Analog-to-Digital Converter depth (in bits) 

- Rmax: Maximal response (in Grey Levels of the CCD) 

- Sat: relative saturation of the CCD pixels 

- nmes: Number of averaged measurements, either spatially (line averaging) or 
temporally (acquisition averaging) 
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- σread: Reading noise of the CCD (in Grey Levels) 

Since the saturation response of the CCD depends on ADC (Rsat = 2ADC), Rmax can be also 
defined as a function of the relative saturation of the CCD: 

ADCSatR 2max ⋅=          (18) 

• Use of a Lorentzian curve to simulate the resonance (continuous theoretical curve) 
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• Definition of the angle for each of the # pixels covering incidences from 0 to A degrees. 

- Pixel 1: 
#21 ⋅

=
Aθ  

- Pixel k: 
#2# ⋅

−
⋅

=
AAk

kθ  

- Pixel #: 
#2# ⋅

−=
AAθ  

• Definition of 5 theoretical values of the Lorentzian along one pixel (at abscissas 0, ¼, ½, ¾ 
and 1 relatively to the pixel extension) with the Lorentzian equation. 

• Definition of each pixel value Rk as the average of the 5 subpixel theoretical values in order 
to take into account the x-discretization noise described in § 5.7 (page 47). 
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• Definition, for each pixel, of the noise as the sum of the reading noise and of the shot noise 
(shot noise is reduced by the square root of the number of averaging): 

mes

k
readk n

R
+= 2σσ          (21) 

• Introduction of the noise into the pixel values Rk by adding the noise σk multiplied by a 
random number (uniform distribution) in between -1 and 1 

• Finally, after x-discretization and noise introduction, the last step of the simulated data 
generation is the y-discretization. 

Since the R values are defined relatively to the number of Grey Levels (2ADC), they should 
simply be integers. 

Since we’ve introduced a parameter nmes of measurement averaging, only the sum of the 
nmes measurement should be an integer. 

The simulated value of each of the pixel is then: 
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mes

kmes
k n

RnroundR )( ⋅
=          (22) 

with “round” the function rounding a number to its closest integer. 

4.2.2.3 Evaluation of the angular position of the resonance 

In order to start the fit, we need a rough evaluation of D, W, θBSW and Rmax that we will call D0,W0, 
θ0 and R0: 

- θ0 is defined as the angle corresponding to the pixel with the lowest value 

- R0 is defined as the highest pixel value 

- D0 is defined as the ratio in between the signal amplitude (max value – min value) divided by 
R0 

- W0 is defined by the angle difference between the first pixel after θ0 which value is greater 
than (max value + min value)/2 and the last pixel before θ0 which value is greater than (max 
value + min value)/2 

All the simulated values outside the range defined by the 2 pixels used to calculate W0 are 
discarded. 

A determination of the optimal values for the 4 parameters is performed using a simple non-
weighted root-mean-square criterium. 

4.2.2.4 Evaluation of the LoD 

• Each angular position of the resonance is performed 1 000 times. 

• The standard deviation of these 1 000 values in comparison with the theoretical value is 
calculated 

• An estimation of the LoD is then obtained by dividing the standard deviation by the 
sensitivity S 

4.2.2.5 Influence of the different parameters 

All these simulations have been performed by varying only one parameter at a time around the 
initial configuration which is: 

- S = 50 deg/RIU 
- D = 1 
- W = 0.75 deg 
- A = 2.5 deg 
- # = 3 500 pixels 
- θBSW = A/2 deg (i.e. at the frontier in between the 2 central pixels) 
- ADC = 12 bits 
- Sat = 0.8 
- nmes = 1 
- σread = 5 Grey Levels 

Performing the simulations the dependencies shown in the Figure 30 to Figure 32 are found. 
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Figure 30 Numerically simulated dependence of the LoD on the BSW resonance (left) 

depth D, (right) width W 

  
Figure 31 Numerically simulated dependence of the LoD on (left) the angular detection 

range on the CCD and (right) the CCD pixel number 

  
Figure 32 Numerically simulated dependence of the LoD on (left) the number of bits of 

the ADC and (right) the number of averaged measurements 

From all these 6 parameter variations, we can deduce a formula for the LoD: 

ADC
mesn

WA
DS

LoD
2#

1
⋅⋅

⋅
⋅

⋅
∝        (23) 

The formula includes the finding reported in the Par 4.1.1 and extends the result to a larger 
interval of all the BSW resonance parameters values. As we shall see in the Section 4.3 it also 
matches the result of the semi-analytical approach to noise description. 

4.2.2.6 Limitations 

- A Lorentzian curve is used to fit a Lorentzian model. In reality, the resonance is not exactly 
a Lorentzian curve 
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- the averaging of the measurements has some limits and is never as good as seen here on 
these simulations since averaging increases the influence of the spatial/temporal 
fluctuations. 

4.3 Semi-analytical approach to the description of fitting in the presence of 
noise 

4.3.1 First model of primary data analysis 

According to the arguments discussed above the scaling laws for noise when fitting a finite 
resonance of given width and depth shall be analyzed. With regard to SPR such issues have been 
tackled previously8,9

Such model is illustrated in 

. But, in SPR case the resonance width and depth are not subject to any 
optimization or engineering as these are given by the choice of materials and wavelength of 
optimization. So a more generalized model is desired.  

Figure 33. It is based on mimicking a resonance by the intersection of 
two linear functions (shown in red and blue). Using linear models allows deriving fit parameters in 
a straightforward manner10

 

. That’s why the model can be considered to be an approximation but 
it should yield the correct scaling laws.  

Figure 33 Illustration of the linear approach utilized. Note, that the data noise is shown for convenience 
only, no noise representation enters the simulation. 

                                                      
8 K. Johansen, R. Stalberg, I. Lundström, Bo Liedberg, „Surface plasmon resonance: instrumental resolution 
using photo diode arrays“, Meas. Sci. Technol. 11 (2000) 1630-1638. 

9G.G. Nenninger, M. Piliarik, J. Homola, “Data analysis for optical biosensors based on spectroscopy of 
surface plasmons”, Meas. Sci. Technol. 13 (2002) 2038-2046. 

10 W.H. Press, S.A. Teukolsky, W. T. Vetterling, B.P. Flannery, “Numerical Recipes in C – The art of scientific 
computing”, Cambridge University Press 



FP7-ICT-2011-8 – BILOBA 
  

D3.1 1DPC Design 
 

 

49 
 

The two linear functions in Figure 33 are obtained by setting the resonance centre to pixel 500. 
Then intensity at the point of intersection is then given by the product of (1-D) times the 
maximum dynamic range. Then, using the slopes ±2D/w yields two ideal linear functions for 
modelling the resonance that can be directly derived from the resonance parameters D and w for 
a given dynamic range of the detector. Note, that quantity w is the width in terms of detector 
pixels and not angular width (capital symbol W).  

Fitting a set of noisy data by a linear function means to minimize the quantity10 

          (24) 

for a given set of data points {xi,yi} to obtain the slope m and the offset n of the linear function. 
Equation (24) also contains the variance σ of all data points. This allows not utilizing a specific 
manifestation of noise (e.g. by adding arbitrary number to the measured intensities yi) but to 
directly assume σI depending on the parameters. After obtaining two linear functions  

           (25) 

one can directly derive the desired minimum position  

            (26) 

as well as its corresponding relative error  

      (27) 

In result, a direct estimation of uncertainty of the minimum position depending of the resonance 
parameters and the dynamic range can be given if any noise σ estimation is assumed.  

4.3.2 Detector shot noise 

This kind of noise is explicitly named to be a severe issue for SPR biosensors. In order to keep 
comparability of the results we refer to the reference [10] (Nenninger et al.) and Figure 7(a) 
therein. This plot is shown in Figure 34 for convenience.  
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Figure 34 Shot noise according to Figure 7(a) in reference [10] (left). 

It can be derived from reference [10] that practical noise does not approach zero for zero 
intensity. Thus, an offset of 10 pixels is assumed. Note, that both the slope and the offset are 
assumptions that do not necessarily are similar to the real BILOBA device. But, trends are desired 
here in order to obtain a valid merit function for stack optimization.  

4.3.3 Discretization noise 

It has been pointed out by F. Michelotti that furthermore discretization noise has to be 
considered. There are two sources of such noise: First, one needs to assume at least one digit of 
discretization error (±1) in analog-to-digital conversion of the CCD device. Second one is the 
discretization error that arises due to discretizing along the angular camera pixels. The latter 
source of noise will be treated explicitly below.  

 

Figure 35 Discretization of a continuous function due to discrete intervals ∆x. The dots indicate the “real” 
value, the height of rectangles the value obtained by integrating the discretization interval. 
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Consider the generation of the discretized intensity distribution as obtained e.g. from any CCD 
detector according to Figure 35. For the sake of simplicity let’s neglect death zones in-between 
neighbouring pixels. The measured intensity value yi from pixel xi for a continuous distribution 
intensity distribution y=f(x) becomes  

    .         (28) 

Depending on the shape of the function this value will differ from the “real” value of the function 
(that is assumed to be the one in the centre of the interval, see Figure 35). So, spatial 
discretization yields an error according to  

           (29) 

with the “real” value f(xi) and the measured value yi.  

In order to estimate such effect, the intensity distribution under consideration is expanded into a 
series around the pixel xi 

  (30) 

This expansion needs to be integrated over the variable x (as the detector pixel does). Due the 
symmetric choice of the interval in equation (28) even powers of (x-xi) in the result cancel out and 
only odd powers survive. One obtains  

    .    (31) 

Inserting this result into equations (28) and(29) yields  

    .       (32) 

This equation (32) describes the error of discretization to be proportional to the second derivative 
of the desired function times the discretization length squared. It turns out that linear functions do 
not suffer from such discretization error. This fact is readily expected (e.g. from the sketch in 
Figure 35). So approaching this issue will require stepping from the bilinear model to a higher 
order of approximation.  
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4.3.4 Square model of minimum determination 

As apparent from equation (32) a linear model is not sufficient any more if one wants to address 
discretization effects. So a second order polynomial function will be discussed as the next order 
approximation. The error function in equation (24) becomes  

    .        (33) 

In order to apply such χ2 as fitting merit function, an idealized data set has been defined starting 
from the dynamic range, width w and depth D according to the bilinear model. This is sketched in 
Figure 36 for illustration.  

 

Figure 36 Sketch of the general square polynomial resonance model using the depth D and the pixel 
width w of the resonance similar to Figure 33. 

Minimizing equation (33) corresponds to solving a linear (in terms of the power of parameters ak) 
system of equations, thus yielding the three parameters ak. From these values the minimum 
position is derived according to  

 corresponding to           .    (34) 

For the modelling here the parameters are exactly determined as no “artificial” representation of 
noise is added to the data. Instead, the variances of the parameters follow from general analytical 
considerations [11] (Press et al). Applying this analysis to the present example yields  
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     .     (35) 

The total noise assumed for numerical modelling in equation (35) consists of the sum  

          (36) 

that contains a constant (5), shot noise (0.01 yi), and discretization contribution (squared term). 
Still, any contribution due to a misfit of the model to the (real) data is missing. But such effect 
must be experimentally analysed due to its relation to illumination homogeneity, the imaging 
system, chip inhomogeneity etc. Within this background the factors for the three summands in 
(36) are an initial guess. But a trend shall be derived rather than predicting real noise data.  

Before proceeding to noise calculations an important aspect has to be considered. This refers to 
the application of equations (34) and (35) in order to extract the minimum position noise from the 
fit parameters. In order to visualize this aspect in Figure 37 the parameters w/2=50, D=0.7, and 
12 bit dynamic range have been assumed. Then, the top left diagram of Figure 37 illustrates that 
the uncertainty of the two important parameters a1 and a2 is not independent of each other. But 
applying equation (34) assumes such independency. Therefore, such model is only valid when 
achieving a situation where both parameters are independent. This is achieved when placing the 
minimum at pixel 0 (Figure 37 right column). Comparing the two resulting distributions from such 
numerical experiments in the bottom line of Figure 37 yields similar (virtually identical) results of 
the minimum position uncertainty. But, applying (28) will result in different variations. 
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Figure 37 Addition of 2’000 different numerical noise representations to an ideal parabola with 
subsequent fitting. Minimum position at pixel 500 (left column) and at pixel 0 (right column) is shown 

along with the distribution of extracted parameter pairs (top row) and extracted minim positions 
(bottom row). 

Taking these considerations such noise estimation into account and assuming xExt=0 yields the 
result shown in Figure 38 and Figure 39. 

 

Figure 38 Effect of the resonance depth D and width w on the error of minimum determination for two 
different detectors comprising a dynamic range of 8 bit (left) and 12 bit (right). A w1/2 function is shown 

for illustrating the asymptotic functional behaviour as well as the results of a numerical experiment 
(dots) with adding noise representations. 
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Figure 39: Effect of the resonance width depth D on the error of minimum 

determination for two different depths D of the resonance widths w=24 (left) and 
w=100 (right). A w~D-1/2 function is shown for illustrating the functional behaviour. 

The shift of the dotted data set in Figure 38 seems to be due to slightly different noise 
assumptions/treatments in the two approaches. In result, one obtains that the error of minimum 
determination asymptotically scales with the square root of the resonance width w (in pixels) and 
is approximately inverse proportional to the resonance depth D. But, this result is valid for 
sufficient width w>25 pixels of the resonance only. Otherwise, discretization error yields 
dramatically increasing errors for very narrow resonance widths. 

4.3.5 Conclusions 

4.3.5.1 LoD for stack comparison 

At this point it is worth to connect the findings about the noise of minimum determination with 
the limit of detection (LoD). The width w has been used in pixels, i.e., in terms of “detector 
coordinates”, for noise estimation. Any BSW stack design will yield an angular resonance width W 
(in degrees). Both values are interconnected via the angular range A that is imaged onto the 
detector along with the number of (angular) detector pixels # according to  

    .          (37) 

Furthermore, the noise σ is also obtained in pixels and a similar conversion needs to be performed 
in order to obtain an “angular” noise11

          (38) 

.  

                                                      
11Suggested in similar form by SAPIENZA. 

[ ]
[ ] [ ]

[ ]

# pix
pixw W

A°
°

= ⋅

[ ] [ ]

#

~
# #pix

WA AA
D

σ σ°

⋅
= ⋅ ⋅



FP7-ICT-2011-8 – BILOBA 
  

D3.1 1DPC Design 
 

 

56 
 

This result can be directly inserted into equation (16) defining LoD as ratio of noise and sensitivity. 
Then the limit of detection becomes  

        (39) 

This formula connects all input data necessary for stack and optical system engineering. It 
illustrates that the angular range A and the resonance width W should be small (power 0.5) for a 
given detector, pixel number # should be large to improve sampling (power 0.5), and the product 
S⋅D should be large (power 1). 

So equation (39)is in agreement with what found in the section 4.2 and could serve as a measure 
to compare the performance of different stack with regard to their label-free sensing application, 
provided one ensures a minimum width w>25 pix of the resonance. Obviously, this is valid within 
the scope of the model only. This means, that any real experiment will probably introduce 
additional sources that can be due to non-ideal illumination distributions, inhomogeneity of the 
stack or the substrate, etc. Such issues might cause a different amount of the noise obtained.  

4.3.5.2 Comparison to FoM 

It is worth to point out a special case, in which the angular width W of the resonance matches the 
angular range A of detection. Then one obtains  

       (40) 

So for the special case that the only the width of resonance is sampled by the detector, LoD and 
FoM are inverse measures of the same quantity. This result is similar to the one obtained for 
intensity measurements based on the estimation for noise in equation (17) thus providing a link 
with the findings described in section 3. 

5 STACK OPTIMIZATION 

The BSW stack is one of the key elements in optical system design. With regard to its role as 
transducing element it might be considered as the major part of the system. Therefore an 
essential part of the project (WP3) is devoted to stack modelling, preparation, and optimization. 
Here, a useful working example for the stack needs to be developed.  
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5.1 Total internal reflection 

When approaching any treatment of the substrate – water system, one needs to consider the 
critical angle at which total internal reflection (TIR) occurs. This angle shifts with varying refractive 
indices of either the substrate or the solution. Here, we consider polymer substrates (TOPAS5013) 
and water.  

 

Figure 40 Angle of TIR vs. wavelength for two different substrates and two different refractive indices of 
the aqueous solution. Substrate data are taken for the ZEMAX glass catalogues. 

Figure 40 illustrates that the TIR angle increases with wavelength due the dispersion of the 
substrate material. In the wavelength range of interest the TIR shifts by >2° when increasing the 
refractive index of the solution by 0.03. Taking this as an upper limit, no TIR effects will be present 
above 63° in the substrate.  

5.2 Fluorescence emission 

Besides any detailed treatment of label-free analysis, the effect of the thin film stack onto the 
fluorescence emission and detection is discussed. For this discussion, the following assumptions 
are made:  

• Emission spectrum according to the Nile Blue spectrum with 705 nm mean wavelength. 

• 5nm thickness and refractive index 1.45 + 0i of the emitting layer on top the stack; a 
constant distribution of photon generation density is assumed across this thickness.  

• Wavelength range of calculation 655 nm (given by fluorescence emission filter) and 
780 nm. This means, the wavelength ranges with less than 20% of maximum spectral 
emission are not considered in the calculation.  
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• Emitter orientation distribution ~sin2ϑ with the angle ϑ between surface normal and 
emission transition dipole moment. This is a preferred horizontal orientation (that could be 
caused by TE polarized excitation). But there is no preferred in-plane distribution 
considered yet.  

• Quantum efficiency of 75% for fluorescence emission.  

This can be used to quantitatively calculate the emitted energy distribution as well as non-
radiative losses (due to the less than one quantum efficiency). The calculations are performed 
using the tool “Radiating Slabs” that has been developed by Fraunhofer IOF and that has been 
applied successfully in a quantitative manner to emission problems in stratified media previously. 
The sake of such discussion is to check what kind of stack will yield most fluorescence detection 
efficiency within a narrow angular range. Thus, it might answer the question in which angular 
range to search for BSW.  

5.2.1 Simplified structures as reference 

For comparison, two very simple systems shall be treated. The first one is the simple substrate – 
water system. There, the TE and TM polarized angular intensity distributions show a maximum 
near the angle of total internal reflection (Figure 41 left). Such a distribution is mainly governed by 
the refractive indices of the materials involved as well as by the orientation distribution of the 
emitting dipoles, i.e. of their transition dipole moment.  

Here, the question of optimizing the emission of energy into the substrate needs to be answered, 
because an optical system should access the light emitting surface from the bottom. The top of 
the system needs to be saved for pipetting and/or microfluidic systems. Such optimization of 
energy into the bottom half space yields an 37.4 nm thick high index layer (see Figure 41 right). 
The corresponding energy distribution yields an enormous enhancement of energy above TIR 
angles, although the figure of merit for optimization has been the full bottom half space. This is 
“achieved” due to a reduction of the emission into propagating modes in the water and substrate.  
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Figure 41 Comparison of the angular distribution of fluorescence energy for the water – substrate system 
without (left) and with (right) a thin high refractive index layer. Dotted lines illustrate the TIR angle, 

numbers in red and blue the TE and TM emitted parts [%] of fluorescence energy into the corresponding 
angular range. 

As a next step one can ask to add an additional low index layer in order to mimic the top of an 
BSW stack. Now, optimization has been performed for angles above 63° in the substrate in order 
to avoid problem with TIR (see section 5.1). The result is a 565 nm thick L and a 119 nm thick H 
layer as shown in Figure 42 right. Unfortunately, the amount of energy emitted above TIR in the 
substrate is not increased. But, the energy is radiated into a very narrow angular range.  

 

Figure 42 Comparison of the angular distribution of fluorescence energy for the water – substrate system 
without (left) and with (right) a double L|H layer system. Dotted lines illustrate the TIR angle, numbers in 

red and blue the TE and TM emitted parts [%] of fluorescence energy into the corresponding angular 
range. 

This very narrow angular emission already suggests the resonance like behaviour of the 
fluorescence distribution. This fact becomes even more pronounced when checking the radiation 
pattern of such narrow emission feature in Figure 43. There, a “BSW like” dispersion is obtained, 
thus indicating the use of trying to approach a combination of label-free and labelled analysis 
based on BSW.  
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Figure 43 Fluorescence emission vs. wavelength and angle for the system shown in Figure 41 right. 

5.2.2 Optimized structure and BSW stack 

Now, such procedure of step by step adding additional layers to the stack and optimizing for 
fluorescence emission near but above TIR can be followed. The result for a structure containing 
two H and three L layers is given in Figure 44. Unfortunately, the amount of energy in the desired 
angular range is not increased much. Only 22.6% (=16.1%+6.5%) efficiency are reached that is well 
below the results for much simpler systems. Furthermore, comparing this result with a periodic 
BSW structure (Figure 45) reveals that the BSW rather decreases fluorescence collection 
efficiency.  

 

Figure 44 Comparison of the angular fluorescence energy distribution in the substrate – water reference 
system (left) with the one in an optimized stack (right). 

 



FP7-ICT-2011-8 – BILOBA 
  

D3.1 1DPC Design 
 

 

61 
 

 

Figure 45 Comparison of the angular fluorescence energy distribution in an periodic BSW stack (left) with 
the one in the optimized stack (right). 

Note that the BSW structure is not optimized anyway. It is just suited to obtain a resonance in the 
addressed angular range. But, a major result I obtained: Optimizing such systems yields a 
resonance like behaviour, the dispersion of which being similar to the one of a BSW. This fact is 
well illustrated in Figure 46 that compares the spectral dispersion of the two systems. Note that 
the dispersion of the BSW structure can be shifted to larger angles! The fluorescence optimization 
reached a minimum angle near 63° because this has been input as lower boundary.  

 

Figure 46 Dispersion of the TIR for different volume refractive indices of the aqueous solution and the 
dispersions of BSW and fluorescence optimized stacks. 



FP7-ICT-2011-8 – BILOBA 
  

D3.1 1DPC Design 
 

 

62 
 

In result, a few summaries and/or conclusions can be drawn from these optimizations:  

Increasing the number of layers (periods) in a BSW stack does not improve fluorescence detection 
efficiency. But it decreases the emission resonance width.  

The reason for such results seems be twofold: First, extinction in the layers causes elevated losses 
when increasing the total thickness. Second, increasing the stack thickness introduces (more) 
guided modes that can drain the energy of the excited emitting molecules.  

Optimizing algorithm tries to achieve TE and TM resonant emission at similar angles close to the 
TIR edge, because the sum of both polarizations has been set as figure of merit.  

All of the results are local (numerical) optima. There is no proof that such results are global 
optima. Especially the stack approach with an uppermost low index layer introduces restrictions 
on the outcome.  

Therefore, any later label-free based stack analysis will have to explicitly review the effect of the 
stack onto the fluorescence.  

5.3 Periodic stacks for label-free sensing 

Following such preliminary discussion of fluorescence emission on top of BSW like structures, the 
label-free sensing properties of the different structures shall be analyzed. Later on, all systems will 
be compared with respect to the Figure-of-Merit and Limit-of-Detection. 

General note: The value of sensitivity S will be calculated as a surface sensitivity. This describes the 
angular resonance shift in degrees due to adding a 1 nm layer with n=1.45 on top of the stack. 
(The numerical calculation of this value is performed by adding a 10 nm thick layer.) Previously, 
the group of SAPIENZA has shown that this sensitivity is maximized near but slightly above the TIR 
angle. More detailed analysis here shall review and try to explain such result.   

5.3.1 Properties of periodic BSW stacks 

First, the properties of periodic stacks that are continuously used during BILOBA shall be analysed. 
Therefore, the material properties obtained elsewhere12

The sensitivity is given for large range of layer thicknesses for three different numbers of LH 
periods in the stack in 

are assumed. Restricting on periodic 
stacks enables one to vary the thicknesses of both the low index and the high index layers.  

Figure 47. These (numerical) results illustrate some important features of 
the BSW resonance that have not been expected initially:  

                                                      
12See report 4.2 “Optical system” to be filed later. Refractive index values are given for convenience only at 
a wavelength of 660 nm: n(SiO2)=1.446+i3E-6; n(Ta2O5)= 2.0542+i3.3E-5.  
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• The maximum sensitivity is independent of the number of periods in the stack. (For the 
present case of 3..5 periods the maximum sensitivity varies in the 1% only.) 

• The maximum sensitivity is obtained along a line, thus linking the L and the H thicknesses of 
the periodic stack.  

 

Figure 47 Surface sensitivity given in °/nm for a n=1.45 surface adsorption depending on L and H layer 
thicknesses and calculated for periodic BSW stacks with three, four, and five periods. 

Of course, such statements are valid for the materials selected but have not been foreseen 
anyway. Besides that Figure 47 shows the  behaviour that the width of the sensitivity maximum 
decreases with increasing number of stacks.  

 

Figure 48 Properties of the BSW resonance along the line of maximum sensitivity in Figure 47. This line 
corresponds to dL=509.27nm-dH 1.0687nm-1. 
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Besides sensitivity all other properties of the resonances need to be checked as well. This is shown 
in Figure 48 for the line of maximum sensitivity taken from Figure 47. The figure reveals the 
interesting fact that the resonance angle (for maximum sensitivity) is virtually constant13

5.4 Theoretical considerations 

! It does 
not depend on the choice of the detailed work point along the line of maximum sensitivity. So the 
previous result of maximum sensitivity slightly above the TIR edge (resonance angle is ~1 .. 2° 
larger than TIR angle, please compare also the result of Figure 18 in section 3.5) is demonstrated 
again. Furthermore, there is a large freedom of design in terms of selecting the most appropriate 
layer thicknesses.  

5.4.1 Physical illustration of optimum label-free sensitivity 

At this point it is worth to physically illustrate reasons for the effects obtained when optimizing 
BSW sensors. These effects are the angular position of maximum sensitivity above the TIR edge 
(SAPIENZA), the vanishing effect of the number of periods on the maximum sensitivity 
(FraunhoferIOF), and the “line” like shape of maximum sensitivity when being plotted versus the L 
and H layer thicknesses (Fraunhofer IOF).  

A valid approach for illustration is sketched in Figure 49. There, the uppermost layer is considered 
as a waveguide layer. The resonance condition can then be illustrated by the condition  

     .       (41) 

Thus, the phases acquired during one round trip need to yield a multiple of 2π in order to achieve 
constructive interference and thus resonant guiding. These phases arise during propagation ϕprop, 
reflection at the H2O side ϕH2O, and reflection at the dielectric stack side ϕstack.  

 

Figure 49 Sketch of a BSW stack where the uppermost L layer is enlarged to be illustrated in a zick-zack 
waveguide model. The thickness x of this upper layer is assumed to increase by the value ∆x to mimic 

adsorption onto the sensor surface. 

                                                      
13 Note to the data analysis in Figure 47: The line of maximum sensitivity has been derived numerically from 
Figure 46. Therefore, variations of the resonance angle in the ±0.02° range are obtained. These are not 
important for practical means.  

2 2H O stack prop Mϕ ϕ ϕ π+ + = ⋅
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First, the propagation needs to be discussed. From classical theory it follows that this phase 
depends on the thickness x of the “waveguide” layer according to  

     .        (42) 

So any adlayer ∆x that binds onto the sensor will increase ϕprop according to eq. (42). This means 
that the propagation phase will increase due to molecular binding. In result the reflection phase 
needs to decrease in order to maintain the resonance condition (41). Looking at both reflection 
phases in Figure 50 illustrates that these phases decrease with increasing angle. Therefore the 
resonance shifts towards larger angles due to binding ∆x at the sensor surface. This is what is 
observed in the experiments.  

 

Figure 50 Qualitative behaviour of the reflection phases vs. angle. The TIR angle is marked by a dashed 
line; the resonance position is in-between the two dash-dotted lines. Colour corresponds to Errore. 

L'origine riferimento non è stata trovata. for convenience. 

Now, asking for maximum sensitivity can be illustrated as follows. The reflection properties at the 
H2O interface is somehow fixed and governed by TIR. At TIR the slope of this phase (vs. angle) is 
negative infinity! So, as the propagation phase increases due to thickness change, a vanishing 
amount of angular increase is required only to maintain the resonance condition. Therefore, the 
sensitivity at TIR is rather small.  

Increasing the working points towards larger angles reduces this effect. There, the phase of H2O 
reflection has a finite negative slope (as also the stack reflectivity has). Therefore, tuning the 
working point to angles above TIR will yield a situation, where binding will yield an angular change. 
This effect improves with increasing angles as the absolute slope of H2O reflection reduces with 
increasing angle. But, the propagation phase will exhibit maximum change at large k⊥ that 
corresponds to small angles14

Figure 48
. Such trade-off yields a situation of maximum sensitivity above, but 

close to  the TIR condition. Please refer to  for details.  

                                                      
14k⊥maximum means that the angle of incidence approaches zero. For the present discussion related to 
evanescent field sensors it means that the angle of incidence approaches the TIR condition.  

{ }~ exp 2prop i k xϕ ⊥⋅ ⋅
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5.4.2 Conclusions for stack optimization 

There has been much work spent at Fraunhofer IOF on figuring out this kind of discussion and on 
detailing it by means of rigorous electro dynamic theory. However, these details are dropped here 
as two major conclusions for optimization can be drawn already:  

“High refractive index” 

With regard to eq. (42) the propagation phase change due to thickness increase should be 
maximized. This is achieved by increasing k⊥. As stated above, such situation is achieved at small 

angles. Otherwise, because , an increase of the refractive index nx will 

also increase the phase change! So increasing the refractive index of the low index layer will 
increase sensitivity. There are two reasons that require a more detailed discussion of this 
surprising result:. First, one expects a low nL to be necessary for a band gap in the photonic crystal. 
Therefore, this topic yields another trade off in stack optimization. Second, here the adlayer∆x is 
assumed to exhibit similar optical properties as the uppermost layer of the photonic crystal. 
Although this assumption is approximately valid in the present case, the refractive index of the 
adlayer is no valid subject of optimization. However, as will be shown in the following section6.5, 
the refractive index at the surface of the stack has an enormous impact on the stack’s properties 
and its features for sensing.  

“Phase compensation”  

Looking back at the two diagrams in Figure 49, Figure 50 reveals another interesting approach for 
sensitivity optimization. In eq. (41) the sum ϕH2O+ϕstack has to compensate the change of ϕprop that 
occurs due to thickness increase ∆x. So the angular resonance shift will be maximized when 
achieving ϕH2O+ϕstack-0 in the angular range of the resonance. This means, that the stack 
reflectivity has to cancel the reflection phase at the water side, thus implying a design rule for 
stacks with maximum sensitivity. The options to achieve this aim are limited in practise. But due to 
this consideration an optimization routine aiming at maximum sensitivity will not yield periodic 
stacks. This has been exemplified and is reported in the next section 5.4.3. 

2 2 2 2sin 2x subk n n ϕ π λ⊥ = − ⋅ ⋅
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5.4.3 Stack with optimum sensitivity 

 

Figure 51 Sketch of the BSW stack (shown with TE intensity distribution in the resonance) to be used for 
670 nm label-free operation Note the increase of spectral dispersion relative to previous suggestions. 

The optimization of a layered system with the sensitivity as merit function yields the result 
displayed in Figure 51. There, a non-periodic stack matches the requirement of phase 
compensation best. Unfortunately, the dispersion of such system increases as well thus requiring 
one to collect a rather large angular range in any fluorescence mode of operation. Because of this 
reason the other approach sketched in section 5.4.2 shall be followed.  

5.5 Modification of the stack surface 

5.5.1 Effect of the uppermost layer 

The thickness of the uppermost layer could be adapted to shift the resonance position or to 
correct for the immobilization (bio)layer thickness. Furthermore, one could discuss to vary the 
refractive index of such uppermost layer also.  

These issues have been addressed by numerically analysing the BSW-like structure H2O | X | (HL)4 
| Subs. The thickness and refractive index of X have been varied, keeping the stack underneath 
strictly periodic. Such stack has been taken from the line of optimized sensitivity according to the 
previous section5.3.1.  
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Figure 52 Properties of the stack H2O | X | (HL)4 | Subs when varying the refractive index and the 
thickness of the uppermost layer n. The white arrow illustrates how the position of optimum sensitivity 

would shift. 

As result and in good agreement with the theoretical prediction in section 5.4 the sensitivity can 
be increased when increasing the refractive index of such uppermost layer. Second, resonance 
depth as well as resonance angle increase as well. In result it is concluded that increasing the 
refractive index at the top of such BSW stack seems to improve the performance15

5.5.2 High index top layer 

.  

It is rather difficult (using IOF coating technology) to prepare low loss layers with varying refractive 
index. Alternatively, SiO layers have been discussed previously for the sake of tuning extinction in 
order to enhance the deepness of resonances (see report D4.1 section 7.2.2). Unfortunately, the 
extinction of the SiO material could not be prepared reproducibly. Furthermore, such approach 
has negative effect onto the fluorescence detection efficiency.  

In conclusion of theoretical prediction and numerical analysis another suggestion has been put 
forward. A high index layer made of the same material that is already present in the stack is being 
added onto a periodic BSW stack. Calculating the properties of such systems yields the result 
shown in Figure 53 and Figure 54.  

 

Figure 53 Properties of periodic stacks with 20 nm thick Ta2O2 uppermost layer. 

                                                      
15 The meaning of „performance“ is not generally clear as different measures (FoM, LoD) are discussed. 
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Figure 54 Properties of periodic stacks with 40 nm thick Ta2O2 uppermost layer. 

Although based upon two different H top layer thicknesses only, it is concluded that the maximum 
sensitivity increases with increasing thickness of the uppermost H layer, deep resonances can be 
obtained with such approach, even when using three periods in the stack only, and resonance 
angles shift towards larger angles with increasing high index layer thickness.  

Taking a detailed look onto the distribution of energy density that is shown In Figure 55and Figure 
56, such stack with H layer on top rather appears as a dielectric waveguide than a Bloch surface 
wave stack. However, adding such uppermost layer is a valuable tool to increase the sensitivity of 
the system, because the maximum obtained (45 mdeg/nm @ 40 nm H thickness) is nearly three 
times larger than the maximum obtained with periodic stacks (17 mdeg/nm). The price for this 
sensitivity increase is a resonance shift towards angles around 70° (Figure 55). Therefore, an 
option is to reduce the top layer thickness to approximately 20 nm, thus yielding a less sensitive 
resonance at smaller angles (Figure 56).  

 

Figure 55 Summary of stack and intensity distribution (a) and label-free sensing (b) of a stack with 40 nm 
thick high index layer on top. 
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Figure 56 Summary of stack and intensity distribution (a) and label-free sensing (b) of a stack with 20 nm 
thick high index layer on top. 

5.5.3 Silica surface modification 

Two surface chemistry approaches are conducted in BILOBA. One relies on the deposition of a thin 
polymer layer (POLITO), the other on functionalizing the surface with silanes. As the latter 
approach relies on Si-OH groups for the surface reaction it is not suited for Ta2O5. This argument 
suggests adding another SiO2 layer on top of such thin Ta2O5 layer. The properties of such stacks 
are shown Figure 57 below assuming a 20 nm thick adlayer.  

 

Figure 57 Properties of the system L20nm|H20nm|(LH)3L|Sub. 

Again, a linear relation of the L and H layer thicknesses seems to be visible with regard to 
maximum sensitivity in the left diagram of Figure 57. This line has been numerically extracted and 
is shown in Figure 58. Then, more convenient graphs for the stack properties along such line of 
maximum sensitivity are given in Figure 59. 
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Figure 58 Line of maximum sensitivity connect L and H layer thicknesses as obtained from Figure 56. 

In result, maximum sensitivity and convenient depth of the resonance is obtained with periodic 
stack comprising 120 nm and 340 nm thicknesses of high index and low index layers, respectively. 
Such stack has been experimentally prepared at IOF (14. October 2013, deposition A/13/527). 

 

 

Figure 59 Detailed properties of the resonance at 670 nm wavelength for the stack 
L20nm|H20nm|(LH)3L|Sub with L and H layer thicknesses varied along the line given in . 

An interesting aspect not regarded so far, especially with regard to fluorescence analysis, is the 
dispersion of the resonance. This dispersion determines the angular range into which fluorescence 
energy is emitted. Therefore, several points from the line of maximum sensitivity (Figure 58) have 
been used to study the effect of the stack onto the dispersion as shown in Figure 60.  
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Figure 60 Spectral dispersion of the TE polarized resonance position for different choices of the 
thicknesses in the periodic stratified system of the stack L20|H20|(LH)3L|Sub (right diagram). TIR angles 

are given for different indices of the analyte solution. The left diagram illustrates the different thickness 
combinations. 

According to this result, the stack dispersion obviously depends on the selection of the H and L 
layer thicknesses of the periodic stack. Not expected is the fact that the dispersion of the most 
sensitive stacks (in the sense that these are taken from the line in Figure 58) is constant. This 
observation might be attributed to the fact that the resonance angle (i.e. the effective index of 
resonance) is fixed for a given material combination. But further theoretical considerations are 
required in order to completely understand such outcome.  

5.6 Comparing different stack design approaches 

5.6.1 Wavelength range 

When comparing different stacks for their efficiency with regard to fluorescence detection and for 
defining an angular range of observation, certain limits need to be imposed on the wavelength 
range. The dye “Nile Blue” has been used for initial experiments. However, different other dyes 
could be accessed as well. Such data is given in Figure 61 for convenience.  
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Figure 61 Excitation and emission spectra of different dyes potentially suited to be used with the BILOBA 
instrument. Spectra in the range 550..800 nm have been obtained from www.chroma.com. The Cy5 

diagram has been scaled as data is available for <750 nm only. 

The spectral intensities of the different dyes need to be compared with the spectral sensitivity of 
any detector to measure emitted energy. Here, CCD chip Sony ICX 694 is one candidate for such 
detection. Its spectral sensitivity (quantum efficiency) is shown in Figure 62.  

 

Figure 62 Relative spectral response of the Sony ICX 694 CCD sensor. 

In result, the spectral range starting from 655 nm (determined by the transmission edge of the 
long pass filter) and 780 nm (estimated from Figure 61) should be appropriate for an optical design 
when taking the four dyes shown above into account. The upper limit also corresponds to 
achieving 50% of the maximum quantum efficiency of the detector (Figure 62). Therefore an 

http://www.chroma.com/�
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extension of the spectral range towards larger wavelengths is not considered to yield a significant 
increase of fluorescence detection efficiency.  

5.6.2 Comparison of stack dispersion 

Taking this angular range in mind allows one to compare the spectral properties of different 
stacks. This is shown in Figure 63 for the list of stacks explained in detail in Table 4. 

 

Figure 63 Dispersion of different stacks discussed in this document and detailed in Table 4. TIR is shown 
for two different analyte refractive indices for convenience. 

It is apparent that the stacks differ with respect to the dispersion of the resonance. The largest 
dispersion, in terms of angular range spanned across the spectrum considered, is obtained for the 
“Exp” and the “H40” stack.  

Short Name Origin Stack  Details 
D4.1 Report Deliverable 4.1 Sub | (LH)3 L | H2O dL = 570 nm 

dH = 115 nm 
Exp This file section 6.4.3 Sub | L415 H141 L419 H146 L307 H242 L107 

| H2O 
 

F_Opt This file section 6.2.2, 
optimized fluoresce. 

Sub | L347 H131 L290 H142 L529 | H2O  

(LH)^4 This file section 6.3.1 Sub | (HL)4 | H2O dL = 404 nm 
dH = 100 nm 

H20 This file section 6.5.2 Sub | (LH)3 L H20 | H2O dL = 320 nm 
dH = 115 nm 

H40 This file section 6.5.2 Sub | (LH)3 L H40 | H2O dL = 320 nm 
dH = 115 nm 

Table 4 Details of the stacks assumed for comparison. 

Besides the pure “dispersion” of a stack it is worth to discuss a more realistic experimental 
situation. This means, that the dispersion is shifted towards larger angles due to biochemical 
surface binding and refractive index changes in the solution. This has been considered for two 
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stacks, assuming an increase of solution refractive index to 1.36 and a 10 nm thick layer (n=1.45) 
at the stack surface.  

 

Figure 64 Dispersion of two out of the stacks shown in Figure 62 (solid thick lines). Taking into account a 
10 nm thick organic layer as well as increased refractive index of the analyte solution (1.36) shift the 

dispersion to larger angles (dashed thick lines). The required angular range for detection is then given by 
the two “dispersion” lines and the minimum (655 nm) and maximum (780 nm) wavelengths (blue frame). 

The result in Figure 64 reveals that the “(LH)^4” stack cannot be used because an increase in 
volume refractive index cuts the long wavelength range of the spectrum. In contrast, the “H20” 
stack is not affected from such shift, thus this stack should be preferred.  

5.6.3 Detection angular range – example 

The diagram shown in Figure 64 illustrates one possible definition of an angular range using the 
stack “H20” as example. Then, the minimum angular range to be detected is defined by the 
minimum wavelength of observation and the dispersion at highest sensor load at the large angle 
limit, the maximum wavelength of observation and the dispersion with minimum sensor load at 
the small angle limit, and tolerances to be considered.  

Taking both borders (i and ii) into account only yields the result that is indicated by the blue 
rectangle in Figure 64. This corresponds to approximately 3.5° full angular range that is centred 
near 64°.  

5.6.4 Stack design comparison 

The two quantities LoD and FoM can be used to quantitatively compare the performance of the 
different approaches for stack design discussed so far. For the stacks taken from Table 4 one 
obtains the results in Table 5. Note that such numbers are estimations and do not consider 
tolerances yet. The angular range A has been determined from the resonance shift from n=1.33 
and d=0 to n=1.36 and d=10 nm, with d being the thickness of an adlayer due to molecular binding 
with refractive index 1.45.  
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Table 5 Quantitative comparison of different stacks in Table 4 with calculation 
performed according to equations (15) and (33) Note that the angular range A is 

estimated for label-free only operation while AF has been estimated for imaging the 
full fluorescence spectral width. Pixel number assumed is 1; optima in each category 

are marked with ellipses. 

Table 5 contains very important results, first of all with respect to the comparison of dielectric 
layers and the SPR approach (see also Figure 65 for convenience). The latter has been simulated at 
NIR wavelength because two partners in the consortium work in this configuration. However, it 
turns out BSW should clearly beat SPR with regard to both LoD and FoM estimation. But according 
to the discussion in section 4.9 the resonance needs to be sampled well enough, i.e., the angular 
range around the resonance requires more than approximately 25 pixels discretization. Then the 
improved ratio of sensitivity and resonance width causes a large FoM and low LoD that lets BSW 
beat SPR performance.  

 

Figure 65 Comparison of resonance shift for the case of SPR (left) and BSW (right) when assuming a 
binding of 0.1 nm thick layer. 

Comparing the dielectric stacks in the line LoD [nm] yields another interesting result: The “non-
periodic” stacks with thin high index layers on top outperform all other approaches. This is mainly 
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due to the small angular width and the rather large sensitivity. However, before drawing a final 
conclusion tolerance estimations need to be added to the angular ranges.  

Comparing the lines of LoD and LoDF (the latter taking the full spectrum angular range into 
account) yields more or less similar winners. But, in such case the LoD further increases with 
respect to the case of imaging a narrow range only. Note that the optimum for LoDF is one order 
of magnitude above the optimum for LoD. This fact could be compensated only by increasing of 
the number of detector pixels (~#1/2) for the BSW system.  

5.7 Most recent stack design 

5.7.1 Label-free operation (SPR like) 

One result from the above considerations is, that a decrease of resonance width is required in 
order to achieve a decreased LoD. But, imaging such extremely narrow angular resonances 
increases the demand of resolution for any optical system. Resolution means the capability to 
obtain an image of this resonance in order to achieve sampling by the pixelated detector. 
Resolution limits are imposed due to diffraction limits an aberrations by non-ideal optical 
elements. Therefore, after discussion with the deposition group at Fraunhofer IOF, a new stack has 
been designed that contains TiO2 as thin, high index layer in order to increase resonance width. 
Different extinction of this material can be prepared during deposition16

It turns out, that both the angular position of the resonance and the sensitivity are not affected by 
the losses of the TiO2 layer. This is due to the fact that both quantities depend on the refractive 
index real part much more that on the losses in such loss range (result not shown). Contrarily and 
as has been intended, the resonance width and depth vary when changing the TiO2 layer losses 

 thus resulting in  

“low loss” TiO2 n(TiO2) ~ 2.28+i5.0E-4 

“high loss” TiO2 n(TiO2) ~ 2.28+i1.8E-3 

Wavelength of calculation is 670 nm and the values n(Ta2O5)= 2.108+ i 5E-5; n(SiO2)= 1.474+ i 5E-6; 
n(subs)=1.5299 have been assumed for simulation.  

After preliminary steps the structure subs | SiO2 | (Ta2O5/SiO2)2 or 3 | TiO2 | SiO2 | water has 
been selected for detailed consideration and optimization as described below. In case of low TiO2 
losses a 3 period stack and in case of high TiO2 losses a 2 period stack is being used in order to 
achieve deep resonances. Based upon the previous “H20 stack” results both top layers have been 
set to 20 nm thicknesses in order to achieve a proper wave guiding layer. Furthermore, a 20 nm 
SiO2cover layer is introduced to enable for Silane based surface chemistry.  

                                                      
16P. Munzert, Fraunhofer IOF 
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and adapting the substrate side stack. This is apparent when comparing the right and left columns 
in Figure 66. From such data the performance measures FoM and LoD have been derived (Figure 
67).  

High loss TiO2 + 2 period stack  Low loss TiO2+ 3 period stack 
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Figure 66 Comparison of resonance widths, depths as well as angular position and sensitivity for the 
cases of high and low absorbing TiO2 layer as described in the text. Black colour depicts regions with 

invalid data due to the limited range of angular calculation.  

In result, using a high loss stack with thin TiO2 high index layer theoretically enables one to achieve 
LoDmin<10or a FoMmax~0.4, both outperforming the SPR result in Table 5.  

High loss TiO2 + 2 period stack  Low loss TiO2+ 3 period stack 

 

 

Figure 67 Comparison of resulting LoD and FoM for the cases of high and low absorbing TiO2 layer as 
described in the text. Black colour depicts regions with invalid data due to the limited range of angular 

calculation. 

A stack comprising high loss TiO2 and a two period stack with 120 nm thick H and 2757 nm thick L 
layers to achieve maximum sensitivity has been selected for deposition. The following properties 
can be derived for the selected stack:  

Depth    D = 0.92  
Width of Resonance  W = 0.12° 
Sensitivity   S = 0.034°/nm 
Angular range   A = 1.36° (label-free) 
Figure of Merit  FoM = 0.26 nm-1 
Limit of detection  LoD = 12.9nm 
 
Some of these properties are illustrated in the following figure.  
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Figure 68 Left – TE polarized reflectivity for the planar stack and nc=1.33 (blue), the same stack with 
10 nm bio adlayer (n=1.45; green), and the stack with 10 nm adlayer and nc=1.36 (black). These 

simulations yield sensitivity and angular range (as indicated). Right – energy density distribution of the 
electromagnetic field in the resonance of the structure. 

In summary such stack could prove a convenient option for label-free sensing, especially when 
taking deposition issues (small total stack thickness) and limited imaging resolution into account.  

6 ELLIPSOMETRIC APPROACH TO LABEL-FREE DETECTION 

SAPIENZA explored the possibility to increase the performance of label-free optical biosensors by 
the exploitation of the change of the polarization state upon reflection from the 1DPC. Such 
condition can be achieved by operating the experimental sensing apparatus in a fully ellipsometric 
configuration. With reference to Fig. 5(c), the polarizer is turned at 45deg with respect to the 
incidence plane, giving rise to TE and TM components with the same intensity, and the analyzer is 
crossed at -45deg. The reflectance of the complete system will depend on the phase and 
amplitude changes of the TE and TM reflected fields. The LCR is used to change the phase shift 
between the TE and TM components and bias the input field to any state of canonical polarization. 

In Fig.69we show the TMM calculation carried out with SimeDS of the reflectance in a crossed 
polarizers configuration as a function of the angle θ, for the same 1DPC described in the Section 
3.1(caption of Figure 6) (N=4 and κL=8.2*10-6) and for several different values of Ψ between 0deg 
and 90deg. RCROSS can be obtained calculating the TE and TM reflectivities as: 

 TMTE j
TMTE TMTE err ,,,

~ ϕ⋅=          (42) 
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and then evaluating: 
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Such calculations include the information on the amplitude and phase contributions to the TE and 
TM polarized field reflectivities of the 1DPC. Also the contribution of the coupling prism is taken 
into account, therefore the curves show a maximum reflectance value less than unity. 

 

Figure 69 Numerical calculations carried out by SiMeDS, assuming the design 1DPC structure defined in 
the Paragraph 3.1 (caption of Figure 6), for different values of =0, 30, 45, 60 90 deg. 

From calculations, it is found that the absolute value of the slope of RCROSS at θBSW is maximum for 
Ψ=45 deg and Ψ=225 deg, with opposite sign. In order to maximize the resolution it is therefore 
worth to work at Ψ=45deg. The RCROSS(θ) curve in Fig. 70is obtained for a phase difference 
Ψ=45 deg between the TE and TM components introduced by the LCR. In Figure 69we also show 
the calculated TE and TM reflectances, RTE and RTM respectively. In the present calculations we 
neglected Fresnel losses at the prism facets. 

RCROSS has a steep change around θBSW, where the RTE shows the BSW resonance. We notice that 
around the resonance RTM is flat and unitary; it just shows a very shallow resonance around θ=65 
deg due to the presence of a guided mode of the 1DPC.  

Figure 70clearly indicates that, despite the fact that κL is very small and the BSW resonance 
measured in the TE polarization is shallow, RCROSS is characterized by a large contrast and slope 
around θBSW, that can be very effectively used for sensing. 
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Figure 70 Numerically calculated RTE, RTM, RCROSS reflectance for the 1DPC as defined in the text. The 
figure on the right  is a zoom about the BSW resonance angle. 

As in the case of single polarization operation, in the full ellipsometric approach, the  change 
∆RCROSS due to a change ∆nEXT is given by: 

  n
dn

d
d

dRR BSW

WP

CROSS
CROSS ∆⋅

θ
⋅

θ
=∆       (38) 

where dnd BSWθ is the same sensitivity S of the sensor we discussed above and θddR CROSS is the 

slope of the RCROSS(θ) curve at the working point. Again if the working point corresponds to the flex 
of RCROSS and comparing to Eqs. (2) and (3) we obtain: 

  WP

CROSS
CROSS d

dRS770FOM
θ

⋅⋅= .
       (39) 

that can be directly compared to the FOMTE previously considered. 
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Figure 71 Numerically calculated FOMCROSS for the 1DPC as defined in the text and for three different 
values of the number of repetition units N=3, 4, 5. 

In Figure 71 we report the results on the numerical calculation of the FOMCROSS as a function of the 
extinction coefficient κL, for the 1DPC described above for N=3,4,5. The FOMCROSS is a 
monothonically decreasing function of κL; such behavior is due to the  broadening of the BSW 
resonance that reduces the slope of RCROSS. 

Comparing Figure 71 and Figure 9 the advantage of using the full ellipsometric approach for 
sensing can be better appreciated. The figure of merit can be almost twice larger than in the single 
polarization configuration, and the resolution can be increased accordingly. It is also found that 
the FOMCROSS for the 1DPC with N=5 suffers more from the extinction and BSW resonance 
broadening. Depending on the extinction coefficient of the 1DPC materials it will be convenient to 
choose N to maximize the FOMCROSS and the resolution. 

 

N 
FOMCROSS,MAX 

[RIU-1 ] MAXTE

MAXCROSS

FOM
FOM

,

,  

3 492 1.78 
4 1878 1.84 
5 4974 1.30 

Table 6 Numerically calculated  figure of merit for the full ellipsometric configuration and the 
corresponding ratio to the FOM for the single polarization configuration.  Three cases with different 

values of the 1DPC number of repetition units N are considered. 
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We recently showed17

7 1DPC LAYOUT FOR TE- and TM- POLARIZATIONS 

 that κL can be as low as 3.5*10-6 in silica/tantalia 1DPC, permitting to 
operate very close to the FOM maximum. For such value of κL the corresponding FOM are 
reported in Table 6 for N=3,4,5. In addition, it is meaningful to calculate the ratio between the 
figures of merit related to full ellipsometric case and the single polarization case. The results show 
that the gain in resolution decreases for 1DPC for larger N. 

As a conclusion, in the case the BSW sensors are operated in the full ellipsometric scheme, we 
have shown here that the FOM is optimized for small absorption losses and that the resolution can 
be improved by a factor 1.84 with respect to optimized BSW sensors operating in a single 
polarization scheme. Such result paves the way to the fabrication of high resolution label-free 
biosensors based on very low loss 1DPC. We remind that, during the 1DPC fabrication, it is 
generally much easier to minimize the absorption losses in the dielectric layers rather than tuning 
them to a precise value. 

In the frame of the Task 3.6 - Laboratory Test Bench for 1DPC Optical Characterisation SAPIENZA is 
carrying out experiments to demonstrate the effectiveness of the ellipsometric approach. Such 
experiments will be reported in the report for the Deliverable 3.2 at month 18. 

When dealing with fluorescence detection, it is desirable to increase the overall amount of 
fluorescence collected on the CCD detector, as sketched in the document D4.1. 

Given a proper angular range that is imaged on the CCD, some advantages can be obtained by 
providing a 1DPC exhibiting a TM-polarized mode in addition to the BSW. This additional TM mode 
should (i) show a surface confinement and (ii) be superposed to the BSW dispersion as much as 
possible.  Under these conditions, the radiation emitted by the organic sources on the 1DPC 
surface can easily couple at least in one of the two modes depending on their dipole orientation 
relative to the surface, therefore increasing the overall amount of mode-coupled fluorescence. 

Taking inspiration by previous works, we propose here a 1DPC layout that is at least partially 
satisfying the two conditions (i) and (ii). The structure is  summarized below. 

Operating wavelength

                                                      
17F. Michelotti, A. Sinibaldi, P. Munzert, N. Danz, and E. Descrovi, “Probing losses of dielectric multilayers by 
means of Bloch surface waves,” Opt. Lett. 38, 616-618 (2013). 

: 630-760 nm   

Structure for operation in water (n=1.333) 
Sensitivity (TE): 20 mdeg/nm 
Sensitivity (TM): 10 mdeg/nm 
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Layers: 

layer –L–   (SiO2)      thickness:    286.2  nm  
layer –H–   (Ta2O5)    thickness:    178   nm  
layer –Hp– (Ta2O5)   thickness:    16  nm  
layer –S–   (SiO2)  thickness:    20  nm 
Stack sequence:  substrate-(L-H)x3-L-Hp-S-air 

Substrate:  TOPAS (n=1.527 @ l=780 nm) 

Calculated reflectivity maps for both polarization are shown in 

The total thickness of the structure is 1714.8 nm. 

Figure 72 where it is possible to 
appreciate the two mode dispersions almost superposed in an angular range from 63 deg to 67 
deg. 

 

Figure 72 Calculated Reflectivity map for the BSW (left) and the TM-polarized mode (right) sustained by 
the 1DPC described in this section. 
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Figure 73 Cross-sectional Reflectivity showing the two resonances for the BSW and the TM mode almost 
fully superposed at atλ=670 nm. 

 

# low loss and low densified SiO2 
# preparation IOF Peter Munzert 
# followed by parameter definition 
sqrt(n1+n2/(x^2)) 
k1 
n1=2,06681 
n2=10723,3 
k1=0,000006 

Fluorescence Emission simulation carried out at SAPIENZA with the software Radiating Slabs 
from IOF. 

Reported below are the simulations we get if we assume the dispersions for the low and high 
index materials we have got for the low densified silica and tantalia materials deposited at IOF. 
The dispersion formulas are: 

# low loss and low densified Ta2O5 
# preparation IOF Peter Munzert 
# followed by parameter definition 
sqrt(n1+n2/(x^2)) 
k1 
n1=4,051478 
n2=101186 
k1=0,00002 
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TE and TM reflectances 

 

Figure 74 Calculated Reflectivity map for the BSW (left) and the TM-polarized mode (right) sustained by 
the 1DPC described in this section. Calculations by SAPIENZA. 

The depth of the TE and TM modes are smaller than those reported by POLITO above. Probably it 
is due to a slight difference in the absorption coefficients assumed. However, this difference has 
negligible effect. 

TE and TM fluorescence emission 

The emitter is assumed to be Nile blue with the emission spectrum sent by IOF by e-mail. The 
emitters are in a 1nm thick layer with refractive index 1.45 at the top of the structure. The 
orientation distribution of the emitters is uniform. The calculations are in water with n=1.333. 

 

Figure 75 Calculated Fluorescence intensity radiated by emitters close to the 1DPC surface and coupled 
into the two modes considered. 

Figure 75 shows that both the BSW and the TM mode are working as coupling channels for the 
emitted radiation, that is outcoupled in the free space according to the dispersions, as expected. If 
we used correctly the functions of Radiating Slab the stack on TOPAS will emit in the substrate in 
total 32.6% consisting of  9.3%TM + 23.3%TE contributions, thus demonstrating the beneficial 
effect of an additional TM mode able to couple radiation also from dipoles oriented normally to 
the 1DPC surface. 
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The proposed 1DPC layout can be used in alternative to the configurations presented in section6 
since it sustains the two modes in similar angular and wavelength ranges. However, it has to be 
take in mind that, if an ellipsometric approach is employed for the label-free detection, the 
presence of the TM mode is perturbing the phase of the reflected TM-polarized modes, thus 
alternating the final interference pattern obtained on the CCD.  
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