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Abstract: Detection of glucose in water solution for several different 
concentrations has been performed with the purpose to determine the 
sensitivity of Near Infrared Bloch Surface Waves (λ = 1.55µm) upon 
refractive index variations of the outer medium. TE-polarized 
electromagnetic surface waves are excited by a prism on a silicon nitride 
multilayer, according to the Kretschmann configuration. The real-time 
reflectance changes induced by discrete variations in glucose concentration 
has been revealed and analyzed. Without using any particular averaging 
strategy during the measurements, we pushed the device detection limit 
down to a glucose concentration of 2.5mg/dL, corresponding to a minimum 

detectable refractive index variation of the water solution as low as 3.8·10
−6

. 
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OCIS codes: (240.6690) Surface waves; 280.4788 Optical sensing and sensors; (350.4238) 
Nanophotonics and photonic crystals. 

References and links 

1. P. Yeh, A. Yariv, and A. Y. Cho, “Optical surface-waves in periodic layered media,” Appl. Phys. Lett. 32(2), 
104–105 (1978). 

2. W. L. Barnes, “Surface plasmon-polariton length scales: a route to sub-wavelength optics,” J. Opt. A, Pure Appl. 
Opt. 8(4), S87–S93 (2006). 

3. M. Shinn, and W. M. Robertson, “Surface plasmon-like sensor based on surface electromagnetic waves in a 
photonic band-gap material,” Sens. Actuators B Chem. 105(2), 360–364 (2005). 

4. E. Descrovi, F. Frascella, B. Sciacca, F. Geobaldo, L. Dominici, and F. Michelotti, “Coupling of surface waves in 
highly defined one-dimensional porous silicon photonic crystals for gas sensing applications,” Appl. Phys. Lett. 
91(24), 241109 (2007). 

5. F. Michelotti, B. Sciacca, L. Dominici, M. Quaglio, E. Descrovi, F. Giorgis, and F. Geobaldo, “Fast optical 
vapour sensing by Bloch surface waves on porous silicon membranes,” Phys. Chem. Chem. Phys. 12(2), 502–
506 (2009). 

6. M. Liscidini, M. Galli, M. Patrini, R. Loo, C. Goh, C. Ricciardi, F. Giorgis, and J. E. Sipe, “Demonstration of 
diffraction enhancement via Bloch surface waves in a-SiN:H multilayers,” Appl. Phys. Lett. 94(4), 043117 
(2009). 

7. I. V. Soboleva, E. Descrovi, C. Summonte, A. A. Fedyanin, and F. Giorgis, “Fluorescence emission enhanced by 
surface electromagnetic waves on one-dimensional photonic crystals,” Appl. Phys. Lett. 94(23), 231122 (2009). 

8. D. A. Stuart, C. R. Yonzon, X. Zhang, O. Lyandres, N. C. Shah, M. R. Glucksberg, J. T. Walsh, and R. P. Van 
Duyne, “Glucose sensing using near-infrared surface-enhanced Raman spectroscopy: gold surfaces, 10-day 
stability, and improved accuracy,” Anal. Chem. 77(13), 4013–4019 (2005). 

9. R. J. McNichols, and G. L. Coté, “Optical glucose sensing in biological fluids: an overview,” J. Biomed. Opt. 
5(1), 5–16 (2000). 

10. Y. J. Lee, S. A. Pruzinsky, and P. V. Braun, “Glucose-sensitive inverse opal hydrogels: analysis of optical 
diffraction response,” Langmuir 20(8), 3096–3106 (2004). 

11. G. D. Kim, G. S. Son, H. S. Lee, K. D. Kim, and S. S. Lee, “Refractometric sensor utilizing a vertically coupled 
polymeric microdisk resonator incorporating a high refractive index overlay,” Opt. Lett. 34(7), 1048–1050 
(2009). 

12. F. Demichelis, F. Giorgis, and C. F. Pirri, “Compositional and structural analysis of hydrogenated amorphous 
silicon-nitrogen alloys prepared by plasma-enhanced chemical vapour deposition,” Philos. Mag. B 74(2), 155–
168 (1996). 

(C) 2010 OSA 12 April 2010 / Vol. 18,  No. 8 / OPTICS EXPRESS  8087



13. S. Lettieri, S. Di Finizio, P. Maddalena, V. Ballarini, and F. Giorgis, “Second-harmonic generation in amorphous 
silicon nitride microcavities,” Appl. Phys. Lett. 81(25), 4706–4708 (2002). 

14. E. Descrovi, F. Giorgis, L. Dominici, and F. Michelotti, “Experimental observation of optical bandgaps for 
surface electromagnetic waves in a periodically corrugated one-dimensional silicon nitride photonic crystal,” 
Opt. Lett. 33(3), 243–245 (2008). 

15. F. Giorgis, C. F. Pirri, C. Vinegoni, and L. Pavesi, “Luminescence processes in amorphous hydrogenated silicon-
nitride nanometric multilayers,” Phys. Rev. B 60(16), 11572–11576 (1999). 

16. F. Giorgis, C. F. Pirri, C. Vinegoni, and L. Pavesi, “Radiative emission properties of a-SiN:H based nanometric 
multilayers for light emitting devices,” J. Lumin. 80(1-4), 423–427 (1998). 

17. V. N. Konopsky, and E. V. Alieva, “Photonic crystal surface waves for optical biosensors,” Anal. Chem. 79(12), 
4729–4735 (2007). 

18. CRC Handbook of Chemistry and Physics, 70th ed., R. C. Weast, ed. (CRC, 1989). 
19. M. Piliarik, and J. Homola, “Surface plasmon resonance (SPR) sensors: approaching their limits?” Opt. Express 

17(19), 16505–16517 (2009). 
20. E. Descrovi, T. Sfez, L. Dominici, W. Nakagawa, F. Michelotti, F. Giorgis, and H.-P. Herzig, “Near-field 

imaging of Bloch surface waves on silicon nitride one-dimensional photonic crystals,” Opt. Express 16(8), 5453–
5464 (2008). 

21. J. Homola, S. S. Yee, and G. Gauglitz, “Surface plasmon resonance sensors: review,” Sens. Actuators B Chem. 
54(1-2), 3–15 (1999). 

22. C. Ricciardi, S. Fiorilli, S. Bianco, G. Canavese, R. Castagna, I. Ferrante, G. Digregorio, S. L. Marasso, L. 
Napione, and F. Bussolino, “Development of microcantilever-based biosensor array to detect Angiopoietin-1, a 
marker of tumor angiogenesis,” Biosens. Bioelectron. 25(5), 1193–1198 (2010). 

23. M.-J. Bañuls, V. González-Pedro, C. A. Barrios, R. Puchades, and A. Maquieira, “Selective chemical 
modification of silicon nitride/silicon oxide nanostructures to develop label-free biosensors,” Biosens. 
Bioelectron. 25(6), 1460–1466 (2010). 

1. Introduction 

Bloch Surface Waves (BSW) are electromagnetic modes propagating at the interface between 
a homogeneous medium and a truncated periodic structure like a dielectric monodimensional 
photonic crystal (1DPC) [1]. BSW dispersion curves are located within forbidden bands of the 
1DPC, beyond the light line of the homogenous medium. This results in a exponential decay 
of the field envelope inside the periodic structure and an exponential decay of the field in the 
homogeneous medium because of total internal reflection. BSW on dielectric 1DPCs are 
equivalent to surface plasmon polaritons (SPP) on thin metal films and share some common 
characteristics. However, since dielectrics are characterized by much lower extinction than 
metals, BSW resonances appear much narrower than those observed for SPP [2]. 

The use of BSW is particularly promising in the optical sensing area [3], where the 
capability to confine and guide light in micro- and nano-structures can be exploited to 
enhance sensitivity by increasing the effective light-matter interaction. Beside the 
conventional Surface Plasmon Resonance (SPR)-like detection scheme [4,5], other improved 
detection configurations based on enhancement phenomena upon BSW coupling have been 
demonstrated [6,7]. 

In this work we report on the design, fabrication and characterisation of hydrogenated 

amorphous silicon nitride �a-Si1−xNx:H| 1DPC for the optical detection of glucose mediated by 

BSW. As compared to other techniques, optical sensing is particularly attractive since it does 
not need ionizing radiation, generally it does not require consumable reagents, and the 
response is rather fast. Recent advances in optical glucose detection rely on transduction 
mechanisms based on Raman spectroscopy [8], fluorescence [9], diffraction [10], and 
resonance in integrated photonic devices [11]. Among these techniques, BSW-based detection 
represents a powerful alternative showing very high sensitivity. 

2. Materials and Methods 

a-Si1−xNx:H 1DPCs were grown by plasma-enhanced CVD on glass slides. Depending on the 

nitrogen content, a-Si1−xNx:H can have a tunable refractive index and optical gaps over a wide 
energy range [12]. These features, together with the nanometric control of the growth process, 
make such alloy very appealing for the realization of optical structures such as Bragg 
reflectors, microcavities [13] and multilayers sustaining BSW [14]. The composition of the a-

Si1−xNx:H layers was controlled by operating on the ammonia fraction in a SiH4 + NH3 
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plasma, allowing the fabrication of high quality periodic stratified structures. More 

particularly, a- stratified structure made of Si1−xNx:H with variable average stoichiometry can 
benefit of a refractive index range from 1.7 (for a-Si3N4:H) up to 3.5 (for pure a-Si:H) in the 
low absorption energy region.. This characteristics allows the versatile use of silicon nitride 
alloys in the fabrication of 1DPC operating with BSW either in the near infrared or in the 
visible energy range [7]. In the former case, the highest refractive index contrasts can be 
obtained. In the latter, a suitable compromise between moderate high refractive index of sub-

stoichiometric a-Si1−xNx:H with respect to a low layer absorbance can be reached. Moreover, 
the plasma assisted CVD process concerning with SiH4 + NH3 gas mixtures allows to obtain 
excellent interface abruptness, taking care that at each heterointerface, the rf discharge is 
interrupted and the deposition chamber evacuated, avoiding any intermixing effect. In the last 
decade, such a process allowed to obtain high quality nanometric multilayers exploited in 
light emitting devices [15,16]. 

The multilayer design is optimized for operating in contact with a water environment and 
allowing TE polarized BSW only. The structure consists of a 10-period stack of high (nH = 
2.19 at λ = 1530 nm) and low (nL = 1.72 at λ = 1530 nm) refractive index layers having 
thicknesses dH = 265 nm and dL = 318 nm, respectively. A flow cell (volume 1.4 cm

3
) is 

contacted to the top surface of the multilayer as shown in Fig. 1. The fluids used in the 
experiments are injected in the cell by inlet and drain hoses connected to syringes. 

Fig. 1. Experimental setup for BSW coupling in the Kretschmann configuration. The 
illumination beam has low divergence (~0.038 deg.) and a linear polarization parallel to the 
1DPC interfaces (TE). A flow cell is contacted to the top surface of the 1DPC. 

A preliminary experimental map of the BSW dispersion curve in the wavelength range 

λ∈[1450 nm,1590 nm] was performed in the Kretschmann–Raether configuration, by means 
of the setup shown in Fig. 1, where a collimated and TE-polarized beam from a fibered, 
tunable laser diode, is focused on the sample through the input facet of a 45 deg BK7 glass 
coupling prism (nBK7 = 1.501). θ is the angle between the normal to the 1DPC planar 
interfaces and the direction of the incident beam at the prism/multilayer interface, ranging in 

the interval θ∈[37 deg., 70 deg.]. A lens (focal length 50 mm) collects and focuses the 
reflected light onto a photodiode. The collection lens and the photodiode are rotated according 

to the angular position of the sample, in a θ−2θ fashion. Reflectance profiles, either angularly 
or spectrally resolved, are obtained by sweeping either θ or λ over the given ranges. 
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2. Results and Discussion 

In Fig. 2a we show the measurements of the BSW resonances obtained for several increasing 
glucose concentrations in the water solution contained in the flow cell. A BSW is coupled at a 
fixed incidence angle θ0 = 63.6deg starting from the condition of pure water. The glucose 
concentration is then increased starting from C = 10 mg/dL up to C = 10

4
 mg/dL (0.01% to 

10% vol.) in discrete steps. The reflectance values were best-fitted with Lorentzian curves, 
allowing the dip position and width to be determined. It is found that the spectral position of 
the BSW resonance is affected by the increase of the refractive index of the homogeneous 

medium, resulting in a positive shift ∆λ = λ−λ0 from the initial position of the dip at λ0 = 1470 
nm (pure water), as also observed in other BSW based sensing experiments [17]. We point out 
that the width of the resonances lays around 5nm, well below the standard width observed for 
SPP (tens of nm). 

The ∆λ shift extracted from the measurements shown in Fig. 2a is plotted in Fig. 2b as a 
function of the corresponding glucose concentration. The variation of the refractive index of 
the solution ∆n(C) = nC–n0, where nC and n0 are the refractive indices of the solution with 
glucose concentration C and of pure water respectively, was estimated by using the relation 

∆n(C) = α·C, where α = 1.515·10
−6

dL/mg [18]. ∆n(C) is also reported on the top abscissa of 
Fig. 2b. From the linear fit of the experimental values, solid line in Fig. 2b (red on-line), we 
obtained an estimation of the sensitivity ∆λ/∆n = (1.105 ± 0.040) ·10

3
 nm/RIU. Such value is 

larger than the sensitivity of SPR sensors operating in the visible range and one order of 
magnitude smaller than their sensitivity in the near infrared (NIR-SPR) [19]. 

The sensitivity we measured is in good agreement with the expectations from the 
following approximated model. Given that the propagation constant of a monochromatic 
BSW at λ0 excited at the interface 1DPC/solution in Kretschmann configuration can be 
written as β = 2π/λ0·nBK7/nC·sinθ, the overall variation ∆β at a fixed θ0 is: 

 
0 BK7 2 2

0 0 0

n
2 sin  n

n n
o

λ
β π θ

λ λ
 ∆ ∆

∆ = − ⋅ ⋅ + 
 

  

  (1) 

If we assume that variations ∆β produced by the perturbation ∆n(C) can be fully compensated 
by a corresponding ∆λ, while keeping θ0 fixed, after imposing ∆β = 0, we obtain: 

 
0 0

n(C)

n

λ
λ
∆ ∆

= −   

  (2) 

From this approximated linear model, we find a slope |∆λ/∆n| = λ0/n0 = 1.1053·10
3
 nm/RIU, 

which represents the detection sensitivity, in very good agreement with the linear best fit of 
the experimental data. Such result is also in agreement with rigorous calculations carried out 
by the transfer matrix method [4] and compared to the experimental measurements in Fig. 2b 
(dashed line, blue on-line). We observe that, for such calculations, the dependence ∆λ on ∆n 
departs from linearity for larger λ. This is expected since the sensitivity is proportional to the 
first derivative of the BSW dispersion curve [20] that is not linear over a broader spectral 
range (see, e.g. Ref [20].). 
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Fig. 2. (a) Best-fit of the spectrally resolved reflectance profiles R(λ) at fixed angle θ0 showing 
the red-shift of the BSW resonance for increasing glucose concentrations. For the sake of 
clarity, the experimental points are shown only for the three largest concentrations. (b) Spectral 
shift ∆λ of the BSW resonance as a function of the glucose concentration C and of the 
corresponding refractive index variation of the solution. The linear fit of the experimental data 
(solid, red on-line) and the calculated ∆λ (dashed, blue on-line) are shown for comparison. 

Since in a compact device it is not feasible and cost effective to integrate a finely tunable 
laser source providing a large enough spectral resolution for appreciating the small ∆λ 
occurring at very low ∆n, it would be desirable to operate at a single wavelength. A single 
wavelength detection scheme can be accomplished by measuring the real-time reflectance 
variation ∆R(t) at a fixed working point, at incidence angle θWP and wavelength λWP, as the 
glucose solution is being injected in the flow chamber. Such approach is usually named 
amplitude measurement and has been widely used, in particular in SPR imaging. Starting from 
the initial condition with the flow chamber filled with pure water, we chose values for θWP and 
λWP corresponding to the flex (side of increasing λ) of the BSW dip, where R(θ,λ) shows the 
steepest slope. Glucose solution is then injected at a specific concentration, and a time trace 
∆R(t) is recorded. The flow cell is subsequently filled with pure water to clean it and to check 
for complete recovery of the signal. By analyzing each of the ∆R(t) profiles at specific 
glucose concentrations, a comprehensive plot ∆R(C) can be obtained, as presented in Fig. 3. 
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∆R(C) shows a linear trend versus the glucose concentration, within the range of 5-500 
mg/dL. For larger concentrations the shift of the BSW resonance gets larger than the 
resonance width, see Fig. 2a, and the device is driven out of linearity. The resolution, i.e. the 
lowest detectable glucose concentration, can be calculated by extrapolating the fit in Fig. 3 to 
the minimum measurable reflectivity change (0.5°/00) evaluated by analysing the detection 
noise, whose behaviour is shown in the inset of Fig. 3 and that is mainly due to thermal 
fluctuations of nC. We obtain CMIN = 2.5 mg/dL (equivalent to a concentration of 0.0025% 

vol.) corresponding to a refractive index variation of the water solution as low as 3.8·10
−6

. 

Fig. 3. Measured reflectance variations ∆R(t) as a function of the glucose concentration C in 
water solution. Insets: temporal ∆R(t) traces recorded during sequential injection cycles 
water/glucose solution/water for the two concentrations corresponding to the indicated 
experimental points. The continuous line shows the best linear fit of the experimental data. 

This noticeable resolution is better than that obtained by NIR-SPR and amplitude 

measurements (10
−5

) [21], despite the smaller sensitivity, owing to the remarkable narrowness 
of the BSW dips. If we consider the simplicity of the 1DPC and the detection technique, 
which does not make use of any averaging procedure, the measured ∆n value is nicely small 
as compared to referenced results obtained either by SPR [19] or by means of other photonic 
approaches such as disk micro-resonators, providing a sensitivity to glucose corresponding to 

∆n≥10
−4

 [11]. 

3. Conclusions 

In conclusion, we presented an experimental work illustrating the potential of the use of a 
BSW-based detection technique applied to aqueous glucose solutions down to a concentration 

of 0.25·10
−4

vol. corresponding to a minimum detectable refractive index variation as low as 

3.8·10
−6

. Our results are better than the best findings in the state-of-the-art for sensors working 
in the amplitude measurement configuration, thus providing an experimental evidence of the 
expected advantages of BSW over other optical detection techniques. It is worth to underline 
that BSWs are particularly sensitive to small changes of refractive index near the free surface 
of the multilayer structure. In the discussed case, bulk variations of the aqueous surrounding 
medium are analyzed in order to check the sensitivity of BSW-mediated sensing. In order to 
exploit BSW for multicomponent analysis, a careful surface functionalization aimed to the 
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specific biomolecule binding is required. Specific functionalization protocols, as those 
recently developed on silicon based surfaces for proteins, peptides and DNA strands [22,23], 
can be fruitfully used for providing chemically selective BSW based photonic biosensors. 
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