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We report on the design, fabrication and characterization of optical sensors based on Bloch surface waves propagating at the 

truncation edge of one dimensional photonics crystals. The sensors can be simultaneously operated  in both a label-free 

mode, where small refractive index changes at the surface are detected, and a fluorescence mode, where the fluorescence 

from a novel heptamethyne dye label in proximity of the surface is collected. The two modes operate in the near infrared 

spectral range with the same configuration of the optical reading apparatus. The limit of detection is shown to be smaller than 

that of equivalent surface plasmon sensors and the fluorescence collection efficiency is such that it can be efficiently 

analysed by the same camera sensor used for label-free operation.© 2014 Optical Society of America 
OCIS Codes: : (240.6690) Surface waves; (050.5298)Photonic crystals; (230.5298) Photonic crystals; (130.6010) Sensors; (160.5293) 
Photonic bandgap materials; (170.6280), Spectroscopy, fluorescence and luminescence; (170.4580) Optical diagnostics for medicine. 

 
 
Surface plasmon polaritons (SPP) are presently a 
standard in label-free optical biosensing [1-2]. Coupling to 
SPP also increases the brightness of labels in fluorescence 
microscopy, thanks to the increased excitation rates [3] 
and to channeling of the emission inside narrow angular 
cones with improved collection efficiency [4]. However 
absorption losses in metals result in a broadening of the 
SPP resonances and limit both the label-free and the 
fluorescence operation. Therefore new more effective 
solutions are desired. 
Recently it was shown that Bloch surface waves (BSW) 
sustained at the truncation interface of finite one 
dimensional dielectric photonic crystals (1D-PC) show 
characteristics similar to SPP and, due to their extremely 
reduced losses, can outperform them for label-free [5,6] 
and fluorescence [7] operation. 
Here we report on the design, fabrication and 
characterization of sensing chips based on 1D-PC 
sustaining BSW and operating in the near infrared 
simultaneously in a label-free and a fluorescence mode on 
the same instrumental platform, showing increased 
resolution with respect to surface refractive index changes 
and high fluorescence collection efficiency. 
The instrumental platform we used was previously 
developed for surface plasmon resonance (SPR) label-free 
biosensing and makes use of polymer substrates (TOPAS, 
nsub=1.526) with micro-optical elements obtained by 
injection molding [8]. For SPR operation the substrates 
are coated with a gold layer with thickness in the range of 
45 nm. As shown in Fig.1 (top), the reflectance is 
measured at λ0=804 nm (∆λ=2.5 nm, spectrally filtered 
LED illumination) in the θ∈[63.2 °,67.2 °] angular range 
above the total internal reflection (TIR) edge. In this work 
either ethanol (EtOH) or doubly deionized water (ddH2O) 
is the external liquid (nEtOH=1.357, nddH2O=1.328 [9]) with 

the TIR edge situated at θTIR=62.73 ° or θTIR=60.87 °, 
respectively. 

Fig. 1. Sketches of the label-free (top) and fluorescence 
(bottom) modes of operation of the sensing platform. (top) 
A focused beam at λ0 is used to illuminate the chip under 
total internal reflection conditions and the presence of a 
resonance is detected by a CCD sensor. (bottom) An 
external laser beam at λEXC is used to excite molecules in 
proximity of the chip surface and the emission, strongly 
coupled to the BSW surface bound modes, is directedinto a 
narrow angular range and detected by the same CCD 
sensor. (left) Sketch of the 1D-PC geometry used in the 
experiments (not to scale). 



The 1D-PC used in the experiments were deposited 
on170 µm thick microscope cover slides (Menzel Gläser) 
by plasma ion assisted evaporation under high vacuum 
conditions using an APS904 coating system (Leybold 
Optics). SiO2 and Ta2O5 were used as low and high index 
layers with complex refractive indices nL=1.454+j6E-6 and 
nH=2.060+j2E-5 at λ0, respectively. 
Starting from nL and nH, we designed the thicknesses of 
the 1D-PC layers in order to obtain a BSW resonance 
inside the angular acceptance range of our optical reading 
system. As a result the 1D-PCs designed, fabricated and 
used in the experiments had the structure 
substrate / L(HL)4 / EtOH with design thicknesses 
dH = 170 nm and dL = 495 nm. The last layer in the stack, 
which is in contact with the external liquid, is SiO2. The 
first L layer was deposited in order to provide a defined 
surface quality for the growth of the 1D-PC. The layers’ 
deposition tolerance ( ±2% thickness ) ensures that the 
BSW resonance is within an angular range of 0.2 ° around 
the nominal angular position. 

The peculiarity of the present design is that the 1D-PC 
sustains both a TE and a TM polarised BSW. Such 
condition cannot be achieved with SPP that are only TM 
polarized. In Fig.2 we show the dispersion relations for 
such TE (red) and TM (blue) modes calculated in EtOH by 
means of a transfer matrix method [10]. The dispersions 
are plotted in the (ω,β) plane where ω is the angular 
frequency and β is the wavevector projection along the 1D-
PC surface; the (ω,β) window corresponds to 
λ∈[700 nm, 1000 nm] and θ∈[62.8 °, 67.5 °]. The 

dispersions always lay between the light lines in EtOH 
and TOPAS. The insets in Fig.2 illustrate that at λ0 the 
BSW energy is confined close to the 1D-PC interface to 
the external medium. As a consequence, the modes’ 
characteristics (effective index, losses, dispersion relation) 
are strongly sensitive to the properties of the external 
medium, making them very promising for label-free 
biosensing [6,11,12]. Moreover an emitter placed in 
proximity of the interface can couple very efficiently to 
such modes. 
After fabrication the cover slides with the 1D-PC were 
adapted to a bare TOPAS chip by means of an index 
matching oil. The chip was previously thinned to account 
for the thickness of the cover slide when mounting on the 
instrumental platform, polished and topped with a glued 
170 µm cover slide in order to prevent damage when 
using the oil. Alternatively the 1D-PC can be deposited 
directly on TOPAS chips [6]. 
Complete sensors were mounted on the instrument to 
carry out the test of the sensitivity with respect to changes 
of the external refractive index (label-free operation) and 
the efficiency to collect the emission of a dye in close 
proximity of the external interface (fluorescence 
operation). 
For what is concerning the label-free operation, Fig.3 
shows angular reflectance R spectra measured at λ0 either 
in EtOH or in ddH2O solutions, when the polarization is 
set to TE. 
In ethanol environment the excitation of the TE BSW 
gives rise to a very narrow dip in the reflection spectrum 
of 9% (depth D=0.09) and a full width half maximum 
W=0.030 °. For comparison at the same λ0 SPP show 

Fig.2. Dispersion relations ω(β) for the TE and the TM 
polarized BSW sustained in EtOH by the 1D-PC described 
in the text. For small ω the dispersions get to the light line 
in ethanol (Ethanol LL).(Insets) Normalized |E|2 and 
|H|2 transverse distributions for both modes. The 
absorption and emission spectra of the Cy7-VG20 dye used 
in the fluorescence experiments are also shown. The 
dashed line marks the wavelength λ0used for the label-free 
operation. 

Fig.3. Label-free operation of the sensors at λ0. The solid 
lines are guides for the eye. For the sake of clarity, the 
plots are shown in a reduced angular interval with respect 
to that taken by the CCD. (left) BSW resonance measured 
in EtOH. (right) BSW resonance measured in ddH2O (blue 
dots), 5%wt glucose in ddH2O (black dots), 10%wt glucose 
in ddH2O (red dots). The fringes in the measurement are 
due to interference in the glue layer between the TOPAS 
substrate and the cover slides. 



resonances with D = 0.76 and W = 1.47 ° [6]. Here the 
small value for D is due to both the small absorption 
losses in the dielectric stack and the limited line-width ∆λ 
of the illumination system. When fitting the reflectance 
data one can retrieve the real thicknesses of the 1D-PC 
layers. We found: substrate / 485.0 nm / 165.0 nm / 
496.8 nm / 173.1 nm / 501.5 nm / 174.2 nm / 492.5 nm / 
167.8 nm / 486.5 nm / EtOH. 
In the case of ddH2O the light line is shifted to lower 
angles, the BSW resonance gets broader and the effect of 
the illumination line-width is reduced; therefore the BSW 
resonance is deeper with D=0.20 and W=0.036 °. In order 
to evaluate the volume sensitivity SV  = dθ / dn, we poured 
onto the sensor’s surface several solutions of glucose in 
ddH2O with known concentrations [C]. In Fig.3 (right) we 
show the BSW resonance position for [C] = 5 %wt (black 
dots) and [C] = 10 %wt (red dots). Assuming that the 
refractive index change of the solution is related to the 
concentration by ∆n = α *[C], with α = 1.5E-3 RIU/% [13], 
we find that SV =14.7 ° / RIU. For comparison SPP show 
SV = 92.7 ° / RIU at the same λ0 [6]. However, if we 
estimate the figure of merit defined as FoM = SV * D / W 
[1,6], that is inversely proportional to the limit of detection 
of the sensor (LoD), we find that FoMBSW = 82 RIU-1. The 
comparison of such value with that found for SPP 
FoMSPP = 48 RIU-1 [6] shows that, for this particular 1D-
PC design, the LoD is about twice smaller. However 
preliminary studies not reported here indicate that the 
FoM can be further increased by optimizing the 1D-PC 
design and the angular detection window [14]. 
Concerning the fluorescence operation of the sensor, we 
decorated the surface with purposely selected dye 
molecules. With reference to Fig.1 (bottom) we excited the 
molecules by an external laser beam at λEXC and collected 
the emission in the same angular range as in the label-
free mode with the same CCD sensor (operated at a 
different gain and integration time). This condition is very 
similar to what one could have when performing an 
immuno-assay on top of such type of sensor [10] in which 
some of the antibodies are labeled with a fluorescent tag. 
As a dye we selected a cyanine molecule  (see inset Fig. 4), 
namely Cy7-VG20, which shows an emission spectrum  in 
a wavelength range that, via the BSW dispersion, 
corresponds to surface waves that can be outcoupled in 
the angular window of the instrument. In Fig.2 we show 
the absorption and emission spectrum of such a dye. 
Coupling of the emission to BSW makes that, for example, 
the peak emission wavelength λpeak=837nm corresponds 
to β = 2π/λpeak*nsub*sin(θ)∼1.03E7 m-1, i.e. to  an angle 
θ ∼ 64 ° well in the window. 
The Cy7-VG20 dye was prepared through a microwaves 
condensation of a quaternized 6-carboxybenz[e]indolenine 
with N-[5-Anilino-3-chloro-2,4-(propane-1,3-diyl)-2,4-
pentadiene-1-ylidene]anilinium chloride [15], in presence 
of potassium acetate, in EtOH [16]. The obtained 
crystalline powder was characterized by Nuclear 
Magnetic Resonance and Mass Spectrometry. 
For the fluorescence operation the sensors were topped 
with metal plate with a hole defining a cell  located above 
the sensitive area. The plate was adapted to the surface 
by means of a VITON o-ring. For surface decoration the 
cell was filled with a 1mM solution of Cy7-VG20 in EtOH, 

closed by a glass window and incubated overnight. Before 
decoration the sensor’s surface was cleaned with a 
piranha solution for 10min. We tested by the label-free 
measurement that repeated (>50) piranha cleaning 
doesn’t affect the BSW resonance characteristics, 
indicating that the 1D-PC geometry and optical quality 
are preserved (no etching of the last layer and no under-
etching, no increase of surface scattering). After 
incubation the staining solution was removed from the 
pool that was then repetitively rinsed with pure EtOH. 
At the end of the decoration procedure we filled the pool 
with pure EtOH and closed it with a glass plate. The 
transparent window allows an unfocused laser beam at 
λEXC=632.8 nm (He-Ne, 1mW at the surface) to reach the 
1D-PC surface and excite the dye. In Fig.4 we show the 
angular distribution of the fluorescence collected by the 
CCD sensor (Sony ICX205AL) when the label-free 
illumination beam is switched off and the fluorescence 
excitation beam is switched on. The spectrum was 
collected with gain G=600 and integration time 5.1 s; such 
values must be compared with those used for the label-
free operation, G=374 and τ=1/15 s. The angular spectrum 
presents two peaks corresponding to the TE (smaller 
angles) and TM (larger angles) polarized BSW. Such 
angular spectrum has been verified not to change when 
turning the linear polarization of the excitation beam. We 
can then assume that the emitting dipoles are 
isotropically oriented, despite the anisotropic excitation, 
due to orientational randomization taking place during 
the molecule permanence in the excited state. Dipoles can 

Fig.4. Experimentally measured angular distribution 
(dots) of the fluorescence intensity collected by the CCD 
sensor upon excitation of the Cy7-VG20 molecules by  the 
external laser at λEXC. The angular range is the same used 
for the label-free operation. The theoretical curve (solid 
purple curve) was calculated according to the procedure 
described in the text. The two TE (red) and TM (blue) are 
also plotted, respectively. (Top inset) Chemical structure f 
the Cy7-VG20 dye. (Bottom inset) Angular emission 
spectra calculated for three different absorption levels of  
Cy7-VG20 (the axes are the same of the main figure). 



be decomposed in components laying along the 1D-PC 
surface and perpendicular to it. The first will be coupled 
both to the TE and TM BSW, the second only to the TM 
BSW. Therefore the presence of both TE and TM BSW 
modes allows for an increase of the fluorescence collection 
efficiency. 
In Fig.4 we also plot the theoretically predicted angular 
spectrum of the fluorescence intensity. The calculations 
are based on a rigorous Green’s function approach [17], 
where we assumed isotropically oriented emitting dipoles 
uniformly distributed in a 5 nm thick EtOH layer at the 
surface of the 1D-PC. In the calculations we assumed for 
the 1D-PC geometry the thicknesses evaluated from the 
label-free measurement shown in Fig.2 (left) and the 
emission spectrum of free Cy7-VG20 in EtOH; we also 
neglected absorption of the Cy7-VG20 molecules 
themselves. The matching with the experimental 
spectrum is rather good, the only fitting parameter being 
the total emitted energy (the spectra are in arb. un.). The 
broadening of the experimental peaks is probably due to 
the broadening of the Cy7-VG20 emission spectrum upon 
interaction with the 1D-PC surface [18]. We also observe a 
shift of the TE emission peak towards smaller angles. 
This is most probably due to re-absorption by the dye 
molecules themselves of the radiation coupled to the BSW 
and propagating along the 1D-PC surface before being 
outcoupled in the TOPAS substrate. We estimate that, for 
the present 1D-PC design, the leakage length of the TE 
BSW is in the range of 0.3 mm [19]. In order to give a first 
qualitative description of the effect, in the inset of Fig.4 we 
show the angular emission spectra calculated when re-
absorption by the Cy7-VG20 is considered. The semi-
classical approach used here [17], does not describe 
accurately fluorescence emission when absorption is also 
present in the emitting layer. Therefore we assumed 
absorption in the top 5 nm of the last SiO2 layer, with the 
spectrum measured in solution and arbitrary peak 
increasing values. Passing from the no re-absorption 
condition (NO ABS) to the case in which the peak 
extinction coefficient of the 5 nm layer is either 1E-3 (ABS 
1X) or 1E-2 (ABS 10X), leads to increasing suppression of 
the TE BSW fluorescence and shift of the maximum of the 
angular distribution. Further experimental and 
theoretical investigations are being carried out to 
quantitatively describe such effect. 
In conclusion we demonstrated here for the first time that 
BSW optical sensors can be used simultaneously in a 
label-free and fluorescence mode of operation with the 
same optical reading configuration, including collection 
optics and sensing element (CCD). In the label-free mode 
the sensors show resonance parameters and sensitivity 
that make the potential LoD twice smaller than 
equivalent SPP sensors. In the fluorescence operation the 
emission is efficiently collected and is enough intense to be 
analyzed by the same CCD sensor. Preliminary 
measurements show that dyes can be efficiently detected 
by fluorescence in solutions with a concentration down to 
1nM. 
Such result is in the stream of studies devoted to the 
application of photonics crystals for simultaneous label-
free and enhanced fluorescence sensing [20,21] aiming at 

the smallest possible LoD for a reliable quantitative 
detection of fluorescent-tagged analytes [22]. 
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