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a b s t r a c t

The synthesis of porous silicon-based photonic structures for bio-sensing applications has been widely
investigated in the last years. Thanks to its spongiform structure, porous silicon can efficiently host many
organic molecules dispersed in solutions having proper chemical affinity. Fluorescent emission of organic-
dyes embedded in porous silicon can be enhanced if a photonic structure like a Fabry–Pérot resonator
eywords:
iosensor
orous silicon
esonant microcavities

is employed as a host solid matrix. In this work we present experimental evidence of a fluorescence
enhancement effect obtained by means of doubly resonant microcavities tuned on both the excitation and
the emission wavelengths. The use of doubly resonant cavities allows both a resonant excitation of dyes
and a resonant amplification of the emission. We demonstrate that small concentrations of fluorescent
dyes down to few picomoles can be detected. The bio-sensing capabilities of such a structure are tested

uores
itude
luorescence
ensing

on larger molecules of fl
limit by 2 orders of magn

. Introduction

In the last decade, porous silicon (PSi) multilayers have been
pplied for sensing issues in chemical and biological domains.
everal research groups worldwide have demonstrated the capabil-
ties of porous silicon for detecting biomolecules adsorbed on the
orous silicon surface. In particular, all-PSi optical microcavities,
ragg mirrors and rugate filters have been proposed for detection
chemes based on effects such as the changes of refractive index
r photoluminescence [1–6]. As far as fluorescence analysis is con-
erned, several research groups demonstrated that PSi multilayers
re able to host efficiently organic fluorescent dyes [7,8]. An effi-
ient emission of dyes impregnated within photonic microcavities
ave been reported, thus providing a high-sensitivity detection tool

or chromophore-marked biological assays [8,9].
The confinement effect of light in the PSi Fabry–Pérot struc-

ure constitutes the basic enhancement mechanism of spontaneous
mission of either the luminescent PSi matrix or the impregnated

mitting molecules. In both cases, the emission spectrum is heav-
ly narrowed and a substantial change in the emission directions

ith respect to the structure surface is observed. This kind of reso-
ant structure consists of a spacer surrounded by two quarterwave
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cein-labelled protein A, yielding to an evident lowering of the detection
.

© 2009 Elsevier B.V. All rights reserved.

dielectric multilayers (Bragg mirrors, also called Distributed Bragg
Reflectors, DBR) made of PSi layers having different porosities.

Besides standard optical microcavities (spacer � or �/2 thick),
characterized by a single resonant mode, silicon-based coupled
cavities have also been fabricated and characterized [10,11]. In a
coupled microcavity, two spacers are surrounded by adjacent DBRs.
Such an arrangement provides the splitting of the cavity eigen-
modes, which yields a double resonance within the stop band.
Indeed, the weaker the coupling between the two spacers (i.e. larger
total thickness of the central DBR), the larger the spectral splitting
of the resonance modes is.

In this work, a PSi coupled microcavity (PSCM) is employed for
enhancing the fluorescence of organic-dyes embedded within the
porous matrix. The main advantage of a coupled microcavity is the
resonant enhancement of both the excitation and the emission of
the hosted dye. This effect can be obtained by tuning the two cavity
resonances in correspondence to the maximum absorption wave-
length and the maximum emission wavelength respectively. Thus,
an efficient excitation as well as an efficient emission process can
be performed, provided that a high intracavity enhancement of the
light intensity is obtained.

2. Experimental
2.1. Fabrication of porous silicon coupled microcavity

PSCM are prepared from single polished (1 0 0)-oriented
boron-doped p+-type silicon wafer (<7 m� cm−1 resistivity) by

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:fabrizio.giorgis@polito.it
mailto:francesco.geobaldo@polito.it
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468 B. Sciacca et al. / Sensors and Actuators B 137 (2009) 467–470

F tal re
o Layou

e
H
a
(
−
s
e
t
(

p
2
o
p
a
m

w
f
e
n
D
�

e
e
c
a

(

ig. 1. (A) Reflectance spectrum of the PSi coupled microcavity. Full line: experimen
f the Cy-3-H dye in ethanol solution; the arrow indicates the laser wavelength. (B)

lectrochemical etching in a HF-based solution (35 wt% HF/35 wt%
2O/30% EtOH). Etching process is performed in a HDPE cell with
platinum mesh electrode and a computer controlled galvanostat

Keithley 2425). The temperature of the etching process is fixed at
45 ◦C, in order to obtain abrupt interfaces within the Fabry–Pérot

tructure. The cell is placed in a thermostatic bath composed by
thylene glycol and water, in order to get rid of temperature fluc-
uations which would affect both the etching rate and the porosity
i.e. refractive index) during the stack synthesis.

The multilayer structure is obtained by managing a pseudo-
eriodical square-wave current varying between 2.8 and
2.6 mA cm−2, applied for 2-2-5 cycles (126 s). An etch stop
f 20 s is applied to ensure the best in-depth homogeneity of the
orous layers. PSCM optimized for the fluorescence experiment
re designed by using a standard calculations based on transfer
atrix methods. The typical layout is as follows:

here L states for low porosity (high refractive index) layer and H
or high porosity (low refractive index) layer. The halfwave spac-
rs is designed with an high porosity first layer (HH, dH = 95 nm,
H = 1.37 @ � = 500 nm, porosity 40%) coupled by a 1 period
BR with a low porosity second layer (LL, dL = 63 nm, nL = 2.5 @
= 500 nm, porosity 80%).

The thickness and the refractive index of the layers are prop-
rly optimized in order to have the above-mentioned excitation/

mission resonant effect for a 1,3,3,1′,3′,3′-esamethylindocarbo-
yanine iodide (Cy-3-H), soluble in absolute ethanol and excited
t 514.5 nm.

PSCM samples are passivated through a slight surface oxidation
250 ◦C in air for 30 min) in order to increase the hydrophilic-
sults. Dashed line: calculation. Dotted line curve represents the emission spectrum
t of the PSCM.

ity of the spongiform matrix (improving the diffusion efficiency
of the dye in the PSi multilayer structures) as well as to avoid
reactions between the solution and the hydride covered sur-
face.

2.2. Fluorescent analyte synthesis

A Cyanine dye 1,3,3,1′,3′,3′-esamethylindocarbocyanine iodide
(Cy-3-H), is synthesized by reaction of indolenine and a poly-
methinic chain obtained through condensation of aniline with
propane. The solid powder is dissolved in absolute ethanol. The
Cy-3-H molecule is chosen since the excitation laser frequency of
the fluorescence experimental setup (514.5 nm) is close to the dye
maximum absorption (530 nm) and because cyanines are widely
used as fluorescent bio-markers.

The fluorescein isothiocyanate (FITC)-labelled protein A,
lyophilized powder (from Sigma), is dissolved in phosphate
buffered saline (PBS) 1× solution (from GIBCO). This starting solu-
tion is then further diluted using a water/ethanol (50%/50% by
volume) solution, aimed to improve the diffusivity inside the
porous matrix as compared to a pure water solution. We point
out that the increased dilution of the protein solution, may lead to
an eventual variation of the emission efficiency of the fluorescein
conjugated protein.

2.3. Fluorescence measurements

Emission spectra are collected in backscattering configuration

using a Renishaw micro-Raman spectrometer equipped with a
cooled CCD detector. Samples are mounted under a microscope
equipped with a 20× objective (0.4 N.A.). The samples are illu-
minated by means of a focused Ar–Kr laser beam (wavelength
514.5 nm).
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ig. 2. (A) Fluorescence intensity of Cy-3-H impregnated PSCM samples as a func
aked PSCM (solid line) magnified by a factor of 100, impregnated with Cy-3-H [10
he resonant spectrum of the naked cavity is due to the weak fluorescence of the m

Samples impregnated with the cyanine dye are immersed in
he ethanolic solution with different molar concentrations ranging
rom 10−12 to 5 × 10−7 for 3 min. Samples used for the fluorescence
nalysis of the protein A are impregnated for 10 min in order to
ompensate the lower diffusivity of such bulky molecule. For each
oncentration, a fresh PSCM is employed. The estimation of fluo-
escence intensity is obtained after subtraction of the background
uminescence emission of the bare p-Si PSCM.

Fig. 1 shows the quasi-normal-incidence reflectance spectrum
f a coupled cavity tuned at 514 and 570 nm. The cyanine emis-
ion spectrum is also shown. Cy-3-H is a plane organic molecule
ith a large absorption spectrum in the 430–550 nm range and a
aximum at 530 nm. The emission spectrum shows a tailored band

roadened within 530–650 nm range, with a maximum at 560 nm.

. Result and discussion

In Fig. 2(A) we plot the measured fluorescence intensity of
mpregnated PSCM samples as a function of the corresponding
ispersed dye concentration. Some of the detected fluorescence
pectra of Cy-3-H impregnated PSCMs are presented in Fig. 2(B).
luorescent emission is narrowed around the resonance frequency,
s expected for a fluorescent analyte embedded in an optical cavity.
concentration as small as 10−12 M is detected.
In order to check the PSCM efficiency as a fluorescence enhancer,

he same set of measurements are performed after impregnating a
Si single layer (SL) having the same thickness L of the PSCM and
porosity close to the average of the considered microcavity (65%
orosity). In this case, a molar concentration of [10−7] indicates the
etection threshold (i.e. five order of magnitude larger as compared
o the case of the coupled microcavity).

The impressively low concentration limit obtained by means
f the PSCM can be explained by considering several physical and
hemical effects. Nevertheless, the enhancement due to the reso-
ant optical cavity, together with the complex interaction between
he dye and the PSi surface can be considered as the dominant

ontributions.

In order to provide a more quantitative estimation of the role
layed by the photonic structure, we measured the photolumines-
ence intensity of the PSCM and the PSi SL dye-impregnated at
dentical molar concentration [10−7]. Measurements are performed
f the dye molar concentration in ethanol solution. (B) Fluorescence spectra of the
dashed line) magnified by a factor of 100 and with Cy-3-H [5 × 10−8] (dotted line).
rous silicon matrix.

at the (fixed) emission wavelength of the dye. The ratio between the
fluorescence yield of the PSCM and the single layer is about 50. Such
experimental result is well matching results expected from rigor-
ous calculations. We estimate the intensity enhancement factor by
calculating the following parameter |

� =

[∫ L

0
|Ep(x)2| × |Ef(x)2|dx

]
PSCM[∫ L

0
|Ep|(x)2 × |Ef|(x)2dx

]
SL

defined as the ratio between the superposition integrals of the
excitation |Ep(x)2| and the fluorescence intensity |Ef(x)2| spatial dis-
tributions in the cavity and the single layer respectively.

The above experimental and numerical analyses clearly show
that the fluorescence gain due to the photonic structure cannot
fully explain the remarkably low detection threshold of the dye-
impregnated PSCM. We guess a possible mechanism that might
give an account of our observations, might be represented by a
higher dispersion of dye molecules at very low concentration, thus
leading to an increased fluorescence as compared to higher molar
concentrations. Furthermore, we cannot exclude an increase in
the emission yield due to the immobilisation of the cyanine dye
after the solvent evaporation. A similar effect has been already
reported in the case of silica spheres [12]. Moreover, since the
matrix provides an effective physical barrier, the typical photo-
bleaching and photodegradation observed in conventional dyes
dispersed in aqueous/ethanolic solutions is minimized [13]. Thus,
the stratified mesoporous silicon matrix greatly contributes to the
total fluorescence boosting. Moreover, it is worth to underline that
the molar concentration of Cy-3-H reported in Fig. 2(A), is referred
to the ethanol solution used for the PSCM impregnation and rea-
sonably differs from the effective concentration of dye within the
PSi. In particular, for small dye quantities, where the fluorescence
yield is no more linear with respect to the molar concentration, the
diffusion of the molecules inside the porous matrix could yield a
pre-concentration effect. Such a behaviour, which does not reduce

the potentiality of the PSCM for high sensitive detection, cannot
be appreciated in PSi single layers since the absence of the cavity
enhancement impedes the analysis at very low concentration.

The previous results represent a proof-of-principle for high-
sensitivity detection of fluorescent molecules provided by the
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ig. 3. Fluorescence spectrum of the PSCM impregnated with Fluorescein-labelled
rotein A [10−9] (solid line) compared with the emission of the naked cavity (dotted

ine). The reflectance spectrum of the PSCM is shown for sake of comparison (dashed
ine).

SCM structure. In order to check the real possibility of using
Si coupled microcavities in biomolecules analysis, we conduct a
uorescence-based detection of low concentrations of a commer-
ial fluorescein-labelled protein A. The experimental conditions
re the same, except that the impregnation time increases up to
0 min, in order to assure a good penetration of protein A within
pacers. With such biological assay, a molar concentration [10−9]
s still detected. The detection threshold is three orders of mag-
itude smaller as compared to the Cy-3-H dye. Nevertheless, it is
orth to remark that the fluorescent marker is not tailored for the
easurement setup: the absorption peak of fluorescein (480 nm) is

uite far in respect to the laser line (514.5 nm) and the large wave-
ength cavity mode (570 nm) falls within the tail of the emission
pectrum peaked around 530 nm. Fig. 3 shows that the fluores-
ence peak of the PSCM impregnated with the marked-protein
verlaps with the reflectance resonance dip: a clear fingerprint of
n efficient biomolecule diffusion in the porous matrix despite the
arge steric hindrance of protein A as compared to the mean pores
iameters. Hence, notwithstanding the above-mentioned limita-
ions, this result strongly supports the future applications of PSCM
s a very simple platform for the optical detection of marked
iomolecules.

. Conclusions

In conclusion, we developed a PSi photonic structure consist-
ng of a coupled microcavity which allows the optical detection of
ery low amounts of fluorescent molecules, and merging the advan-
ages of an efficient hosting matrix with the optical enhancement
ue to the cavity double resonance. For an optimized structure,
molar concentration of Cy-3-H dye as low as [10−12] is mea-

ured. The structure is also employed with a commercially available
uorescein-labelled protein A. Despite its large steric hindrance, the
xperiments demonstrate an efficient diffusion in the mesoporous
tratified structure, which foresee promising applications in bio and
ife science.
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