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Optical porous silicon multilayer structures are able to work as sensitive chemical sensors or biosensors
based in their optical response. An algorithm to simulate the optical response of these multilayers was devel-
oped, considering the optical properties of the individual layers. The algorithm allows designing and custom-
izing the porous silicon structures according to a given application. The results obtained by the simulation
were experimentally verified; for this purpose different photonic structures were prepared, such as Bragg re-
flectors and microcavities. Some of these structures have been derivatized by the introduction of aminosilane
groups on the porous silicon surface. The algorithm also permits to simulate the effects produced by a non
uniform derivatization of the multilayer.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Porous silicon (PS) becomes interesting for sensing applications
due to its unique properties: large specific surface area (thousands
times the surface of the polished silicon wafer), controllable pore
sizes, appropriate surface chemical reactivity and its potential to be
integrated to the conventional silicon technology. Optical and electro-
chemical sensors based in PS technology are also well-suited for
label-free sensing [1–3].

PS can be prepared by electrochemical etching of silicon (Si) wafer
using a fluorinated electrolyte. Under suitable fabrication conditions
the process generates a pore network formed of nano- or microcrys-
talline domains with defined pore morphologies. The geometric
shape and diameter of the pores depend on several parameters: the
applied current density, the composition of the etching solution, the
temperature of the reacting interface, and the characteristics of the
silicon wafer (surface orientation, doping level and type of doping)
[4]. Depending on the size of the pores, the material is usually classi-
fied as nanoporous (structures in the scale of 1 to 10 nm), meso-
porous (structures in the scale of 10 to 100 nm) or macroporous
(structures scaling up to the micrometers) [5].

The porous formation by anodization of silicon is a self-limited pro-
cess. An arbitrary current versus time profile is transferred in a porous
structure versus depth profile [4]. Consequently, it is possible to obtain
a multilayer with specific optical response by changing the anodization

parameters. Periodically alternated layers having the same optical thick-
nesses but different refractive indexes conforms a unidimensional pho-
tonic crystal called Distributed Bragg Reflector (DBR). The spectrum of
such device presents a band of efficient reflectance (named stopping
band or photonic band gap) around a wavelength equal to four times
the optical thickness of each layer. The introduction of an appropriate de-
fect breaks the symmetry of the structure generating an optical response
that shows one or more narrow resonances in the stopping band. Such
structure configures an optical microcavity in which the electromagnetic
field is confined between two Braggmirrors. These structures are suscep-
tible to changes in the refractive index of the environment due to its po-
rous characteristics, becoming appropriate optical sensors. When it is
used for sensing purposes, the porous network characteristics are adjust-
ed by choosing the proper anodization parameters, to allow the infiltra-
tion of analytes coming from the surrounding medium. The presence of
these analytes may change the refractive indexes of each layer, changing
the optical response of the whole multilayer. Thus, large changes in re-
flectance (or transmittance) at the original resonances wavelengths can
be employed in sensing applications, providing an adequate ratio be-
tween the porous diameter and molecular size of the analyte.

Besides the sensitivity, the sensor also has selectivity requirements.
The device can be made selective by modifying their surfaces in order to
obtain a specific functionality. A prerequisite for using PS structures as op-
tical sensors is themechanical and chemical stability of thematerial under
chemical treatments and handling in order to provide a reproducible re-
sponse [6]. First, it is necessary to passivate the surface and to protect Si
fromsolventmolecules and then, this surfacemust be appropriatelymod-
ified to obtain the required functionality [7]. Commonly, the interaction
between biomolecules, cells or tissues and materials is achieved by
means of a stable intermediate layer containing a recognition agent. The
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intermediate layer should provide adequate functional groups that will
anchor a biomolecule for recognition purposes. The most common
functional groups are\SH (thiols),\NH2 (amines) and\COOH(carbox-
ylic acids) that can be covalently bound to biomolecules through mild
reactions, preserving their recognition features. Functionalization with
3-aminopropyl(triethoxy)silane (APTES) leads to the presence of amine
groups on the surface. Amine groups are assiduously chosen as functional
group because they are present in proteins and their chemical reactions
with other functional groups are well characterized [8]. Consequently, it
is important not only to provide derivatization methods that allow a re-
producible modification of the surface, but also a simple way to establish
the propermodification of thewhole structure and its effect on the optical
response. For this reason, a computer algorithmable to simulate the effect
on the refractive index response due to the modification process is a use-
ful tool in sensor's design.

The optical behavior of porous silicon structures can be described
by a simple and effective model, the Looyenga–Landau–Lifshitz (LLL)
approach [9–11]. In this approach, a PS layer is considered as a
nanocomposite made of a silicon–air mixture, which behaves as a
continuous medium, assuming the wavelength of incident light is
larger than pore size. Therefore, knowing the dielectric functions of
each component and within an isotropic effective medium approach,
the reflectance of a single film is completely determined by its poros-
ity and its thickness. However, the LLL model has some limitations
when it is applied to the construction of biosensors, since the inter-
mediate and the recognition element form a layer covering the pore
network surface, and the dielectric function changes to unknown
values. To overcome this problem, the real part of the refractive
index can be thought to monotonically decrease with wavelength
[12], considered from here onward, the monotonic approach. In sum-
mary, this point represents a different approach taking into account
that there are not works dedicated to reproduce complete reflectance
spectra on a basis of known relationship between porosity and refrac-
tive index, although other authors have partially used similar proce-
dures but they were not formally described.

In this work, the rational design of photonic devices and the analysis
in relation to the effectiveness of the chemical modification are pres-
ented. The design and its evaluation are based in the use of two compu-
tational codes developed on the previously described approaches and
transfermatrixmethod [13]. The procedure involves themeasurements
of reflectance as a function of the wavelength for single PS layers pre-
pared under different electrochemical conditions. From thesemeasure-
ments the complexes refractive indexes of single layers are obtained.
Based on this information, PS devices were designed and produced.
Then, two strategies for surface derivatization were also tested: the
one step aminosilanization catalyzed by organic bases [14] and the
chemical oxidation followed by derivatization with aminosilanes, car-
ried out in two steps [15]. Finally, a new spectrum is taken and by apply-
ing the second algorithm the homogeneity of the modification can be
established. The results presented here show the capacity of these algo-
rithms to design optical PS devices and its ability to evaluate the chem-
ically modified surfaces.

2. Experimental details

2.1. Preparation of PS samples

Single side polished p-type silicon wafers (1–4×10−3 Ω.cm),
b100> oriented were used as starting material. The wafers were im-
mersed in 20% aqueous HF for 10 min to remove the native oxide.
Then, the surface was electrochemically etched in darkness in a 2:1
solution (v/v) of absolute ethanol and 50% aqueous HF. Different cur-
rent densities were used in the range of 12.4 to 128 mA cm−2, con-
trolling the anodization time for each current density. A Teflon® cell
was employed for this purpose, where the silicon was the anode

and a platinum wire was the cathode. After etching, the samples
were rinsed with ethanol and dried under N2 gas flow.

2.2. Preparation of chemically modified PS samples

The freshly etched PS samples were modified by silanization ap-
plying two different procedures.

One stepmodification: The PS oxidation and aminosilanizationwere
carried out in a single step. The silanization reaction is thought to be the
hydrolysis of Si–Hx species catalyzed by an organic base and then the
abstraction of H from Si–OH with alkoxysilane [14]. The reagent was
prepared as follows: 125 μL of APTES and 25 μL of triethylamine were
added into 2.4 mL of toluene. This solution was added onto the PS sur-
faces and incubated for 30 min. Then, the solution was removed and
the sample was rinsed with toluene and ethanol, and dried under N2

gas flow. The modification reaction is shown in the scheme of Fig. 1a.
Two step modification: In this alternative procedure, freshly etched

PS samples were first chemically oxidized by immersion in 30% hydro-
gen peroxide (H2O2) for a period of 48 h at room temperature. As a re-
sult, a very thin film of hydrophilic oxide is formed [15]. After oxidation,
the samples were rinsed with deionized water and dried under N2 gas
flow. In a second step, the oxidized samples were incubated with a 5%
APTES solution in toluene for 30 min. After that, they were rinsed
with toluene and placed in a stove at 120 °C for 20 min. The modifica-
tion reaction is shown in the scheme of Fig. 1b.

2.3. Reflectance measurements and optical properties determination

A fast and simple instrumental, a conventional UV–VIS spectrom-
eter with a home made reflectance accessory, was used in order to
obtain low angle reflectance spectra for the PS samples prepared in
Sections 2.1 and 2.2 steps.

Porosities and thicknesses of single porous layers in Sections 2.1
and 2.2 stages were determined by fitting their reflectance spectra
using different approaches, as will be described below. From the
resulting data, the optical thicknesses were determined as a function
of photon energy and the anodization time. In both cases, Sections 2.1
and 2.2, the optical thickness grow rate is defined as the quotient be-
tween the optical thickness and the corresponding anodization time.

3. Theoretical aspects

In order to rationally design PS photonic devices and to predict
their optical responses, the energy resolved complex refractive
index (or the complex dielectric function) and the optical thickness
growth rate of the porous material have to be determined for each
set of anodization conditions. These calculations were made by fitting
the reflectance spectra of PS single layers prepared under different
etching conditions, using the following approximations, according
to chemical treatment on the samples surfaces.

3.1. Non-modified PS samples: Looyenga–Landau–Lifshitz (LLL) approach

Considering the porous silicon to be a nanocomposite with effec-
tive dielectric function εeff, the first component to be air (ε1=1)
with a volume fraction equal to the porosity p and the second compo-
nent to be Si (ε2), the LLL approach predicts that the effective dielec-
tric function is given by [4]

ε1=3eff ¼ pε1=31 þ 1−pð Þε1=32 : ð1Þ

The complex refractive index of porous silicon, Neff=neff+ i keff, is
obtained as εeff1/2. Therefore, by knowing the porosity, ε1 and ε2, Neff

can be determined. The real part of Neff is the refractive index, neff,
and the imaginary part is the extinction coefficient, keff.
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A two stages algorithm was used to fit the reflectance spectra of
single layers. In a first stage, a genetic algorithm [16] was used to pro-
vide initial estimations of the parameters, i.e. the porosity, p and the
thickness layer, L. These initial estimations served as seed parameters
for a conventional [17] (Nelder–Mead) fitting algorithm in a second
stage.

3.2. Modified PS samples: monotonic approach

When PS is derivatized for sensing purposes, a modified layer
covers the pore network surface. As the dielectric function of such
modified layer is unknown, no effective medium mixing rule can be
employed to fit the reflectance spectra. In order to get over this prob-
lem, we proposed an alternative method assuming that the real part
of the refractive index decreases monotonically with the wavelength
[12]. In this case, the set of initialization parameters of the fitting al-
gorithm is composed by 12 equally distributed values of neff and keff
in a given interval of wavelengths. The thickness of the porous layer
is also given as an initial parameter. The reflectance spectrum was
reconstructed by using the refractive index and extinction coefficient
obtained through spline approximations based on the parameters.
Optimization was carried out as in the previous approach, with the
two-stage algorithm described above.

Both approaches, LLL and monotonic, minimize a penalization
function comparing the reconstructed reflectance spectrum with the
experimental one.

3.3. Multilayer simulation

Once the refractive indexes and the thicknesses of PS single layers
were determined, this information can be used to designed photonic
structures with specific optical responses, and also to predict the ef-
fect of the analyte penetration inside the PS multilayers. Multilayers
were simulated based on the well known optical transfer matrix
method [13]. The developed simulation program predicts the reflec-
tance spectrum for a given PS multilayer. For each wavelength, the
optical transference matrix of the PS stack can be computed as the
product of the transference matrixes of the individual layers. The
method [12,18] provides a relationship between the incident electric
field in the input side of the stack and that of the output side, conse-
quently, a simple energetic balance allows the calculation of the re-
flectance spectrum.

4. Results and discussion

Fig. 2 shows the result of the fitting of the reflectance for a non
modified sample using the LLL approach. The solid line corresponds
to the experimental result while the dots represent the result of the
fitting. Once the porosity is obtained, the refractive index and the ex-
tinction coefficient may be evaluated for each sample with Eq. (1).

Fig. 3 describes schematically how a computational code seeded
with a few experimental results can be used to predict the density
current and time conditions to build a layer with an optical response
at a given wavelength λc. First, reflectance spectra for single layer PS
samples are measured for each experimental anodization condition
and then, they are fitting using the appropriated approach. Fig. 3a
shows the experimental spectra (solid line) obtained for an APTES
modified sample prepared with a current density of 12.4 mA cm−2,
for 62 s. The result of the fitting (full square symbols) using the
monotonic approach is also shown in the same figure. As result of
the fitting, the refractive index and the extinction coefficient of the
different samples are evaluated as a function of the wavelength.
These calculated values are plotted in Fig. 3b for the data recorded
in Fig. 3a. Finally, combining the refractive index data and the thick-
ness resulting from the above detailed fitting procedures, the time re-
quired to get a layer of an optical thickness equal to λc/4 can be
obtained for all wavelengths, where λc is the specific wavelength at

Fig. 1. Scheme of the pore surface modified by silanization: one step (1a) and two step procedure (1b).
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Fig. 2.Measured reflectance spectra of a nonmodified sample (solid line). The dots cor-
respond to the fitting of these data using the Looyenga–Landau–Lifshitz model, with
the porosity as the only free parameter.
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which the multilayer structure has the desired optical response.
Fig. 3c shows the result of this combination. Notice that each curve
in the figure comes from an experimentally recorded spectrum for a
sample obtained at a particular current density and anodization
time. The anodization time necessary to grow a modified film of λc/
4 optical thickness is plotted in this figure as a function of the wave-
length for two different anodization current densities: 128 mA cm−2

and 12.4 mA cm−2. In other words, for each current density, the time
needed to obtain a layer with a given optical thickness can be
obtained from the graph. In this way, for a given optical thickness, a
combination of current density and refractive index can be obtained.
From this set of parameters, two conditions are chosen to build a
structure formed by alternated low and high porosity layers. For ex-
ample, under this conditions, to obtain a photonic structure with re-
sponse at λc=700 nm, current densities of 12.4 and 128 mA.cm−2

needs to be used in the anodization process, for 8.6 s and 1.3 s,
respectively.

Therefore, once the growth rate of the chemically modified porous
layers, as well as complex refractive indexes for different growing
conditions, were obtained from the corresponding reflectance spec-
tra, it was possible to design the desired multilayer with a given opti-
cal response showing that the construction of these graphs allows
obtaining an optimized set of applicable experimental conditions in
order to rationally design structures that fulfill established require-
ments, such as the wavelength of operation of the sensor, refractive
index, etc.

Similarly, to simulate the optical response of a non modified sam-
ple, the procedure can be repeated starting off with a single PS layer
using the LLL approach (Fig. 2). Once the porosity is obtained from
the fitting of the spectra, the complex refractive index may be calcu-
lated as a function of the wavelength, obtaining a plot similar to the
one shown in Fig. 3b.

The program used to simulate a non modified multilayer requires
as input parameters the porosities and thicknesses of the stacked
layers. In the case of a modified multilayer the input parameters are
the complex refractive index as a function of the energy as well as
the thickness of each layer of the stack. The complex refractive
index is obtained from the fitting of reflectance measurements of
modified single layers, as it was previously described.

Fig. 4 shows the calculated reflectance spectrum (dotted line)
corresponding to an optical microcavity centered at 700 nm com-
posed of non modified layers, with a defect with optical thickness
equal to λc/2. The election of this wavelength for a hypothetical bio-
sensor prototype is not by chance. An “optical window” in the region
of the near infrared (650–900 nm) represents some advantages such
as low light scattering; also, in this region light is relatively poorly
absorbed by biomolecules and so can penetrate deeply into the
structures.

The spectrum has been evaluated with the previously described
simulation program. The simulation considers the alternation of a
high (128 mA cm−2) and a low (12.4 mA cm−2) current density dur-
ing the anodization process. The porosity obtained from the fitting of
the corresponding single layer reflectance was 86% and 54%, respec-
tively, for these currents. The complex refractive index was calculated
using these porosities in Eq. (1). The real part of the index evaluated
at 700 nm were nH=1.26 (high current layers) and nL=2.16 (low
current layers). Fig. 4 also shows the experimental reflectance spec-
trum (solid line) obtained for the designed multilayer. A scheme of
the multilayer is shown in this figure. The anodization times for the
high and the low current layers were interpolated from a plot similar
to the one shown in Fig. 3c, resulting in 2.5 and 12 s for the high and
the low current layers, respectively. It can be observed from Fig. 4 that
the use of our simulation programs allows designing and predicting
the optical response of the non modified multilayer with high
accuracy.

4.1. Assessment of layer modification

For biosensing applications, the PS material must be functional-
ized in order to allow the incorporation of specific recognition ele-
ments. As a first step, the procedure implies the preparation of a
multilayer with specific combination of currents and times for the an-
odization process. Afterwards, the surface of the porous structure is
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Fig. 3. Scheme showing how the experimental spectra and the computational codes are used for the construction of the PS structures. In this example, the measured reflectance
spectra of a APTES modified single layer is presented. The layer was obtained using an anodization current density of 12.4 mA cm−2 for 62 s (solid line). These results, together
with the fitting obtained using the parametric approach (dots) are recorded in (a). In (b), the refractive index and the extinction coefficient obtained by the fitting of the reflectance
spectrum of a single layer of PS in (a) are plotted as a function of the wavelength. The necessary times to etch a PS film with an optical thickness of λ/4 are represented in (c). These
curves are obtained combining the results for different current densities and times. The different curves correspond to different current densities; the upper curve correspond to
12.4 mA cm−2 and the lower to 128 mA cm−2.

Fig. 4.Measured and simulated reflectance spectra of a microcavity centered at 700 nm
obtained alternating high and low current densities during the corresponding times
(2.5 s at 128 mA cm−2 and 12 s at 12.4 mA cm−2), as determined from the curves of
Fig. 2. The simulated spectrum was obtained using data of complex refractive indexes
inferred from measurements of single layers. The inset shows a schematic representa-
tion of a transversal view of the microcavity. The different gray tonalities correspond to
different refractive index.
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modified by exposing the external surface of the multilayer to the
chosen chemicals. This process signifies that the chemicals must pen-
etrate in depth the porous structure until the whole structure is
completely exposed. In order to study possible effects of non-
uniform modification, the simulation program employed in the pre-
diction of multilayer response was used to reproduce the spectra
resulting when only a limited number of layers were modified,
those nearest to the surface. Instead of having a multilayer composed
by layers of two given refractive index, we model the incorporation of
the modifying agent by considering that the refractive index changes
progressively along the successive layers. The non homogeneous
change in the refractive index is in turn represented within this sim-
plified model by a non homogeneous change in the porosity of the
multilayer.

Fig. 5 shows the simulation results for the reflectance of an 18
layers system consisting of two Bragg mirrors with 8 layers (4 pairs
of nHnL) separated by a defect of a λc/2. The figure shows a simulated
spectrum of the non-modified microcavity together with two simu-
lated spectra corresponding to partial modifications, and one with
the whole system homogeneously modified. Several characteristics
can be analyzed and used as criteria to evaluate the system modifica-
tion by comparing the measured spectrum of the microcavity with
the simulated ones resulting from modification of different number
of layers. In the simulated spectra of the in depth non-uniformly
modified multilayer, in which only the first near-surface layers were
modified (7 layers), the shape of the stopping band changes, and
the resonance peak shifts only by few nanometers with respect to
the unmodified structure. The deformation of the stopping band in-
creases when the number of modified layers goes up, as it can be ob-
served in Fig. 5 for the spectrum corresponding to seven modified
layers, a sample in which the modification almost reaches the cavity.
When the modification involve a larger number of layers, going over
the cavity defect, the resonance shifts close to the final location, mud-
dling up with the case of uniform modification (case in which the
modification reaches the 18 layers). However, unlike the case of uni-
form modification, the spectrum with an almost complete modifica-
tion has larger side lobes. This is the case in which up to 12 layers
are modified (see Fig. 5).

Also, it is worth noting that the reflectance is not zero and pre-
sents undulations on both sides of the stopping band. These undula-
tions are the so called “side lobes”. The relative heights of the side
lobes of the non-uniformly modified or partially modified in depth
samples are higher in the zone of shorter wavelengths and lower in
the zone of longer wavelengths than those of the non-modified sam-
ple. Thus, for example, the non-modified microcavity present a side

lobe with double band centered at around 475 nm, that shifts almost
without deformation, in the case of the uniformly modified sample to
540 nm, maintaining its shape. When the multilayer is partially mod-
ified in depth (cases of 7 and 12 layers in Fig. 5), the side lobe become
a higher single peak centered at 530 and 550 nm for the case of 7 and
12 modified layers, respectively. In the same way, the heights of side
lobe longer wavelengths of the non-modified and uniformly modified
multilayers are similar. On the contrary, the large wavelengths side
lobes are smaller in the cases of partially modified multilayers.

Fig. 6 shows the reflectance spectra for a freshly etched PS (solid
line) and after the silanization by the one stepmodification procedure
(dotted line). Even though the whole spectrum shifts to longer wave-
lengths as previously mentioned, a closer examination of the reso-
nance peak and side lobes shows that the spectrum features are not
preserved as it is expected for a homogeneously modified sample
(at shorter wavelengths than the resonance, the side lobes of the
non-modified sample is a double structured peak whose maximums
have a great difference in height, while for the modified samples
the maximums have almost the same height). In the experimental
conditions used for this one step method, a low reproducibility was
observed; the bandwidth peak of most of the samples increases (see
inset in Fig. 6), probably due to the degradation of the porous struc-
ture by the alkaline conditions. Instead, for the samples modified
using the two step procedure, a blue shift can be observed after the
oxidation step. In the second step, when the silane radicals are incor-
porated, the whole spectrum shifts to longer wavelengths. The shifts
occur preserving the main features of the spectrum (Fig. 7). In the
first step, a blue shift of the resonance of 22±4 nm can be observed,
and for the silanization step the red shift was 13±3 nm. It is worth to
note in Fig. 7 that the whole spectrum is displaced without changing
its shape. The resonance shifts with the whole spectrum and the side
lobes at both sides of the resonance band are almost preserved in
shape and height. Taking into account the results of simulations,
these features strongly suggest that the modification occurs uniform-
ly in all the layers of the multilayer.

5. Conclusions

Our results show that computational codes can help to rationally
design porous silicon multilayers for sensor applications. The proce-
dure implies the determination of the optical properties of porous sil-
icon single layers using reflectance measurements. The process
concludes with the simulation of the spectral response of the desired
multilayer using the optical properties previously determined. The
method may be applied to freshly prepared layers as well as to
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functionalized layers. The simulation procedure allows distinguishing
among homogenously modified and partially modified samples
showing that the computational codes are a useful tool to analyze
and track the modification steps of the multilayers in PS sensors.
Optical responses of both structures were compared giving a conclu-
sion on quality of each derivatization method. Thus, comparing
experimental results with the numerical model, it was shown, that
the porous structure is uniformly modified in depth when samples
were oxidized with hydrogen peroxide and then modified by the
silanization reaction with APTES.
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Fig. 7. Measured spectra of an optical microcavity: freshly etched PS sample (solid
line), the same sample oxidized by hydrogen peroxide (dotted line), and the same
sample after silanization (dashed line) by the two step modification. The shift of the
spectrum as a whole without appreciable modifications, including the features
corresponding to the resonance and side lobes, strongly suggest uniform modification
as inferred from the simulations shown in Fig. 4.
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