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Abstract: A self-standing porous silicon (PS) multilayer structure detached from the substrate by
lift-off method and integrated with a microfluidic cell is presented. Experiments of refractive index
changes sensing flowing through open-ended pores are reported. We have recorded continuously
the reflectance spectra of the PS membrane each 30 seconds and measured the shift while flowing
different substances. Experimental sensitivity values are in good agreement with the theoretical
simulations performed. .
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1. Introduction
Porous silicon (PS) [1] is a good host for fabricating high sensitivity optical sensors. Its spongelike structure is very sensitive for detecting changes in the refractive index of the medium filling the
pores or the adsorption of analytes on its surface. A high aspect ratio between surface and volume
can be achieved [2], which results in a high sensitivity, allowing the miniaturization of the sensor and
the reduction of the limit of detection.
Formation of PS occurs under anodization of silicon in hydrofluoric acid (HF) solutions, known
as electrochemical etching [3]. Etching conditions, such as anodization current or solution
composition, define the porosity of the PS layer. Likewise, etching time determines its thickness. Pore
size also can be tuned from less than 5 nm (micropores) to more than 1 μm (macropores) [4]. However,
the highest sensitivity is reached for small pore sizes [5].
P-type silicon wafers have some advantages concerning PS formation e.g. better surface and
vertical uniformity [6], linear etching rates [7, 8] and lack of need of backside illumination [9]. For
heavily doped p-type silicon, micropores are formed with most HF solutions [4]. However, certain
applications in which pore walls are going to be biofunctionalized [10, 11] or some molecules must
penetrate the pores [12] require a bigger pore diameter. For this purpose, some organic solvents, such
as dimethylformamide (DMF), are combined with HF to increase pore size during anodization [13,
14].
Close-ended PS structures used for sensing purposes e.g. Fabry-Pèrot interferometers [15] and
distributed Bragg reflectors [16] have reported good results. Nonetheless, they may suffer some
effects like air entrapment and bad flow diffusion that can lower the sensitivity and threaten
performance [17, 18]. It has been demonstrated that flowing through open-ended PS films reduces
the time of detection, optimises the sensitivity and avoids mixture of different substances [19]. There
are several methods for obtaining open-ended pores but lift-off is the easiest and fastest method [20].
In this method, the PS structure is detached from the substrate in a single step by electrochemically
etching with a current close to electropolishing. The self-standing PS membrane can be integrated in
a microfluidic cell in order to perform sensing experiments.
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2. Methods
PS was prepared by electrochemically etching highly doped p-type silicon (boron doped, <100>
oriented, 0.01-0.02 Ω∙cm resistivity) purchased from MicroChemicals GmbH (Germany). Ethanol
(EtOH) and 2-Propanol (IPA) were obtained from Scharlab S.L. (Spain) and N,N-Dimethylformamide
(DMF) from Sigma-Aldrich (USA). Hydrofluoric acid (HF) (48% solution in water), Hydrogen
Peroxide (H2O2) and Sulfuric acid (H2SO4) were purchased from BASF (Germany). Deionized water
(DIW) was produced in house by a Millipore water purification system.
All silicon samples were pretreated for 30 min in a 3:1 volumetric mixture of H2SO4 and H2O2
for cleaning organic residues off the substrate. Afterward, they were dipped into a solution of <5%
HF for 30 s to remove the native oxide layer.
PS films were fabricated under galvanostatic conditions with a Pt electrode using an electrolyte
solution of HF:DIW:DMF in a 1:1:4 volumetric ratio (see electrochemical cell in Figure 1 (a)). A
multilayer alternating regions of high (H) and low (L) porosity was formed using anodization current
densities of 22 mA/cm2 (82% porosity) and 8 mA/cm2 (62% porosity), respectively. The etching times
were of 27.5 s and 24 s for H and L layers to have a photonic bandgap (PBG) in the visible region of
the spectrum.
After the formation of 8 periods of H and L layers, an anodization current of 45 mA/cm2, close
to electropolishing, was applied to allow later lift-off of PS film from the substrate. Then, samples
were oxidized in an oven at 800 ºC for 15 min in oxygen atmosphere. Figure 1 (b) shows an example
of how the PS multilayer looks like after detachment.

(a)

(b)

Figure 1. (a) Electrochemical cell used in this work for fabricating PS samples; (b) PS multilayer
detached from the substrate.

A microfluidic flow cell was design to facilitate sensing with the PS film while flowing over and
through the pores. First, membranes were detached from the substrate using a PDMS layer with holes
for the tubes already assembled. A microchannel was then attached between the PS film and a glass
slide. Together, this cell forces the liquids to pass from the inlet tube through the pores to the
microchannel and again through the PS film to the outlet tube.
All measurements were performed using a Fourier-Transform Infrared Spectroscopy (FTIR)
(Bruker, USA) in the range between 500 and 910 nm. Reflectance spectra of the PS film was collected
every 30 s with an acquisition time of 20 s. For the experiments, three different liquids were flown,
i.e., DIW, EtOH and IPA. Recorded data was processed with a MATLAB (vR2016b) program and the
shift of local maximum at approximately 850 nm was measured. Sensitivity, described as spectral
shift divided by refractive index increase, was calculated considering the refractive index of DIW,
EtOH and IPA, being 1.329 [21], 1.3555 and 1.3718 [22] respectively.
3. Results and Discussion
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A simulation program based on the Transfer Matrix Method (TMM) [23] has been used to
compare the theoretical response of the sensor with the experimental one of the fabricated PS film.
Figure 2 (a) shows the simulated reflectance spectra of a multilayer of 8 periods with 82% and 62% of
porosity in each layer and 320 and 240 nm of thickness, for different medium filling the pores, i.e.,
DIW, EtOH and IPA. Figure 2 (c) shows the local maximum position for each substance, what leads
to a theoretical sensitivity of this structure of 358.6 nm/RIU.

(a)

(b)

(c)

(d)

Figure 2. (a) Simulated reflectance spectra of the sensor for different medium filling the pores; (b)
Experimental reflectance spectra of the fabricated sensor; (c) Theoretical local maximum position and
sensitivity; (d) Measured local maximum position and experimental sensitivity.

Figure 2 (b) shows the reflectance spectra registered with FTIR for the fabricated PS sample while
flowing through the pores different substances. Only a group of three are represented for a better
understanding. The position of the local maximum for all recorded data during the experiment is
represented in Figure 2 (d). An experimental sensitivity of 355.9 nm/RIU was achieved. Therefore,
the experimental results are in perfect agreement with the simulations.
4. Conclusions
In this work, we have presented the fabrication of a PS membrane detached from the substrate
by the lift-off method and its use as a sensor for the detection of refractive index changes. Flowing
through open-ended pores optimizes the sensitivity and allows reaching the design value. A
sensitivity of 355.9 nm/RIU has been achieved in the visible range of the spectrum.
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