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Sensitivity comparison of a self-standing porous
silicon membrane under flow-through and flow-
over conditions

Abstract—An optical sensor based on a self-standing porous
silicon (PS) membrane is presented. The sensor was created by
electrochemically etching a heavily doped p-type silicon wafer with
an organic electrolyte that contained dimethylformamide (DMF).
After fabrication, a high current density close to electropolishing
was applied in order to allow the detachment from the substrate
using a lift-off method. The PS membrane was integrated in a
microfluidic cell for sensing purposes and reflectance spectra were
continuously obtained while the target substance was flowed. A
comparison of the bulk sensitivity achieved when flowing through
and over the pores is reported. During the experiments, a
maximum sensitivity of 770 nm/RIU measured at 1700 nm was
achieved. Experimental sensitivity values are in good agreement
with the theoretical calculations performed when flowing through
the PS membrane, meaning that the highest possible sensitivity of
that sensor was achieved. In contrast, a drop in the sensitivity of
around 25% was observed when flowing over the PS membrane.

Index Terms—Dimethylformamide, flow-through, lift-off,

porous membrane, porous silicon, self-standing, sensing

l. INTRODUCTION

OROUS SILICON (PS) [1] is a good material for

fabricating high sensitivity optical sensors. Its porous
structure is very adequate for detecting changes of the medium
filling the pores since the effective refractive index of the PS
film is a function of both the refractive index of the silicon (Si)
and the one of the medium filling the pores [2, 3]. It is also very
efficient for tasks such as biorecognition, as the available
surface is larger in PS than in other sensors due to the extremely
high ratio between surface and volume [4]. These features allow
the miniaturization of the sensor, the reduction of its cost, as
well as a faster response.

Formation of PS occurs under anodization of silicon in
hydrofluoric acid (HF) solutions, known as electrochemical
etching [5]. The growth of the pores is a combination of two
chemical reactions: a direct dissolution of Si in fluoride and an
oxidation of Si in the presence of oxygen and its later
dissolution [6]. Initially, both reactions occur randomly over the
Si surface but, once the holes are initially created, the electrical
charges are attracted to their tips and the pores start growing in
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a vertical manner. As the reactions occur almost exclusively at
the pore tip, changes in the anodization conditions during the
etching will not affect the PS already formed, which allows the
formation of layers with different porosities and thicknesses
throughout the structure.

Both reactions are strongly dependent on the chemical and
electrical conditions of the etching process. For instance,
anodization current, electrolyte composition or wafer
resistivity, define the porosity of the PS layer. The higher the
current applied, the higher the porosity. On the contrary, the
porosity decreases as the HF concentration in the solution
increases. Additionally, the doping of the Si wafer is related to
the pore density [7]. Other parameters that can be tuned during
the electrochemical etching are the thickness of the PS layer, by
controlling the etching time, and the pore diameter, which can
range from less than 5 nm (micropores) up to more than 1 pm
(macropores) [8]. However, higher sensitivities are reached for
small pore sizes [9].

P-type Si wafers have some advantages concerning PS
formation, e.g. better surface and vertical uniformity [10],
linear etching rates [11, 12], and no need for backside
illumination [7]. For heavily doped p-type Si, micropores are
formed with most HF solutions [8]. However, certain
applications in  which pore walls are going to be
biofunctionalized [13, 14] or some molecules must penetrate
the pores [15] require a bigger pore diameter. For this purpose,
some organic solvents, such as dimethylformamide (DMF), are
combined with HF to increase the pore size during anodization
[16, 17].

PS structures used for sensing purposes e.g., Fabry-Perot
interferometers [18], distributed Bragg reflectors [19], and
microcavities [20] have reported good results. Nonetheless,
they may suffer some negative effects like air entrapment and
bad flow diffusion that are responsible of a decrease in the
sensitivity and threaten performance [21, 22]. It has been
demonstrated that flowing through PS films reduces the time of
detection, optimises the sensitivity, and avoids mixture of
different substances [23]. There are several methods for
obtaining PS films but lift-off is the easiest and fastest way [24].
In this method, the PS structure is detached from the substrate
in a single step by electrochemically etching with a current
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close to electropolishing. The self-standing PS membrane can
be then integrated into a microfluidic cell in order to perform
sensing experiments.

In this work, we report a comparison of sensitivities of a self-
standing PS microcavity sensor when flowing different
substances through and over it. The PS membrane was etched
with an organic electrolyte and then detached from the Si
substrate by lift-off. We have confirmed that a higher sensitivity
is obtained for the same PS membrane sensing structure when
the target substance is forced to pass through the pores. The
sensitivity obtained when flowing through the PS membrane
perfectly matches the one obtained in theoretical calculations,
confirming that a complete filling of the sensor is
accomplished, unlike when the flow is driven over the PS
sensing membrane.

Il. MATERIALS AND METHODS

PS was prepared by electrochemical etching highly doped p-
type Si (boron doped, <100> oriented, 0.01-0.02 Q-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). HF
(48% solution in water), Hydrogen Peroxide (H.0), 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 pre-treated for 30 min in a 3:1
volumetric mixture of H,SO4 and H,O; for cleaning organic
residues off the substrate. Afterward, they were dipped into a
solution of <5% HF for 30 s to remove the native SiO; layer.

PS microcavity films were fabricated under galvanostatic
conditions with a platinum (Pt) electrode using an electrolyte
solution of HF:DIW:DMF in a 1:1:4 volumetric ratio. A
multilayer structure of 12 periods was formed alternating
regions of high (H) and low (L) porosity, with a defect layer in
the middle of the structure in order to obtain a resonant peak
within the photonic bandgap (PBG).

Since higher porosities lead to higher sensitivities, the H and
L regions were designed to have 82 % and 62 % of porosity,
respectively. The Looyenga model for the effective medium
approximation [3] was used to calculate the refractive index
from those porosity values. Furthermore, the theoretical
thicknesses were calculated to satisfy the Bragg’s law:

mA/2 = nh 1)

Where m is an integer, n the refractive index, h the thickness,
nh the optical thickness and A the wavelength where the
maximum light is reflected. An optimum PBG is obtained when
the optical thickness of the H layer and the one of the L layer
are equal to a quarter of the wavelength of the resonant peak
[25].

Two different sets of structures were fabricated i.e. one to be
used in the visible (VIS) region of the spectrum (500 to 800 nm)
and another one for the near infrared (NIR) range (1100 to 1800

nm). The calculated thicknesses of the former were 218 nm and
163 nm, for the H and L layers, respectively. The thicknesses
for the latter were 347 nm and 261 nm. A defect layer was
placed in the middle of the structure by forming 6 periods of H
and L layers and then 6 periods of L and H layers, meaning that
the central microcavity consists of an L layer of twice its
nominal thickness. Thus, the theoretical thicknesses of the
whole sensor were 4572 nm and 7296 nm for the structures used
in the VIS and NIR regions, respectively.

In both set of samples, the regions of H and L porosities were
formed using anodization current densities of 22 mA/cm? and 8
mA/cm?, respectively. For the VIS structure, the etching times
were 12 s and 19 s for the H and L layers, respectively, and 38
s for the defect layer. For the NIR structure, H and L layers were
etched for 20 s and 30 s, and the defect layer for 60 s.

After the formation of all the periods comprising the PS
structure, an anodization current of 45 mA/cm?, close to
electropolishing, was applied during 15 s to allow a later
detachment of the PS film from the substrate. Then, the samples
were oxidized in a furnace at 800 °C for 15 min in oxygen
atmosphere.

Field emission scanning electron microscopy (FESEM)
images were obtained for the characterization of the PS layers,
using a Zeiss Ultra 55 microscope (see Fig. 1). Physical
parameters were statistically determined with ImagelJ
processing software [26].

Fig. 1. FESEM images taken of (a) the PS surface, and (b) the PS section of a
sample used in the VIS range. The average pore diameter measured on the
surface is 30 nm. Note that those regions with a lower proportion of Si (higher
porosities) are displayed in the images as darker areas.

A microfluidic flow cell was designed for sensing with the
PS film while flowing both over and through the pores. First,
the membranes were detached from the substrate using a PDMS
layer with holes for the tubes that had already been assembled.
A microchannel was then attached between the PS film and a
glass slide. Fig. 2 shows a flowchart of the whole fabrication
process.

The configuration of the microfluidic cell forced the
substances to pass through the PS film in those areas where the
inlet and the outlet were placed, as it is depicted in Fig. 3. In
this flow-through condition, the fluid filled entirely the pores.
However, once the substances were in the fluidic microchannel,
they were not forced to flow through the PS film. In this so-
called flow-over condition, the pores were not completely
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Fig. 2. Flowchart of the fabrication process for obtaining the PS films. For the
samples attached to the substrate, the “electropolishing” and “lift-off” steps
are omitted.

filled. Therefore, by using this microfluidic configuration, both
fluidic conditions were compared measuring the sensor in these
two different points. An illustration of the microfluidic cell and
the flow-through and flow-over areas is shown in Fig. 3.

Flow-through / Flow-over

Glass
Channel

Fig. 3. Schematic view of the PS film detached from the substrate and
integrated in the microfluidic cell. The flow path is illustrated with green dots.
The blue arrows represent the places where flow-through and flow-over
conditions can be measured.

In order to compare the performance of the PS membrane
sensors, we used PS structures still attached to the Si substrate
as reference sensors. These reference PS structures had
identical features to the sets of samples for VIS and NIR. The
fabrication process was the same except for the anodization step
performed at the end of the PS etching process, which was
skipped. Furthermore, as there was no need of PDMS for
detaching the PS film, this step was also omitted and the inlet
and outlet were placed directly on the glass of the flow cell. Fig.
4 illustrates the fluidic configuration for this set of PS reference
samples. The reference sensors only worked under the flow-
over condition.

During the experiments, the reflectance spectrum was
recorded in order to sense the different substances. All
measurements were performed using a Fourier-Transform
Infrared Spectroscopy (FTIR) system (Bruker, USA)
measuring in the range between 500 nm and 2500 nm.
Reflectance spectra of the PS films were collected every 30 s
with an acquisition time of 20 s. For the experiments, three
different liquids were flowed, i.e., DIW, EtOH, and IPA.
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Fig. 4. Schematic view of the PS structure attached to the substrate together
with the microfluidic cell. The flow path is illustrated with green dots. The
blue arrow represents the place where reflectance was measured. Note that the
inlet and outlet are placed in the glass instead of in the PDMS (which is not
used in this setup).

Recorded data was processed with a MATLAB (vR2016b)
program and the shift of a local maximum was measured. A
Savitzky-Golay smoothing filter [27] was used for noise
reduction prior to the peak search.

Sensitivity, described as the spectral shift divided by the
refractive index variation, was calculated considering the
refractive index of DIW, EtOH, and IPA available in the
references [28, 29].

I1l. RESULTS AND DISCUSSION

A shift of the reflectance spectrum towards higher
wavelengths was observed due to the refractive index increase
when the substance filling the pores was changed from DIW to
EtOH and/or IPA. Fig. 5 (a) shows an example of how a local
maximum shifts for the different fluids used. During the
experiment, every substance was flowed alternately three times
for 5 minutes in order to analyze the precision of the
measurement.

All recorded data of each experiment were processed in order
to obtain the position of a local maximum as the different
substances were flowed and it was plotted versus the refractive
index of the medium, as shown in Fig. 5 (b). Regression of the
scatter graph was computed to obtain a linear fitting of the
response of the sensor, the slope of which indicates the
sensitivity to refractive index variations. Finally, the former
analysis was repeated for different local maxima to acquire the
sensitivity value at different wavelengths.
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Fig. 5. (a) Example of measured reflectance spectra of the PS membrane in
(yellow) DIW, (red) EtOH, and (blue) IPA. (b) Dispersion of all recorded local
maxima during the experiment (crosses) and linear regression (line).

A simulation program based on the Transfer Matrix Method
(TMM) [30] was used to compare the theoretical response of
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the PS films with the experimental one of the fabricated sensors.
Thicknesses of the layers were extracted from FESEM images
and porosities from fitting the reflectance measurements by
means of the least-squares method.

The set of samples designed for the VIS range of the
spectrum was estimated to have 230 and 170 £ 5 nm of
thickness and 82 and 62 + 2 % of porosity for the H and L
layers, respectively. In the case of the samples used in the NIR,
the estimated values of the thicknesses were 360 and 270 + 5
nm, respectively, while the porosities remained the same. Our
calculations determined that the theoretical sensitivity of the
sensors linearly varies from 200 to 900 nm/RIU in the range of
500-1900 nm (dashed line in Fig. 5 to 7), considering that the
pores of the PS layers were filled completely.

Fig. 6 shows the experimental sensitivity in the range from
600 to 1700 nm obtained after measuring the spectrum shift
when flowing through the PS membrane. For each experiment,
there is an average value of the sensitivity at certain wavelength
(a dot in Fig. 6). The associated error was calculated as the
standard error of the mean, taking into account all the recorded
measurements (plotted as an error bar in Fig. 6), and it is
different for each experiment. The achieved sensitivity in that
region of the spectrum ranged between 260 + 10 and 770 + 20
nm/RI1U.
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Fig. 6. Experimental sensitivity (dots) flowing through the pores and

maximum theoretical sensitivity (dash line).

Experimental results were found to be in nearly perfect
agreement with the theoretical calculations, meaning that the
highest possible sensitivity of the sensor was achieved by
flowing through the pores.

The design of the microfluidic cell also allowed us to carry
out another series of measurements with the same samples on a
region where liquids were not forced to flow through the pores
but over them (see Fig. 3). Experimental sensitivity is shown in
Fig. 7. A sensitivity between 160 10 and 730 + 20 nm/RIU
was achieved for wavelengths between 550 and 1750 nm.

In this case, when we stopped forcing the liquids to pass
through the pores, the sensitivity dropped. Our results show that
a reduction of about 20-30 % must be expected when doing so.
This means that the sensor was not entirely filled with the target
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Fig. 7. Experimental sensitivity (dots) and maximum theoretical sensitivity
(dash line) under flow-over conditions.

substance, whether mixed with the previous medium or with the
air that originally filled the pores, and consequently the
effective refractive index was lower than the effective refractive
index calculated for maximum sensitivity conditions.
Moreover, the reduction was not consistent across several
experiments and thus the sensitivity cannot be predicted when
flowing-over the PS membrane.

A similar experiment was carried out with the reference set
of samples where the PS film was still attached to the substrate,
with the purpose of comparing the influence of detaching the
PS film. The results are summarized in Fig. 8. In the region
between 500 and 1850 nm, a sensitivity between 115 + 10 and
810 + 20 nm/RIU was achieved. Reductions of around 20-30 %
in the sensitivity have been measured again, as it happened for
the detached PS membrane under flow-over regime. We believe
that the reason behind that drop lies in the resistance that liquids
face when penetrating the pores rather than air entrapment.
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Fig. 8. Experimental sensitivity (dots) flowing over the pores of the reference
sensor and simulated response (dash line).
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IV. CONCLUSIONS

In this work, we have presented the fabrication of a PS
membrane detached from the substrate via a 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 theoretical expectations. A sensitivity
of 340 nm/RIU has been achieved in the visible range of the
spectrum and of 770 nm/RIU in the near infrared range. A drop
between 20-30% can be expected when flowing over the pores.
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