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a  b  s  t  r  a  c  t

Porous  silicon  (PSi)  research  has  been  active  for several  decades.  The  multiple  properties  and  structural
features  of  PSi  have  made  it a promising  material  for a wide  variety  of applications,  going  from  drug
delivery  to microelectronics.  By removing  the  bulk  silicon  below  a  PSi  layer  and  creating  a  membrane,  a
whole  new  set  of  physical  and  chemical  characteristics  as well  as potential  uses  have  been  discovered.  In
this review,  recent  works  on  Porous  silicon  membranes  (PSiMs)  are  analysed  and  summarised.  An updated
overview  of the  progress  made  in  several  areas is  presented  with  the  purpose  of  highlighting  PSiM’s
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potential.  New  methods  for the fabrication  and  the  integration  of PSiMs  have  been  developed,  relying
more  and more  on semiconductors  microfabrication  techniques.  Likewise,  the properties  of  PSiMs  have
been extensively  studied,  enabling  the  emergence  of a multitude  of  PSiM-based  systems.  A critical  analysis
of  the advantages  and  disadvantages  of  this  material  is  made,  with  the  emphasis  on  the  integration
challenges  that  PSiMs  are  facing  for future  industrialisation.

© 2020  Elsevier  B.V.  All rights  reserved.
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1. Introduction

Silicon (Si) technology has dominated microelectronics for more
than half a century. Not only is silicon the second most abundant
material on earth, but it is also characterised by properties that
ideally balance performance and stability [1]. In recent decades,
microelectronics has permeated to other areas of applications: it
is no longer limited to digital circuits but is included in so-called
More-than-Moore devices. These devices are used, among others,
for sensing, optics, radio frequency (RF), microelectromechanical
systems (MEMS) or power electronics. To enable this diversifica-
tion of applications, the functionality of silicon technology was
increased, and the porosification of silicon presented a simple and
cheap way to allow its expanded use. Porous silicon (PSi) indeed
exhibits properties that are remarkably different from bulk silicon
and which can be fine-tuned by adapting the porous morphology.
To fabricate PSi, conventional techniques such as lithography and
dry etching can be used. Other approaches however exist, a well
established one being the use of electrochemical etching.

PSi was first discovered in the mid  1950s by Arthur Jr. and Inge-
borg Ulhir [2]. The Uhlirs were initially studying new techniques
for polishing silicon surfaces when they accidentally fabricated the
first porous silicon film. Their discovery was however more or less
forgotten until the late 1980s and early 1990s, when PSi was found
to exhibit properties of quantum confinement [3,4]. This break-
through spurred the scientific communities’ interest in PSi and its
many properties. Among the topics that emerged back then was  the
fabrication of porosified silicon membranes [5,6]. Membranes can
be defined as interfaces, separating two phases and restricting the
transport between those two phases. Porous silicon membranes
(PSiMs) are therefore permeable barriers, formed by detaching
a porous layer from the underlying bulk silicon substrate. Pores
become open-ended channels, enabling a flow-through applica-
tions. Obvious applications for PSiMs therefore include separation,
adsorption or transport of molecules, ions or small particles. PSiMs
are also important tools for the characterisation of PSi, as its prop-
erties can be studied in isolation, without the subjacent silicon
substrate. The flexibility of the porosification process enables the
fabrication of PSiMs with a wide variety of structural features:
PSiMs can be ultra-thin or up to 1 mm thick; they can be quali-
fied as micro-, meso- or macroporous depending on the pore size;
and their porosity can vary at will within a single membrane.

The interest in PSiMs steadily grew over the years as they
can be utilised for their chemical, optical, thermal and structural
properties. For instance, PSiMs are used in biomedical applica-
tions because of their biocompatibility [7–18]. Their large surface
area and open-ended geometry, allowing flow-through operation,
makes them ideal for sensing applications [19–23]. Their distinct
thermal, electrical and optical properties also make them suitable
for microelectronics devices, including thermal insulators [24–26]
and micro fuel cells [27–37].

This review concentrates on porous silicon membranes and
their integration into various devices. While other PSi nanoma-

terials, such as PSi nanowires and PSi nanoparticles, have been
covered by numerous studies over the last years [38–44], these
topics will not be discussed here as they have lately been the sub-
jects of separate reviews [45–47]. The present review only focuses
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n recent advances from 2014 onward in the field of PSiMs, since
he 2014-edition of the Handbook of Porous Silicon [48] dedicates
n entire chapter to this matter. This review addresses new works
n terms of the fabrication, the properties and the applications of
SiMs. Section 2 provides a quick reminder of the fundamentals of
lectrochemical etching. Section 3 describes the different mem-
ranes types and their manufacturing process. Section 4 details
heir properties, including thermal, mechanical, electrical and opti-
al features. Section 5 discusses several applications in modern
elds of science such as biomedical, sensing and energy conversion.
inally, the integration challenges of PSiMs in industrial devices
ith are briefly discussed in Section 6, before the general conclu-

ions.

. The fundamentals of PSi

The global interest of the scientific community in porous silicon
an be explained by its wide range of features. The multiple fabri-
ation processes enable the creation of porous silicon with various
tructural attributes. Pore size for example, can vary from a few
anometers to tens of microns. Likewise, the film thickness can be
xpressed both in nanometers or in microns. Other parameters, like
orosity, pore distribution and pore shape can also be controlled by
he fabrication process.

Several approaches are therefore used to fabricate porous sil-
con, mainly relying on dry etching or on electrochemistry. The
ry etching technique requires the use of a hard mask to define
he holes that will be anisotropically formed by plasma etching.
or the electrochemical approach, two  principal methods can be
istinguished: electrochemical etching and stain etching. The lat-
er relies on the spontaneous electroless etching of silicon when
laced in a oxidising hydrofluoric acid (HF)-containing solution
48]. When combined with metal films or nanoparticles, this tech-
ique becomes Metal-Assisted Chemical Etching (MACE) [49]. As to
ate no recent works concerning MACE-fabricated PSiMs have been
ound by the authors, this review will not include this fabrication
echnique and mainly focus on electrochemical and dry etching.

Electrochemical etching, which is also called the anodisation
ethod, relies on the wet etching of monocrystalline silicon under

he application of an electric current, using an electrolyte con-
aining HF [50]. The current method can be carried out in either

 double bath etching cell, with two platinum electrodes, or in a
ingle bath etching cell where the silicon wafer serves as anode
nd a platinum wire acts as cathode. The etching cells are fab-
icated in HF-resistant materials, like Teflon

®
or polyether ether

etone (PEEK). A schematic illustration of a single etching cell is
epresented in Fig. 1,(a).

Two regimes can be observed within the electrochemical pro-
ess: pore formation and electropolishing. The transition between
hose two  regimes depends on the substrate’s properties, like dop-
ng or crystalline orientation, and the fabrication parameters, such
s electrolyte concentration and temperature, but is mostly gov-
rned by the ratio between the applied current density and the

oncentration of fluorine ions, as depicted in Fig. 1,(b). The forma-
ion of pores in silicon is controlled by energy bonds. By applying

 current, electron holes reach the surface and weaken the Si-H
onds. These bonds can then be substituted by Si-F bonds, which
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rmation with increasing current densities. The holes reaching the pore tips weaken the
nt density, the pore walls become thinner, until the pores merge in the electropolishing
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Fig. 1. (a) Illustration of an electrochemical etching cell; (b) Mechanism of pore fo
Si-H  surface bonds and allow the dissolution of the silicon. By increasing the curre
regime. Reprinted with permission from [51].

are strongly polarised. Si-Si bonds are then weakened and attacked,
resulting in the release of SiF4 molecules and the creation of a gap
in the silicon surface. After pore nucleation, current flows preferen-
tially at the tip of the pore. A space-charge region is also created at
the pore walls, preventing lateral etching. By increasing the current
density, this space charge region decreases. When the pores start
to merge, the electropolishing regime is reached.

PSi is often classified based on the pore size: microporous PSi
has an average pore diameter inferior to 2 nm;  mesoporous PSi is
characterised by a pore size ranging from 2 to 50 nm; and macrop-
orous PSi has a pore size larger than 50 nm.  As pore size depends on
the doping of the silicon substrate and on the fabrication parame-
ters, it can often be fine-tuned by selecting the appropriate current
density and electrolyte composition. The morphology of the pores
is also affected by these anodisation parameters, as well as by the
doping and the crystal orientation of the silicon substrate: pores
can be straight or branched, cylindrical or pyramidal. Porosity is
another important parameter, defining the ratio of empty volume
to the total volume of the porous region. It is also linked to the sub-
strate doping and the etching parameters. Predicting the pore size,
thickness and porosity of a PSi sample with accuracy remains chal-
lenging, especially since most of the fabrication parameters are not
independent. For example, by increasing the current density used to
fabricate mesoporous PSi, not only is the pore diameter increased,
but so is the porosity and the thickness of the porous layer. Vary-
ing the current density during a single electrochemical etch has
been reported for the formation of multi-layers, which resulted in
the creation of Bragg filters or optical microcavities [52]. The flex-
ibility of electrochemical etching therefore enables the creation of
complex porous structures with calibrated structural properties.

More theoretical details about electrochemical etching are pro-
vided in several sources [53,54,48,50]. For a practical guide to
anodisation, Sailor’s Porous Silicon in Practice [52] offers both the-
oretical details and hands-on instructions for the electrochemical
etching and the characterisation of PSi. Another book of particu-
lar interest is the Handbook of Porous Silicon [48]. Its two  editions
gather reviews written by leading experts in the field of PSi
research, covering the fabrication, the properties, the characteri-
sation, the processing and the applications of PSi.

3. Porous membranes fabrication techniques

PSiMs have been fabricated using many different strategies, but
all of them can be divided into two categories: the ones relying
on electrochemical etching to form the pores, and the ones relying

solely on other microfabrication techniques. A summary of PSiM
fabrication techniques is presented in Fig. 2.

For the electrochemically etched PSiMs, four different routes
can again be distinguished: (1) the anodisation through the entire
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Fig. 2. Summary of porous membranes fabrication techniques.

ilicon wafer of standard thickness [55–57,37,58]; (2) the anodisa-
ion of part of the silicon wafer and ”lift-off” of the porous matrix,
reating freestanding PSiMs (see Section 3.1); the fabrication of
elf-supported PSiMs using anodisation and microfabrication tech-
iques (see Section 3.2); and (4) the creation of lateral PSiMs
sing anodisation and microfabrication techniques (see Section
.3). Each approach has its strengths and weaknesses. Through
afer thickness anodisations are very time consuming and results

n non-uniform membranes; freestanding membranes are easy
o produce but difficult to handle; the fabrication of lateral and
elf-supported membranes requires the access to microfabrication
echniques but their integration into devices is straightforward.

Other approaches that do not rely on electrochemical etching
re used to fabricate porous membranes with highly controlled
ore geometries. They require techniques such as lithography,
ry or wet  etching, deposition or annealing. Three different types
f non-anodised porous membranes can also be distinguished:
acroporous silicon membranes, nanoporous silicon nitride mem-

rane and porous nanocrystalline silicon membranes (pnc-Si). All
hree types are discussed in further details in Section 3.4.

.1. Freestanding PSiMs

Freestanding PSiMs are fabricated by electrochemically etch-

ng a silicon substrate over a specific area and then consecutively
ifting off the porous region. Several approaches exist for the lift
ff of the membrane. The most common one is the electropolish-
ng of a small cavity below the porous region, by applying one
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Fig. 3. Illustration of the mechanical detachment of a PSi membrane and the pos-
sible recycling of the silicon substrate. Reprinted from [61], Copyright (2018), with
permission from Elsevier.

or multiple high current pulses at the end of the electrochem-
ical etch. In order to decrease the amplitude of theses current
pulses, the HF content of the electrolyte can be lowered [59]. In
another approach, Preobrazhenskiy et al. used an alkaline potassium
hydroxide (KOH)-based solution for the membrane detachment as
it enables an increase in porosity as well [60]. Mechanical detach-
ment is equally possible, by fixing the porous region on tape [61]
or polydimethylsiloxane (PDMS)[62], as illustrated in Fig. 3.

Additionally, this figure points out an other advantages of free-
standing membranes: the possible recycling of the silicon substrate.
It is indeed possible to reuse the same silicon wafer for the fab-
rication of multiple membranes [61,63]. It is important to note
that freestanding PSiMs may  however present a strong spatial
anisotropy in terms of morphological features. Due to the direc-
tionality of the electrochemical etching and the carrier depletion
for long etching times, porosity gradients can be observed, either
on the surface or deeper in the membrane.

The integration possibilities of freestanding PSiMs are numer-
ous. To establish electric contacts, metals can be deposited on the
porous membrane, as illustrated in Fig. 4,(a). These metals include
vacuum evaporated gold [64], electroplated copper [60,65] or sput-
tered indium tin oxide (ITO) [66,64]. For microfluidic integration,
PDMS can be cast on top of the still attached PSi films, which then
serves as supporting material during detachment [59,67–69]. This
method is depicted in Fig. 4,(b). Another integration approach con-
sists simply in the deposition of the membrane on top a specific
substrate. This substrate can be another PSi layer [70], a gold slide
[71], an ITO slide [72], a glass slide [73–75] or poly(ethylene glycol)
diacrylate (PEGDA) matrices [7,14] (see Fig. 4,(c)).

Composite structures can also be fabricated using freestanding
PSiMs. Cencha et al. constructed an Anodic Aluminium Oxide (AAO)-
PSi hybrid membrane relying on capillary forces to firmly attach
the PSiMs to the alumina [76]. Other composite structures rely on
the deposition of specific materials inside the porous matrix, like
the electroless deposition of silver nanoparticles [59,67,68] or the
chemical vapour infiltration of graphene [77]. Furthermore, PSiMs
can serve as templates for the growth of nanowires, as illustrated
by the work of De La Luz-Merino et al. [78] in which CuInSe2 was
electrodeposited onto glass/transparent conductive oxide (TCO)-
supported PSiMs in order to develop novel material for solar cell
applications.

3.2. Self-supported PSiMs

Self-supported PSiMs have been developed when the need for
robust structures with a high optical quality arose [79]. Freestand-

ing or ”etch-through” membranes could not fulfil these needs
as they are often characterised by strong spatial anisotropies
and porosity gradients. In the ”self-supported” manufacturing
approach, microfabrication techniques are used to create cavities
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n the silicon substrate before or after the electrochemical etching.
epending on the doping of the silicon substrate, wet or dry etching

echniques are employed.
Fig. 5 illustrates a process employed for the fabrication of self-

upported PSiMs using the wet  etching on a standard silicon wafer:
a-b) both sides of the wafer are pre-coated with silicon nitride
Si3N4) layers and covered with photoresist; (c-d-e-f) the SiN layers
re patterned using photo-lithography and buffer oxide etching; (g)
he cavity is etched using KOH wet etching until only a few microm-
ter of silicon remain; (h) the remaining silicon nitride is removed
sing buffer oxide etching; and (i) electrochemical etching is car-
ied out in order to form the pores. Similar processes have been
sed in multiple works [28,80–84] and the resulting membranes
re similar to the ones represented in Fig. 6, (a–b).

A sacrificial porous silicon layer at the backside can also be used
s an alternative to the wet  etching [26]. An additional step that is
ften added to this process is the use of dry etching after the anodi-
ation in order to obtain a fully porous membrane [85]. Indeed, only

 few pores open the rear side of the membrane after the electro-
hemical etching. This can be explained by the fact that, once the
rst channels reach the backside of the membrane, the current goes
hrough these paths of least resistance and the process stops [86].

Other processes first anodise the silicon wafer over a cer-
ain thickness and area, before opening the membranes from the
ackside. This can be achieved using dry etching techniques like
eep Reactive Ion Etching (DRIE) [88,17,19,79,36,89], as shown in
ig. 6,(c). For this type of process, the oxidation of the PSi prior to the
tching is desirable, as this may  reduce the etch rate of the porous
atrix and create a more uniform membrane. Mechanical grinding

s another method used to open the membrane [29,90,91,33,92].
In some works, Silicon-On-Insulator (SOI) substrates are pre-

erred to standard bulk Si, and the top thin Si layer, also called
evice or active layer, serves as membrane. The handle, which is
he thick Si layer, can be opened using wet of dry etching tech-
iques prior to the electrochemical etch [93–95], as depicted in
ig. 7. In this Figure, a single nanopore is formed in the device of
he SOI substrate using the following steps: (a-d) fabrication of a
i3N4 mask and KOH wet  etching of the handle; (e) wet etching
f the SiO2 layer; (f-h) deposition and patterning of a new Si3N4
ask; (i-j) patterning of the Si3N4 on the device side of the wafer;

k) pre-patterning of the pore using KOH wet etching; and finally
l) the electrochemical etching of the single nanopore. Similar pro-
esses can be used to etch membranes with multiple pores [96,97].
he pre-patterning step on the front-side using KOH is also often
mployed for the creation of macropores, as it induces very regular
ore shapes and sizes.

The integration of self-supported PSiMs into devices is more
traightforward than for freestanding PSiMs. As they are easier
o handle, they can be incorporated into reusable custom-built
et ups that can include chambers, channels and electrodes
28,90,91,17,88,97]. For individual integration solutions, PDMS is a
ood alternative [81,80,19,79]. Others possible substrates are glass
lides [24], carbon-paper electrodes [29] or poly(methyl methacry-
ate) holders [83,84]. Self-supported PSiMs can also be used as
ubstrate onto which the device is transferred [26].

Hybrid structures can be achieved by depositing materials inside
he pores, including by the chemical vapour infiltration of graphene
33] or by the growth of carbon nanotubes using thermal chemi-
al vapour deposition [35]. Metals can be coated inside the porous
atrix as well. Platinum was immersion plated on PSi to serve

s catalyst for micro fuel cell electrodes; since it was  deposited
efore opening the PSi membrane from the backside of the silicon
afer, it also served as etch-stop layer during the plasma etch-

ng [30,98]. Other methods which induce electrical conductivity in

uel cell electrodes include the sputtering and electrodeposition of
itanium, nickel and gold layers [32].
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Fig. 4. Examples of freestanding PSi membranes: (a) Integration of a PSiM using vacuum evaporated gold, aluminium and sputtered ITO, reprinted from [64], Copyright
(2014),  with permission from Elsevier; (b) PDMS-integrated PSiM, reprinted from [67], Copyright (2016), with permission from Royal Society of Chemistry; (c) Integration
of  two PSiMs with a cell-laden hydrogel and two  PEGDA matrices, reprinted from [14], Copyright (2018), with permission from John Wiley and Sons.

et and
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Fig. 5. Fabrication processes for self-supported PSiMs using combinations of dry, w

3.3. Lateral PSiMs
In order to facilitate the integration of PSiMs, lateral porous
membranes have been fabricated using SOI substrates, with pores
parallel to the substrate surface [99]. The building process for these
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 electrochemical etching (a) on standard silicon substrates, adapted from [82].

ateral PSiMs was developed by Leichlé and co-workers and can be
ivided in four major steps: (1) the micro-channels surrounding

he membrane are created using dry etching; (2) the Cr/Au working
lectrode is deposited and patterned where the anodisation will be
nitiated; (3) the PSi membrane is created by electrochemical etch-
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Fig. 6. Examples of self-supported PSiMs(a) Top view of a mesoporous membrane created via wet  etching reprinted from [87], Copyright (2013), with permission from
Elsevier;  (b) Top view of a PSiMs created via wet  etching, reprinted from [82]; (c) Top view and schematic view of a PSiMs fabricated using DRIE after anodisation, reprinted
from  [19], Copyright (2016), with permission from American Chemical Society.

 of dry
Fig. 7. Fabrication processes for self-supported PSiMs using combinations
ing, using the deposited metal as anode and a Pt wire as cathode;
(4) the Cr/Au is removed via wet etching, the fluidic inlet and outlet
are made by sandblasting and the chip is encapsulated via anodic
bonding.
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, wet and electrochemical etching on SOI substrates, reprinted from [93].
The resulting device is depicted in Fig. 8. As can be seen in the
EM picture in this figure, the pores are horizontal. This can be
xplained by the fact that, after their initiation on the membrane
idewall, the pores propagate following the current lines; these cur-
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Fig. 8. Schematic view and SEM images from a lateral PSiM, reprinted from [99], C
properties, the obtained membrane is about 20 �m-high and the pores are 10 �m-l

rent lines are horizontal, since a metal electrode has been deposited
on the opposite side wall.

To improve the process described above and allow the use of
standard silicon substrates, ion-implantation can be used in order
to define the region of the future membrane [100]. This however
puts constraints on the height of such a membrane, which is limited
by the thickness of the doping diffusion layer.

3.4. Microfabricated porous membranes

Porous silicon membranes are also prepared without the use
of electrochemical etching. To create PSiMs with highly defined
geometries, a combination of photolithography and Reactive Ion
Etching (RIE) may  be used [101,11,16,102,103]. The advantage
of this type of process is that the pore size and periodicity can
be controlled by the photolithographic pattern, as depicted in
Fig. 9,(a). Pore diameters as low as 130 nm can be reached by using
a combination of e-beam lithography and DRIE [104–106]. Beside
photolithographic mask, block-copolymers have also been used as
templates, iron oxide nanodots then serving as ”resist mask” to cre-
ate the pattern via DRIE [107,108]. This method however resulted
in many defects in the pore arrangement and pore size distribution.

Directly patterning the channels onto the silicon substrate is
nonetheless very time consuming, especially when using e-beam
lithography, which has spurred the interest in alternative pro-
cesses. One of these alternatives is the spontaneous creation of
pores during the rapid thermal annealing of amorphous silicon. The
thus-formed membranes are called porous nanocrystalline silicon
membranes (pnc-Si). The pores originate from the nucleation of
nanocrystals inside the amorphous silicon during the rapid thermal
anneal [109,111]. As can be seen in Fig. 9,(b), very thin mesoporous
membranes can be created using this techniques.

A last type of microfabricated porous membranes, which could
be considered as a hybrid form of PSiM, is nanoporous silicon nitride
membranes. Theses membranes can be fabricated using the same
microfabrication techniques as plain silicon membranes, such as
optical lithography and dry etching [13,9,108,112], as depicted in
Fig. 9,(c). Focused ion beam (FIB)-milling can be used as an alterna-

tive to plasma etching in order to probe holes into the membrane
[113,114]. Finally, nanoporous silicon nitride membranes can also
be combined with pnc-Si membranes, where the latter serves as
template for the dry etching of the nitride layer [109,8,110].
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ght (2015), with permission from Royal Society of Chemistry. In terms of physical

. Properties

The immense appeal of PSi lies in the alteration of the proper-
ies of silicon by the introduction of nano- and microscale porosity
nto the material. Moreover, these properties are highly tuneable,

ostly by fine-tuning the structural features of the porous matrix.
y carefully selecting certain morphological parameters, such as
orosity, pore size or layer thickness, scientists have been able to
djust the mechanical, electrical, thermal, and biochemical prop-
rties of PSi. By detaching PSi layers from their bulk substrate,
roperties can be altered further, as the effect of the underlying
ubstrate is removed. While the removal of the underlying Si sub-
trate has no effect on the intrinsic properties of PSi, it has an impact
f the properties of PSi-based devices. The scope of this impact is
etailed in the present section.

.1. Mechanical properties

Monocrystalline silicon has exceptional mechanical properties:
t is fairly hard, characterised by a Knoop hardness of 8.5 GPa
versus 6.5 GPa for steel) [115]; it is remarkably strong but very
rittle, which is reflected by a fracture toughness of approximately

 MPA
√

m [116]; its yield strength of 7 GPa is higher than that
f steel, which ranges from 2 to 4 GPa depending on the variety
1]. However, when silicon is porosified, its mechanical properties
re altered. This change depends on the three main morphological
eatures that characterise porous silicon: thickness, porosity, and
verage pore size. Understanding and optimising the mechanical
roperties is important for the fabrication of PSiM-based devices,
s deformations of the internal structure impact the chemical reac-
ivity and physical properties of the PSi, and the cracking of the

embrane affects the durability and operability of the devices.
echanical properties of PSi and PSiMs must be considered in all

he integration schemes developed in Section 3, as the fragility of
Si curtails the number of possible process steps after hte porosifi-
ation.

The stiffness of PSi is often studied by simulating or fabricating
Si membranes, in order to remove the impact of the underlying
ulk Si [117–121]. Both experimental and theoretical results high-
ight the dependence of the Young’s modulus, which quantifies
he stiffness, on morphological features: the modulus decreases
ith increasing porosity and is affected by the pore shape, espe-

ially by the presence of branches inside the pores. The evolution
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Fig. 9. Microfabricated PSiMs: (a) macroporous membrane prepared using standard micro
right  (2017), with permission from American Physical Society; (b) pnc-Si membrane, repr
silicon  nitride membrane, reprinted from [110], Copyright (2019), with permission from E
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Fig. 10. Evolution of PSiMs Young’s modulus with porosity �, obtained both
experimentally and via simulations; reprinted from [121], Copyright (2020), with
permission from Elsevier.

of the Young’s modulus with porosity is illustrated in Fig. 10,
in which results from several experimental and finite-element
method (FEM)-based studies are compared. A fitting function of
Young’s modulus E of PSi and PSiMs has been proposed and takes
the form of a power law of porosity �, defined as:

EPSi = ESi(1 − �)m (1)

The value of parameter m depends on the geometrical features but
is often chosen as m = 1 in simulations [109,114]. Other studies
prefer the m = 3 [122,123] when considering mesoporous silicon.
Gong et al. [121] modelled this parameter for several types of pore
shape, with resulting values fluctuating around m = 1 and m = 2.

Additional experimental studies concentrate mainly on the
residual mechanical stress inside PSiMs [124,123,109]. In Guider

et al.’s  work [124], it was observed that tensile stress is accumu-
lated in the porous silicon layer during the electrochemical etching
process. This tensile stress is partially compensated by the underly-
ing substrate. However, when the PSi layer is lifted off the substrate,
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fabrication techniques like e-beam lithography and RIE, reprinted from [105], Copy-
inted from [109], Copyright (2017), with permission from Elsevier; (c) nanoporous
lsevier.

his stress is released and causes the bending of the PSiM. To quan-
ify tensile residual stress, single bulge test measurements have
een used on both pnc-Si and silicon nitride membranes: the fitted
alues of residual stress are in the order of 107-108 Pa, depending
n the type of membrane [109]. Dariani et al.[123] extended the
tudy of residual stress by using X-ray diffraction measurements to
nspect the crystal lattice expansion and the perpendicular strain
n PSiMs. The internal stress in supported PSi layers was attributed
o the slight expansion of the crystal lattice inside PSi and the con-
traint of the perpendicular planes to the same interatomic spacing
s the substrate. When the PSi layer is detached from its substrate,
his constraint is released and the perpendicular strain is decreased.

The strength of PSiMs is often analysed via FEM-based simula-
ions of the deflection and Von Mises stress [125,126,114]. It was
bserved that deflection and stress are dependent on the thick-
ess of the PSiMs: for thick membranes, the deflection and stress
re nearly constant with respect to the externally applied pres-
ure; thinner membranes exhibit both higher deflection and stress,
hich increases with the applied pressure. Reported values of Von
ises stress are in the order of 107 Pa for membranes which are a

ew tens of nanometers thick [125,126]. The total area of the PSiM
lso has an effect: smaller membranes accumulate less stress and
ithstand higher pressures. Additionally, pore size and porosity

an be tuned to improve mechanical strength, by selecting smaller
ore diameters and densities. These theoretical observations were
erified experimentally on pnc-Si and nanoporous silicon nitride
embranes [109,114].

.2. Mass transport properties

One of the motives behind the development of open-ended
SiMs was to overcome the diffusion challenges attributed to PSi

ayers. To verify the added value of membranes, several stud-
es compare the sensitivity of close- and open-ended PSi sensors
21,19,79,69]. The sensing scheme of these studies relies on the
dsorption of analyte. Both experimental data and simulations
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Fig. 11. Simulated average surface concentration of analyte with the same diffusiv-
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ity, captured by close- and open-ended PSi sensors as a function of time; reprinted
from [19], Copyright (2016), with permission from American Chemical Society.

show the increased sensitivity of PSiMs, which means that there
is an increase in adsorption. Analyte adsorption has two  limiting
factors: the transport of the analyte and the adsorption kinetics. In
PSi layers, the transport is diffusion-limited, causing a low sensitiv-
ity and slow sensor response time. For PSiMs, the transport of mass
is influenced by both diffusion and convection, as the analyte flows
through the pores, and can be described by the convection-diffusion
equation:

∂c

∂t
= ∇ · (D∇c − cu) (2)

where c is the analyte concentration, D is the diffusivity and u is
the flow velocity.

An increase of transport leads to an increase of adsorption,
which itself translates in a high sensitivity and rapid response time.
The increase adsorption capabilities of PSiMs with respect to PSi
layer is illustrated in Fig. 11, where the average surface concen-
tration of analyte was simulated for both a PSi layer in flow-over
operation mode and a PSiM in flow-through operation mode [19].

The effects of physical properties, such as pore size, membrane
thickness and porosity, on the transport of mass inside PSiMs
remain to be investigated. Nonetheless, there is a lot of knowl-
edge available concerning mass transport and diffusion on porous
materials in general, which might apply to PSiMs as well [127,128].

4.3. Thermal properties

Thermal properties of silicon are also widely altered upon
porosification. Porous silicon can exhibit a very low thermal con-
ductivity, which can even become up to 10 times lower when
detaching it from its bulk substrate [101]. This unique property
has been exploited in specific applications, such as microheaters
and temperature-based sensors [48]. For other applications, these
thermal properties may  be a drawback: for example, when inte-
grating PSi or PSiMs in RF devices, the low thermal conductivity
results in the self-heating of the integrated circuit, which is not
desirable. This illustrates the importance of understanding how
thermal properties are affected by structural features, as the lat-
ter can be easily fine-tuned. By carefully selecting the morphology
of the PSiMs, a thermal conductivity as low as ∼0.9 Wm−1 K−1 and

−1 −1
as high as ∼55 Wm K can be achieved [56,105]. This represents
a decrease of up to two orders of magnitude compared to the ther-
mal  conductivity of bulk Si, which equals 150 Wm−1 K−1 at room
temperature.
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A theoretical investigation of PSiMs’ thermal properties demon-
trated the influence of physical parameters: thermal conductivity
ignificantly decreased with increasing porosity (by one order of
agnitude or more), moderately degrades with increasing pore

oughness and is sensitive to pore arrangement [129,130]. The ther-
al  conductivity of PSiMs was experimentally characterised using

aser thermometry [101,104,102]. As corroborated by the theo-
etical studies, the shapes and sizes of the pores were found to
trongly affect the thermal properties of the membrane. Thermal
onductivity could be reduced by varying the pore diameters and
y introducing disorder in the pore arrangement. For high porosity
amples, the effect of disorder was  found to be more pronounced.
his could be explained by the presence of air inside the pores,
hich dissipated heat. This heat dissipation was tuned by changing

he sample-to-volume ratio of the porous structure.
The thermal properties of PSiMs have also been investigated in

erms of phonon transport [105,106,131,132,112,130]. Both exper-
mental and theoretical techniques were used and the influence of
eometric parameters on phonon transport was  highlighted.

Pore geometry was observed to affect the frequency of phonon-
oundary scattering events, which reduce thermal conductivity.
he effect of pore arrangement was  explained by the ballistic
honons, which can propagate over long distances. In ordered
ore arrangements, phonons could travel these long distances in

 straight line, passing between two rows of pores. In disordered
rrangements, such a path is cut off by random pores. This natu-
ally reduces the thermal conductivity. These effects were found to
e enhanced at lower temperature, or when the pore diameter is
imilar to the period.

Valalaki et al. [133] studied the Seebeck coefficient of PSiMs,
hich characterises the thermoelectric sensitivity of a material.

he Seebeck constant was  found to strongly depend on porosity.
nitially, the coefficient increases with porosity, at this is ascribed
o phonon drag and energy filtering effects. The maximum value of
1 mV/K was measured around 50% porosity, after which the coef-
cient decreased nearly by half for higher porosities. This reduction

s linked to strong scattering effects in the structure, as well as to
he reduced carrier diffusion due to confinement and the phonon
rag quenching.

.4. Electrical properties

One of the major electrical properties of PSi is its high resistiv-
ty. Depending on the silicon substrate, the structural features, the
abrication and the annealing, the resistivity can be several orders
f magnitude higher than the original substrate. For instance, upon
lectrochemically etching a silicon substrate with an initial resis-
ivity of 10 m� · cm, an increase in resistivity of approximately five
rder of magnitude was observed by Scheen et al. [58,134–136]. This
ncrease is explained by the depletion of the free carriers, which
tself can be attributed to several phenomena, among which the

idening of the energy gap due to quantum confinement and the
apture of carriers by traps at the pore surface. Some studies con-
entrated on PSiMs and qualitatively observed the dependence of
esistivity not only on structural properties, but also on the sur-
ounding environment. Indeed, resistivity increases with porosity
nd membrane thickness [58], but is also affected by pore arrange-
ent [101].
PSi is also characterised by a low permittivity: by porosifying a

ilicon wafer over its full thickness, its effective permittivity goes
rom 11.7 to ∼5.4 (for 50% porosity) or ∼3.6 (for 70% porosity)
134,58,135]. Thanks to its high value of effective resistivity and

ow permittivity, PSi is a semiconductor substrate which introduces
ow electromagnetic losses, reduced parasitic coupling (crosstalk)
nd vanishes the signal harmonics distortion (reduction of more
han 100 dB) [58,134–136].
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The effect of temperature on electrical properties is more com-
plex and requires more investigations. Hagino et al. [101] reported
that resistance slightly increases with temperature based on mea-
surement carried from −100 ◦C to 60 ◦C, while [58] outlined a
significant decrease in resistivity of two orders of magnitude for
temperatures of 150 ◦C or higher. Rack et al. [136] observed both
trends for different PSi layers in the same temperature range and
hypothesised that the structural properties of the porous structure
influence the impact of temperature on resistivity.

4.5. Optical and optoelectronic properties

The peculiar optical properties of PSi have been the subject of
multiple studies and applications [48,54]. These optical properties
can be tuned in a wide range, depending for example on the pore
size, which can be smaller than the optical wavelength. One of the
main optical parameters of PSi, namely its refractive index, can be
fine-tuned by adapting the porosity. Variations of the refractive
index within a PSi membrane create specific structures, like Bragg
stacks, microcavities and rugate filters [137,62,7,76,138,74,75].
Photoluminescence is also another major optical property of PSi,
which is conserved when fabricating PSiMs [72]. The study of
the optical properties of PSi and PSiMs often involves reflection
and transmission measurement techniques. An accurate assess-
ment is however not as straightforward since surface roughness
and morphological inhomogeneities must be taken into account
[54].

Reflection and transmission techniques can also be used to study
optoelectronic properties of PSi and PSiMs, such as free carrier
lifetime for example. Among these techniques are time resolved
pump-probe transmission and reflection measurements, which
have been used to study the dielectric function and the carrier
dynamics inside PSiMs [139–143]. Pump excitation induces the
optical activation of free carriers, which then modify the dielectric
function of the silicon skeleton of the membrane. This modifi-
cation is however non-uniform, which can be easily explained:
the laser pulse intensity drops when it propagates into the depth
of the membrane; since free carriers reproduce the absorption
of this pulse, the optical response is also depth-dependent. A
model was developed by He et al. [139] to retrieve the change
of the dielectric function based on the membrane depth. This
model was then used in later work in order to map  the time-
dependent spatial distribution of free carriers [143]. It was found
that Shockley-Read-Hall and Auger recombination governs the car-
rier’s dynamics, while diffusion is insignificant. Constants related
to excited charge transport, such as the recombination time and
the carrier diffusion constant were also been modelled and studied
[140,143].

Zakar et al. [141,142] complemented these findings and refined
the analysis of the Auger recombination mechanism, which was
found to amplify at the wavelength matching the infrared (IR)-
active vibrational modes of the molecular impurities present on the
pore’s surface. These uncovering’s were partly supported by Park
et al. [144], as they found that a PSiM exhibits high transparency
properties in the mid-wavelength infrared (MWIR) spectrum, while
being strongly absorptive for shorter and longer wavelengths. The
absorptive properties are linked to vibrational mode from surface’s
impurities. The transparency of the PSiM could be modulated by
external optical excitation, demonstrating the possible application
of PSiMs as optical intensity modulators [144,142]. Upon exter-
nal optical excitation, excited free charge carriers interact with

the MWIR  signal, and transmittance is reduced. This decrease can
reach up to ∼50% and last from a few tens to a few hundreds of
pico-seconds, all depending on the porosity, pore size and thick-
ness.
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.6. Biochemical properties

PSi is often used in biomedical applications because of its bio-
ompatibility [48]. Freshly etched PSi is naturally biodegradable in
hysiological solutions. The hybrid silicon structure covering the
urface of the pore is very reactive and quickly oxidises when in
he presence of water. Depending on the pH, this oxide can then
eact with water to form silicic acid, as described in the following
eactions:

i + 2H2O → SiO2 + 2H2 (3)

iO2 + 2H2O � Si(OH)4 (4)

his oxidative hydrolysis reaction is stable at low pH, but highly
orrosive at high pH [145]. At physiological pH, there is only a slow
issolution of the porous layer. For some applications, the degrada-
ion of PSi in aqueous solutions is however unwanted and solutions
o improve the stability have been investigated. The solutions are
umerous for PSi layers and include among others thermal oxida-
ion [146], hydrosilylation [147], atomic layer deposition [148] and
hermal hydrocarbonisation [149].

Some of theses techniques can not be transferred to PSiMs, like
hermal stabilisation for example: thermal oxidation causes the
xpansion of the porous structure, and is mesoporous PSiMs, this
auses the physical deformation and sometimes even degradation
f the membranes [89]. Baraket et al. [89] studied alternatives for
hermal stabilisation and found that the chemical etching using
tandard cleaning procedures RCA1 and RCA2, combined with
ilanisation, offered the best stability in physiological media while
reserving the integrity and the biocompatibility of the PSiMs.

Oxidation is not always the preferred method of stabilisa-
ion, especially for long term applications. In such cases, more
dequate methods, such as thermal hydrocarbonisation [18], silani-
ation [12] or hydrosilylation [14] are easily applied to PSiMs.
ydrocarbonisation however compromises the biocompatibility
f the membrane, and remedies were investigated: by simply
re-incubating thermally hydrocarbonised PSiMs in physiological
edia, the biocompatibility was  recovered [18].

. Applications

The main applications of PSi membranes can be divided into
ve domains: microfluidics, medical applications, sensing, energy
onversion and electronics. Table 1 categorises the applications of
SiM-based devices covered by this review. All these applications
tilise PSiMs instead of other substrates because of one or several
f their unique properties. It is however important to note that
ome of the other properties of PSiMs may  form obstacles to the
ntroduction of those devices to the market. For instance, the lack
f mechanical stability is a major hindrance for many applications,
hich encourages the thorough study of all parameters affecting

he mechanical properties of PSiMs.
Microfluidics take advantage of the structural properties of

SiMs. The most common applications is filtration, which makes
se of the open-ended pores. As pore size can easily be controlled
uring the fabrication process, filtration in PSiMs is most often
ize based [99,151,152,100,81]. For these applications, mesoporous
embranes are used, meaning that only small nanometer-sized
olecules can pass through the filter. Charge-based filtration is also

ossible since the membrane can exhibit a certain permselectivity
n the presence of a charged buffer and an electric field [152].

As discussed in Section 4.6, PSiMs are used in the field of biomed-

cal science because of their biocompatibility. PSiMs are mostly
sed as scaffolds for cell culture and tissue engineering. More
etails about these applications will be outlined in Section 5.1.
ther biomedical applications include drug delivery patches [7],
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Table  1
Recent advances in the applications fields of porous silicon membranes (Note: C, F, FT, L, M, S stand for, respectively, Commercial, Freestanding, Full Thickness, Lateral,
Microfabricated and Self-supported.)

Application field Membrane
characteristics

Membrane
thickness

Detailed application Ref.

Microfluidics M,  mesoporous 15 nm Size and charge selective filtration [150]
S, mesoporous 5 �m Filtration of small biological molecules from mixtures [81]
L, mesoporous 10 − 20 �m Size and charge selective filtration [99,151,152,100,153]
S, macroporous 215 �m Electro-osmotic pump [90]

Medical F, macroporous 4.29 �m Drug delivery patch and optical monitoring of drug release [7]
M,  macroporous 50-60 nm Culture of human umbilical vein vascular endothelial cells [8]
M,  macroporous 500 nm Reconstruction of the intestinal barrier of a trout via cell culture [9]
M,  mesoporous 75 nm Small-format hemodialysis with high toxin elimination capabilities [10]
M,  macroporous 30 �m Transmigration assay for cancer cells [11]
F, mesoporous 276 �m Scaffold for the culture of oral mucosal epithelial cells [12]
C, macroporous 1 − 10 �m Support for the investigation of pore-spanning lipid membranes [154–160]
M,  mesoporous 30 nm Cell culture of endothelial cells [13]
F, macroporous 12 − 15 �m Tissue scaffold integrated with cell-laden hydrogel biomaterials [14]
M,  macroporous 5 �m Lung-on-chip microfluidic device [15,161]
M,  macroporous 10 �m Culture of intestinal epithelial cells [16]
S, macroporous 130 − 150 �m Mechanical cell lysis and DNA isolation [17,88]
F, mesoporous 4 − 5 �m Implantable scaffold for cell culture [18]

Sensing S, macroporous ∼50 �m Electrophysical NO2-gas detector [85]
F, mesoporous 1.7 �m Silver-modified sensor for SERS-based detection of miRNA [59]
L, mesoporous 10 �m Interferometric transducer for solvent detection [153]
F, mesoporous 1.6 �m Optical detection of ethanol vapour [138]
S, mesoporous 2.5 �m Impedance spectroscopy of the formation of a lipid membrane [94,95]
F, mesoporous 29 �m Electrostatic isopropanol vapour sensor [20]
F, mesomacroporous 5.5 �m Optical detection of Bovine Serum Albumin [21]
F, mesoporous 17 − 21 �m Optical detection of dissolved gas concentrations in liquids [137]
M,  mesoporous 50 nm Nanopore-based sensing of DNA translocation [110]
S, mesoporous 20 �m Multi-assay solvent vapour optical detection [162]
F, mesoporous 870 nm Multianalyte detection using silver-decorated sensors [67,68]
M,  mesoporous 15 nm Optical detection of Bovine Serum Albumin permeation [22]
F, mesomacroporous 4.5 �m Electrochemical detection of MS2 bacteriophage [71]
F, mesomacroporous 4.5 �m Label-free electrochemical detection of bacterial toxin [163]
M,  mesomacroporous 50 nm Electrochemical detection of ion-transfer across the PSiM [113]
C, macroporous 475 �m 3D liquid core sensor array [164]
S, mesoporous 340 nm DNA translocation detection [96,97]
M,  macroporous 50 �m Immunoassay for specific leukocyte subsets [103]
S, macroporous 1 − 3 �m Transmembranes proteins sensing [87]
C, mesomacroporous 10-15 nm DNA translocation detection [165–167]
F, mesoporous 19.9 �m Optical aptasensors with multiple target-binding sites [23]
S, mesoporous 4 − 15 �m Optical detection of enzyme adsorption and streptadivin binding [19,79,168]

Energy conversion F, micro/macroporous 10 − 30 �m Wide-gap absorber for solar cells [66,64]
S, mesoporous ∼70 �m Implantable glucose biofuel cell [89]
S, mesoporous 5 − 20 �m Ion-exchange membrane for micro fuel cells [27]
S, mesoporous 50 �m Anion exchange membrane for Glucose/O2 micro fuel cell [28]
S, macroporous 125 �m Membrane-electrode assembly for H2/air-fed micro fuel cells [29]
S, macroporous 230 �m Microfluidic electric generator [91]
S, mesoporous 13 �m Monolithic Si electrode for micro fuel cells [30,98]
F, macroporous 50 �m Anode for lithium-ion batteries [63,60,65]
F, mesoporous 200 �m Anode for lithium-ion batteries [31]
M,  macroporous 5 �m Electrode grids for micro fuel cells [32]
S, micro/macroporous 210 �m High-conductivity electrodes for micro fuel cells [33]
M,  macroporous 280 �m Ion-exchange membrane for photoelectrochemical cell [34]
S, macroporous 50 �m Electrode for methanol micro fuel cell [35]
S, macroporous 60 �m Cathode for self-breathing microfuel cells [36]
FT, meso/macroporous 500 �m Membrane-electrode assembly for hydrogen/oxygen micro fuel cells [57,37]
S, mesoporous 100 �m Proton exchange membrane for methanol micro fuel cells [83,84]
S, meso/macroporous 80 − 100 �m Pervaporation membrane for methanol vapour-fed micro fuel cells [80]

Electronics F, mesoporous 46 �m RF insulating and supporting substrate for microfabricated inductors [61]
S, mesoporous 10 �m MEMS-based superheated loop heat pipes [24]
M,  macroporous 600 nm Thermal management device [25]
S, mesoporous 300 �m Thermal isolation layer for high temperature micro-hotplates [26]
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F, macroporous 2.46 �m Flexible 

F, mesoporous 1.92 �m Modulat
FT, mesoporous 380 �m CMOS co

hemodialysis membranes [10], DNA purification devices [17,88] or
supports for the investigation of pore-spanning lipid membranes
[154–160].

Sensing and diagnostics are the most common application fields

of PSiMs, especially of mesoporous PSiMs. This can be explained by
the physical, optical, mass transport and biochemical properties of
the membranes: analyte solutions can flow through the membrane;
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lectronics device [72]
 photodetector [74,75]
ible RF insulating substrate [58]

arget molecules can be retained, based either on their size or on
nteractions with the pore walls, and both flow and immobilisation
an be detected by a change in the optical properties of the mem-
ranes. PSiM sensors can be divided into two  categories: gas sensors

nd biosensors. Gas sensors often detect the presence of solvent
apours [20,138,153]. PSiM-based biosensors have been fabricated
or many target molecules, which will be detailed in Section 5.2.
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Fig. 12. Examples of PSiM-based schaffold for cell culture: (a) Formation on
fibroblast on a pre-incubated thermo-hydrocarbonised PSiM, reprinted from [18],
Copyright (2016), with permission from Elsevier; (b) collagen-functionalised PSiM
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The electrical properties and permselectivity of PSi encouraged
its use in the area of energetics. A recurrent use for PSiMs is there-
fore as base material for microfuel cells [169]. This will be discussed
in more detail in Section 5.3. PSiMs are also used as anodes for
lithium-ion batteries, since they have many advantages: they form
an alloy of Li22Si5, resulting in a very high capacity; they have a very
low discharge potential; by tuning the physical properties, they can
withstand many charge/discharge cycles; and finally, they are cost-
effective [170,63]. An exhaustive list of PSiM applications for Li-ion
battery anodes is detailed by Luais et al. [171].

The last area of applications considered in this review is elec-
tronics. The low thermal conductivity of PSiMs (see 4.3) renders
them ideal substrates for thermal devices such as micro-heaters
[24,26,25]. PSi is also used for RF isolation, in the form of layers or
membranes [61]. The interest of PSi for RF applications originates
from its lower effective resistivity and permittivity compared to
bulk silicon which translate to a silicon-based substrate which is
characterised by lower electromagnetic losses, reduced crosstalk
and much weaker signal harmonics distortion. The low thermal
conductivity is however a hindrance for RF application, as it causes
the integrated circuit to self-heat. Other microelectronic-related
applications include optelectronic devices, like wavelength modu-
lators [144] or light emitting capacitors [72].

5.1. Tissue engineering scaffolds

The interest in PSiMs for regenerative science emerged because
of its many biochemical properties: as detailed in Section 4.6,
they are inorganic, biocompatible in vitro as well as biodegradable
in vivo. Other attractive capabilities include the many possible sur-
face modifications and the possibility to load cells or drugs inside
the porous matrix.

Nehilla et al. [13] used pnc-Si membranes to grow mouse and
human endothelial cells. It was observed that the permeability of
the membrane influences the cell maturation and morphogenesis:
firstly, unstained ”holes”, called vacuoles, were observed with the
cells and secondly the cells arranged themselves into capillary-like
structures and branched networks according to the membrane’s
geometry. Vacuole expression is not specific to pnc-Si membranes
and was observed on microfabricated silicon nitride membranes as
well. It was however observed that untreated silicon nitride does
not promote cells adhesion as well as pnc-Si membranes, as the
culture of endothelial cells is delayed on silicon nitride membranes
[8]. Surface functionalisation is therefore essential, not only for
regenerative sciences but also for other biomedical applications.
Drieschner et al. [9] coated their porous silicon nitride membrane
with fibronectin before culturing trout intestinal cells, in order
to promote cell adhesion. By growing both epithelial cells and
fibroblasts, the intestinal wall could be mimicked and the effect of
physiological signals could be modelled. A similar study was  per-
formed earlier by Sajay et al. [16] using microfabricated PSiMs and
human intestinal epithelial cells. By continuously infusing liquid
through the membrane, the cells were able to differentiate in mor-
phology: the cell displayed a columnar geometry, which depended
on the PSiM’s geometry as well. The obtained structure provided
a good model for the human intestinal barrier, which makes it
possible to study important cellular functions of the intestine.

Microfabricated PSiMs were integrated into a Boyden chamber
by Hosseini et al. [11] in order to study the transmigration of cancer
cells. Human breast cancer cells were cultured and their migration
was monitored under different conditions. It was observed that the
cells are capable of migrating to the underside of the membrane

where serum is present in the media. Additionally, the migration
of drug-treated cells was investigated and was found to be quasi
inexistent. Punde et al. [15] microfabricated PSiMs and integrated
them into ”lung-on-chip” microfluidic devices. They co-cultured
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mplanted in a rat’s conjuctiva for the culture of oral mucosal epithelial cells,
eprinted from [12].

ifferent cells on the PSiMs, mimicking the bronchial epithelial lin-
ng in order to investigate the role of eosinophil cationic protein
n lung inflammation. Their model could however also be used to
tudy the effect of flow conditions on cell migration and cell-cell
nteractions [161].

Electrochemically etched PSiMs can be used as scaffold for cells
ulture as well. Tong et al. [18] demonstrated the pre-incubation
n Phosphate-buffered saline (PBS) for 10 days solves the cyto-
oxicity problems encountered with thermally hydrocarbonised
SiMs. Mouse embryonic fibroblastic cells successfully grew on the
embrane, as illustrated in Fig. 12,(a). As the membrane struc-

ure was characterised as a rugate filter, the cell culture could be
ptically monitored. The in vivo performance of the scaffold were
urther investigated in a murine model. The pre-incubated PSiMs
xhibited no cell necrosis or inflammation in the vicinity of the
mplant, demonstrating that PSiMs can be used simultaneously as
n implant for cells culture or drugs delivery and as a subcutaneous
ptical biosensor. Irani et al. [12] tested a different functionalisa-
ion method for implantable PSiMs: the membranes were coated
sing collagen-IV and vitronectin after oxidation and aminosilani-
ation. Male origin-rat oral mucosal epithelial cells were cultured

n the scaffold, which was  then inserted in a rat’s conjunctiva in
rder to serve as bandages for the purpose of ocular repair. Signs
f inflammation could be observed around the implant, as can be
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observed in Fig. 12,(b). There were additional indications hinting to
the partial degradation of the membrane. Although the membranes
seemed well tolerated, improvement is possible. No cell migration
was observed from the implant to the host, but this may  be linked
to the fact the corneas were not wounded and no cell repair was
needed.

A final approach to using PSiMs as scaffolds for cells culture
and regenerative science was provided by Pei et al. [14]. The PSiMs
are stacked with cell-laden hydrogels in order to form a vertical
integration that simulates native tissue architectures. In most solid
native tissues, membranes both promote cell adhesion and modu-
late diffusion between other layers of the tissues. In the 3D-scaffold,
each PSiM had specific photonic properties, which allowed the
optical monitoring of the biomaterial. One membrane tracked the
secretion of enzymes by the cells present in the adjacent hydrogels.
The other scaffold was loaded with a bioactive compound as well,
of which the release was optically supervised. As each film had dis-
tinct optical features, these two phenomena could be monitored
simultaneously.

5.2. Biosensors

Biosensing is a very widespread use of PSi. This is linked to the
large surface area and many physical and chemical properties of
the porous matrix [172]. Most PSi biosensors rely on changes in
the optical features as means of detection, like for example a shift
in the reflection spectrum or the quenching of the photolumines-
cence [173–175]. Other detection methods include impedance or
amperometric sensing [176]. As per definition, biosensors are not
only composed of a detection element or transducer; they further
include a recognition element to capture the analyte. This element
can take the form of antibodies, antigens, enzymes, complementary
DNA, and so on. For PSi layers, the capture of analyte is however
often limited, which is why PSiMs are more alluring for biosensing
application. As detailed in Section 4.2, multiple comparative studies
between PSi layer and PSi membranes have show the advantages
of the latter in terms of biosensing: the sensitivity is increased and
the response time is shortened [79,19,69,23].

Most PSiM-based biosensors rely on optical detection schemes.
Kumar et al. [21] fabricated freestanding PSi microcavities for
the detection of Bovine Serum Albumin (BSA). The recognition
element of the biosensor was introduced via functionalisation:
(3-Aminopropyl)triethoxysilane (APTES) was first used to provide
amine terminations to the oxidised PSi, onto which glutaraldehy-
des were grafted. When BSA is captured inside the porous matrix by
the glutaraldehydes, the refractive index of PSi increases and the
optical signal shifts to higher wavelengths. The detection there-
fore consists in monitoring the shift of the microcavity resonance
wavelength. Zhao et al. [19] used a similar photonic structure for
their biosensor, but made the membrane self-supported in order
to reduce the risk of surface inhomogeneities and mechanical fail-
ure. The sensor was APTES- and biotin-modified. The detection
relied on the red-shift of the microcavity resonance wavelength
upon streptavidin adsorption. The total detection time amounted
to 20 minutes, which was 6 times faster than for a PSi layer-based
biosensor, thus demonstrating the improved mass transport and
the increased analyte capture of open-ended PSi films described in
Section 4.2. The monitoring of photonic optical features is used in
biomedical applications as well, where sensing is not the only role
of the PSiM. Optical biosensing is used to track drug delivery [7],
cellular secretion and biomolecular release [14] as well as to report
in vivo cell and tissue responses [18].
Not all optical biosensors rely on photonic structures for the
detection of biomolecules: the monitoring of the effective optical
thickness (EOT) is also possible, although it requires some post-
processing of the recorded optical spectra. The EOT is linked to the

o

o
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verage refractive index (n) and the PSi thickness (L) by the follow-
ng equation: EOT = 2nL. Yu et al. [23] used the relative EOT to track
he binding of thrombin to aptamer, using the data post-processing

ethod developed by Barillaro and co-workers [177]. The biosen-
or consisted in a mesoporous freestanding PSiM, functionalised
ith thrombin-binding aptamers. The detection performance and

electivity of the sensor can be observed in Fig. 13,(a).
Surface-enhanced Raman spectroscopy (SERS) is another opti-

al method that can be used to detect biomolecules. It measures the
aman scattering of molecules, which is enhanced by the resonant
xcitation of surface plasmons in adjacent metal nanostructures.
nderneath the metal nanoparticles, a dielectric substrate is pre-

erred to increase the sensor sensitivity. PSiMs were found to be
romising supports for such biosensors [59]. PDMS was used as
echanical reinforcement, and silver nanoparticles were deposited

nto the porous surface by inkjet printing or by immersion plating.
 DNA probe was attached to the nanoparticles as recognition ele-
ent. The thus-fabricated biosensor was able to detect the target
iRNA with a sensitivity comparable to commercial techniques.

he potential of the chip as multiplexing biosensing platform was
tudied in further works [67,68]. Polyadenine (polyA), polyguanine
polyG), polythymine (polyT) and polycytosine (polyC) solutions
ere injected in the four chambers of the biosensing platform,

espectively. The SERS spectra measured for each chamber can be
een in Fig. 13,(b). The fingerprint of each DNA  nucleobase can be
asily recognized.

Besides optical detection methods, biosensors can also rely on
lectrical characterisations as means of diagnosis. Reta et al. [71]
sed differential pulse voltammetry (DPV) to probe the binding
acteriophages or bacterial toxin on the pore walls. As illustrated

n Fig. 13,(c), the biosensor consisted of an antibody-functionalised
reestanding PSiM, deposited onto a gold slide. When the target
iomolecules bound to the antibody, the pores became partially
locked. The blockage hindered the diffusion of electroactive
pecies present in the solution to the gold slide, which resulted
n a decrease in the current intensity. The thus-constructed plat-
orm formed a simple, direct and sensitive biosensor, and allowed
or example the indirect detection of gram-negative bacteria, down
o 1 CFU/mL [163].

A final category for PSiM-based biosensors concerns nanopore-
ased sensors. The most common target for such sensors is DNA
equencing, which traditionally relies on ionic current measure-
ents. This approach has a major drawback: the high speed of
NA translocation prevents the accurate detection of the current
lternations identifying the individual bases. To address this chal-
enge, Madejski et al.[110] designed a nanocavity, capped with a
anoporous silicon nitride membrane, to preconfine the DNA. Dur-

ng this preconfinement, the DNA strands are stretched, which
esults in a lower speed of translocation. Another strategy to reduce
ranslocation speed consists in the construction of high aspect
anopores [96]. Moreover, this method enables the fabrication of a
anopore array for simultaneous DNA sequencing. By attaching flu-
rophores to the DNA strands, translocation events can be detected
ptically using a microscope and a laser excitation [97]. Yamazaki
t al.[165–167,178] also optically observed DNA translocation using
ommercially PSiMs. Fluorescent probes were attached to the DNA
trands and excited by ultraviolet light. This method could be used
o replace ionic current-based DNA sequencing: fluorescent labels
dentifying each base separately could be attached to the DNA
trand and each base could be discriminated using single-photon
ounting methods. Such counting methods seem very promising
nd have already been found to reliably measure the permeation

f BSA through pnc-Si membranes [22].

Another application of PSi nanopore-based sensors was  devel-
ped by Kahn et al. [93–95]. Their nanopore membranes were
unctionalised with a lipid membrane. Additionally, an epithelial
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Fig. 13. Examples of PSiM-based biosensors: (a) detection performance of aptamer-modified optical biosensors, relying on the increase of relative effective optical thickness
upon  thrombin binding, reprinted from [23], Copyright (2019), with permission from Elsevier; (b) SERS spectra for multianalyte detection on four different silver nanoparticles-
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decorated PSiMs, reprinted from [67], Copyright (2016), with permission from Roya
corresponding differential pulse voltammetry (DPV) traces before and after the bin
with  permission from American Chemical Society.

sodium channel was embedded into some of the fully formed
artificial lipid membranes. The functionalities of both lipid mem-
brane and channel protein were analysed using electrochemical
impedance spectroscopy. The platform exhibited long-term sta-
bility, making it a promising tool for the study of ion channel
electrophysiology.

5.3. Micro fuel cells

With the rise of the Internet of Things, portable devices integrate
more and more complex functions, which inevitably increase their
power consumption. This trend encouraged the interest in minia-
turised fuel cells as energy source, replacing the lifetime-limited
batteries. A fuel cell converts chemical energy into electrical energy.
It is made of two electrodes, which are in contact with an elec-
trolyte. The system can be qualified as an electrochemical energy
source, since an oxidation and a reduction reaction occur at the
electrodes. At the anode, the fuel is oxidised by a catalyst, releas-
ing cations and electrons. Electrons will create the electric current,
while cations will diffuse through the electrolyte to the cathode.
There, the cations recombine with the electrons and react with
an oxidising agent. The most common fuel used is hydrogen, and
the oxidising agent is often oxygen. For the system to operate, fuel
and an oxidising agent must be provided to the reactor chamber.
Another requirement rests on the permselectivity of the electrolyte,

which must only allow the passage of positively charged ions. This
is why an ion-exchange membrane is often used to separate the
electrodes. A gas diffusion layer can also be added to the stack in
order to distribute the fuel on the catalyst layer [48].

F
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14
ty of Chemistry; (c) sensing principle of a voltametric PSiM-on-gold biosensor, and
f lipopolysccharides (LPS) bacterial toxins, reprinted from [163], Copyright (2019),

Porous silicon membranes have been found to be a promising
andidate as base material for micro fuel cells [169]. It can be used
or fuel supply, serve as ion-exchange membrane or can be inte-
rated in the core system, either as part of a membrane electrode
ssembly (MEA), as gas diffusion layer or as catalyst support.

Wu et al. [80] used mesoporous PSiMs in their methanol fuel
ell. While conventional methanol fuel cells are often liquid-fed,
apour-fed ones have the advantages of a lower methanol crossover
nd a higher fuel efficiency. PSiMs were therefore used as pervapo-
ation membranes for fuel supply. Another type of fuel cells, which
s more and more studied, is glucose fuel cells. Glucose is present in

any organisms, and such fuel cells could therefore easily power
mplanted medical devices. PSiMs could be used for the fuel sup-
ly in these implanted biofuel cell: it would allow small molecules
nd ions to pass through, but prevent the infiltration of antibodies
nd cytokines, as illustrated in Fig. 14,(a). With this application in
ind, Baraket et al[89] developed a stabilisation method for PSiMs

n physiological media. This method did not impact the diffusion
roperties of the membranes.

The use of PSiM as ion-exchange membranes for fuel cells has
ong been studied [169]. While some works concentrate more on
he fabrication of the membrane [27], most studies [28,84] focus
n the functionalisation, which is required to make the mem-
rane electrically isolating but ion permeable. Haddad et al. [28]
rafted quaternary ammonium functions to hydroxylated PSiMs in
rder to enhance the diffusion of anions in glucose/air fuel cells.

or methanol micro fuel cells, the functionalisation using sulfonic
cid groups was  observed to induce proton conductivity [83,84].
or both types of fuel cell, the performance of the membrane was
uperior to Nafion

®
membranes, which are traditionally used as
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Fig. 14. Examples of micro fuel cells and their performance: (a) glucose micro fuel
(2020),  with permission from Elsevier; (b) performance of a PSiM-based MEA  in a
Elsevier.

ion-exchange membrane. PSiMs are also more cost-effective than
Nafion

®
membranes, making it a promising alternative for next-

generation micro fuel cells. Nagayama et al.[29] integrated their
PSiM to a MEA: after electrolyte filling, the PSiM was  sandwiched
between two catalyst-coated carbon-paper electrodes. The per-
formance of the fuel cell was investigated, with increasing pore
density. The PSiM-based MEA  with pore densities of 106 pores/cm2

or larger showed power density superior to Nafion®-based systems,
as depicted in Fig. 14,(b).

In most studies, PSiMs are used in the core system of the
micro fuel cell. Sabaté et al.[32] used microfabrication techniques
to create current collectors for methanol micro fuel cells. A thin
layer of noble metal was  electroplated onto the membranes to
act as electrodes. Metal catalyst was also added to the PSiM via
electrodeposition. Two current collectors were easily bound to
PDMS-Nafion® membranes in order to form the final devices.
Yu et al.[36] used a similar fabrication process for the cathode
of their self-breathing hydrogen micro fuel cell. They compared
the performance of the electrode to conventional catalyst coated
carbon-paper: the PSi cathode possessed a stronger catalytic
activity and higher catalyst consumption efficiency. Moreover, to
optimise the electrodes and improve the fuel cell efficiency, a cata-
lyst was deposited inside the porous matrix during the membrane
fabrication, as the presence of uncoated PSi was  found to reduce
the cell performance [30]. The measured power density was  in the
order of magnitude of 102 mW/cm2 but largely varied from one pro-
totype to another, suggesting the need of further optimisation [98].
Another technique to incorporate a catalyst layer to porous silicon
was developed by Yang et al.[35]: carbon nanotubes were grown
onto the PSiMs, serving as catalyst support because of their large
surface area and their enhanced capacity to remove CO2. While
some studies focus on the catalyst layer deposition, others concen-
trate on the electric conduction layer: Starkov et al.[33] replaced
the noble metal deposited on the PSiM-based current collectors by
graphene, which resulted in highly conductive electrodes.

Finally, Yuzova et al.[57,37] demonstrated that a multilayered
PSiM can serve as a monotlithic MEA  for hydrogen micro fuel cells.
A mesoporous layer, serving as ion-exchange membrane, was  sur-
rounded by two macroporous layers, which served as gas diffusion
layer, catalyst support and electrodes. A controlled deposition of
nickel not only created a metal contact, but closed off all macrop-
orous side pores that would induce gas-transport losses. Iridium
catalyst was then deposited on the nickel layer. While the fuel

cell performance remained very low, reaching a power density
of 16 mW/cm2, the potential of monolithic PSi-based MEAs was
demonstrated.

g
i
f
P
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or the power supply of implanted medical devices, reprinted from [89], Copyright
gen micro fuel cell, reprinted from [29], Copyright (2014), with permission from

. Integration challenges

In the main applications detailed in Section 5, PSiMs are mostly
sed because of their permeability, which enables a flow-through
peration. Less developed areas of application, such as electronics
or example, use PSiMs for properties that are not strictly structural.

hile isolating PSi from its bulk substrate was mainly used as a
haracterisation tool in the early years of PSiM-based research, it
as now become a new source of applications: by fabricating PSiMs,
he effect of the underlying bulk silicon on the properties, more
pecifically on the thermal and electrical properties, is completely
liminated. This is illustrated by the emergence of thermal [24–26]
nd RF [61,58] devices based on PSiMs.

With the advent of these novel applications and fabrication
outes, new questions are raised, the main one being how to
ring PSiMs from a research environment to the industry. Recent
ears have seen the slow rise of commercially available PSiMs,
lthough only in a limited range of physical features and small
reas. For instance, SmartMembranes GmbH (Halle, Germany) pro-
uces macroporous PSiMs using electochemical etching, with a
ore diameter ranging from 1 �m to 17.4 �m and a membrane
hickness going from 15 �m to 500 �m. Simpore Inc. (Rochester,
Y, USA) on the other hand produces nanoporous silicon and silicon
itride membranes, characterised by a mesoporous pore size and

 nanometer-scaled thickness. A final example of commercialisa-
ion is Aquamarijn (Zutphen, the Netherlands), where macroporous
ilicon nitride membranes are manufactured with a thickness of
.5 �m − 2 �m. However, these commercial porous membranes
re mainly used in research environments and their relative high
ost (up to 48D for a 1 cm2 membrane) precludes their inclusion in
idely industrialised products.

Although PSiMs have a long track record for basic and applied
esearch, their industrial applications remain severely limited by
arge-scale integration challenges and constraints. Nonetheless,
ecause PSiMs are compatible with microfabrication techniques
nd cleanroom environment, they have the potential to become
ntegrated in microelectronics devices. This potential is currently
ampered by a series of obstacles, among which the lack of reli-
ble processes and equipment, the low reproducibility, the need for
igh quality silicon substrates and the disparate properties. There
re still too many unknowns in the field of PSi and PSiMs that block
he transition from research to industry. The absence of standards
n the PSi-research community makes it difficult to fill the present

aps of knowledge. PSiM-based research occurs sporadically and
solates itself in ”low budget” fields of research and application. To
ully benefit from the properties of PSi and introduce innovative
Si-based products to the market, PSiMs must be combined with
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other microelectronics devices, such as integrated light sources,
communications systems or electronic interfaces. This is only pos-
sible if the access to cleanrooms and microfabrication techniques
is guaranteed.

Yet, when the access to Complementary metal-oxide-
semiconductor (CMOS) technologies is assured, the introduction
of PSiMs hinders further microfabrication process steps. The
mechanical stability of the substrate is indeed compromised
and some process steps such as high temperature annealing are
incompatible with PSi since they cause cracking and bending.
This makes the integration of PSiMs at a wafer level into a full
CMOS process difficult, but not impossible. Indeed, PSi was already
integrated in a CMOS process over a decade ago, namely in Bosch’s
Advanced Porous Silicon Membrane (APSM) process, which is used
in the fabrication of pressure sensors for automotive applications
[179–182]. More recent advances and challenges in the integration
of PSi at the industrial level are presented by Gautier et al.[183].
Despite their limited reproducibility and homogeneity, the vari-
ous attempts at industrialisation discussed by the authors show
great promise. Two examples of prototypes worth mentioning
are Barillaro et al.’s  gas sensor [184,185] and Capelle et al.’s RF
devices [186,187], both produced in Si processing environments
and integrated with CMOS electronics. Moreover, novel work from
Scheen et al.[58] presented a step towards large-scale industrial
production. They demonstrated the integration of porous silicon in
a post-process anodisation: porosification occurs as the last step of
the process and only involves the backside of the wafer, leaving the
front-side circuitry intact. This progress in the integration of PSi
and PSiMs paves the way  for the development of new application
and for future industrialisation attempts.

7. Conclusion and future outlook

PSi membranes are very promising and versatile materials for
many applications. In terms of fabrication, the processes are varied
but are becoming more and more reliable. While the fabrication of
freestanding membranes enables the reuse of the silicon substrate,
self-supporting and lateral membrane are more robust and their
fabrication process is more repeatable. On the other hand, micro-
fabricated PSiMs have more controlled geometrical features. For
all types of membranes, the integration possibilities are numer-
ous. Recent research provides also a better understanding of PSiM
properties: mechanical properties were found to depend of physi-
cal features; mass transport is improved compared to close-ended
PSi layers; PSi’s low thermal conductivity is maintained; carrier
dynamics have been successfully modelled; and finally, PSiMs are
biocompatible and biodegradable, unless their surface is modified.
Many other properties however yet remain to be investigated.

A major part of this review focused on applications, which are
numerous and varied. Three major ones emerged, namely scaf-
folding for cell culture, biosensing and fuel cell miniaturisation.
PSiMs were observed to be excellent candidates for cell culture
materials because their biocompatibility, although surface func-
tionalisation was sometimes required to promote cell adhesion.
The PSiM-based scaffolds were used to investigate cell migration
behaviour or to build ”organ-on-chip” device. The optical features
of PSi also enabled an optical monitoring of the scaffolds. More
recent work studied complex scaffold integrations, mimicking mul-
tilayered tissue architectures. Biosensing was the focal point of
many new studies. Optical biosensors have mainly been researched,
relying on changes in the reflection or transmission spectra to

detect the targeted analyte. This trend further migrated to other
optical techniques, like SERS for instance. For all detection tech-
niques, the challenge remains the surface functionalisation, which
adds the recognition element to the sensors. Furthermore, a sig-
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ificant part of research on PSiM-based biosensors concentrated
n nanopore-based DNA sequencing, especially on the possibil-
ty to sequence DNA in parallel by optically monitoring the DNA
ranslocation events. The third major application field concerned
nergy conversion. We conveyed that PSiMs comprise very promis-
ng materials for fuel cell miniaturisation, addressing many issues
ncountered in this research area. PSiMs could be used for fuel
upply, as ion-exchange membrane, in the core system, or for a
ombination of several of these functions.

This review demonstrates the real interest in PSiMs for research
nd fundamental studies. As discussed in Section 6, the integration
hallenges are key and will determine the future of PSiM-based
esearch. The main challenge to the transition from lab to fab
nvironment is not only the need for more reliable processes and
quipment that would allow high volume throughput production
f PSiMs-based devices, but also the lack of standardisation. Few
ttempts at industrialisation of PSi have been made, as it still
emains laborious to render electrochemical etching controlled,
epeatable and reliable. The mechanical integrity of the PSiMs is

 source of problems as well. This has partially been solved by
he fabrication of lateral PSiMs, but the limited physical properties
chievable for such membranes are drawbacks. Further research is
eeded to find easy and reliable methods to stabilise PSiMs, using
ieces of equipment that enable large surface treatments. However,
ased on the studies reviewed here, it is reasonable to expect that
SiMs will move from research labs to commercial applications in
he future.
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