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Abstract In this article we describe a reliable etching
method to fabricate porous silicon free-standing mem-
branes (FSMs) based on a self detachment of the porous
layer in moderately doped n-type silicon substrates. We
found that stable growth of smooth and straight pores is
restricted to a narrow range of etching conditions and,
unlike p-type substrates, the lift-off of the membrane is a
self-limited process that does not require a large burst of
current. The detachment of the porous membrane is inde-
pendent of the structure of the already porosified layer,
meaning that the average pore diameter can be tuned from
nano to macro size within the same membrane. We also
demonstrate that, despite their limited thickness, FSMs are
quite robust and can sustained further processing. Thus, the
etching receipt we are proposing here extends the range of
sensors and filters that can be fabricated using porous sil-
icon technology.

1 Introduction
Good control over the structure of porous materials is a

formidable task and it is of fundamental importance to
tailor and control their properties. Over the last few
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decades porous silicon (PSi) has attracted a remarkable
level of interest due to the high degree of flexibility given
by electrochemical etching to tune its optical, electrical and
mechanical properties. PSi is still actively investigated for
the development of sensors [1], filters [2], drug-release
materials [3, 4], photovoltaic (PV) [5] and thermoelectric
[6-8] systems and it finds applications in microelectronics
(e.g. as in Bosch APSM®© technology).

Despite its long history, the control over PSi porous
structure is still a matter of research, particularly for pore
sizes between a few tens and a few hundred nanometers.
This submicron regime can be obtained in substrates with
resistivity in the range of 0.01-1 Q cm and it is of interest
for the fabrication of filters and sensors, because the pores
have a length scale comparable to that of biological rele-
vant structures and they are also compatible with fluidics
applications. Several articles were published about the
fabrication of free-standing membranes (FSMs) in p-type
silicon [9-11], but the limited anisotropy of the etching in
this substrate produces two main limits: (1) the pores
always have a conical shape with the top part of the pores
significantly larger than the bottom part; (2) such high-
porosity superficial layers are often damaged due to the
surface tension of the liquid, which makes the pore walls
collapse [12].

N-type silicon is less investigated because light-assisted
etching is not effective at these doping levels and the
porosification is performed on a reversed biased electro-
chemical junction [13-15]. This means that small varia-
tions in either doping concentration or current density
translate into a large variation of the porous structure [16].
Only recently the fabrication of small fragments of free-
standing double microporous layers on heavily doped
n-type (0.001-0.003 Q cm) silicon have been reported for
the first time [17] but, till now, no evidence about the
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possibility to detach thin membranes of macroscopic size
was reported on n-type silicon.

Despite these difficulties, moderately doped n-type Sil-
icon (0.01-0.1 Q cm) is an ideal candidate for the fabri-
cation of porous membranes with well controlled and
tailored properties and it overcomes most of the limits
found in the p-type material. They permit the fabrication of
submicron pores (30-100 nm) opened at both ends, with
constant cross section and with no pore size shrinking on
the superficial layer [18]. Such structure is of great interest
to develop biosensors because it satisfies two key param-
eters: it is compatible with mass transport through the
porous membrane (and this fact maximizes the binding
efficiency and reduces the assay time). Moreover, pore size
is still much smaller than visible wavelengths; thus, the
optical quality of the structure is not severely reduced
compared to truly nanoporous sponges typically obtained
in highly doped substrates [19].

Recently, the possibility to obtain high aspect ratio (and
fast growth) of pores in n-type substrate exploiting the
reverse bias mechanism has been demonstrated [20].
Similar structures were never reported for p-type silicon,
because of the reduced anisotropy of the etching in this
substrate (such limited anisotropy is particularly evidenced
in macroporous structures such as in [21]). In this article,
we report for the first time a robust fabrication method to
produce large area FSMs with pore size tunable across the
submicron range etched in moderately doped n-type sili-
con. We found that membrane detachment is a self-limited
process that involves the formation of a thin transitional
layer at the bottom of the porous region and, thus, no high
burst of current have to be applied to detach them. On the
other hand, given a certain doping level, this fact poses a
limit to the maximum membrane thickness achievable.
This is a striking difference that characterizes moderately
doped n-type substrates from both lightly and heavily
doped p- and n-type wafers.

The etching receipt we propose here permits the pore
size to be tuned over a broad range of dimension and
maintains a very good planarity among the layers inter-
faces. Thus, multilayer samples with high optical quality
and mechanically robust FSMs can be obtained. As an
example, to show the mechanical strength of the thin
membranes, they are subjected to a layer transfer process
(LTP). The LTP is referred to with a variety of names in
the literature (silicon-on-nothing [22], Advanced Silicon
Microfabrication Technique, chipfilm [23] and is a method
to fabricate thin- and quasi-crystalline layers starting from
a porous bilayer and exploiting atomic diffusion driven by
a thermal annealing in an inert atmosphere. Both AFM
surface morphology and Raman analysis confirm the high
quality of the re-crystallized PSi after the annealing process
in an argon atmosphere.
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Despite the fact that this article is not focused on the
fabrication of large-area thin layer of crystalline silicon for
photovoltaic applications using the LTP process, the sub-
strates investigated here may be used to develop low-cost
n-type Silicon-based photovoltaic cells [24].

2 Experimental

Samples were fabricated using n-type silicon wafer
(0.01-0.02 Q cm), polished on one side and oriented along
the [100] crystalline direction. The anodizing was performed
at room temperature in the absence of light and a computer-
controlled current source was used to control the applied
current density. Etching solutions were composed of aque-
ous HF 12 % (starting from aqueous HF 48 %) and 20 %
H,0,. While the HF and H,0, concentrations were kept
fixed, we tested two different solvents to investigate the role
of the oxidant species: in one case we use a solution of 1:1
volumetric ratio of water and ethanol (hereafter called
aqueous solution); in the other case we added only ethanol to
the concentrated HF solution (hereafter called ethanoic
solution). After fabrication of the porous layers, all samples
were rinsed in ethanol and dried in a N, flow. The structural
morphology of the PSi sample was investigated using
scanning electron microscopy (SEM, JEOL mod. JSM
7401F). The surface morphology and roughness of annealed
double-porosity layer (DPL) samples were investigated
using atomic force microscopy (AFM, NTMDT mod. PA7H)
working in contact mode. Raman measurements (Labram
Aramis from JobinYvon Horiba) were also performed to
check the crystallinity of the annealed PSi layers.

3 Results and discussions
3.1 Optimization of the porous structure

For a given silicon resistivity, the HF concentration and
applied current density are the two key parameters that
determine the PSi structure (i.e. micro < 20 nm,
meso < 50 nm and macro > 50 nm) [25]. Results obtained
on similar substrates by previous studies suggest that pore
size increases with decreasing HF concentration [18].

It is known that porosity is inversely proportional to HF
concentration, thus initially we used 6 % HF solutions.
This HF concentration shows an etch rate of only 3 nm/s
while applying the largest current density (14 mA/cm?),
which allows the etching of samples several microns thick,
without electro-polishing them. Moreover, the etched pores
are highly branched. We found that using 12 % HF it was
possible to obtain larger and smooth pores while retaining
the ability to detach membranes.
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Fig. 1 a—c show cross-sectional SEM images of n-type PSi etched
using ethanoic solution. Current densities are, respectively, 4, 20 and
80 mA/cm?. Similar structures are obtained using aqueous solutions.

Figure la—c summarizes the limiting structures that can
be obtained using ethanoic solutions at low and large current
densities, respectively. As expected, both pore size and etch
rate increase with current density. Rough, tree-like (micro—
meso) porous structures develop at low current density using
both types of solutions, while smooth and straight macrop-
ores grow when the current increases. Very similar structures
are also obtained using the aqueous-based solution. The two
main differences induced by the use of water-based solutions
are (1) a larger current density is required to obtain smooth
pores and (2) both pore size and etch rates slightly increase.
Careful optimization of the etching solution allowed us to
obtain homogeneous PSi layers and to fabricate large area,
free-standing multilayers with micro—meso and macropores
within the same membrane. Figure 1d shows a multilayer
cross section. Starting from the top surface: two macropo-
rous layers are shown etched at 60 and 80 mA/cmZ, amiddle
mesoporous layer was etched using 40 mA/cm? and a bot-
tom microporous layer was fabricated applying 4 mA/cm?.
Flat interfaces between each layer are clearly visible from
the SEM image.

d Cross section of a multilayer composed of macroporous (top),
mesoporous (center) and microporous (bottom) layers

Figure 2a, b summarizes these key features versus the
applied current density for ethanoic and aqueous solutions,
respectively. Etch rates range from 15 to 30 nm/s, at 20 and
80 mA/cmz, respectively, and are similar for both solvents.
When using the ethanoic-based solution the resulting pores
have a pore diameter of around 30 nm at 20 mA/cmz, which
increases to around 80 nm using a current density of 60 mA/
cm?. On the other hand using an aqueous solution, pores are
slightly larger (up to 100 nm). The threshold to obtain
straight and smooth pores depends on the solution compo-
sition: it is smaller using ethanoic solution (60 mA/cmz) and
it increases with aqueous solution (80 mA/cm?). This is
probably due to the higher polishing current density that is
sustained by solutions containing oxidants. It is notable that
pores are perfectly open up to the surface of the PSi.

3.2 Fabrication of free-standing double-porosity layers
Compared to p-type Si the most striking difference con-

cerns the detachment of the membrane. In highly to mod-
erate doped n-type substrates, while the top layer thickness
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Fig. 2 Key structural parameters and etch rate of PSi samples. Pore
diameter (left axis, black open squares), pore wall thickness (left axis,
red open circles) and etch rate (right axis, green filled triangles).

can be chosen at will by varying the etching time, the
thickness of the transitional layer is nearly fixed. Once the
solution composition has been fixed, the time (#;) at which
membrane lifts-off from the substrate (and thus the thick-
ness of this bottom layer) can only be slightly tuned by
modifying the applied current density, as shown in Fig. 3a.
For a current density of 60 mA/cm?, #;, approaches ~75 s
(225 s) corresponding to a thickness of around 1.5 um
(5.5 pm) for ethanoic (aqueous) solution and decreases
down to roughly 35 s (70 s) for 80 mA/cm? corresponding
to 900 nm (2.1 pm) thick transitional layer.

The origin of the self detachment of the FSMs is still not
completely clear. To our best knowledge this behavior is
only reported for moderate and highly doped n-type sub-
strate. It is known that diffusion-limited transport along the
pores produces a gradient of the HF concentration. The net
result is to introduce instability in the pore growth and pore
diameter tends to increase with the pore depth. When the
wall between two neighbor pores is completely etched, the
membrane detach from the substrate [12]. The etching
conditions we are reporting constitute a significant
improvement: the pore size can be tuned over a broad range
of dimensions and the detachment is independent from the
pore size of the last etched layer (as shown in Fig. 1d).
Such differences are reasonably due to the balance among
the wafer doping levels we are considering and the
addiction of oxidants to the etching solution. Oxidants
increase the average pore diameter and reduce the waviness
of the pore surface. Thus, they facilitate the fabrication of
high-porosity layer that is easily brought into the electro-
polishing regime and permit to form a sharp detachment
interface independently from the structure of the previously
formed PSi layer. In addition, Fig. 3b shows one of the
FSM DPLs fabricated: the sample is 2 pm thick and
13 mm in diameter and it was transferred on a glass
substrate.
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a Data for samples etched in ethanol-based solution, b data for
aqueous solution. Dotted lines are included to guide the eye

To optimize LTP the top PSi layer should have small
and homogeneous pores such that, after annealing, a nearly
flat, re-crystallized surface can be obtained. In our study we
use a current density of 20 mA/cm?® for the low-porosity
layer and 80 mA/cm” for the high porosity (for both
solutions considered). Figure 3c shows a SEM cross sec-
tion of a DPL just before its release. The two porous layers
are clearly visible, as well as the nearly completely etched
interface where DPL detaches from the underlying bulk
silicon. Figure 3d reports the iV curve corresponding to the
fabrication of a DPL: the first plateau at constant voltage
corresponds to the formation of the upper, low-porosity
layer. The second step forms the lower, high-porosity layer.
As for p-type Si, a sudden increase in the voltage indicates
the membrane detachment from the underlying substrate
[17, 26].

3.3 Surface characterization and crystallinity
of the DPL

PSi for LTP applications should have a minimum of stress
and structural disorder. In this way the mechanical strength
of the membrane is increased and they can sustain further
processing [27, 28]. We fabricate several DPLs on a silicon
substrate with the above-mentioned solutions. Their
structure is similar to that reported in Fig. 3c and are
composed by a 2 um thick low-porosity top layer (with
roughly 10 nm pore size) and a 300 nm thick high-porosity
bottom layer (with nearly 90 nm pore size). To remove the
stress and re-crystallize the material, all DPLs were
annealed at 1,100 °C for different times (30, 60 and
120 min) in an argon atmosphere. AFM images on DPL
samples annealed for O and 120 min are shown in Fig. 4a,
b, respectively. AFM analysis reveals that surface rough-
ness decreases significantly with increasing annealing time.
Before etching, the mono-crystalline Si wafer used has
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Fig. 3 a Relation between applied current density and lift-off time
for the porous layer in aqueous (red open symbols, solid line) and
ethanoic (black filled symbols, dotted line) solution. b Photograph of a
complete detached n-type PSi free-standing double layer (~2 pm)
released on a glass substrate. The small cracks visible are created
during the sample handling and are not due to sample inhomogeneity.

average root mean square (rms) surface roughness of
around 0.2 nm. Figure 4c reports the trends of rms versus
annealing time. Non-annealed sample have an rms of
2.4 nm for aqueous and 4.8 nm for ethanoic solutions.
After 2 h annealing, the rms surface roughness reduces to
0.5 nm for aqueous solution and 0.7 nm for samples etched
in ethanoic solution. It is of interest to note that, despite the
larger initial pore sizes in the top layer, samples etched
using mixed solutions systematically present smaller rms
roughness values compared to samples etched in ethanol
based solutions.

The quality of re-crystallization induced by the anneal-
ing was further investigated by Raman spectroscopy. The
Si substrate shows the usual Raman peak at 520/cm™'
having FWHM ~ 3.5/cm™" (calculated by fitting the peak
with a Lorentzian function), shown in Fig. 4d. In DPL
samples, the Raman peak shifts slightly towards higher
energy and a shoulder appears to its low-energy side. This
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Scale bar unit mm. ¢ SEM cross section of a DPL just before
detachment. The two porous layers and the detachment interface are
clearly visible. d iV curve corresponding to the fabrication of a DPL
membrane. Current densities used to fabricate each layer are shown in
red

deformation is compatible with a stressed Si lattice [29],
due to the nanoporous structure, but there is no clear evi-
dence of the amorphous silicon phase (a broad band at
480/cm™"). With increasing annealing time the peak con-
tracts and recovers its original position at lower energy. A2 h
long anneal is sufficient to recover a crystalline structure
comparable with the initial one (FWHM ~ 3.8/cm_1).

4 Conclusions

In this article, we demonstrate that a careful optimization
of the anodizing process in HF acid allows the production
of large area, porous silicon, FSMs on moderately doped
n-type silicon substrate (0.01-0.02 Q cm). The average
pore size can be tuned from less than 20 nm up to 100 nm
and macroscopic FSMs only few microns thick can be
routinely fabricated and transferred to different substrates
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Fig. 4 a, b AFM images on DPL samples annealed for O and
120 min respectively. ¢ RMS surface roughness obtained from AFM
images of DPL samples annealed for different lengths of time (0, 30,
60 and 120 min). Empty symbol refer to aqueous solution, while filled

(the aspect ratio of the membrane is around 7,000). No HF
gradient effect was noted during the porous silicon etching
and straight (not interconnected) macropores with a con-
stant cross section develop. A notable difference compared
to p-type substrates is that the membrane lift-off does not
require any high burst current, but is a self-limited process,
mainly dictated by the solution composition. We demon-
strate that medium doped n-type silicon is also fully
compatible with the fabrication of multilayer structures and
that FSMs are mechanically robust and can sustain further
processing (i.e. by LTP).

Our approach greatly increases the possibilities for
fabricating thin FSMs of well-controlled morphology on
n-type silicon. The length scale of the porous structures
investigated here is of interest in many application fields:
from biosensor to filtering devices, self cleaning surfaces
based on hierarchical structures and low-cost photovoltaic
systems based on thin film technologies.
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