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1. Introduction

Porous silicon (PS) can be defined as a semiconductor material resulting from the
electrochemical attack of a strong acid (usually hydrofluoric acid, HF), to form a network of
pores with typical diameters ranging from a few micrometers to nanometers. Sometimes
this material is referred to be a quantum sponge. The high surface-to-volume ratio (typically
in the order of 500 m2/cm?3), and their inherent electronic and transport characteristics make
this material suitable for development of photonic and sensing devices.

Although the attention focus driven by PS started in 1990, some previous works have to be
mentioned here. Early works on electrochemical treatment of silicon surfaces dealt with
problems of anodic oxidation, electropolishing and chemical etching as early as 1937
(Guntherschulze & Betz, 1937). A more detailed study was performed twenty years later
(Schmidt & Michel, 1957). The first mention of PS material (without being named in that
way) was reported in 1956, when A. Uhlir Jr. found unusual deposits on anodized silicon
samples (Uhlir, 1956). He supposed that those deposits corresponded to oxide forms of
silicon. Shortly after this, Turner reported a more detailed study of anodically formed films
on silicon (Turner, 1958). Years later, in 1971, Watanabe and Sakai reported for the first time
that the electrochemically formed films on silicon surfaces corresponded to a porous nature
(Watanabe & Sakai, 1971). Theunissen modelled the “formation of etch channels which
propagate in crystal-oriented directions in the monocrystal” of n-type silicon the following
year (Theunissen, 1972). Subsequently, interest on porous silicon began to grow slowly, and
important articles dealing with different aspects of the material were published.

One of the key points for which PS attracted much attention in the decade of 1990 is the
capability of the material to show photoluminescence (PL). In 1984, PL was observed at a
temperature of 4.2K (Pickering et al, 1984). In this work, the PL was attributed to amorphous
phases present in the porous media, but no further studies could explain all features of the
process. It was until 1990, when Canham’s paper explained PL in terms of quantum
confinement effect (Canham, 1990). This study triggered a vigorous research in the scientific
community, as illustrated in Fig. 1.
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Fig. 1. Evolution of the number of publications that contain the words “porous silicon” as
keywords in the period 1972 to 2010. The time location of the Canham seminal paper of 1990
is also shown.

In the early years after Canham’s report, besides the quantum confinement effect, many
other models have been proposed to explain the PL emission. The most important to be
mentioned here are: recombination via surface states on nanostructures (Koch et al, 1993),
siloxene compounds (Brandt, 1992), amorphous phases (George, 1992) and SiHx complexes
(Prokes, 1992). A comprehensive model grouping the quantum confinement effect and the
contribution of surface states as recombination centers was proposed by Wolkin and co-
workers (Wolkin, 1999). This model was further generalized to consider stochastic variations
of silicon nanocrystal sizes (Ramirez-Porras & Weisz, 2002).

The porous silicon era really started in 1990, as can be seen in Fig. 1. Three periods of time
could be extracted from this. The first one goes from 1990 to 1997, where the rate of
publications in the field exhibited a rapid growth, and the dominant research topic were
the PL and electroluminescence (EL) of the material in view of a possible light emitting
diode (LED) development fully compatible with the standard silicon electronics industry.
Certainly, one of the key moments of this period was the publication of the porous silicon
advancements in the front page of the Physics Today journal of January 1997 and its
accompanying article therein (Collis, 1997). A second period characterized by a decrease
in the field research interest went from 1998 to 2003, with a highest peak in 2000,
coinciding with the 10th anniversary of Canham’s paper. This decrease was the result of
the impossibility of producing a commercially available LED made out of porous silicon.
Nevertheless, some very comprehensive reviews were published in this period of time, as
the one from Bisi et al (Bisi et al, 2000) and from Lehmann (Lehmann, 2002). A renaissance
period started in 2004, where the research interest shifted to other applications, generally
dealing with the development of sensing devices (chemical and biological sensors
mainly).
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The electrochemical etch of silicon to produce porous silicon is a fairly inexpensive process,
and therefore it can be implemented in a large group of countries. Fig. 2 shows the number of
publications with affiliations belonging to the top 15 countries (Ramirez-Porras, 2011), taking
into account the three periods of time already mentioned. It is noticeable the leader position
earned by some European countries, United States and Japan in the first period, whereas in the
last years China has undertaken a strong presence in the international community.

In this Chapter, we will briefly describe the synthetic procedure for porous silicon etching,
followed by attempts to fabricate free-standing PS wafers. We will conclude with a
discussion PS surface functionalization strategies for gas-sensing applications.
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Fig. 2. Number of publications organized by affiliation that contain the words “porous

silicon” as keywords. Data per country are stacked for three different periods of time: 1990-
1997 (grey bars), 1998-2003 (black bars), and 2004-2010 (white bars).

2. Synthesis of porous silicon

The tunable porosity of porous silicon (p-Si) and concomitant physical properties such as
photoluminescence and electrical conductivity have long been exploited for solar (Menna,
1995; Vitanov, 1997), biomedical (Low, 2009; Maclnnes, 2009; Alvarez, 2009), and
(bio)sensing (Razi, 2008; Palestino, 2008; Janshoff, 1998) applications. The most common
method used to fabricate porous silicon is electrochemical etching (anodization) of a doped
Si wafer in an aqueous/ethanolic HF electrolytic solution (Fahlman, 2011). The porosity of
the resultant p-Si may be fine-tuned by altering a number of parameters such as the
electrolyte concentration, etching current, anodization time, or n-/p- dopant concentrations
(Table 1; Bisi, 2000). The diverse range of applications for p-Si are attributed to the
morphological control of p-Si fabrication, exhibiting micro- to macroporosity (Fig. 3).

A variety of anodization cells may be employed for the electrochemical etching of silicon
wafers (Fig. 4). These typically employ a platinum cathode and silicon wafer anode that is in
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contact with a HF-based electrolytic solution. The use of a constant DC source is usually
used to ensure a constant concentration of electrolyte at the cathode tip, resulting in a more
controllable corrosion rate. Although a number of hypotheses regarding the mechanism of
silicon etching have been proposed (Smith, 1992), it is generally accepted that
semiconductor carriers known as holes are important for the initial oxidation steps during
pore formation. Hence, for n-type Si, an appreciable amount of anodization may only take
place under light illumination, high fields, etc. The magnitude of illumination is dependent
on the doping level of the native wafer. Equation 1 provides a plausible surface chemical
reaction that occurs during the anodization of silicon:

Si +6HF — H,SiF, + H, + 2H" +2¢” (1)

In order to offset the build-up of negative charge at the interface, holes must be injected
from the substrate toward the Si/electrolyte interface during the anodization process.

Experimental Parametera Resultant Resultant Etching | Resulting Critical
Porosity Rate Current
HF concentration Decrease Decrease Increase
Current density Increase Increase No effect
Anodization time Increase Minimal effect No effect
Temperature No effect No effect Increase
Wafer doping (p-type) Decrease Increase Increase
Wafer doping (n-type) Increase Increase No effect

a Corresponds to an increase in each experimental parameter

Table 1. Effect of varying experimental parameters on the formation of porous silicon
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Fig. 3. TEM images of microporous (left), mesoporous (middle), and microporous (right)
porous silicon. Images reproduced with permission from Gaburro, 2005.

Several techniques have been applied to characterize the interesting features that arise from
the anodization process. One of these is the X-ray diffractometry (XRD), used to extract
information about crystallinity. Figure 5 shows a XRD plot of both a crystalline silicon
sample (c-Si) and a porous silicon sample (p-Si). The region in the vicinity of the (004) Bragg
peak is shown. The X-Ray source yields two lines, the copper K, and K. The plots show
the corresponding peaks for silicon and silicon dioxide (SiOz). The ratio of the intensity lines
between SiO; and Si is an estimation of the oxide cover on the surface. This ratio is notably
higher in the p-Si sample, indicating the higher level of oxidation at the porous surface.
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Fig. 4. Illustration of various types of anodization cells used to fabricate porous silicon
wafers. Figure reproduced with permission from Gaburro, 2005.

The XRD peaks also contain information on the representative nanocrystal size. As seen in
Figure 6, the peak can be deconvoluted into a set of peaks, one for the crystal phase and
satellite peaks corresponding to nanocrystal phases. By the use of the Scherrer’s equation
(Guinier, 1994), that relates the full width at half maximum (FWHM) of the satellite peaks
with the mean structure diameter, one is able to find the typical nanocrystal size.

pSi

X 40

Intensity (Arb. Units)

68 69 70 71
2*0 (degrees)
Fig. 5. XRD diffractometry plots of crystalline silicon (c-Si) and porous silicon (p-5i) surfaces
near the (004) Bragg reflection zone. K12 lines for silicon and silicon dioxide are present in
both cases. The intensity lines are not at the same scale (p-Si lines are increased 30 times
with respect to the c-Si lines). A zoom of the silicon dioxide peaks in c-Si is also shown.
(Unpublished results from the authors.)
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Fig. 6. XRD spectrum for a p-Si specimen near the (111) Bragg reflection plane. The satellite
peaks surrounding the c-Si peak contain information on the size of the typical silicon
nanocrystals, which in this case are in the 4 - 6 nm range. (Ramirez-Porras, 2002.)

3. Fabrication of free-standing porous silicon membranes

Whereas there are copious precedents of p-Si surfaces in contact with the native crystalline
Si (c-Si) wafer, there are few reports of applications utilizing free-standing p-Si wafers (Liu,
2002; Bazrafkan, 2009). The most common method reported to fabricate free-standing p-Si
has been electrochemical etching followed by a high-current electropolishing pulse that
releases the p-Si as a free-standing flake (Papadimitriou, 2004; Lammel, 2000; Lo, 2009;
Burstein, 1997). However, these methods do not yield reproducible p-Si membranes, with
discrete flakes being comprised of varying thicknesses, porosities, and resultant
physical/ (opto)electronic properties. More recently, a sophisticated photolithographic
technique has been utilized to yield free-standing p-Si microstructures (Garel, 2007). In this
section, we will describe a much simpler electrochemical double-etching technique to
generate free-standing p-Si wafers in a reproducible manner.

For electrochemical etching, we employed a current of 54 mA.cm2 for 20 min., using a p-
type Si(100) substrate with a resistivity of 20 - 50 Q.cm. This results in a macroporosity
(70%), with average pores 2 - 3 um in diameter and 40 - 50 pm depth.

In order to improve the etching uniformity over long times, the electrolyte was allowed to
equilibrate in the pores during etching. This was accomplished by introducing a rest time
(zero current) of 1 min. after every 10 min. of active etch time. In addition, an electrolyte stir-
rate of 240 rpm was found to best control tghe reproducibility of our etching procedure. In
order to maintain a sufficient current through the previously-etched p-Si layer and prevent
subsequent leakage of the corrosive electrolyte solution, we introduced a sacrificial
crystalline Si wafer prior to etching the second side (Fig. 7).

The optimum conditions for the fabrication of free-standing wafers consisted of 90 min. of
first-side etching, followed by an additional 40 min. for the opposite side (Fig. 8).
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Interestingly, it should be noted that attempts to etch for shorter times (20 min., 30 min., 40
min.) followed by longer increments (90 - 150 min.) did not yield yield suitable free-standing
wafers. Instead, a large portion of un-etched crystalline silicon remained in the interior of
the sample (Fig. 9). This indicates that after a period of time, the electrical current becomes
more focused on the wafer edge than across the entire wafer surface. Although porous
silicon is able to transport electrical current to etch the second side, it is not able to maintain
this current uniformly across wafer surface for long periods of time due to increasing
sample resistivity during the etching process.

Although Searson and coworkers have reported a simple one-step etching procedure
(Searson, 1991), the reported porosities were non-uniform, with the formation of copious
lateral pore channels. Our attempts to etch completely through the wafer using a similar
one-step process were unsuccessful (Fig. 10). For reasons stated above, this process results in
etching almost completely around the circumference of the p-Si wafer, which yields a back-
side comprised of completely un-etched crystalline Si (Fig. 11). Further, partial etching
followed by chemical removal of the remaining c-Si backside (using 1% KOH(aq); Navarro,
1997) resulted in a severely damaged p-Si surface due to the rapid etching of both c-Si and
p-Si by the basic solution.

HF:H,O:EtOH
Computer- .
controlled Un-etched Si wafer
power 5 )
supply  — 1 | k7| _..-- - p-Si
Sacrificial
Al foil Si wafer

Fig. 7. Illustration of the cell used for the double electrochemical etching of silicon to yield a
free-standing p-Si wafer.

Fig. 8. Cross-section SEM image of a silicon wafer that has been electrochemically double-
etched (90 min., first-side + 40 min., second side).
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Fig. 9. Cross-section SEM images showing a region of un-etched crystalline silicon.
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Fig. 10. Cross-section SEM image of a crystalline Si wafer following a one-step etching
procedure, showing the formation of lateral pore channels.
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Fig. 11. Photograhs of the front (left) and backside (right) of a crystalline Si wafer, following
a one-step etching procedure.
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The overall thicknesses of our free-standing wafers were of the same magnitude as the
starting crystalline wafer (ca. 200 pm). Similar pore dimensions were formed on both sides
of the wafers, virtually identical to those observed in p-Si/c-Si supported films using the
same etching parameters (Stefano, 2004). Interestingly, square porous arrays are observed
on only one of the sides that was in contact with aluminum foil during etching of the first

side (Fig. 12). These arrays duplicate the position of creases in the aluminum foil that was
used as the anode during etching.

Fig. 12. SEM images illustrating the square arrays formed on the backside of the free-

standing p-Si wafer, resulting from contact with the creases of aluminum foil used as the
anode during etching,.

pepioe

O 6jc 8©
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Fig. 13. Photograph illustrating uniform etching of the sacrificial crystalline Si substrate used
in our double-etching procedure.

As illustrated in Figure 8, the porosity of the free-standing wafer exhibits a transitional

region in its cross-section, at the point where the second-side etching is concluded. This is
likely an artifact of induced diffusion currents of electrolyte at the interface of the two
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porous arrays. Nevertheless, the sacrificial crystalline Si was etched uniformly by the
electrolytic solution (Fig. 13), indicating that the porous channels remain spatially
homogenous throughout the entire thickness of the wafer.

4. Applications of surface-functionalized porous silicon

The surface of p-Si is terminated with Si-H groups immediately following electrochemical
etching. However, these moieties are replaced by oxide groups over time due to exposure to
ambient O/ moisture. This will affect the electrical conductivity and optical properties of p-
Si, which will alter its applicability for certain applications. Although a post-oxidation
process has been used to yield a more reproducible and stable surface, it is often most
desirable to introduce a surface-functionalization in order to effectively prevent post-
oxidation following anodization.

A surface functionalizing group may serve a two-fold benefit - preventing post-oxidation, as
well as providing a chemical handle for the selective binding of gaseous/liquid adsorbant
species. The latter benefit is of interest for sensor applications (Archer, 2005; Schechter,
1995), wherein one is interested in the analyte of choice being bound selectively to a surface,
which will alter a specific surface physical property (e.g., conductivity, photoluminescence,
etc.) that is required for analyte detection (Rossi, 2007).

Accordingly, we have assessed the utility of our free-standing p-Si wafers for gas-sensing
applications. Indium contacts were soldered onto alternate sides of a p-Si wafer, and vapors
of ethanol were generated by bubbling purified nitrogen gas (800 sccm) through the liquid
at 20 °C (Fig. 14). The vapor was passed through a stainless steel chamber, which housed the
porous silicon substrate in the absence of light during the analyses.

flowmeter

analyzer

test solvent

Fig. 14. Schematic of the experimental setup for vapor sensing. The concentration of the test
solvent (ethanol) is controlled by varying the relative positions of valves V1 and V2/V3. The
arrows indicate the direction of the gas and vapor flows.

We assessed both as-etched free standing p-Si wafers, as well as those functionalized with
4-aminopyridine. Our procedure for functionalization began by removing the native
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oxide layer by immersing the wafers for five minutes in a 2% ethanolic HF solution,
followed by ethanol and THF rinses and drying under purified No. Chlorine gas was then
added to the samples, and allowed to react for 30 minutes at 95 °C. Any unreacted Cl, was
then removed from the system by purging with a flow of N> gas for 1 h. A 0.001 M
solution of 4-aminopyridine in THF was introduced and allowed to react for two hours at
95 °C. After rinsing the samples with THF, the wafers were stored in vials under N> until
use.

Whereas the contact angle of as-etched p-5i was 119° prior to functionalization, the contact
angle decreased to 35° following functionalization with 4-aminopyridine. This may be
compared to contact angles of p-Si following oxidation using ozone (ca. 0°) and O/heat
(8-10°). The IR spectrum of functionalized p-Si (Fig. 13) is also in agreement with
condensed 4-aminopyridine, exhibiting characteristic v(N-H), v(C-H), and v(C-Carom)
resonances.
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Fig. 15. DRIFT FTIR spectrum of free-standing porous silicon functionalized with 4-
aminopyridine.

Figure 16 illustrates the electrical conductance response of the p-Si wafer toward a N flux of
ethanol of varying concentrations. As-etched free-standing wafers exhibit a strong
conductive response. However, the recovery time is very slow due to the enhanced surface
area of the substrate, concomitant with a slow release of condensed vapor from its pores
(vide infra). In contrast, the amino-functionalized wafers result in a much faster response
following exposure to ethanol vapor, while not significantly affecting the overall sensitivity
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of the wafer. Both as-etched and functionalized p-Si exhibited a detection limit of ca. 4 ppt
toward ethanol vapor at 20 °C.

The enhanced binding reversibility of ethanol vapor onto functionalized p-Si is counter-
intuitive based solely on the surface polarity following functionalization. That is, for a
polar organic vapor, one would expect that the highly hydrophobic H-terminated p-Si to
easily release the vapor following exposure. Our observance of slow conductive baseline
recovery following an ethanol flux is in agreement with Rossi et al., who report vapor
sensing by p-Si to be facilitated by condensation within the pore structure (Stefano, 2004).
This mode of chemical binding would require long purging times in order to
evaporatively sweep the molecules from the more pronounced pore volume of our free-
standing wafers.
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Fig. 16. Conductance response of free-standing p-Si toward ethanol vapor at varying
concentrations. Both as-etched wafers (bottom) and 4-aminopyridine-functionalized wafers
(top, middle) were used.

In contrast, surfaces functionalized with 4-aminopyridine may interact with a polar vapor
via intermolecular interactions, that do not require an evaporative phase change in order to
release the molecules from the surface/pore structure. It should be noted that we have also
observed an analogous electrical behavior for c-Si supported functionalized p-Si films;
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however, the sensitivity and concomitant detection limits were significantly inferior to the
free-standing substrates reported herein.

5. Conclusions

In summary, we have demonstrated a simple electrochemical double-etching technique to
generate free-standing p-Si wafers without lateral pore formation or residual bulk c-Si.
Further, no secondary plasma or chemical treatment is required to remove the back-
contact c-Si, which greatly simplifies the procedure making it widely amenable for
industrial applications. As-etched and surface-functionalized wafers were shown to be
effective to detect low concentrations of ethanol vapors using electrical impedance, with
the latter exhibiting an extremely fast recovery time. We are working to improve the
detection limits by morphological alterations to enhance the p-Si surface area, as well as
expanding the sensing experiments to other organic vapors, both of which will be
reported shortly.
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