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Nanostructured Porous Silicon -
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Abstract: Porous silicon is a very attractive material due to its intense visible photoluminescence at room tem-
perature. Its unique physical and chemical properties are determined by the porous structure where a nanosized
silicon layer is formed during the electrochemical etching of crystalline silicon. So far, the high chemical reactivity
of the porous silicon surface has prevented its extensive application in optoelectronics. Considerable effort has
been put into the development of suitable techniques of stabilization. On the other hand, high chemical reactivity
and sorption capacity of porous silicon represent the principal advantage for the construction of sensitive sensors
of chemical species. This article provides a brief overview of the ongoing activities in the development of porous-
silicon-based chemical sensors at the Charles University and at the Institute of Chemical Technology. So far, the
detection of chemical species is based on the measurement of the changes in photoluminescence intensity and
photoluminescence decay time, other complementary electrochemical and optical detection methods will follow in
order to increase the selectivity of the detection. Another approach resulting in increased selectivity of sensor re-
sponse utilizes the modification of porous silicon surface — either by physical adsorption or chemical derivatization
— by various molecules with recognition properties. Due to the interdisciplinary nature of the research the involved
scientists have built a network of collaborating laboratories specialized in various fields — material research, surface

chemistry, design and synthesis of the molecules with recognition properties and sensor development.
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1. Introduction

Porous silicon (PS) has attracted much at-
tention since the discovery of its efficient
visible room temperature photolumines-
cence (PL) in 1990 [1]. The principal
mechanism responsible for visible PL was
attributed to quantum confinement in sili-
con nanostructures. The enormous interest
in this material in the first years of the 21st
century was promoted by the search for ef-
ficient visible luminescence silicon-based
material for optoelectronic applications.
When the decisive role of the PS surface
[2] and chemical composition of the sur-
rounding environment [3] on the physical
properties of PS was revealed, the attention
shifted towards PS surface chemistry [4].
Physical and chemical properties of po-
rous silicon are determined by the morphol-
ogy of silicon nanostructures (pore size,
orientation, and size distribution). Correla-
tion of observed physical properties with
morphology of PS films [5] and the rela-
tionship between PS morphology and an-
odization conditions of p-type silicon have
been extensively studied. Principal factors

influencing the formation rate of the PS
layer and its morphology were found. PS
macropore formation depends both on the
properties of the silicon substrate (crystal
orientation [6], doping density [7]) and the
experimental conditions for anodization
(composition of etching solution, current
density [8][9], temperature [10]).
Nowadays, agrowing areaof PS research
is aimed at the development of chemical
and biochemical sensors [4]. Besides favor-
able sensor properties the principal advan-
tage of PS is its material compatibility with
common silicon-based microelectronics.
Improvement of selectivity and operation
stability of PS sensor is an essential prereq-
uisite determining its practical utilization
[11]. It is usually accomplished by the at-
tachment of suitable species to the PS sur-
face using various chemical routes [12][13].
Species with recognition properties are of-
ten of very high molecular weight or even
supramolecular structures (enzymes, anti-
bodies, membranes, or whole cells [14]). In
order to achieve sufficiently high coverage
of PS surface through chemical bonds, in-
formation about pore size, orientation and
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distribution is crucial. Knowledge of the de-
pendence of PS morphology on preparation
conditions thus plays a decisive role in the
search for effective derivatization methods
of PS surfaces for sensor applications.

2. Experimental

PS samples were prepared by anodic
etching of crystalline Si wafer (CZ, boron
doped, (100), ~10 Qcm, ON Semiconduc-
tors) in a HF (50 wt.%) and absolute etha-
nol mixture, composition varied from 3:1
to 1:3 volume ratio. The current density
varied within the interval 1-20 mA cm™,
anodization time was 60 min. Porosity and
thickness of PS samples were determined
by gravimetric methods [15]. Infrared spec-
tra were measured by means of a Fourier
transform Nicolet Magna 760 spectrometer
operated in transmission mode. The mor-
phology of PS samples was observed by
means of a JEOL JSM 6700F NT scanning
electron microscope (SEM); the detailed
structure was determined by means of a
200 kV TOPCON high resolution transmis-
sion electron microscope (HR TEM).

Gas-phase measurements of the pho-
toluminescence PS sensor response were
performed in a laboratory-made bulk op-
tode operating with nitrogen as a carrier
gas. Photoluminescence was excited either
by UV LED (RLT370-10, 370 nm, ~1 mW/
cm?) or a cw Art-laser (457.9 nm, 30 uw
cm2), collected in a perpendicular direc-
tion by means of a glass fiber connected
to a emission monochromator, detected
by a photomultiplier and processed with
a Stanford SR830 lock-in amplifier. Mea-
surements of the photoluminescence sensor
response of porous silicon in a liquid phase
were performed in a slightly modified set-
up. The porous silicon sample was fixed in
a bulk optode immersed in n-hexane. The
excitation beam and photoluminescence
were directed to and from the porous silicon
sample by means of a fiber optics lumines-
cence probe.

3. Results and Discussion

3.1. Dependence of Porous Silicon
Morphology and Chemical Compo-
sition on Fabrication Parameters

Photoluminescence properties of PS are
closely related to the sample morphology
and porosity. We performed a detailed study
of the dependence of these parameters on
fabrication conditions. PS samples were
prepared at various HF concentrations and
current densities and the resulting porosity,
thickness, morphology and photolumines-
cence were studied [16]. Based on experi-
mental results, we found two effective ways

of controlling the sample porosity — through
the HF concentration and through the cur-
rent density. However, no direct link be-
tween photoluminescence properties (spec-
tral distribution, position of spectral maxi-
mum) and total porosity was observed.

According to the quantum confinement
mechanism, with increasing porosity of
PS the mean size of silicon nanostructures
is expected to become smaller and the PL
spectral maximum should shift to the blue.
Photoluminescence spectra of selected PS
samples are presented in Fig. 1. We can see
that the PL maximum shifts substantially
to lower wavelengths with decreasing HF
concentration in the etching solution (Fig.
l1a); the observed PL blue shift due to the
increased current density is about one or-
der of magnitude smaller (Fig. 1b). On the
basis of the experimental data obtained we
can conclude that the total porosity of the
porous layer is not directly linked with the
mean size of silicon nanostructures that
are responsible for visible photolumines-
cence.
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Fig. 1. (@) Room temperature photoluminescence
spectra of porous silicon films prepared at various
HF concentrations in etching solutions (current
density 10 mA cm™2, anodization time 60 min);
(b) photoluminescence spectra of porous silicon
films prepared at various current densities (HF/
ethanol =1:1, anodization time 60 min). Spectra
were excited with a Art laser (457.9 nm, excitation
power ~30 UW cm).

Observed PL maximum shifts for PS
prepared under different conditions were
also correlated with PS surface morpholo-
gy as observed by electron microscopy. We
may conclude that PS samples prepared at
the same HF concentration revealed simi-

CHIMIA 2005, 59, No. 5

lar morphology under the electron micro-
scope (not shown) irrespective of the se-
lected current density, whereas substantial
differences in morphology of the porous
layer were observed for samples prepared
at different HF concentrations. Fig. 2
shows cross-sectional SEM views of three
samples prepared at HF concentrations
12.5%, 16.7%, and 25% (current density
10 mA cm™, anodization time 60 min)
— samples are denoted A, B, and C. For
PS sample A the pores were wide with the
walls partially cracked. For sample B pre-
pared at higher HF concentration the pores
were substantially thinner, which was re-
flected in a relatively large red shift in the
PL spectrum (see Fig. 1). The finest, but
most easily destructible porous structure
was observed for PS sample C prepared
in the most concentrated HF solution. Ac-
cordingly, this sample shows the most sig-
nificant red shift of the PL maximum. A
similar relation between sample porosity
and PL shift was reported by Bessais et
al. [17].

Fig. 2. Cross-sectional electron micrographs of
porous films and details of pore morphology for
porous silicon samples A, B, and C



CHEMICAL SENSORS AND BIOASSAYS

224

3.2. Sensor Response of Porous
Silicon in Gas- and Liquid Phases

The photoluminescence sensor response
of PS was measured for a homological set
of linear alcohols from methanol to 1-hexa-
nol in gas and liquid phases. The measure-
ment was accomplished by recording the
photoluminescence intensity at selected
wavelengths as a function of elapsed time
when various amounts of analytes were re-
peatedly introduced and rinsed out of the
system. As examples, time records of the
photoluminescence intensity for 1-hexanol
in gas phase and methanol in liquid phase
are shown in Fig. 3 and Fig. 4.
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Fig. 3. Variations of photoluminescence intensity
of standard porous silicon in the presence of
various amounts of 1-hexanol in the gas phase.
Emission wavelength A = 700 nm.
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Fig. 4. Variations of photoluminescence intensity
of standard porous silicon in the presence of
various amounts of methanol in the liquid phase.
Emission wavelength A = 700 nm.

The magnitude of photoluminescence
quenching depends on analyte concentra-
tion. From the time records of photolu-
minescence intensity we determined cali-
bration curves — a relative decrease of PL
intensity as a function of analyte concentra-
tion (see Fig. 5 for analytes in gas phase and
Fig. 6. for analytes in liquid phase). From
the linear part of the calibration curves we
determined the fundamental sensor param-
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Fig. 5. Sensor response of standard porous
silicon as a function of concentration for n-
alcohols in the gas phase. Emission wavelength
A =700 nm.
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Fig. 6. Sensor response of standard porous
silicon as a function of concentration for
n-alcohols in the liquid phase. Emission
wavelength A = 700 nm.

eters: limit of detection, sensitivity, and lin-
ear dynamic range [18].

As it follows from the evaluated quanti-
tative data, the photoluminescence response
of PS to analytes in the gas phase is char-
acterized by a nearly monotone increase of
sensitivity with the length of alcohol chain;
the behavior of sensitivity towards the same
analytes in liquid phase is the opposite. Such
different sensor behavior can be explained
by considering both the factors affecting
the extent of luminescence quenching by a
given structure and the actual concentration
of the analyte in the porous matrix.

Photoluminescence quenching of PS in
liquid phase can be explained by the dielec-
tric quenching mechanism [19]. The prob-
ability of radiative recombination of exci-
tons in PS depends on the effective dielec-
tric constant inside the porous matrix. With
increasing effective dielectric constant the
Coulombic force between electron and hole
as well as their recombination probability
are lowered. Values of sensor sensitivity
to studied alcohols in the liquid phase as a
function of dielectric constant are presented
in Fig. 7. A very good correlation between
photoluminescence quenching and dielec-
tric constant of alcohols was observed.
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Fig. 7. Dependence of the sensor sensitivity
of standard porous silicon as a function of the
dielectric constant of linear alcohols in the liquid
phase

The behavior of sensor response to
linear alcohols in the gas phase is more
complex and cannot be explained by the di-
electric quenching mechanism only. In PS
a broad distribution of pores with diameters
of the order of 1-100 nm is present [20]. Al-
cohol vapors in the gas phase interact with
the porous matrix and their concentration
inside the matrix is determined primarily by
the capillary condensation effect [21]. The
real concentration of alcohol inside the po-
rous matrix is therefore different from the
nominal concentration in the gas phase. In
a first approximation we can estimate the
magnitude of the equilibrium concentration
of analyte in the porous matrix by means of
a gas phase concentration and analyte vapor
pressure. We assume that the analyte con-
centration in pores for a given analyte gas
phase concentration increases with decreas-
ing saturated vapor pressure. The values of
sensor response sensitivity as a function of
the reciprocal value of saturated vapor pres-
sure are depicted in Fig. 8. The observed
correlation explains well why the gas phase
sensor sensitivity for 1-hexanol is much
higher than for methanol [22].

»
T

C1

N
T

C6

Sensitivity [mg™ 1]
N

0 . 2 4 6 8 . 10
1/Vapor pressure [kPa"]

Fig. 8. Dependence of the sensor sensitivity of
standard porous silicon on the reciprocal value
of vapor pressure of linear alcohols in the gas
phase
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3.3. Sensor Response of Surface
Modified Porous Silicon

Chemical modifications of the PS sur-
face were performed by wet oxidation and
hydrosilylation reaction with methyl 10-un-
decenoate and hemin [18]. We performed
measurements of the photoluminescence re-
sponse with chemically modified samples of
PS for the set of C,~C linear alcohols in the
gas phase. In comparison to the original PS,
the sensor response of the methyl 10-undec-
enoate-derivatized PS sample was unusually
low for lower alcohols. Such observations
suggest that methyl 10-undecanoate groups
on the PS surface interact with alcohol mole-
cules hindering them from penetration inside
the porous matrix. The modified sensor re-
sponse can be simply quantified by the ratio
of sensor sensitivity, Sp of surface-deriva-
tized PS to sensitivity, S ,, of as-prepared PS
towards the selected analyte. As it follows
from the Table, the value of Sg/S, mono-
tonically decreases with increasing length
of alcohol chain, thus indicating a molecu-
lar recognition effect of the surface-modi-
fied PS towards n-alcohol vapors. From the
structural features of the interacting species
we propose that the most probable driving
force behind the molecular recognition is
the polar interaction between -OH groups of
alcohol and C=0 groups of 10-undecanoate
methylester.

Recently we performed further modifi-
cations of the porous silicon surface — phys-
ical adsorption of cobalt phthalocyanine
[23] and electrodeposition of polypyrrole
[24]. All these surface modifications sig-
nificantly altered the photoluminescence
sensor response and substantially improved
its operational stability.

4. Conclusion

The dependence of photoluminescence
properties and morphology of porous sili-
con on fabrication parameters was studied
and the influence of current density and
electrolyte composition on sample poros-
ity and morphology was determined.

Porous  silicon photoluminescence
quenching in presence of organic analytes
in gas and liquid phases was investigated.
The photoluminescence quenching mecha-
nism is consistent with the model of exciton
dielectric quenching. This mechanism fully
explains the response to various analytes
in the liquid phase. The magnitude of the
sensor response in the gas phase depends
on the thermodynamic equilibrium concen-
tration of the analyte in the porous silicon
matrix controlled by the capillary conden-
sation effect.

Derivatization of the PS surface with
methyl 10-undecenoate strongly modifies
the PL response of the PS sensor in the pres-
ence of vapors of lower alcohols as com-
pared to as-prepared PS sensor. The rela-
tive change of the PL response scales with
the polarity strength of the analyte. Polar
interaction between the hydroxyl group of
alcohols and the carbonyl group of methyl
10-undecanoate molecules at the PS surface
is the dominant mechanism of molecular
recognition.
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