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Abstract

The striking photoluminescence properties of porous silicon have attracted considerable research interest since their

discovery in 1990. Luminescence is due to excitonic recombination quantum con®ned in Si nanocrystals which remain after

the partial electrochemical dissolution of silicon. Porous silicon is constituted by a nanocrystalline skeleton (quantum sponge)

immersed in a network of pores. As a result, porous silicon is characterized by a very large internal surface area (of the order

of 500 m2=cm3). This internal surface is passivated but remains highly chemically reactive which is one of the essential

features of this new and complex material. We present an overview of the experimental characterization and theoretical

modeling of porous silicon, from the preparation up to various applications. Emphasis is devoted to the optical properties of

porous silicon which are closely related to the quantum nature of the Si nanostructures. The characteristics of the various

luminescence bands are analyzed and the underlying basic mechanisms are presented. In the quest of an ef®cient

electroluminescent device, we survey the results for several porous silicon contacts, with particular attention to the interface

properties, to the stability requirement and to the carrier injection mechanisms. Other device applications are discussed as

well. # 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

The end of the last century has seen a progressive move down in dimensionality of semiconductors.
Quantum wells, quantum wires and quantum dots were exotic terms a decade ago, while now they are

Surface Science Reports 38 (2000) 1±126

0167-5729/00/$ ± see front matter # 2000 Elsevier Science B.V. All rights reserved.

PII: S 0 1 6 7 - 5 7 2 9 ( 9 9 ) 0 0 0 1 2 - 6

* Corresponding author. Tel.: �39-059-586059; fax: �39-059-367488.

E-mail addresses: bisi@unimo.it (O. Bisi), ossicini@unimo.it (S. Ossicini), pavesi@science.unitn.it (L. Pavesi)
1 Tel.: �39-0461-881605; fax: �39-0461-881696.



at the very basis of many devices, e.g. lasers or HEMT, and are the key to the development of the
technology of the future, e.g. nanoelectronics. At the same time, new applications for Si have been
found either in the form of an alloy with Ge for high frequency applications, or as a promising material
for photonic applications. This last aspect is the focus of this review paper.

The promotion of Si from being the key materials for micro-electronics to an interesting material for
photonic applications is a consequence of the possibility to reduce its dimensionality by a cheap and
easy technique. In fact, electrochemical etching of Si under controlled conditions leads to the formation
of nanocrystalline Si where quantum con®nement of photoexcited carriers yields to a band gap opening
and an increased radiative transition rate. Ef®cient light emission is the product. The resulting material
is named porous silicon (PS) due to its morphology composed by a disordered web of pores entering
into Si. Its structure is like a sponge where quantum effects play a fundamental role, i.e. PS could be
viewed as a quantum sponge, and as a sponge it can be permeated by a variety of chemicals and its
enormous internal surface rules its properties. These features (being a quantum system and a sponge)
are keys both to the success and to the failure of PS. In fact, many possible applications exploit the
quantum con®nement (e.g. in light emitting diodes) or the high reactivity of its surface (e.g. sensor
applications) but to promote PS to real and commercial devices one has to master its quantum sponge
nature. The disordered distribution of nanocrystal sizes, interconnectivities, and surface compositions
hampers a real engineering of PS properties. Its enormous and active inner surface causes time and
ambient dependent properties, aging effects and uncontrolled deterioration of device performances. It is
an interesting piece of scienti®c work in the understanding of the properties of this material and the
mastering of some of its properties to obtain devices which work in a predictable way. Here we try to
present an overview of this work.

It should be pointed out that in the last few years various conference proceedings [1,441±443], review
articles [2,444±456] and edited books [3,457±461] have been published on PS. We complement these
papers or books by presenting a uni®ed and up-to-date picture of this rapidly evolving ®eld.

2. Electrochemical formation

2.1. How porous silicon is made?

PS is formed by an electrochemical etching of Si in an HF solution. Following an electrochemical
reaction occurring at the Si surface a partial dissolution of Si settles in. Let us concentrate on the
various factors which rule this process.

Electrolyte. Usually, HF is sold in an aqueous solution with up to 50% of HF. Thus, the ®rst attempts
to form PS were performed using only HF diluted in deionized and ultra-pure water. Due to the
hydrophobic character of the clean Si surface, absolute ethanol is usually added to the aqueous solution
to increase the wettability of the PS surface. In fact, ethanoic solutions in®ltrate the pores, while purely
aqueous HF solutions do not. This is very important for the lateral homogeneity and the uniformity of
the PS layer in depth. In addition, during the reaction there is hydrogen evolution. Bubbles form and
stick on the Si surface in pure aqueous solutions, whereas they are promptly removed if ethanol (or
some other surfactant) is present. For the same reason, a careful design of the anodization cell is
necessary in order to promote hydrogen bubble removal. Moreover, it has been found that lateral
inhomogeneity and surface roughness can be reduced, increasing electrolyte viscosity, either by
diminishing the temperature or introducing glycerol to the composition of the HF solution [4].
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Potential. The dissolution is obtained either controlling the anodic current or the potential. Generally,
it is preferable to work with constant current, because it allows a better control of porosity, thickness
and reproducibility of the PS layer.

Cells. The simplest electrochemical cell is a Te¯on beaker (Fig. 1) [5]. The Si wafer acts as the anode
and the cathode is generally made of platinum, or other HF-resistant and conductive material. The cell
body is usually made of an highly acid resistant polymer such as Te¯on. Using this cell PS is formed all
over the wafer surface exposed to HF, including the cleaved edges. The advantages of this cell
geometry are the simplicity of equipment and the ability to anodize silicon-on-insulator structures. The
drawback is the inhomogeneity in porosity and thickness of PS layers, mainly due to a potential drop. In
fact, there is a difference in potential between the top (point A in Fig. 1) and the bottom (point B in
Fig. 1), leading to different values of local current density.

The second type of anodization cell is shown in Fig. 2. In this cell, the Si wafer is placed on a metal
disk and sealed through an O-ring, so that only the front side of the sample is exposed to the electrolyte.
When an Si wafer with high resistivity (i.e. more than a few mO/cm) is used, a high dose implantation
on the back surface of the wafer is required to improve the electrical contact between the wafer and the

Fig. 1. Cross-sectional view of a lateral anodization cell. After Ref. [5].

Fig. 2. Cross-sectional view of a single-tank anodization cell. After Ref. [5].

O. Bisi et al. / Surface Science Reports 38 (2000) 1±126 7



metal disk. This step is crucial to get later homogeneity in the PS layer. This cell is the most widely
used because it leads to uniform PS layers, allows an easy control of both porosity and thickness, and it
is suitable for front side illumination of the sample during the attach.

The third type of anodization cell is a double-tank geometry with an electrolytic back-side contact.
This cell (Fig. 3) consists of two half-cells in which Pt electrodes are immersed and the Si wafer is used
to separate the two half-cells. HF solution, circulated by chemical pumps to remove the gas bubbles and
avoid the decrease in the local concentration of HF, is used both to etch the front side and as a back
contact. A better uniformity is obtained using symmetrical and large Pt plates as the cathode and the
anode. The current ¯ows from one electrode to the other through the Si wafer. While stirring of the
solution has shown no major effects on the quality of the PS layer, the HF circulation during the etch
helps to achieve a good depth uniformity and it is also preferable for security reasons. The use of closed
loop pumps to circulate the electrolyte is possible also for the other geometries. The back-side of the Si
wafer acts as a secondary cathode where proton reduction takes place leading to hydrogen evolution,
while the front side of the wafer acts as a secondary anode, where PS is formed. Since the back-side
contact is made electrolytically, no metalization is required, but a high-dose implantation is still
necessary for high resistive wafers. The uniformity of the layers obtained under these conditions is
comparable to that with a single-tank cell. Most of the problems encountered with the solid back
contact in highly resistive samples are greatly reduced. If illumination is required, the material used in
the cell should be Plexiglas, which is transparent and HF resistant (up to 15% HF). With this cell, both
front and back-side illumination is possible.

A recent suggestion is to use a lateral geometry for PS formation [6]. An electrical contact is
deposited on the very same surface on which PS will be formed. In this way, the PS formation does not
proceed in depth but in lateral direction. Very ¯at PS/Si interfaces are so realized.

2.2. Current±voltage characteristics

In this section, only the more basic electrochemical features of the I±V relationship will be outlined,
referring for further discussions to other speci®c sections or to the literature [7±9].

When a potential is applied to Si in aqueous solution, a measurable external current ¯ows through
the system. However, for any current to pass the Si/electrolyte interface, it must ®rst change

Fig. 3. Cross-sectional view of a double-tank anodization cell. After Ref. [5].
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from electronic to ionic current. This means that a speci®c chemical redox reaction must occur at the Si
interface. Application of a potential then induces a precise chemical reaction, the nature of which is
fundamental to the formation of PS. Fig. 4 shows the `̀ typical'' I±V curves for n- and p-type doped Si
in aqueous HF [9]. The I±V curves show some similarities to the normal Schottky diode behavior
expected for a semiconductor/electrolyte interface, but there are some important differences. For
instance, while the sign of majority carriers changes between n- and p-type, the chemical reactions at
the interface remain the same. Moreover, the reverse-bias dark currents are at least three orders of
magnitude higher than normal Schottky diode expectations. Another anomaly is the open circuit
potential for n- and p-type doped Si, which is not consistent with the difference between bulk Fermi
levels.

Under cathodic polarization, for both n- and p-type materials, Si is stable. The only important
cathodic reaction is the reduction of water at the Si/HF interface, with formation of hydrogen gas. This
usually occurs only at high cathodic overpotentials, or using Schottky diode terminology, at reverse
breakdown.

Under anodic polarization Si dissolves. At high anodic overpotentials the Si surface electropolishes
and the surface retains a smooth and planar morphology. In contrast, with low anodic overpotentials,

Fig. 4. Typical I±V curves for (a) p-type and (b) n-type silicon. After Ref. [9].

O. Bisi et al. / Surface Science Reports 38 (2000) 1±126 9



the surface morphology is dominated by a vast labyrinth of channels that penetrate deep into the bulk of
the Si. PS is formed. Pore formation occurs only in the initial rising part of the I±V curve for a potential
value below the potential of the small sharp peak (see Fig. 4). The current peak is called the
electropolishing peak. The quantitative values of the I±V curves, as well as the values corresponding to
the electropolishing peak, depend on etching parameters and wafer doping. For n-type substrates, this
typical I±V behavior is observed only under illumination because hole supply is needed.

2.3. Dissolution chemistries

The exact dissolution chemistries of Si are still in question, and different mechanisms have been
proposed. However, it is generally accepted that holes are required for both electropolishing and pores
formation. During pore formation two hydrogen atoms evolve for every Si atom dissolved [10,11]. The
hydrogen evolution diminishes approaching the electropolishing regime and disappears during
electropolishing. Current ef®ciencies are about two electrons per dissolved Si atom during pore
formation, and about four electrons in the electropolishing regime [8,11,12]. The global anodic semi-
reactions can be written during pore formation as

Si� 6HF! H2SiF6 � H2 � 2H� � 2eÿ

and during electropolishing as

Si� 6HF! H2SiF6 � 4H� � 4eÿ

The ®nal and stable product for Si in HF is in any case H2SiF6 or some of its ionized forms. This
means that during pore formation only two of the four available Si electrons participate in an interfacial
charge transfer, while the remaining two undergo a corrosive hydrogen liberation. In contrast, during
electropolishing, all four Si electrons are electrochemically active.

Lehmann and GoÈsele [13] have proposed a dissolution mechanism which is so far the most accepted
(Fig. 5). It is based on a surface bound oxidization scheme, with hole capture, and subsequent electron
injection, which leads to the divalent Si oxidization state.

According to Fig. 5, the Si hydride bonds passivate the Si surface unless a hole is available. This
hypothesis is also supported by the experimental observation that hydrogen gas continues to evolve
from the porous layer after the release of the applied potential for a considerable time. In addition,
various spectroscopic techniques have con®rmed the presence of Si±H surface bonds during PS
formation [14,15].

2.4. Pore formation

While it is generally accepted that pore initiation occurs at surface defects or irregularities, different
models have been proposed to explain pore formation in PS [8,13,16]. Some basic requirements have to
be ful®lled for electrochemical pore formation to occur [17]:

1. Holes must be supplied by bulk Si, and be available at the surface.
2. While the pore walls have to be passivated, the pore tips have to be active in the dissolution reaction.

Consequently, a surface which is depleted of holes is passivated to electrochemical attach, which
means that (i) the electrochemical etching is self-limiting and (ii) hole depletion occurs only when

10 O. Bisi et al. / Surface Science Reports 38 (2000) 1±126



every hole that reaches the surface reacts immediately. The chemical reaction is not limited by mass
transfer in the electrolyte.

3. The current density should be lower than the electropolishing critical value.

For current densities above such a value, the reaction is under ionic mass transfer control, which
leads to a surface charged of holes and to a smoothing of Si surface (electropolishing). The behavior at
high current densities turns out to be useful to produce PS free-standing layers. Raising the current
density above the critical value at the end of the anodization process results in a detachment of the PS
®lm from the Si substrates.

Fig. 5. Silicon dissolution scheme proposed by Lehmann and GoÈsele.
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In the low current density regime, where PS forms, some considerations apply:

� A surface region depleted in mobile carriers is formed at the Si/electrolyte interface (Fig. 6). This
region is highly resistive (comparable to intrinsic Si). The thickness of the depleted region depends
on the doping density. It is several mm thick for lightly n-type doped Si. It is thin for highly n- or p-
type doped Si, and it does not exist for lightly to moderately p-type doped Si.
� The size of the pores is related both to the depletion layer width and to the mechanism of charge

transfer.
� In highly doped substrates charge transfer is dominated by tunneling of the carriers, and the pore size

reflects the width of the depletion region, being typically around 10 nm.
� In lightly n-type doped Si anodized in the dark, generation of carriers occurs at breakdown. The pore

dimensions are about 10±100 nm (mesopores), regardless of doping density. Under illumination the
pore size is dependent on doping density and anodization conditions, with diameters in the range
0.1±20 mm (macropores).
� A hole depletion is expected in any case if the dimensions of the nanocrystals are about few

nanometers, independent of the substrate type and doping. In this size region, quantum confinement
is effective and the Si band gap is increased. A hole needs to overcome an energy barrier to enter this
region. This is highly improbable. The quantum confinement is responsible for pore diameters below
2 nm, denoted as micropores. Micropores can be found on every type of PS samples, but only in
moderately and lightly p-type doped substrates pure microPS exists.

Fig. 6. Mechanism of pore formation in PS. Random pore initiation on the Si surface (top panel), formation of depletion

layers and directional growth of pores (middle panel) and dissolution advance only at the pore tips (bottom panel).
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� Both mechanisms coexist during PS formation, resulting in a superposition of micro and meso (or
macro) structures (see Table 1 for a classification), whose average size and distribution depend on
substrate and anodization condition.

2.5. Effect of anodization conditions

All the properties of PS, such as porosity, thickness, pore diameter and microstructure, depend on
anodization conditions. These conditions include HF concentration, current density, wafer type and
resistivity, anodization duration, illumination (n-type mainly), temperature, ambient humidity and
drying conditions (see Table 2).

Porosity is de®ned as the fraction of void within the PS layer and can be easily determined by weight
measurements. The wafer is weighted before anodization (m1), just after anodization (m2), and after a
rapid dissolution of the whole porous layer in a 3% KOH solution (m3). The porosity is given by the
following equation:

P�%� � �m1 ÿ m2�
�m1 ÿ m3� : (1)

Guessing the Si density r, one can also get the PS layer thickness d

d � m1 ÿ m3

rS
; (2)

where S is the etched surface.
For p-type doped substrates, and for a given HF concentration the porosity increases with increasing

current density. For ®xed current density, the porosity decreases with HF concentration (see Fig. 7).
With ®xed HF concentration and current density, the porosity increases with thickness and porosity

Table 1

IUPAC classi®cation of pore size

Pore width (nm) Type of pore

� 2 Micro

2±50 Meso

>50 Macro

Table 2

Effect of anodization parameters on PS formation

An increase of . . . yields a Porosity Etching rate Critical current

HF concentration Decreases (see text) Decreases Increases

Current density Increases Increases ±

Anodization time Increases Almost constant ±

Temperature ± ± Increases

Wafer doping (p-type) Decreases Increases Increases

Wafer doping (n-type) Increases Increases ±

O. Bisi et al. / Surface Science Reports 38 (2000) 1±126 13



gradients in depth occur. This happens because of the extra chemical dissolution of PS layer in HF. The
thicker the layer, the longer the anodization time, and the longer the residence of Si in the HF reach
solutions, the higher the mass of chemically dissolved PS. This effect is much more important for
lightly doped Si, while it is almost negligible for heavily doped Si, because of the lower speci®c surface
area. For heavily n-type doped Si, the porosity as a function of current density is quite different from
the corresponding curves obtained for p-type doped substrates. The porosity exhibits a sharp minimum
around 20 mA=cm2 (see Fig. 8). For higher current densities the behavior is similar to the p-type doped
substrates, but for lower current densities the porosity increases sharply. This large increase in porosity
is not explained simply by chemical dissolution (with given thickness, the lower the current density, the

Fig. 7. Porosity as a function of current densities for different HF concentrations. Highly doped (bottom panel) and lightly

doped (top panel) p-type silicon substrate. After Ref. [32] and Ref. [5], respectively.
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longer the anodization time), but it is due to a difference in microstructure. In n-type doped Si, the
layers obtained at low current density have a ®ner structure and are, therefore, more luminescent.

To obtain higher porosities, with samples emitting in the green and blue regions, a two-step process
has been proposed [18]. The PS layers are prepared by standard anodization which is followed by
illumination under open-circuit conditions in the same electrochemical cell for 0±15 min.

The formation of PS is selective with respect to the doping of the substrate. Heavily doped regions
are etched faster than low doped regions, in the dark, n-type doped regions embedded into p-type doped
regions are not attacked, controlled doping pro®les result in controlled PS formation [19]. The
dependence of the PS formation on the doping of the Si wafer has been also exploited for impurity
pro®ling [20].

2.6. Morphology of the resulting layers

Porosity is a macroscopic parameter which helps in discussing trends but which does not give
microscopic information on the morphology of the PS layers. Information on pore sizes and shapes are
not easy to obtain, and different experimental techniques have been used, depending on the sizes of the
pores [21]. A better knowledge of the PS structure can be achieved if the pore shape, size and
topological distribution are determined. However, no complete understanding of the mechanisms that
determine PS morphology still exists, because of the large number of parameters involved.
Nevertheless, some general trends can be derived for different types of starting Si substrates.

Fig. 9 shows four cross-sectional TEM images of PS samples with different starting substrates [9].
The difference in morphologies is evident. For p-type doped Si both pore size and inter-pore spacing
are very small (Fig. 9a), typically between 1 and 5 nm, and the pore network looks very homogeneous
and interconnected. As the dopant concentration increases, pore sizes and inter-pore spacing increase,
while the speci®c surface area decreases. The structure becomes anisotropic, with long voids running
perpendicular to the surface, very evident in highly p-type doped Si (p�), as shown in Fig. 9(c). For n-
type doped Si the situation is more complicated. Generally, pores in n-type doped Si are much larger

Fig. 8. Porosity as a function of current densities for highly doped n-type silicon substrate. After Ref. [5].
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than in p-type doped Si, and pore size and inter-pore spacing decreases with increasing dopant
concentrations. Lightly doped n-type substrates anodized in the dark have low porosity (1±10%) with
pores in the micrometer range. Under illumination higher values of porosity can be achieved, and
mesopores are formed together with macropores. The ®nal structure depends strongly on anodization
conditions, especially on light intensity and current density. While highly n- and p-type doped Si show
similar structures (compare Fig. 9(c) and (d)), in n-type doped Si pores form a randomly directed
®lamentary net and tend to `̀ pipe'' forming large straight channels approaching electropolishing regime
(see Fig. 9(b)). Both ®laments and channels propagate only in the h1 0 0i direction, probably because
the (1 0 0) planes present the most sterically favored geometry for the chemical attach [9].

2.7. Macroporous silicon formation

It is of interest that very regular arrays of wide pores with large aspect ratios can be obtained both in
n-type and in p-type doped Si [22,23].

Macropore formation in moderately n-type doped Si are easy to obtain [24]. The most important
issue is the presence of back-side illumination during the etching. If this technique is applied to a
polished surface, the macropores are generated randomly on the surface, while a regular array of
macropores is formed when etch-pits are previously prepared on the polished Si surface. Regular arrays
of pores with pitch � 2 mm, 1 mm wide and more than 100mm deep can be obtained. The resistivity of
the Si should be chosen in agreement with the pitch density, otherwise branching or dying of pores
occur. Also the current density should be adjusted according to the desired porosity. In addition due to
the concentration gradients of the electrolyte in the pores a current density linearly increasing with time
has to be used. Limits to the macropore fabrication are discussed in [22].

Fig. 9. Cross-sectional TEM images showing the basic differences in morphology among different types of samples: (a) p-

type silicon; (b) n-type silicon; (c) p�-type silicon; (d) n�-type silicon. From Ref. [9].
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Macropores formation in p-type doped Si is more dif®cult. First reports claimed that high resistivity
wafers and peculiar electrolytes (e.g. water-free acetonitrile) were needed [25]. Later it was discovered
that many electrolytes are suitable and that the substrate doping was not critical [23,26,27]. The
structure of the etched pores are not as good as with n-type doping, but the typical sizes are smaller.
Pores elongate preferentially along the (1 1 1) or the (3 1 1) directions, and the use of O-free etchant
yields better results [23].

2.8. Drying of the samples

The drying of PS layers, especially those of high porosities, is a crucial step. After the formation of
a highly porous or thick PS layer, when the electrolyte evaporates out of the pores, a cracking of the
layer is systematically observed. A typical example of cracking pattern is reported in Fig. 10. The
origin of the cracking is the large capillary stress associated with the evaporation from the pores.
During the evaporation a gas/liquid interface forms inside the pores and a pressure drop Dp occurs. Dp
is given by

Dp � g
S cosY

P
; (3)

where g is the liquid surface tension, S the interface area, cosY the curvature of the gas/liquid
interface, and P is the porosity. Dp as high as some MPa are measured (see Fig. 11 [28]).

Different methods have been developed to reduce or eliminate the capillary stress, including pentane
drying, supercritical drying, freeze drying and slow evaporation rates. Pentane drying is the easiest to
implement. Pentane has a very low surface tension, and shows no chemical interaction with PS (unlike
ethanol). Using pentane as drying liquid enables to reduce strongly the capillary tension, but since
water and pentane are non-miscible liquids, ethanol or methanol have to be used as intermediate

Fig. 10. Cross-sectional SEM image of a typical cracking pattern. The white stripes are due to crystalline Si which survives

the etching.
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liquids. Using this drying technique PS layers with porosity values up to 90% and thickness up to 5 mm
exhibit no cracking pattern after drying.

Supercritical drying is based on the fact that when the pressure is raised the interface between the
liquid and the gas phase becomes instable and when the pressure is larger than the critical pressure the
interface gas/liquid disappears and a mixture of the two phases appears (supercritical ¯uid). This is the
most ef®cient drying method. In such a technique, the HF solution is replaced by a suitable `̀ liquid'',
usually carbon dioxide, under high pressure [29]. The system is then moved above the critical point
(31�C) by raising the pressure and temperature, as schematically drawn in Fig. 12, path a±b, b±c. Then
the gas is removed simply by the supercritical liquid (Fig. 12, path c±d). This technique allows to
produce layers with very high thickness and porosity values (up to 95%) improving optical ¯atness and
homogeneity as well [30]. However, supercritical drying is expensive and complicated to implement,
and the other drying methods are normally employed.

Fig. 11. Stress±time evolution during the drying of PS: (a) and (b) refer to two cycles. After Ref. [28].

Fig. 12. Schematic phase diagram showing pressure±temperature paths used in supercritical drying.

18 O. Bisi et al. / Surface Science Reports 38 (2000) 1±126



2.9. Anodical oxidation

Oxidation is essential to stabilize the properties of PS (see more later). Many oxidation methods
exist: slow aging in ambient, anodic oxidation in a non-¯uoride electrolyte, chemical oxidation and
thermal oxidation.

Following PS production, and keeping all the time the layer wet, electrochemical oxidation is
performed in a non-¯uoride electrolyte, e.g. a 1:1 solution of 1 M H2SO4 with ethanol. Typical current
densities are in the range 1±10 mA=cm2. The monitoring of the potential during the oxidation helps to
assess the time at which the sample is fully oxidized by looking at the step increase in the potential.
Rinsing with methanol and/or pentane has to be avoided after oxidation because it destroys the optical
quality of the samples.

The electrochemical oxidation occurs preferentially near the bottom of the pores. Larger currents
yield a better oxidation homogeneity. To further improve oxidation homogeneity light assistance
is required, because anodic oxidation of silicon requires holes. PS is depleted in holes and without
illumination only the bottom layers and the interface crystalline silicon/PS is oxidized. In this case
the oxidation stops when an insulating layer is produced at the interface, leaving most of the PS
unaffected [31]. With light illumination holes are generated in PS, and oxidation can take place in a
more homogeneous way. The ®nal result is an oxide coating of a monolayer which covers the PS
skeleton.

2.9.1. Porosity multilayers
Dielectric multilayers are widely reviewed in [32]. The possibility of forming multilayer structure by

using PS of different porosities relies on the basic characteristics of the etching process. The etching is
self-limiting and occurs only in correspondence with the pore tips. That is, the already etched structure
is not affected by further electrochemical etching of the wafer. For the formation of different layers the
in¯uence of the etch parameters is crucial. There are basically two types of PS multilayers, classi®ed by
the way the porosity is changed from one layer to another. In the ®rst type of multilayers the current
density is changed during anodization [33], whereas in the second type the change in porosity is
determined by changing the depth in doping level of the substrate [34,462]. This last approach produces
very sharp interfaces, as shown in Fig. 13(a) [35], but it turned out to be less convenient than the current
variation approach, because it requires epitaxial growth of the Si substrate. For this reason, the ®rst type
of PS multilayers are by far more common in the literature [32]. With the ®rst method, it is possible to
vary the porosity, and therefore, the refractive index only at the etch front by changing the current
density during the anodization process. In this way an arbitrary current versus time pro®le is transferred
in a porosity versus depth pro®le. HF concentration and substrate doping have to be carefully chosen in
order to obtain the maximum variations of the refractive index (see Fig. 14). Much larger variations of
the refractive index are possible for heavily p-type doped substrates, both for the large value of critical
current density and the wide range of porosities achievable with a given HF concentration. Moreover,
the etch rate is higher and the inner surface is lower for p�-type doped substrates, and, hence, the
additional chemical dissolution due to the permanence in HF is almost negligible. However, the
refractive index and etching rate for a single layer are modi®ed by the presence of the multilayer
structure, and values lower than those determined for thick layers obtained with the same current
density have been systematically observed for both the refractive index and the etching rate [36]. To the
best of our knowledge, no studies of this kind have been reported for n-type doped substrates.
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Fig. 13. Cross-section TEM images of PS multilayers. Upper image: sample obtained on a periodically doped substrate.

From Ref. [34,462]. Lower image: sample formed varying the current density on a p-type substrate. From Ref. [35].

Fig. 14. Refraction index as a function of current density and porosity for two different substrate doping levels.
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A different approach is to etch Si wafers under holographic exposure with lateral formation of high
and low porosities regions [37]. In this way, lateral periodic patterning of the porosity is obtained.

3. Physical properties

3.1. Structural properties

The microstructure of PS has been extensively studied. Owing the large variety of the PS structures
that can be produced (depending on substrate doping types, doping concentrations and fabrication
parameters, see Section 2), the experimental results are often referred to very different materials.
Therefore, it is worth to discuss the experimental results considering the various techniques rather than
the material type.

3.1.1. Electron microscopy
A direct image of the morphology of the pore network and of the nanocrystals dimensions of PS

layers is given by transmission electron microscopy (TEM) [8,24,29,38±62]. It is important to note that
the preparation techniques of TEM samples has an impact on the obtained ®nal results. Chemical
thinning transforms the porous material in a microcrystalline one, whereas ion milling originates an
amorphization of the material, even if morphological informations are still obtainable. Cleavage or
scraping of fragments from the substrate appears to be the less destructive preparation method
particularly suitable for highly porous materials.

Focusing the attention on luminescent material, TEM specimens for porosities as high as 80±85% has
been prepared by direct cleavage [21,41] or scraping [54]. The TEM images of Fig. 15 show narrow
undulating Si columns with diameters less than 3 nm. The crystalline nature of the Si nanostructures is
clear. PS layers which have been heavily oxidized show the presence of dispersed Si nanocrystals with
dimensions of a few nanometers.

These results are con®rmed by transmission electron diffraction (TED) measurements. TED patterns
con®rm both the crystalline character of PS, the difference in the structure between p- and n-type doped
layers and the dependence on the doping level and on the porosity. Moreover, in the case of luminescent
materials the TED studies [41,53] demonstrated the presence of silicon nanocrystals (Fig. 16). For
highly luminescent, 95% porosity supercritically dried p�-type doped material TED patterns show that
the `̀ concentration of randomly aligned crystallites has been dramatically reduced in contrast to silicon
layer dried conventionally'' [29]. A careful study was able to detect nanocrystal sizes as small as 1 nm
[63]. Large inhomogeneities in depth are also observed.

3.1.2. Scanning probe microscopy
In addition to electron microscopy studies a variety of scanning probe microscopy investigations can

be found in the literature [64±79]. Atomic force microscope (AFM) studies focus entirely on the
nanoscale characterization of PS ®lms. In most studies AFM is applied together with other optical or
morphological characterization techniques [67±74,79]. AFM proves the presence of silicon features
with diameters of about 10 nm (Fig. 17). The presence of sub 5 nm large topography features in images
of PS has been also claimed [66,73,78]. Due to the geometry of commonly used tips, AFM does not
allow to image deep pores. As a result AFM does only allow imaging of the top end of the pores, which
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is a general disadvantage of this technique compared with electron microscopy [80±86]. The use of
scanning tunneling microscopy (STM) is limited by the high resistivity of the material. To circumvent
this problem one can use three different methods [77]:

Fig. 15. TEM images (bright-®eld, under focus) of thin, high porosity Si layers: (a) non-luminescent samples; (b)±(h)

luminescent samples Ð nanometer scale, columnar Si structures arrowed. From Ref. [41].
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Fig. 16. Transmission electron diffraction pattern from porous (0 0 1) Si: (a) non-luminescent sample Ð W is 400 type spot

and X is 220 type spot, (b)±(d) luminescent samples Ð note arced 3 1 1 type ring (Y) and arced 1 1 1 type ring (Z) in (d), from

Ref. [41].

Fig. 17. Three-dimensional AFM image of the as-anodized porous silicon surface structure formed on p-type (5±8 O, (1 0 0)

Si), I � 10 mA=cm2 for: (a) t � 8 s and (b) t � 30 min. The PS layer thickness and roughness are not monotonically

proportional to the anodization time. From Ref. [75].
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� a thin film of the material can be prepared,
� the material can be deposited onto conductive surfaces,
� or the surface of PS can be illuminated.

This last technique, photoassisted STM, seems to be the most favorable. Fig. 18 shows a high
resolution STM image of PS under illumination. The PS surface consists of small �2 nm pillar-like
structures closely interconnected. There are also holes 3±5 nm in size. Smaller structures can be seen on
the walls of some holes. The use of STM in the spectroscopic mode has also permitted to reveal
signature of the opening of the band gap due to the quantum con®nement [77,82]. Moreover, it is also
possible to use the tunneling tip to stimulate local photon emission by electron injection [83,84,86,87].

3.1.3. X-ray scattering techniques
Although less direct than the electron microscopy techniques, X-ray diffraction is the experimental

method usually used to evaluate the degree of crystallinity in PS. In addition, high resolution diffraction
set up allows a direct determination of the lattice parameters a of the PS layer. The value of a can be
determined from differential measurements of the diffraction Bragg angle. Typical results are shown in
Figs. 19 and 20. Once more, a difference between n- and p-type doped samples is observed. In the ®rst
case the determination of the variation of the lattice parameter with respect to bulk Si is quite

Fig. 18. High resolution 800� 800 A
� 2

photoassisted STM scan of porous Si at Vt � ÿ6:7 V and It � 4:6 nA. From Ref. [77].

Fig. 19. X-ray rocking curve, plotted in a semi-logarithmic scale, of a p�-type (60% porosity) 20 mm thick porous silicon

sample: (P) and (S) are, respectively, the (0 0 4) Bragg peak of porous silicon layer and of the substrate, while (D) is the

diffuse scattering from the small silicon crystallites. From Ref. [92].
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complicated [88,89]. This is probably a consequence of the presence of large pores. pÿ-type doped
samples reveal a greater lattice expansion than other p-type doped materials at the same level of
porosity. Bomchil et al. [46] reported Da=a � 4� 10ÿ3 and 10ÿ3 for pÿ-and p�-type doped samples of
56 and 72% porosities, respectively. Barla et al. [90,91] found a linear increase in the lattice parameter
expansion for p�-type doped PS going from 3 to 8� 10ÿ4 when the porosity increases from 30 to 80%.
The same behavior has been reported by Bellet and Dolino [92] (see Fig. 21) even if the measured
values are larger. The origin of this expansion is related to the hydrogen±silicon bonds at the inner
surface of the PS layer. In fact, a correlation has been found between hydrogen desorption and strain
during thermal annealing [93±95]. When hydrogen desorption takes place a sharp contraction in the
lattice parameter occurs. On the contrary, the formation of oxide layer due to aging, thermal or anodic
oxidation originates an increase of Da=a [57,94,96±98].

While X-ray diffraction at wide angle gives important information on the lattice parameter and the
stress, small-angle X-ray diffraction (SAXS) elucidates the size and the morphology of the sample.

Fig. 20. Intensity distribution in the vicinity of the (0 0 4) Bragg re¯ection of a p�-type sample in large angle scattering

geometry. The open circles are the experimental data, which consist of two contributions, the substrate peak (c-Si) and the

expanded lattice of PS layer (por-Si). The solid line is the sum of the two contributions (dashed lines). After Ref. [92].

Fig. 21. Lattice mismatch parameter Da=a, between the PS layer and the substrate, versus the porosity for a series of p�-type

samples. After Ref. [92].
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With this method the anisotropic character of the microstructure in p�-type doped samples has been
assessed [99]. Moreover, SAXS studies have con®rmed that for luminescent PS the morphology is that
of an interconnected network of Si quantum wires, whose dimensions are of the order of 3±4 nm
[24,100].

3.1.4. X-ray absorption techniques

The main X-ray absorption technique which has been widely applied is EXAFS (extended X-ray
absorption ®ne structure). EXAFS is a bulk technique [101,463], also in the near-edge (NEXAFS)
variation [102]. Alternative techniques more appropriate to the study of surfaces have been developed,
like SEXAFS (surface-EXAFS) [103] that probes individual site and re¯ected EXAFS (REFLEXAFS)
which uses the possibility of varying the angle of incidence of the X-rays. Of particular importance in
the case of luminescent samples is XEOL (X-ray excitation of optical luminescence, also called
photoluminescence yield (PLY)), a technique that combines an EXAFS measurement with the
excitation of the photoluminescence (PL) [104].

In the case of PS the EXAFS technique has been applied in several detection modes: transmission
[105], total electron yield (TEY) [106±112], photoluminescence yield (XEOL/PLY) [113±118]. In
particular, TEY has been used as a direct measurement of the quantum con®nement effect on the
nanostructure of PS [108]. Moreover, contemporaneous measurements of TEY and PLY for both PS and
siloxene have demonstrated that the origin of PL in PS is different from that of siloxene [113]. The TEY
spectra of the two materials are quite similar, while the PLY spectra differ markedly. No O related
features are observed in the PLY of freshly etched PS. On the contrary to PS, for siloxene the PLY and
TEY spectra are quite different (see Fig. 22). It is worthwhile to note that while TEY measures

Fig. 22. Low-temperature TEY and PLY spectra near Si K-edge for (a), (b) different samples of PS and (c) siloxene, from

Ref. [113].
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secondary electrons escaping from the ®rst few hundreds of AÊ beneath the surface, PLY (XEOL)
measures the emission of visible radiation.

Very recently, a careful study on the sensitivity of XEOL to the local structure of the luminescent Si
sites has been performed [117±119]. Fig. 23 shows X-ray absorption near edge structure (XANES)
spectra recorded in TEY and XEOL mode at the Si K-edge of PS before and after washing it with HF to
remove oxygen passivation. Fig. 24 shows, instead, EXAFS spectra recorded in TEY and PLY modes of

Fig. 23. Normalized X-ray absorption spectra near the Si K-edge (XANES) for a PS aged sample (a) and for the same

sample washed in HF (b), obtained by TEY (continuous line) and XEOL (dotted line) techniques. The arrow in the ®gure

indicates the peak, from Ref. [117].

Fig. 24. k3-weighted Fourier transform of PLY and TEY EXAFS signals on two different porous silicon samples (3O cm).

They differ only in the current density applied during the preparation: 60 mA=cm2 (continuous line) and 100 mA=cm2 (dashed

line). From Ref. [118].
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two different samples obtained from a 3O cm resistivity p-type doped Si wafer with current densities of
60 and 10 mA=cm2. From these ®gures the following conclusions can be reached [117,118]:

1. The photoluminescence yield induced by X-rays in PS strongly depends on the sample preparation
parameters.

2. TEY and PLY XANES give different information: TEY XANES is sensitive both to silicon±oxygen
and silicon±silicon bonds, whereas PLY XANES originates only from Si±Si bonds.

3. Finally, a well-de®ned crystalline order is clearly present in PS.

Concerning the EXAFS results, the TEY data con®rm the presence of crystalline structures on a scale
of few nanometers. However, while TEY gives an average structural information on all Si sites,
luminescent and non-luminescent sites, PLY selects the light-emitting ones.

The in¯uence of the PS preparation parameters is evidenced also from the different conclusion about
the structural nature of PS (dots or wires?) reached in two EXAFS studies by Schuppler et al. [106] and
Zhang and Bayliss [111]. The ®rst group, starting from the ®ts to their EXAFS data, ruled out
nanowires as the origin of PL for PS and suggested con®ned nanocrystals of particularly small
dimensions, in the order of < 0:7ÿ 2:5 nm. On the other hand, Zhang and Bayliss studying freshly
etched PS emitting in the red, yellow and orange (PL peaks at 690, 580, and 520 nm, respectively)
concluded that the structure of PS is formed by a network of wires, with average diameters of 2.2, 1.9
and 1.3 nm (see Fig. 25). These dimensions agree with the results from XAFS studies [105], TEM [29],
and X-ray measurements [92]. The difference in the two experiments can be traced out to the very
different resistivity of the Si wafers used for PS formation, > 50O cm for the Schuppler samples,
3O cm in the Zhang and Bayliss case.

3.1.5. Raman spectroscopy
Among the other optical investigation methods, Raman spectroscopy, and especially micro-Raman

spectroscopy, can give indirect information on the microstructure of PS. While in bulk Si interaction of
optical phonons with incident photons is limited to the center of the Brillouin zone, the presence of
nanocrystals in PS relaxes the k-selection rule, and the associated Raman peak broadens (see Fig. 26)
[120]. The Raman spectra are analyzed in terms of speci®c contributions from amorphous and
nanocrystalline Si. A gaussian line centered at 470 cmÿ1 with a width of 55 cmÿ1 is used as
representative of the amorphous contribution. The Si nanocrystals contribution is described by using a
phenomenological model based on the spatial con®nement of phonons [121,122]:

I�o� �
Z 1

0

IL�o�P�L� dL: (4)

I�o� is the Raman spectrum, IL�o� the ®rst order Raman scattering from phonons con®ned within
nanocrystals of size L, as calculated by Campbell and Fauchet [122], and P�L� is the nanocrystals size
distribution, i.e. a gaussian distribution with mean L0 and dispersion s. The results of a ®tting procedure
is shown in Fig. 26 where the ®tting parameters are L0 � 6:5 �4:5� nm; s � 2:2 �1:6� nm and the
relative weight of the amorphous to the crystalline part is '10% for both the spectra.

Sizes larger than those measured by EXAFS are reported by Raman analysis. A partial answer to this
discrepancy is given by XEOL [123]. The sizes of the Si nanocrystals which emit visible light are
signi®cantly smaller than the average sizes of Si nanocrystals in PS as measured by standard EXAFS or
Raman scattering. Values similar to those reported by Schuppler et al. [106] are indeed measured.
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3.1.6. Internal surface: BET measurements
Accurate determination of pore size distribution in mesoporous Si is usually given by the analysis

of adsorption isotherms of gases at low temperature (BET technique) [124]. The physical adsorption
by a porous surface is increased relative to a non-porous one because of capillary condensation
in pores. This increase in adsorption starts when the gas pressure is high enough to ®ll the smallest
pores.

Fig. 27 shows a typical adsorption isotherm for a heavily p-type doped PS layer [125]. The ®rst part
of the curve, at low relative pressures, corresponds to the adsorption from the porous surface and allows
to determine the total surface area [126]. The sharp increase at higher relative pressures is related to
capillary condensation of the gas in the pores. The ®nal plateau indicates the complete ®lling of the
pores, and the amount of liquid corresponding to the volume of the gas adsorbed allows the
determination of porosity. The isotherm shows a hysteresis loop, because in lowering the pressure some
evaporation of the liquid from the pores occurs. There are different methods to obtain pore size
distribution from adsorption isotherms, but it is the BJH (Barrett±Joyner±Halenda) method [127] which
is normally used for mesoporous Si. The shape of a typical adsorption isotherm is quite different from
that of the ®gure, because the rapid intake of gas happens at low relative pressures, with no hysteresis

Fig. 25. Dependence of dimensionality and size with PS color. (a) Band gaps of three types of emitting PS, Eg1 from PLE

and Eg2 from PL peaks. (b) Theoretical calculation of band gaps of PS wires and dots by LCAO. (c) First shell NSiÿÿSi of red,

yellow, and green PS from EXAFS ®ts. (d) Dimensionality and size dependence with NSiÿÿSi from (i) bare wire: curve 3 Ð

(1 0 0) cylinders, curves 4 and 5 Ð two types of (1 1 1) hexagonal columns, (ii) wire network (1�a fraction dimension): curve

1 (1 1 1) and curve 2 (1 0 0). The guiding lines show that this interpretation of the PS studies is in terms of nanowire network

and wire structures, with average diameters 2.2, 1.9, 1.3 nm for red, yellow and green PS, respectively. From Ref. [111].
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Fig. 26. Room temperature Raman spectra of a 15 mm thick and 74% porosity sample. (a) Spectrum measured near the

interface air/PS. (b) Spectrum measured near the interface PS/bulk silicon. The continuous lines represent the experimental

data, the open circles are the lineshape ®t which considers the contribution from nanocrystalline Si, amorphous Si and

underlying bulk Si. The different contributions are shown as dashed lines. From Ref. [120].

Fig. 27. Schematic representation of a nitrogen adsorption isotherm at 77 K for a PS layer formed on heavily doped p-type

substrate. After Ref. [125].
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loop. Extracting accurate pore distribution from this type of adsorption isotherm is dif®cult, and
becomes even more complicated when micro and mesopores coexist in the same sample.

3.2. Chemical composition

Being the effective surface of PS enormous (more than 500 m2=cm3, depending on the dopant level
and on the substrate), its chemistry is determinant to the electronic, optical and electrical properties.
Chemical composition of fresh PS, the issue of the in¯uence of the analysis techniques on the results,
the effect of aging, the intentional oxidization and the intentional surface modi®cations are all
discussed here.

3.2.1. Chemical composition of as-prepared PS

The internal surface of a PS layer is very large. Values as high as 1000 m2=cm3 can be measured
(see Fig. 28). Such a large surface contains an enormous quantity of impurities coming from the
electrolyte used for electrochemical etching and from the ambient air. Even the vessels in which the
samples are stored could contribute to the sample contamination. It is necessary to know the chemical
composition of PS because optical and electrical properties depend on impurity content and surface
passivation.

The original impurity which is always found in PS layers is hydrogen. Infrared absorption (IR)
experiments have shown the presence of Si±Hx groups (x � 1; 2; 3) on the internal PS surface during
the etching process [14,128,464]. A typical IR spectrum of a fresh PS sample is shown in Fig. 29, while
IR frequencies commonly observed in PS and their attributions are reported in Table 3. After formation
and drying, the Si±Hx groups are still present on the inner surface for weeks and even for months, as it
as been demonstrated using IR absorption and nuclear magnetic resonance. Hydrogen desorption
occurs during annealing, and it has been shown [130] that hydrogen desorbs from SiH3 groups between
300 and 400�C, while desorption from SiH2 occurs at 400�C and from SiH around 500�C. The atomic
ratio H/Si in PS has been determined using secondary ion mass spectrometry [131] (SIMS) and elastic
recoil detection analysis (ERDA). In freshly anodized samples it is as high as 0.1±0.6, depending on the

Fig. 28. Speci®c surface area as a function of PS porosity. Data from PS layer starting porosity of 51 (dots) and 65%

(rhombuses). Layer thickness � 1mm. From Ref. [5].
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porosity and surface area of the samples. This result means that the surface of freshly etched PS is
almost totally covered by SiHx groups.

The second original impurity found in PS is ¯uorine, as it has been demonstrated using many
experimental techniques (SIMS, ERDA, ENDOR). The form in which ¯uorine is present in PS is still in
question. Desorption experiments [130] demonstrated that SiF3 groups desorb at the same temperature
as SiH3, indicating that SiF3 groups are present on the pore walls. The presence of SiF and SiF2 groups
has been shown by IR spectroscopy [132], and their concentration seems to be higher in samples etched
in aqueous HF solutions than that in ethanoic HF solutions. The content of ¯uorine decreases with time.
It has been proposed that SiF bonds are progressively replaced by Si±OH bonds through hydrolysis

Fig. 29. IR absorption spectrum at 8 K of a free-standing p�-type PS in the Si±H stretch mode. The thickness is 89mm and

the porosity 50%. The lines corresponding to Ox±Si±H groups around 2200±2250 cmÿ1 and Si±O±Si groups around

1065 cmÿ1 are absent. The visible oscillations are interference fringes originated at the PS/air interfaces. From Ref. [129].

Table 3

Wave number positions and attributions of the absorption peaks observed in several p-Si samples (from Ref. [128,464])

Peak position (cmÿ1) Attribution Peak position (cmÿ1) Attribution

3610 OH stretching in SiOH 1463 CH3 asymmetric deformation

3452 OH stretching in H2O 1230 SiCH3 bending

2958 CH stretching in CH3 1056±1160 SiO stretching

2927 CH stretching in CH2 in O±SiO and C±SiO

2856 CH stretching in CH 979 SiH bending in Si2±H±SiH

2248 SiH stretching in O3±SiH 948 SiH bending in Si2±H±SiH

2197 SiH stretching in SiO2±SiH 906 SiH2 scissor

2136 SiH stretching in Si2O±SiH 856 SiH2 wagging

2116 SiH stretching in Si2H±SiH 827 SiO bending in O±Si±O

2087 SiH stretching in Si3±SiH 661 SiH wagging

1720 CO 624 SiH bending in Si3±SiH
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reaction with water vapor in air. On the other hand, only HF and SiF2ÿ
6 were found using 19F NMR

[133]. According to these results, ¯uorine comes only from residual electrolyte in the pores.
Other impurities are usually incorporated after the anodization process. The presence of carbon has

been detected by several techniques [128,131,134,135,464,465]. The carbon content can be as high as
10% in aged samples. The source of carbon is not ethanol, because carbon is present in similar amounts
also in samples anodized in water±HF solutions [134]. The source of carbon is the atmosphere.
However, the adsorbed molecules are not CO or CO2, because carbon and oxygen contents are not
correlated. The carbon comes from hydrocarbon molecules present in the ambient air and often also in
the residual gas in analysis chambers used for SIMS, IR, XPS, etc.

Oxygen is the most important non-original impurity, and is normally adsorbed in a few minutes after
drying in ambient air. The amount of oxygen can be as high as 1% after 15 min of air exposure, as
con®rmed by electron paramagnetic resonance (EPR) [129] and increases to very high percentage
values with aging. IR spectrum performed a few hours after anodization on a PS layer has also shown
the presence of Si±O±Si group (mode at 1065 cmÿ1 in the inset in Fig. 29). The IR absorption due to the
Ox±Si±H groups at 2200±2500 cmÿ1 is not present in this sample, which means that the oxidization is
only partial. A few days after anodization further oxidization takes place, both through the formation of
Si±O±Si groups and O±Si±H and O3±Si±H groups. The existence of such groups does not modify the
hydrogen passivation, and the possible presence of water simply accelerates the oxidization process.
The relevance of the Si=SiOx interface in PS is also observed in EPR measurements. In Fig. 30 the EPR
spectrum of a fresh n�-type doped PS layer which shows two absorption lines is reported. The broad
line is due to the conduction electron spin resonance (CERS). EPR studies on n�-type doped and free
standing PS layers have shown that the CERS signal is present only in the substrate, demonstrating that
free carriers are absent in PS [136]. Subtracting the signal corresponding to the free carriers, the signal
due to the dangling bonds appears clearly. Dangling bonds are the most important paramagnetic defect
at the Si=SiO2 interface (Pb centers) [137], and have a �SiBSi3 structure. Another relevant paramagnetic
center is the �SiBSO3 defect (E0 center), which is formed especially in hydrogen depleted oxide layers,

Fig. 30. Room temperature EPR spectrum of a (1 0 0) 11 mm thick n�-type PS sample. The magnetic ®eld is in the (1 1 0)

plane parallel to [0 0 1] orientation. In the inset the EPR spectrum of the Pb centers is shown, after subtraction of the large

signal due to free carriers. From Ref. [129].
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as shown in the EPR spectra in Fig. 31, which were recorded in different PS layers irradiated with g
rays [137].

3.2.2. Degradation under analysis

It is essential to note that for a material as fragile and chemically reactive as PS the chemical
alteration under analysis is very important. Potential problems with sample degradation arise obviously
in electron microscopy and photoluminescence (PL) spectroscopy, but they are also present in a wide
series of other techniques that require optical and electrical excitation or make use of ion [41], electron
[135,465] and X-ray beams [116]. Often the structure of the sample under investigation is annealed or
damaged to such an extent that the collected experimental data do not re¯ect the original nature and
composition of the material. This aspect is especially important in the case of aged samples because
effects due to analysis degradation can be interpreted as aging effects, and in some cases can explain
why the composition values reported by different groups in nominally similar layers are remarkably
different. It has been demonstrated [138], for instance, that PS can ef®ciently get water vapor and
hydrocarbon in vacuum, especially under ion beam irradiation, and the concentration of O, C, and H
can be altered during ion beam analysis itself, limiting the reliability of this technique, as
conventionally applied.

3.2.3. Aging
PS slowly reacts with the ambient air and consequently its chemical composition and its properties

evolve continuously with storage time. The oxidization level depends not only on the time elapsed, but
also on the ambient conditions. When transferred and stored under UHV and in the dark, PS layers have
very low content of oxygen, undetectable by techniques such as XPS, Auger and FT-IR. On the other
hand, when no particular care is taken, oxygen can reach very high levels in PS. Oxide fraction can be
estimated by both optical and gravimetric techniques, and oxide content up to 50% has been found in
some cases [10]. A typical Auger spectrum of a freshly etched PS is reported in Fig. 32 [139]. In the
range observed, the Si, Cl and C related transitions are observed. The peak related to O, which should
lie around 510 eV, is not detected. This means that the amount of native oxide, if present, is below the
detection limit. Moreover, the lineshape of the Si related transition is characteristic of hydrogenated Si,

Fig. 31. EPR samples irradiated by 10 Mrad g rays from 60Co source (A), annealed at 450�C for 15 min in N2 before

irradiation (B), exposed to molecular hydrogen at room temperature for 30 min after annealing and irradiation (C). After Ref.

[137].
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proving that the Si dangling bonds are passivated by hydrogen and, eventually, by C. The Auger
spectrum of the same sample after a few weeks in atmosphere is quite different. The O related transition
is present around 510 eV (not shown) and the Si related lineshape is characteristic of Si bonded in a
SiOx complex (inset in Fig. 32). A small fraction of hydrogenated Si is still present (high energy peak in
the Si related transition).

3.2.4. Intentional oxidization
A wide range of post-anodization treatments on PS have been developed for different purposes.

Complete conversion into silica was the ®rst broad application of PS for dielectric insulation in
microelectronics, but many oxidization treatments have been used recently as a means to improve
photostability of luminescent ®lms. Fig. 33 reports an idealized scheme of the thermal oxidization
process from freshly etched PS to a wholly oxidized porous glass [140]. Although in most cases the
degree of oxidization has been revealed qualitatively, few data are available regarding the chemical
composition of intentionally oxidized samples. Quantitative data exist only for anodic oxidization and
thermal oxidization treatments. In the anodic oxidization process PS layers are oxidized uniformly, but
complete oxidization is not achieved, because electrical isolation of parts of the Si skeleton occurs,
preventing further current ¯ow [31]. In mesoporous samples of 65% porosity, formed on pÿ-type doped
substrates, about 40% of the Si remains unoxidized at the end of the process, corresponding to about a
monolayer of oxide coating. In the case of thermal oxidization, a 300�C stabilizer pretreatment prior to
the high temperature oxidization is necessary to avoid pore coalescence. The content of oxygen at the
end of the process varies with substrate, oxidization temperature and duration. In mesoporous material
formed on n�-type doped substrates and oxidized at 1050�C, more than 90% of the Si is oxidized
within 30 s [141]. However, heavily oxidized material is still susceptible to atmospheric `̀ aging'' and
contamination, simply because the oxide matrix is still porous. Its water content for instance, depends

Fig. 32. Auger spectrum of a freshly etched PS sample. The inset shows the comparison between an aged (dotted line) and

freshly etched (solid line) sample. From Ref. [139].
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on ambient humidity. Chemical oxidization with hydrogen peroxide, nitric acid [142] or boiling water
[143] has also been reported.

3.2.5. Surface modi®cation
Capping layers deposited on the outer surface of PS are many and varied. Deposition and growth of

metal and metal silicide layers is important for producing structures like barrier layers, buried contacts
and Schottky devices. Thermally evaporated Al capping layers deposited onto PS are to some extent
effective in the reduction of aging, reducing C and O adsorption. Sputtered Al ®lms are reported to be
more effective than the thermally evaporated ones in minimizing ambient aging effects. However, a
layer with suf®cient thickness to prevent aging would also prevent transmission of visible light in
photoluminescence or electroluminescence processes. Transparent capping layers such as indium thin
oxide (ITO) or Si oxide are more suited for applications involving visible light. SiO2 layers can be
deposited onto microporous Si by plasma enhanced chemical vapor deposition (CVD), but it has been
shown that they are effective in preventing aging only for medium porosity PS [144]. Plasma enhanced
CVD is also used to deposit thin layers of Si3N4 and SiC on photoluminescent PS, improving the
luminescence stability [145]. Other types of capping layers are deposited by molecular beam epitaxy
(MBE), including Si, SiGe, CoSi2, GaAs. However, in most of these experiments it is clear that the
quality of the deposited layer depends on both porosity and doping of the underlying PS, and the best
results are achieved with highly doped substrates with porosity up to 50%. A possible alternative to

Fig. 33. Idealized schematic steps in the oxidization process of highly porous silicon. From Ref. [140].
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metal and dielectric capping is offered by organic derivatization, since the process is expected to stop at
the ®rst monolayer, and allows possible applications for sensors. However, the tendency of Si to
irreversibly form Si±O bonds makes oxidization a strong competitive reaction. Various chemical groups
have been used to substitute H on the inner PS surface, including ÿCH2CH3 [146], ÿOCH3 [147],
triethylsiloxy and 3-thiophene methoxy groups [148] and many others [149,150]. However, the organic
derivatization quenches to some extent the luminescence [68,148]. Promising approaches have been
proposed recently through the use of Lewis acid [151].

3.3. Electronic properties

The ®rst and most favorable explanation for the PL in PS is the quantum con®nement (QC) model in
nanometer sized silicon crystallites. A consequence of the QC model is that the band gap of PS is larger
than that of bulk Si. This statement can be proved by the experimental determination of the band gap or
by having separate information on how the energies of the valence band and conduction band edges in
PS are shifted with respect to bulk Si. Other information on the QC effect can be obtained looking at the
plasmon excitations.

3.3.1. Experimental determination of the band gap
In bulk crystalline Si the term band gap means the energy gap between the maximum of the valence

band and the minimum of the conduction band, and its value can be measured by a simple transmission
experiment. In PS a wide spread of band gaps exist, as demonstrated by the large and inhomogeneous
lineshape of its visible PL band. Direct experimental measurements usually yield average values, which
are still meaningful, because the intra-sample band gap variations are normally smaller than the inter-
sample variations.

Different techniques can be used to obtain experimental values of the PS band gap. Luminescence
techniques measure the recombination energy of the carriers excited across the gap. Usually, PL
maxima are used for sample-to-sample comparison, while the lineshape of the luminescence displays
directly the intra-sample variation of the band gap. However, the direct attribution of the peak energy to
the sample band gap is often questionable due to the neglection of the excitonic binding energy and to
the fact that the luminescence could be due to other emissions than simple direct exciton
recombination. Other techniques are correlated to the absorption across the gap, among them are the
transmission, photothermal de¯ection spectroscopy, photoluminescence excitation spectroscopy (PLE)
and photoconductivity. Fig. 34 shows typical transmission spectra [152]. The I±V characteristic of PS
diodes can also give estimates of band gap, but the values are critically sensitive to the validity of the
model adopted to ®t the data. Electroluminescence measurements rely on the fact that the wavelength
of the electroluminescence peak depends linearly on the applied bias. The difference in positive and
negative bias required to obtain the same peak wavelength gives an estimate of the PS band gap. X-ray
methods can also be employed. XAFS measures the energy required to eject electron from PS, from
which band gap can be deduced. However, this technique is surface sensitive, and can easily lead to a
systematic error due to charge effects.

Photoluminescence peak positions can vary from the near infrared, close to the value of the bulk Si
gap, to the blue, with a spread of about 2.0 eV. Generally, PL peaks lie about 0.2 eV below the values of
the band gap estimated by other methods. Up to now, none of the above-mentioned techniques is able to
give quantitative and reliable correlation between measured band gap energy and pore or nanocrystal
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sizes in PS. The de®nitive answer to this problem probably involves new approaches using optical
techniques with nanometric scale resolution.

3.3.2. Experimental determination of valence and conduction band edges

The valence and conduction band edges of PS have been investigated by a variety of experimental
techniques such as photoelectron spectroscopy (PES) and Auger spectroscopy. Van Buuren et al.
[108,109] have performed careful studies of the shifts of the valence and conduction band edges of PS
in several experimental conditions. The minimum of the conduction band (ECBM) has been estimated
directly through X-ray absorption (XAS) measurements of the Si L3;2 edge. Bulk Si has been used as a
reference. In this kind of process an electron is promoted from an Si 2p core level into unoccupied
states, thus the ECBM is determined by the onset of the L-edge absorption corresponding to the point of
maximum slope. Fig. 35 shows the obtained results for three different PS samples [153]. The estimated
increases in the ECBM of PS with respect to bulk Si are 0.17, 0.21 and 0.31 eV, indicative of an
increasing QC shift in the PS samples prepared in different conditions. The QC shift of ECBM decreases
with thermal annealing up to 550�C where the situation of bulk Si is recovered. This behavior can be
explained assuming that as H desorbs due to the annealing, the PS nanostructures coalesce to reduce
their surface energy. An increase in the size will result in a reduction of the QC effect.

It is worthwhile to note that a shift in the L-edge can also be attributed to the chemical shifts in the Si
2p core level caused by H or O bonding. Indeed detailed lineshape analysis of Si 2p spectra in PS
indicates that besides the Si0� oxidation state, further contribution occurs in the spectra [154,155]. In

Fig. 34. (a) Transmission spectra of several 20mm thick free-standing PS ®lms (5±7 O cm p-type Si substrate) of various

porosities and a 20 mm thick c-Si ®lm. (b) Absorption spectra for Si nanocrystals with sizes from 4.3 to 2.4 nm deduced from

the transmission spectra of (a). The absorption of c-Si is shown for comparison. The saturation beyond 3 is an artifact of the

measurement procedure. From Ref. [152].
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freshly etched p�-type doped PS an additional peak at lower binding energy (�0.6 eV) is found. It is
attributed to the presence of H atoms. For slightly aged samples a contribution shifted at higher binding
energy (�1 eV) is found. This corresponds to the Si1� oxidation state. For heavily oxidized samples,
contributions from suboxides corresponding to higher oxidation states occur, with shifts of up to �4 eV
[155]. However, a blue shift of ECBM is found when the photon energy of the illumination during the
sample preparation is raised [153]. This enhanced blue shift ECBM can hardly be attributed to changes in
the chemical environment, but can be simply due to the reduction of the Si nanocrystal dimensions.

The maximum of the valence band EVBM has been evaluated through valence band photoemission
[108,109], Auger LVV spectra [153], soft X-ray emission spectra and ultraviolet photoemission. All
these results go in the same direction, the EVBM in PS shifts towards lower energies with respect to the
Si bulk value by an amount which is similar or greater than that of the ECBM. For example, Fig. 36
reports the results of Eisebitt et al. [153] related to the same PS sample of Fig. 35. The shifts in the
EVBM are now 0.41, 0.67 and 0.7 eV, respectively. Similar results are obtained by Suda et al. [156,157],
who found (see Fig. 37) a shift �0.35 eV towards higher energy for the ECBM and �0.55 eV shift
towards lower energy for the EVBM (see Fig. 38).

Electron transfer between a redox molecule and PS can be used to determine the valence and
conduction band edges [158]. However, the energy sensitivity of the techniques is rather poor and the
reported measurements simply con®rm the previously discussed data.

3.3.3. Quantum con®nement and the band structure

Few works deal directly with the QC effect on the details of the electronic structure of PS. Ben-
Chorin et al. [159] used PL spectroscopy to monitor the behavior of the critical points of the band

Fig. 35. Soft X-ray absorption spectra at the Si L3;2 edges in crystalline Si (Si) and three different porous samples (A, B, and

C). The solid lines indicate the extrapolation of the L3 edge to the baseline in order to determine the CB edge position. From

Ref. [153].
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structure in PS. They have shown that not only the fundamental gap G250v ÿ D1;c is blue-shifted with
respect to bulk Si, but also the G250v ÿ L1;c and G250v ÿ G15;c transitions are blue-shifted. However,
while QC shifts the G250v point to a lower energy, the D1;c point is shifted to a higher energy and the L1;c

and G15;c are shifted to lower energies. Thus QC acts differently on the critical points of the PS band
structure.

Fig. 36. L3-emission spectra of crystalline Si (Si) and three different PS samples (A, B, and C). The excitation energy is

99.50 eV for the Si spectrum and 99.75 eV for the PS spectra. This is below the corresponding L2 edges (see previous ®gure)

so that the L2-emission is suppressed. The solid lines indicate the extrapolation of the high energy cut-off to the baseline in

order to determine the VB edge position. From Ref. [153].

Fig. 37. Si LIII-edge XAS (2p3=2 to conduction bands) spectra and valence spectra obtained from a clean Si(0 0 1) surface

and a PS sample formed with a 4.5±6.0 O cm substrate. From Ref. [157].
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Very recently, Suda et al. [157] have studied the band dispersions of luminescent PS along the G±D±X
symmetry line using angle resolved photoemission (ARPES) and angle integrated photoemission
(AIPES). Fig. 39 shows the normal photoemission spectra obtained for PS samples obtained from 0.01±
0.02 and 4.5±6.0 O cm substrates. The spectral features are very similar for the two samples. The
comparison of the measured angular behavior for PS with that obtained for the Si(1 0 0) surface by
Johansson et al. [160] shows a remarkable agreement (see Fig. 40). This is another strong indication of
the retain of crystalline symmetry in the nanocrystals contained in the PS samples.

3.3.4. Plasmons

An interesting way to investigate the properties of PS is to look at its plasmons. The reason of it
lies on the collective nature of plasmon excitations, much more sensitive to the dimensions of
the medium than the single particle excitations. It is indeed well known that in a free-electron
system the plasmon frequency varies from op (in®nite solid) to op=

���
2
p

(planar surface) to op=
���
3
p

(spherical dot) [161]. In fact, Si spherical particles surrounded by SiOx show plasmon energies at 3, 9,
17 and 23 eV. The 9 eV contribution has been attributed to a surface plasmon spatially sustained at the
silicon±silicon oxide interface [162]. In the case of PS only recently data on the plasmons became
available [56,163±165] due to the PS poor stability upon electron irradiation [139]. The ®rst
EEL spectroscopic analysis has been performed on nanoporous samples obtained from p-type doped Si
by Berbezier et al. [163]. The PS structure was investigated by HREM and the results indicate a
composition made by Si nanocrystals surrounded by a passivated layer of amorphous hydrogenated
Si. Fig. 41 shows a deconvolution of the EEL spectra. Three different plasmon peaks are evident at 9,
12 and 17 eV. The last peak is attributed to bulk Si, whereas the ®rst two, peculiar of the PS samples,
are interpreted in terms of a surface plasmon peak (12 eV) and a collective excitation at the interface

Fig. 38. Energy positions of conduction band minimum (CBM) and valence band maximum (VBM) obtained from PS with

(right side of panel) and without (left side of panel) the light exposure treatment. From Ref. [156].
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between the Si crystallites and the cap layer (9 eV), even if an attribution to plasmons in the con®ned
systems cannot be excluded.

Massomi Sassaki et al. [164] have also studied by EEL the plasmon absorption in PS ®lms. Their
samples have been also investigated by TEM and show a structure of pores and cylinders (or disks) that
may be as small as 1.5 nm. Their EEL spectra for PS samples with decreasing thickness are reported in
Fig. 42. The peaks located at �16.9 and �34 eV (the ®rst and second Si bulk plasmon resonances) are

Fig. 39. Angle-resolved normal emission spectra along the G±D±X symmetry line obtained from PS samples formed with

0.01±0.02 and 4.5±6.0 O cm substrates. From Ref. [157].

Fig. 40. Theoretical band structure of Si along the G±D±X symmetry line calculated by Johansson et al. (after Ref. [160]).

Experimental direct transitions from VB 2 (denoted by H0) and VB 3,4 (denoted by C0) are shown with open and closed circles

for PS sample formed with a 0.01±0.02 and a 4.5±6.0 O cm substrate, respectively. From Ref. [157].
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clearly present and their intensity decreases with sample thickness. A peak, peculiar of PS, appears at
�5.5 eV. Its intensity is independent of the sample thickness. This peak has been attributed to plasmon
in con®ned system. Various plasmon peaks are also observed in PS obtained from n-type doped Si [56].
In this experiment the plasmon structures are measured at about 3.7, 4.8 and 17 eV. After subtraction of
the zero-loss peak, a new structure is detected around 2.8 eV. These authors observe also that the
`̀ bulk'' plasmon in PS lies at 17.3 eV slightly higher than in bulk Si. They do not consider this
observation as a conclusive evidence, since the amplitude of the shift is very small. A last experiment

Fig. 41. Spectral analysis by Fourier±Log deconvolution applied to PS plasmon peaks. From Ref. [163].

Fig. 42. EELS spectrum as a function of slab thickness. (a) Silicon slab, (b) porous silicon; slab thickness 1.29lp, where lp is

the plasmon free path, 1.06lp, (c) 0.74lp, (d) 0.78lp, (e) 0.60lp, (f) 0.34lp. After Ref. [164].
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has been recently performed by Mannella et al. [165]. The photoemitted electrons from the Si 2s core
states show a shift in the `̀ bulk plasmon'' loss peak as large as 1.5 eV, con®rming the occurrence of a
plasmon in PS at higher energy with respect to crystal Si. A discussion on these results will be
presented in Section 4.1.7.

3.4. Optical properties

3.4.1. Dielectric function

The experimental determination of the dielectric function of PS is quite a complicated task, because
PS is a mixture of Si and air and, in the case of aged samples, of surface oxide.

Koshida et al. [166] have used a combination of spectroscopic ellipsometry (SE) in the range 250±
800 nm and synchrotron radiation re¯ectance spectra (SR) in the range 2±27 eV measurements.
The re¯ectance values determined from the ellipsometry at low photon energies were used for
the calibration of the SR re¯ectance data; then the spectral response of the optical constants was
calculated by Kramers±Kronig transformations. A typical spectrum of the re¯ectance and the
corresponding absorption are shown in Figs. 43 and 44. It is observed that the PS optical constants

Fig. 43. Measured re¯ectance spectra of PS (solid curve) and c-Si (dashed curve). From Ref. [166].

Fig. 44. Calculated absorption spectra of PS (solid curve) and c-Si (dashed curve). From Ref. [166].
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preserve the structure of bulk Si and are different from that of amorphous Si. The blue shift of the
absorption edge of PS is evident in the imaginary part, E2, of the dielectric function (Fig. 45). In
addition, a strong reduction in the absolute value of E2 is measured. The larger band gap of PS is
re¯ected in the behavior of the real part, E1, of the dielectric function. Fig. 45 shows a strong reduction
of the dielectric constant E1�0� for PS with respect to bulk Si. Similar results have been obtained by
Rossow et al. [167]. Fig. 46 shows the results for E1 and E2 for a 70% porosity sample formed on a
lightly doped substrate.

Usually re¯ectance spectra are simulated using a dielectric function model whose parameters,
including the layer thickness, are adjusted to ®t the measured data [168]. Pickering [169] uses
spectroscopic ellipsometry and the Bruggemann formula to calculate the pseudo-refractive indices. In
fact, SE measures the amplitude ratio and the phase difference spectra which can be converted directly
into the pseudo-refractive indices [10]. Spectra for several samples of different porosities are shown in
Fig. 47.

Theiss [168] performed careful studies of the dielectric functions. He proposed a model with three
parameters (the porosity, the percolation strength and a broadening factor) to extend the Bruggemann
model. A typical result is reported in Fig. 48. Once more, the blue shift for luminescent PS and the
strong reduction of E2 with increasing porosity are evident.

Fig. 45. Top panel: real part of the dielectric function of PS (solid curve) and c-Si (dashed curve). Bottom panel: imaginary

part of the dielectric function of PS (solid curve) and c-Si (dashed curve). From Ref. [166].

O. Bisi et al. / Surface Science Reports 38 (2000) 1±126 45



3.4.2. Refractive index
A very simple method to evaluate the refractive index (n) is the measure of the interference fringes in

a re¯ectance spectrum of a thin sample (see Fig. 49) [32]. The position of the interference maxima
satis®es the following equation:

2nd
1

lr

ÿ 1

lr�1

� �
� 0; (5)

where d is the layer thickness and lr is the wavelength of the rth re¯ectance maxima. If the layer
thickness is known in an independent way, n is simply the ratio between the optical thickness nd and the
layer thickness. This method can only be applied if the interference fringes are visible. If the layer is too

Fig. 46. Comparison of the E spectra of a PS layer of 70% porosity formed on a lightly doped substrate with that of a 0.6 nm

thick Si layer. From Ref. [167].

Fig. 47. n and k dependence on energy for various porosities calculated using the Bruggemann model with mixture of c-Si

and voids. From Ref. [169].
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thin or if the material has a large dispersion, other methods should be employed. A more complete
evaluation requires simulation of experimental spectra. The square root of the dielectric function
resulting from the ®t is the refractive index of the PS layer [168]. The simulation approach requires
sharp interfaces, which depends often on the type and quality of substrate. The required sharpness is
achieved more easily with p-type substrates.

The refractive index of PS is expected to be lower than that of bulk Si, and decreases with increasing
porosity, because PS is basically a mixture of air and Si. However, the averaging of the dielectric
functions of the individual components is not trivial, but depends on the microtopology of the material.
The application of different effective medium theory leads to different formulas [170±172]. For
example, the widely used Bruggemann [171] formula leads to the following symmetric expression:

f
Eÿ Eeff

E� 2Eeff

� �1ÿ f � EM ÿ Eeff

EM � 2Eeff

� 0; (6)

Fig. 48. Comparison of the dielectric function of PS layers prepared on various substrates differing in doping level as

indicated. From Ref. [168].

Fig. 49. Normal-incidence re¯ectance spectrum of a 75% porosity sample 6:8 mm thick. After Ref. [32].
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where f describes the volumetric fraction, E and EM are the dielectric functions of Si and of the
embedding medium (air) and Eeff is the effective dielectric function for PS. However, at least for
microporous Si, the pore wall material cannot be considered as bulk Si, and different optical constants
should be used.

The experimental refractive index as a function of porosity and of the current density used in the
formation of PS for two different substrate doping levels is reported in Fig. 14 [33]. The following are
worth to be noticed:

� As the current density is increased, i.e. as the porosity is increased, the refractive index of PS tends to
that of air, in agreement with the simple arguments given above.
� For the same porosity the same refractive index is found. This shows that Eq. (6) is a good

approximation.
� Large variations in the refractive index are possible by varying the current density, i.e. the porosity.
� PS formed on heavily doped substrates shows larger refractive index variations than PS formed in

lightly doped substrates.

n is also sensitive to the aging or treatments the PS samples have suffered. In particular, it decreases
during oxidization, because of the lower refractive index of SiO2 compared to that of Si.

3.4.3. Absorption (direct versus indirect energy gap)
Absorption measurements are often complicated by experimental artifacts and by dif®culties of

interpretation that arise from the inhomogeneity in PS. Given the distribution of pores and structure
sizes always present in PS, the absorption spectrum is the sum of widely different microscopic
absorption processes. The absorption coef®cient a has been measured in PS by optical transmission
[152,173±176], photoluminescence excitation (PLE) [159,177], and photothermal de¯ection spectro-
scopy (PDL) [178,179]. A quantitative evaluation has to take into account the quantity of matter present
in the layer, with the same averaging problems encountered for refractive index. However, what is clear
from absorption studies is that the transmission spectra are shifted towards higher energy compared to
that of bulk Si and that this shift increases with increasing porosity, as illustrated in Fig. 50. The most
widely accepted explanation for this behavior is the quantum size effect [13,176]. This hypothesis is
con®rmed by the comparison of absorption spectra of two PS layers with the same thickness and

Fig. 50. Absorption spectra of free-standing PS layer compared to that of bulk crystalline silicon. From Ref. [55].
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porosity obtained from pÿ-and p�-type doped Si substrates [176], and is shown in Fig. 51. The
absorption of the p�-type doped samples occurs at higher energy compared to pÿ-type doped samples,
and the only signi®cant difference in the two samples is the average dimensions of the nanocrystals
(about 10 nm for p�-type and 3 nm for pÿ-type doped material). A more precise lineshape analysis of
the absorption coef®cient shows that the energy dependence of a follows a trend like that of an indirect
gap semiconductor very similar to that of Si, even though displaced to higher energy (see Fig. 52)
[176]. This is further con®rmed by the results of Fig. 53, where a for PS is compared to that of Si, of
amorphous Si and to that calculated by the Bruggemann approximation for two different porosities
[180]. It is observed that a of PS is well described by the Bruggemann result for energies higher than
the Si direct energy gap. At lower energies, it departs from the Bruggemann result and shows an
exponential decrease. This has been described by using the Urbach tail concept typical of Si or of
amorphous semiconductors. A value of '180 meV is usually found for the Urbach energy in PS [177].
The overall behavior of a in PS re¯ects the crystalline nature of the absorbing center. The Urbach tail is
due to the random dispersion of sizes and shapes of these centers.

Fig. 51. Absorption spectra of PS layers with different porosities. From Ref. [55].

Fig. 52. Square root of the absorption coef®cient times photon energy versus photon energy for various porous silicon

sample. After Ref. [176].
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Some words about the direct±indirect nature of the band gap in PS are necessary. Support to the
direct band gap nature of PS comes from the bimolecular recombination model of photoexcited carriers
applied to the fast dynamics of differential absorbance in PS (see Section 5). In fact, the ®tting
parameter B (the bimolecular recombination constant) obtained for PS [181] is of the same order of
magnitude of the parameter obtained for GaAs (a direct semiconductor) and ®ve orders of magnitude
greater than the parameter obtained for bulk Si [182]. Also the experimental results on the hydrostatic
pressure in¯uence upon the PL in PS suggests a direct gap [183]. Fig. 54 shows the results. The initial
blue shift of the peak can be related to the presence of a direct gap, since it is well known that in a
diamond structure the indirect gap energy decreases, i.e. it has a red shift, with increasing pressure,
while the direct gaps increase.

Fig. 53. Spectral dependence of the absorption coef®cient of free-standing PS (solid squares), Si (solid line) and amorphous

Si (dotted line) at room temperature. Results of calculation using the Bruggemann approximation are shown as dotted line

(72% porosity) or as dashed line (95% porosity). After Ref. [180].

Fig. 54. Spectral shift of the maximum of the red PL band as function of the applied pressure, T � 300 K, n-type self-

supporting PS sample. Initial blue-shift changes to a red one for pressure greater than 22 kbar. The line is a guide for the eye.

From Ref. [183].
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However, all the detailed studies of the absorption behavior in the optical regime for PS show a linear
behavior in a Tauc plot, characteristic of an indirect gap. Moreover, the indirect nature of the band gap
is supported by the observed ®ne structure in resonantly excited low temperature PL [184]. The
observed presence of momentum-conserving phonons (see Fig. 55) is peculiar of an indirect gap
semiconductor. Indeed, even if the theoretical calculations (see Section 4.1) for Si quantum wires
predict a direct band gap, a careful analysis of the character of the band edge states shows that the real
nature of this gap is pseudo-direct and not a direct one [185].

3.4.4. Non-linear optical studies
Non-linear phenomena in nanostructures are of particular interest because they are typically

enhanced by carrier con®nement and because of possible applications in all-optical switching devices
for signal processing and telecommunications.

Pump and probe experiments have been performed by several groups [186±191]. Bugayev et al. [187]
have measured the time resolved re¯ectivity on a picosecond timescale for different PS ®lms of
thickness ranging from 3.5 to 18mm. The time decay of the re¯ectivity change is very fast (of the order
of 100 ps). On a free standing PS ®lms of 40 mm thickness MalyÂ et al. [190,191] have investigated
picosecond optical non-linearities and optical hysteresis. Fig. 56 shows their results for the dynamics of
differential absorbance. Fast and slow components are present and interpreted within the so-called
bimolecular model. Similar results are obtained by Grivickas and Linnros [192].

Matsumoto et al. [186] observed photoinduced absorption with a relaxation time of the order of
10 ps. From these results the imaginary part of the third order non-linear susceptibility (w3) was
estimated to be of the order of 10ÿ9 esu. It is worthwhile to note that for bulk Si the low frequency
measured value is of the order of 10ÿ12 esu [182]. Similar results have been obtained by Klimov et al.
[189] on a free standing PS layer (thickness 15±30 mm). In this experiment relaxation time of the order

Fig. 55. PL spectrum taken with resonant laser excitation at 1.611 eV. Vertical dotted lines indicate the position of the no-

phonon (NP) onset and its TO and TA phonon replicas. The values of the energies are given. The position of the NP onset is

taken at the laser line, as the initial onset energy is close to zero at this excitation energy. From Ref. [184].
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of 30±40 ps have been measured togheter with well-de®ned peaks, whose energy positions are well
related with electron±hole con®nement in wires of width 2.5±2.8 nm.

Moniatte et al. [193] have performed a non-degenerate four-wave mixing measurement on free-
standing PS samples. Results are shown in Fig. 57. Energy relaxation times in the order of 1.5±3.5 ps
are found for 64±73% porosity PS samples. Within the framework of an inhomogeneously broadened
two-level model [194,195] dephasing times of the order of 20 fs are obtained. The estimated w3 is of the
order of 7� 10ÿ11 esu. A direct measurement of the real and imaginary part of w3 is possible with the
Z-scan technique [196]. Henari et al. [197] have applied this technique to PS measuring a w3 of the
order of 7:74� 10ÿ9 esu.

Third harmonic generation has been observed in PS. In [198,199] it has been demonstrated that the
occurrence of a very ef®cient frequency up-conversion is realized with a pump laser in the infrared. The
estimated value of w3 is about 10ÿ8 esu. The comparison between PS non-linear data and bulk Si
indicates that the electronic structure is modi®ed by the con®nement and that the third harmonic light is
mainly generated from the PS nanostructures. From a theoretical point of view (see Section 4) w3 value
of the order of 10ÿ8 esu are obtained for Si wires with diameter of the order of about 3 nm, con®rming
the QC nature of PS. A note of care has to be made about the absolute values of the measured non-
linear optical parameters because they can be strongly affected by surface effects as demonstrated by
the spread in published w3 values.

4. Theoretical calculations

Low-dimensional semiconductors exist in three ¯avors: two-dimensional (2D) systems like quantum
wells or quantum slabs, one-dimensional (1D) systems like quantum wires, and zero dimensional (0D)
systems like quantum dots or nanoclusters. Thus, the calculations about PS have mainly focused on the
investigation of Si quantum wells [200±214], Si quantum wire [185,200,207±209,211,215±238], and Si
quantum dots [175,209,223,239±272]. The computational techniques used range from model
calculation [175,232,233,237,239,240,248,251±253,256,257] to effective mass approximation (EMA)
[241,242,249], from tight binding (TB) [215,216,223,225,227,243,244,250,254,259,262±264,267,270±

Fig. 56. Dynamics of differential absorbance. Measured by the picosecond pump and probe technique with a 532 nm pump,

532 nm probe (®lled squares) and 1064 nm probe (empty squares). Solid curves: the best ®ts. From Ref. [191].
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272], to empirical pseudo-potential (EPL) [185,200,202,209,222,260,261,269], from Hartree±Fock
[245,258,265,266,268] to density functional theory [201,203±208,210±214,217±221,226,228±231,234±
236,238,246,247,255,270±272]. All the calculations performed on con®ned Si structures give a similar
picture concerning the quantum con®nement effect: a widening of the band gap from the near-infrared
wavelength region to, and beyond, the visible range. Furthermore, an enhancement of the dipole matrix
element responsible of the radiative transitions is found.

Fig. 58 shows the predicted band gap energy versus size as obtained from LDA calculations and
compiled in Ref. [208] for hydrogen terminated slabs, wires and dots. These are compared to the
results obtained by empirical-TB and EPL. The blue shift of the energy gap increases on going from
slabs to wires and dots, which is clearly due to the number of dimensions affected by con®nement
effects. The good agreement between the different calculations points toward the reliability of the
used methods. It is worthwhile to note that in the case of LDA a correction of 0.6 eV has been added to
the energy gap values in order to overcome the well-known LDA underestimation of the Si bulk band
gap.

Fig. 57. NDFWM signal versus detuning DE � �h�o2 ÿ o1� for: (a) 64%; (b) 68%; and (c) 73% porosity. The solid lines are

theoretical ®ts. From Ref. [193].
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Since the core of PS is generally described (cf. Section 3.1) as crystalline Si wires and/or dots, we
consider in the next the theoretical results related to the electronic and optical properties of these two
systems.

4.1. PS modeled as Si quantum wires

The modeling of PS as Si quantum wires (QWW) has been reviewed in [273±275]. Here we will
present some selected results devoted to the investigations of how the calculated electronic states and
optical properties of Si QWW are in¯uenced by QC, symmetry considerations and passivation regimes.

4.1.1. Isolated quantum wires

Usually the structure investigated consists of a single, in®nite QWW of rectangular cross section with
its axis along the [0 0 1] direction and its surfaces oriented along the (1 1 0) and (1 1 0) planes of bulk
Si. The two sides of the cross-section are delimited by zig-zag chains of M and N Si ®rst neighbors, this
structure is usually referred as M � N. The Si atoms at the wire surfaces are passivated by H, thus
simulating freshly etched PS. In the QWW there are Si atoms with no H bond, i.e. Si atoms in the core
of the wire which ®ll a pure Si crystalline environment, surface Si atoms with a single Si±H bond and
surface Si atoms with two Si±H bonds.

The main features of the QWW states can be investigated by looking at the energy bands. Fig. 59
shows the computed band structure for the fully H-saturated 5� 4 Si QWW of dimensions
7:68 A

� � 5:76 A
�

. Nine independent k points in the h0 0 1i direction, where the translational symmetry
holds, have been considered [229]. A direct band gap appears for k � 0. This is characteristic of the
QWW structure and it is due to the QC effect of the six equivalent ellipsoidal conduction band minima
with different masses in the con®nement plane of Si. Table 4 collects results for the calculated band
gaps of Si QWW for various wire orientations and widths [234,273]. In the table LDF means ab initio

Fig. 58. Energy gap versus con®nement parameter 1=d for H-terminated Si dots, wires and slabs. LDA: (®lled and empty

dots) [208], (�) [246], (4) [217], (*) [218]. EPS: (�) [261]. ETB: [286].
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Fig. 59. The LMTO-ASA one-dimensional band structure of the fully passivated 5� 4 QWW. The energies are related to the

valence band maximum. From Ref. [234].

Table 4

Results for calculated band gaps of Si QWW with respect to wire orientation and width

Wire orientation and mean width (AÊ ) Energy gap (eV) Method and reference

�1 0 0�, 4.80 4.07 LDF [229]

�1 0 0�, 6.72 3.38 LDF [229]

�1 0 0�, 11.4 2.64 LDF* [218]

�1 0 0�, 15.6 2.23 LDF* [218]

�1 0 0�, 7.68 3.29 LDF* [220]

�1 0 0�, 8.64 3.08 LDF* [220]

�1 0 0�, 6.72 3.53 LDF* [217]

�1 0 0�, 10.56 2.88 LDF* [217]

�1 0 0�, 14.40 2.50 LDF* [217]

�1 0 0�, 7.68 3.29 EMP [225]

�1 0 0�, 11.52 2.5 EMP [225]

�1 0 0�, 15.36 2.1 EMP [225]

�1 0 0�, 7.68 3.52 EMP [216]

�1 0 0�, 15.36 2.12 EMP [216]

�1 0 0�, 23.04 1.63 EMP [216]

�1 0 0�, 30.72 1.40 EMP [216]

�1 0 0�, 6.72 3.40 LDF* [234]

�1 0 0�, 8.64 3.03 LDF* [234]

�1 1 1�, 5.51 3.63 LDF* [226]

�1 0 0�, 7.6 3.13 LDF* [226]

�1 0 0�, 7.68 3.35 LDF [207]

�1 0 0�, 11.52 2.73 LDF [207]

�1 0 0�, 7.68 3.33 LDF [219]

�1 0 0�, 11.52 2.69 LDF [219]

�1 0 0�, 15.36 2.28 LDF [219]

�1 0 0�, 7.68 2.44 EMP [227]

�1 1 0�, 7.68 2.24 EMP [227]

�1 1 1�, 7.68 2.04 EMP [227]

�1 0 0�, 9.60 2.89 EMP [185]

�1 0 0�, 13.44 2.32 EMP [185]

�1 0 0�, 17.28 1.98 EMP [185]

�1 0 0�, 21.12 1.78 EMP [185]
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local density functional calculations [207,219,229], whereas EMP means empirical or semi-empirical
methods [185,216,225,227]. LDF� indicates calculations where also structural relaxation has been
taken into account [218,220,226,234]. The great majority of the different calculations shows a
remarkable agreement. Si QWW, whose dimensions are of the order of �20±30 AÊ , give energy gaps in
the range of the experimental PL energies. These dimensions compare well with the experimentally
determined ones. Excitonic corrections to the band gaps which can be as large as �200 (100) meV for
QWW of �10 (20) AÊ width [219,222] do not alter the previous conclusions.

The computed band gap reduces with increasing size. Within a simple particle in a box argument one
expects a dÿ2 dependence of the gap on the wire dimensions. Ossicini's calculations [234] show a
different dependence. The computed data can be ®tted by

Eg�d� � Eg�1� � c1

d
� c2

d2
�eV�; (7)

where c1 and c2 are constants. Fig. 60 shows a plot of calculated energy gaps versus the mean
dimension of QWW, where the diamonds refer to the results of Ossicini et al. [234] and the crosses to
the results of Buda et al. [218]. Calculations performed for Si QWW oriented along (1 1 1) give similar
results [226]. Indeed, in Si QWW the band gap widening is governed only by size effects.

4.1.2. Direct or pseudo-direct band gap
An important point under discussion is the nature of the Si con®ned band gap: is it really a direct one

or it is pseudo-direct? In order to solve this problem Yeh et al. [222] have performed a careful study of
the character of the wire near gap states. The computed z-direction averaged wave functions, energy
separations and lifetimes for the near band gap states in the case of a 8� 8 Si QWW are depicted in
Fig. 61. The results demonstrate that the valence band maximum originates mainly from coupling of the
two highest bulk valence bands at an off-G k point. This large projection shows that this is not a
surface state even if the wave function is localized near the surface. The conduction band minimum
(CBM) comes, however, mainly from the lowest two bulk conduction bands at a different off-G k
point. The fact that the VBM and CBM wire states project into bulk states of different k wave vectors
proves that the Si QWW band gap is pseudo-direct and not direct.

Additional information on the character of the states can be provided by the site-projected density of
states. Fig. 62 shows the density of states of a 3� 4 wire projected on an Si atom at the center of the

Fig. 60. Energy gap versus the mean side length of the QWW. The solid line is the ®t for the energy gap. Diamonds and

crosses are related to Ref. [234] and Ref. [218], respectively.
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wire (upper panel), a surface Si bonded to three Si neighbors (central panel), and a surface Si bonded to
two Si neighbors (lower panel) [229]. The Si atom shown in the central panel has a single bond with H,
while that of the lower panel is bonded with an Si±H2 group. It is evident that the QC induced gap
widening accumulates states at the band edges, but these states are removed if the interaction with H
takes place. The bonding Si±H states are shifted around ÿ3 eV, while the antibonding states are located
well inside the conduction band. Therefore, the main contribution to the near band gap states of the
fully passivated wire originates from Si atoms located at the center of the wire. As a consequence the
near band gap states are well localized in the crystalline core region and are similar to those of bulk Si.
In the ®gure the projected density of states is compared to the density of states of bulk Si. The direct
comparison between the QWW and bulk Si calculations is possible after the alignment of the
corresponding energies. To perform this alignment the energy of the 2p core level of an Si atom located
at the center of the wire, with no Si±H bond has been considered. The common energy scale is obtained

Fig. 61. z-direction averaged wave-function squares, energy separations and lifetimes for the near band gap states. The dots

denote positions of outer Si atoms. From Ref. [222].

O. Bisi et al. / Surface Science Reports 38 (2000) 1±126 57



by making this value equal to the corresponding one of bulk Si. This procedure is justi®ed since the
charge and the con®guration of the Si atom at the center of the wire are the same as one in crystalline
Si. The alignment shows that the gap opening is not symmetric: roughly 1

3
of the widening is in the

valence band, while 2
3

in the conduction band. Similar results have been obtained by Hybertsen and
Needels [220] (see Fig. 63).

4.1.3. Optical properties

The study of the optical properties of the Si QWW can be performed by evaluating the imaginary part
of the dielectric function in the optical limit, directly related to the transition matrix elements:

Ea2�o� �
4p2e2

m2o2

X
v;c

2

V

X
k

jhcc;kjpajcv;kij2d�Ec�k� ÿ Ev�k� ÿ �ho�; (8)

where a � �x; y; z�; Ev and Ec denote the energies of the valence cv;k and conduction cc;k band states

Fig. 62. Density of states of a 3� 4 fully passivated wire projected on different Si atoms: at the center of the wire, bonded to

four Si neighbors (upper panel), at the surface with a single bond (central panel) and with two bonds (lower panel) with H. The

curves have been smoothed with a gaussian broadening of 0.1 eV and compared with the density of states of crystalline Si

atom, shown by a dash-dotted line. The energies are referred to the c-Si valence band maximum. From Ref. [211].
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at a k point, and V is the supercell volume. From the calculated E2, the real part E1 is obtained by
Kramers±Kronig transformation. The optical absorption coef®cient

a�o� � o
nc

E2�o� (9)

is directly related to E2, thus E2 contains the necessary information about the absorption properties of the
material. A typical result for E2 is reported in Fig. 64 for energies lower than 3.5 eV [218]. Given the
highly anisotropic nature of the system, the ®gure considers separately the component of E2 along the
direction parallel to the axis of the wire and the component in the orthogonal plane. The ®rst quantity is
shown for three different sizes. In the inset the two quantities are compared for the largest wire. The
parallel component has a side peak at low energies which is absent in the orthogonal one. While the
position of the high-energy peak of E2 does not change with the size, the position of the side peak
strongly depends on the size. This re¯ects the fact that the main peak is essentially due to bulk-like
excitations, while the side peak is a wire-related feature. The calculated high degree of polarization of
E2 is in agreement with the strong polarization measured for the PL of PS [87,276±278]. Also the strong
reduction of the absolute value of E2 on going from bulk Si (nearly 50) to Si QWW is con®rmed by the
experimental outcomes (see Fig. 45). Concerning the real part of the dielectric function, E1�o�, a strong
reduction of the static dielectric constant, E1�0�, on going from the data for bulk Si (11.4) to 4.2 and 3.3
for 5� 4 and 3� 4 Si QWW has been calculated [234,236]. Koshida et al. [166] found a value of
approximately 3 for PS of high porosity (see Fig. 45).

Fig. 63. The band structure of a 5� 5 wire together with the projected bulk energy bands of Si (gray) plotted versus wave

vector along the wire and the associated density of states (solid curve at right). The dashed lines indicate bands with more than

50% Si±H character. The Si±H projected density of states (dashed curve at right) is de®ned so as to include two electrons per

Si±H bond. From Ref. [220].
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4.1.4. Radiative lifetimes
The calculated radiative lifetimes are directly related to the inverse of the oscillator strengths [279].

Table 5 reports the calculated values for the radiative lifetimes of the lowest energy transition. The
experimental values for PS are of the order of �30 ms [184]; thus Si QWW, whose band gap agrees with
photoluminescence energies, show computed lifetimes for the lowest energy transitions that are larger
by a factor 5±10 than the experimental ones. It is interesting to note that both empirical [216] and ®rst-
principle [220] calculations show that, within a given wire, several low energy transitions (only 0.1±
0.2 eV above the lowest ones) exist with widely different radiative lifetimes which depend also on the
symmetry of the states involved in the transition. Moreover, for smaller wires (width less than 10 A

�
),

these lifetimes can be of the order of nanoseconds. These behaviors compare well with the results of
experiments on oxide-free PS Si samples [18], where a correlation between emission energies and
decay times have been measured. PS with red, green or blue emission give lifetimes that follow a
universal curve from microseconds (red emission) to nanoseconds (blue emission). This is another
strong indication in favor of the QC model.

Fig. 64. Imaginary part of the dielectric function polarized in the direction of the wire for three different values of the side

length of the QWW. Inset: the same for the largest wire (solid line) compared to the component in the orthogonal plane

(dashed line). From Ref. [218].

Table 5

Calculated radiative recombination lifetimes for the lowest energy transition of Si QWW

Wire width (AÊ ) Radiative lifetime t �ms� Ref.

7.68 9.24

15.36 69.4 [216]

23.04 533

30.72 167

7.68 8 [220]

8.64 20

14.40 380 [217]

13.44 900 [185]
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4.1.5. Surface passivation effects
Few theoretical works have studied the in¯uence of dangling bonds which are formed by removal of

H atoms at the wire surfaces [185,211,222,234±236], and of oxygen [211,235]. The presence of
dangling-bond states gives rise to drastic changes in the optical properties. The E2 of partially passivated
3� 4 wires is shown in Fig. 65. For the partially covered wire 2 H atoms have been removed over the
14 present in the unit cell, leading to a H vacancy concentration of 14%. The ®rst structure in E2 (solid
line), between �0.3 and �0.7 eV, corresponds to the dangling bond-to-dangling bond transitions. These
are intense transitions and dominate the spectrum. After a gap, one ®nds the dangling bond-to-band
state transitions, while the band-to-band transitions, characteristic of the fully passivated wire (dotted
line), start only at �3.3 eV. It is evident that the E2 spectrum is entirely changed. Since the emission
spectra are not computed, the analysis is only qualitative; nevertheless the result is clear: the presence
of H vacancies strongly affects the photoluminescence properties. PL experiments show a broad
infrared band between 0.7 and 1.1 eV in as-prepared PS, showing the presence of some unsaturated
dangling bonds at the surfaces of PS [280,281].

The E2 function of the 3� 4 wire with 4 O±H groups replacing the H bonds is shown in Fig. 66,
together with that of the fully H-passivated case. We see that the presence of O (solid lines) not only
strongly reduces the energy gap, but also reduces the intensity of the lower energy side peaks in
comparison with the H case (dot dashed line).

There are several experimental informations on the oxygen induced modi®cations of the
luminescence in PS. Here we focus on the work of Gardelis and Hamilton [282] who measured the
spectral shift of the PL of low porosity samples after rapid furnace oxidation performed in dry oxygen
(see Fig. 67). PL shows peculiar features with two well-evident components, located in energy on both
sides of the emission characteristic of the H-passivated material. The energy of the low energy peak is
almost independent of the oxidation temperature, whereas the higher one moves higher in energy with
the oxidation temperature. Besides, at low temperature the low energy band dominates, whereas at
higher temperature the high energy one. On the light of the results showed in Fig. 66 one can suggest
the following interpretation of these experimental results: during the oxidation treatment some of the

Fig. 65. The E2 for Si wires after a gaussian broadening of 0.02 eV. Solid line: partially passivated 3� 4 wire; dashed line:

fully passivated 3� 4 wire. From Ref. [211].
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Fig. 66. The E2 for Si wires after a gaussian broadening of 0.02 eV. Solid line: partially OH passivated 3� 4 wire; dashed

line: fully passivated 3� 4 wire. From Ref. [236].

Fig. 67. Top panel: luminescence spectra of vacuum annealed PS, as anodized material with a porosity of approxi-

mately 40%; bottom panel: the double peak structure observed in the luminescence after rapid oxidation at 600�C. From Ref.

[281].
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Si±H bonds are substituted by Si±O±H groups shifting to the red the optical edges. At the same time an
Si±SiOx interface forms and this process reduces the size of the Si nanocrystals, blue shifting their
luminescence peak. By increasing the temperature, the oxide formation speeds up, explaining in this
way the measured temperature behavior. This analysis is consistent with the infrared absorption
measurements [281,282] showing that in the H-passivated sample the Si±H stretching modes are
intense, while Si±O±H modes are detected after the ®rst annealing procedure. These modes become
very weak after further annealing.

4.1.6. Undulating and interacting quantum wires
The theoretical results for PS modeled as undulating QWW has been recently reviewed by Nash

[283]. Here we will only point out that the results of a model calculation done by Tigelis et al. [237]
show the presence and the importance of localized states which arise from width ¯uctuations in the
wire. Similar results have been obtained in a very recent LDA calculation [284]. These results con®rm
that observations of localized states do not necessarily require additional localization mechanisms such
as surface trapping [283].

Looking in this direction also the electronic and optical properties of interacting Si wires have been
investigated by reducing the vacuum between the wires [234]. Fig. 68 shows the total density of states
of 5� 4 interacting QWW. The role of the interactions between the wires emerges clearly from the
results. The band gap is strongly reduced from 3.27 to 1.55 eV. This effect is due to the presence of
localized states, which originate from the valence band, leading to a lowering in the density of states in
the region where the Si±H bonding states were located. In fact these states are strongly localized at the
surface of the Si wires and their tails extend in the vacuum region; they are inter-wire bonded states. As
expected, the energy separation between Si core crystalline states (i.e. the mobility gap) remains
unchanged. Furthermore, the energy localization of these states re¯ects mostly the distance between
wires and is practically insensitive to their dimensions.

The stability of the wire structure with respect to wire±wire interaction has been investigated through
pseudo-potential calculations of the 7� 4 and 5� 4 structures [234]. The pseudo-potential allows to
optimize the geometrical structure by minimizing the total energy. Table 6 collects the results of these
calculations. In the table the second and third columns give the minimal inter-wire distances for the

Fig. 68. Total density of states of 5� 4 interacting wires after a gaussian broadening of 0.1 eV. The density of states of c-Si,

shown by a dash-dotted line, has been normalized to the p-Si cell. The alignment procedure is discussed in the text. The

energies are referred to the c-Si valence band maximum and the highest occupied states is shown by a vertical arrow. From

Ref. [234].
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adsorbed H atoms and the surface Si atoms both for non-interacting and interacting wires before and
after the relaxation. The ®rst column collects the calculated values of the energy gaps. From this
analysis the presence of some reorganization of the structure is evident even in the case of non-interacting
wires. The Si±Si bond length in the wire remains practically unchanged, while there is a small lowering of
the distance between H and Si, which enhances the gap of �0.1 eV. These structures represent rather
ideal crystalline Si QWW. When the wires are forced to get closer enhancing the wire density (diminishing
their distance), the band gap strongly reduces. This reduction is due to new states caused by the wire
interaction which form in the band gap, see Fig. 68. As a consequence the energy gaps for the three
different studied interacting wires are similar. In addition, the effect of the relaxation is stronger, the most
relevant is on the H atoms which repel each other, the Si atoms at the interface move consequently by�0.2±
0.3 a.u., while the subsurface and inner Si atoms remain practically in the same position. Whereas the
values of the energy gap of the interacting wires before the relaxation are insensitive to the side length
of the wires, the relaxation restores the dependence. For the 5� 4 and 7� 4 wire the energy gaps are
now 2.00 and 1.76 (1.80) eV to compare with 2.60 and 2.23 eV in absence of the inter-wire interactions.

In order to elucidate the role of the wire±wire interaction on the optical properties we show in Fig. 69
the calculated E2 for the interacting 5� 4 silicon wires. From the results the following are evident: (i)
the reduction of the energy threshold, (ii) the increase of the absolute value of E2 due to the reduced
porosity of the cell, and (iii) the presence of new transitions in the low energy tail related to the
interface localized inter-wire states. Once more the presence of states localized at the interfaces seems
to be important for the enhancement of the transition probabilities.

4.1.7. Plasmons in quantum wires
The plasmon properties of Si QW have also been recently investigated [285]. The computed plasmon

energies are summarized in Table 7. A ®rst feature to be noted in the case of PS is the number of
plasmon poles:

Table 6

Calculated energy gaps and inter-wire H±H and Si±Si distances for non-interacting (a) and interacting (b,b1) 7� 4 and 5� 4

wiresa

Energy

gap (eV)

Inter-wire H±H

distance (a.u.)

Inter-wire Si±Si

distance (a.u.)

7� 4

(a) Far, unrelaxed 2.08 5.43 10.49

(a) Far, relaxed 2.23 5.70 10.57

(b) Near, unrelaxed 1.43 2.43 7.49

(b) Near, relaxed 1.76 3.23 7.94

(b1) Near, unrelaxed 1.37 2.43 7.49

(b1) Near, relaxed 1.80 3.22 7.90

5� 4

(a) Far, unrelaxed 2.41 5.43 10.49

(a) Far, relaxed 2.60 5.72 10.58

(b) Near, unrelaxed 1.45 2.43 7.49

(b) Near, relaxed 2.00 3.22 7.83

aFor interacting (b) wires the distance is related to the shorter side of the wire, for interacting (b1) wires the distance is

related to the longer side of the wire.
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1. one for an isolated system (single wire or dot),
2. two for an ideal wire lattice, where the second plasmon likely gives rise to a very broad absorption

peak,
3. and three for an interconnected wire lattice.

Furthermore, the plasmon of an isolated structure always lies at energies lower than the bulk Si
plasmon, while both wire lattices (ideal and interconnected) show a plasmon pole higher in energy than
the crystal Si one. These results compare well with the available experimental data (see Section 3.3.4),

Fig. 69. Imaginary part of the dielectric function E2 for the 5� 4 interacting Si QWW after a gaussian broadening of 0.02 eV.

Solid line: z polarization; dash-dotted line: average between x and y polarization. From Ref. [234].

Table 7

Plasmon energies

Metal Semiconductor (�hop � 17 eV)

Silicon (�ho0 � 1 eV) Porous silicon (�ho0 � 2 eV)

Bulk �hop �h
�����������������
o2

0 � o2
p

q
17.03 eV

Single wire �hop=
���
2
p

�h
����������������������
o2

0 � o2
p=2

q
12.1 eV

Single dot �hop=
���
3
p

�h
����������������������
o2

0 � o2
p=3

q
10.0 eV

Ideal

wire lattice

�hop cos y �h
�����������������������������
o2

0 � o2
p cos2y

q
2ÿÿ17 eV

� �h
�����������������
o2

0 � o2
p

q
� 17:12 eV

Interconnected

wire lattice

�ho0 2 eV

� �h
��������������������
o2

0 � o2
p;x

q
� 7 eV

� �h
�������������������
o2

0 � o2
p;z

q
� 17:12 eV
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even if a detailed analysis of the experimental data was out of the purpose of the paper, where only
qualitative evaluations were presented. Nevertheless three signi®cant conclusions are evident:

� the number of detected plasmons exclude structures based on isolated crystals, but fully interacting
three-dimensional lattices should be considered,
� the plasmon feature found at 2.8 eV, around the gap energy, is consistent only with the model of

interconnected wire lattice,
� the shift in the bulk plasmons is a real effect directly related to the presence of a gap energy (�ho0)

higher in PS than in Si.

4.2. PS modeled as Si quantum dots

The modeling of PS as quantum dots has been reviewed recently in [286,287]. Here we will
summarize the discussion regarding the dependence of the energy band gap on the size and shape of the
Si crystallites and the different possible channels for the recombination processes.

As far as for the ®rst point, in Fig. 70 the results for the band gaps relative to three different shapes of
Si nanocrystals covered by hydrogen are collected [209]. The results are compared with an EMA [241]
and a model calculation [288]. All the data corresponding to different shapes collapse into a single
uni®ed curve, whereas the EMA and model calculation results are far away from this curve in opposite
directions. This is another strong indication that to give reliable predictions for the energy gap of Si
nanocrystals one needs to use a method able to provide a good description of the Si bulk band structure.
The curve of Fig. 70 can be ®tted by the equation

Eg�d� � 1:167� 88:34

d1:37
�eV� (10)

when the effective diameter of the dots is in A
�

. Once more the exponent of the 1=d dependence is
between 1 and 2.

The discussion about the possible channels for the radiative recombination starts from the energy
difference between absorption and luminescence in PS (see Section 5). Such a behavior might be

Fig. 70. Band gap versus the effective diameter d (AÊ ) for three prototype quantum dot shapes. (Diamonds): spheres, (�):

rectangular boxes, (squares): cubic boxes. Also shown are EMA results [241] and model calculation results (RKF) [288]. After

Ref. [209].
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consistent with the existence of deep luminescent center such as the surface states postulated by Koch
et al. [243]. It is also interesting to note that the predicted radiative recombination rates for direct
transitions across the gap are about an order of magnitude lower than the experimental decay rate, see
Fig. 71.

The existence of localized states that should account for the lower energy of luminescence than
absorption has been demonstrated by Allan et al. [270] and by Baierle et al. [265]. In the ®rst case from
total energy calculations, the existence of self-trapped excitons at some surface bonds of silicon
crystallites has been shown. These give a luminescence energy almost independent of size and originate
from a huge Stokes shift. The stabilization of the self-trapped excitons is due to dimer bonds
passivation by hydrogen atoms at the surface of the Si nanocrystals, see Fig. 72. The second calculation
[265,266] shows that Si dots in their excited states relax to highly distorted equilibrium con®gurations
(see Fig. 73), giving rise to new transitions involving localized states that lower the emission threshold
with respect to the absorption, see Fig. 74. Both mechanisms point to the fact that small Si structures
are intrinsically subject to signi®cant distortions when excited and that in order to explain the PL of PS
it is not necessary to invoke extrinsic states [243].

Very recently a combined experimental and theoretical study of the electronic states and PL in
oxidized PS quantum dots has been published [271]. The calculated electronic states in Si nanocrystals
as function of the dot size and surface passivation are presented in Fig. 75. The results suggest that
when an Si cluster is passivated by H atoms recombination is via free exciton states for all sizes. The
PL energy follows the QC prediction. However, if the dot is passivated by O, a stabilized electronic
state may be formed on the covalent Si�O. For O passivated Si clusters, three different recombination
mechanisms are suggested. In Zone I (large clusters) recombination is via free excitons. The PL energy

Fig. 71. Calculated recombination rate of an excited electron±hole pair in silicon crystallites (crosses) with respect to the

photon energy at 300 K. Continuous line plots the experimental dependence of decay rates on photon energy for three 65%

porosity layers that differ by oxidation level From Ref. [286].
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Fig. 72. Total energy (full symbols: TB, empty symbols: LDA) of a spherical crystallite with 29 silicon atoms in the ground

state and in the excitonic state as a function of the dimer interatomic distance d (a � 0:54 nm). The arrows indicate the energy

minima. Schematic side views of cluster surface dimer in the ground state (G) and in the self-trapped state (STE) are also

shown. From Ref. [270].

Fig. 73. Atomic arrangement calculated for the Si44H42 cluster in the ground (a) and in the optically excited state (b). Shown

are the six-fold rings of Si atoms involving the locally distorted surface bond and reaching to the center of the cluster. All the

Si bonds are to Si atoms in the cluster except where H atoms are indicated. From Ref. [265].

Fig. 74. Optical spectrum calculated for the Si44H42 cluster in its ground (a) and excited (b) state con®guration,

corresponding to absorption and emission spectra, respectively. The lines are gaussian broadened by 0.01 eV. From Ref. [265].
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increases with the con®nement. In Zone II, recombination involves a trapped electron and a free hole.
As the size decreases, the PL emission energy still increases, but not as fast as predicted by quantum
con®nement, since the trapped electron state energy is almost size independent. In Zone III the
recombination is via trapped excitons. The PL energy remains constant, and there is a large PL redshift
when the cluster surface is exposed to oxygen.

5. Photoluminescence

PS based structures have been reported to luminesce ef®ciently in the near infrared (0.8 eV), in the
whole visible range and in the near UV (Fig. 76) [289]. Such a broad range of emission energies arises
from a number of clearly distinct luminescent bands, which are listed in Table 8 [21]. In addition, PS
has been used as an active host for rare earth impurity, e.g. Er, or dye solutions. Direct energy transfer
between PS and the impurity or dye is demonstrated.

5.1. Visible band

We will focus mainly on the properties of the so-called S-band, where S stands for slow. The S-band
has been intensively studied up to now and has the most technological relevance since it can be
electrically excited. Its main features are summarized in Table 9.

Fig. 75. Electronic states in Si nanocrystals as a function of cluster size and surface passivation. The trapped electron state is

a p-state localized on the Si atom of the Si�O and the trapped hole state is a p-state localized on the oxygen atom. From Ref.

[271].

Table 8

PS luminescence bands (from Ref. [21])

Spectral range Peak wavelength Label PL EL

UV �350 nm UV band Yes No

Blue±green �470 nm F band Yes No

Blue±red 400±800 nm S band Yes Yes

Near IR 1100±1500 nm IR band Yes No
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The S-band can be tuned from close to the bulk silicon band gap through the whole visible range.
Fig. 77 displays the room temperature luminescence spectra of PS samples with different porosities.
However, while the PL ef®ciency from red to yellow is high under blue or UV excitation, the blue
emission one is rather low to date [18]. The S-band large spectral width comes from inhomogeneous
broadening [21], and its spectral position depends on porosity. It is important to note that not only the
spectral position, but also the relative intensity of S-band changes with porosity (Fig. 78) [290]. Indeed,
the S-band ef®ciency is not proportional to the inner surface area, but it seems that a `̀ threshold''
porosity has to be exceeded to achieve an ef®cient luminescence [21]. It has been found [291] that post-
anodization chemical etching in HF, corresponding to a porosity increase, results in a strong rise in PL
ef®ciency and a blue shift of the visible band. External quantum ef®ciencies higher than 0.1% are
obtainable from high porosity PS layers of all types, but ef®ciency normally decreases in the order

Fig. 76. Room temperature photoluminescence and electroluminescence spectra for various PS structures which have been

oxidized or implanted with some selected impurities. After Ref. [289].

Table 9

Some spectral characteristics of the S-band (adapted from Ref. [459])

Property Typical values Comments

Peak wavelength 1100±400 nm At 300 K

PL ef®ciency � 5% At 300 K and for external quantum ef®ciency

FWHM 0.3 eV At 300 K (8 meV in porous silicon microcavities)

PL decay times '10 ms Strongly dependent on wavelengths, temperature

and aging condition

Polarizability ratio P � 0:2
Fine structure under resonant

excitation

Phonon replica at 56

and 19 meV

Heavily aged PS, energies typical of Si phonons
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nÿ-type, pÿ-type, n�-type, p�-type doped PS. High porosity is essential for high visible PL ef®ciency,
and it has been proven that the inef®cient luminescence observed from inhomogeneous material of low
porosity originates from microscopic areas of high porosity. In the macroporous nÿ-type doped
material, for instance, each macropore is coated with luminescent meso-and microporous material
[292]. This is further con®rmed by studies on isolated PS nanoparticles produced by dispersing a

Fig. 77. The red (R), green (G) and blue (B) photoluminescence spectra (PL) tuned by post-anodization illumination (dashed

curve) and the corresponding excitation spectra (PLE). After Ref. [18].

Fig. 78. Photoluminescence peak wavelength and intensity versus sample porosity. The thick line is obtained from ®rst-

principle calculations. After Ref. [290].
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colloidal suspension of PS fragments on a glass coverslip [293]. The isolated nanocrystals show
external quantum ef®ciencies �88%, while the number of bright to dark nanocrystals in the suspension
was only 2.8%. This means that the average quantum ef®ciency of a PS layer of 01% results from a
statistical distribution of high and low quantum ef®ciency nanocrystals.

Among all the various experimental data, two are worth a detailed discussion: the effect of resonant
excitation and the study of the polarization of the luminescence. When the luminescence is resonantly
excited, i.e. the excitation energy is within the luminescence band, and at low temperature, sharp
features are observed (Fig. 79). The luminescence onset shows an energy off-set with respect to the

Fig. 79. (a) Resonantly excited luminescence at 2 K for various excitation laser wavelengths (dotted lines). (b) Calculated

luminescence lineshape with the quantum con®ned model. After Ref. [295].
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excitation energy which re¯ects the presence of a singlet±triplet exciton state splitting [184]. The off-
set is not present with two-photon excitation [294]. This is due to the fact that different total angular
momentum states are excited in one-and in two-photon experiments.

In addition, replicas of this onset are observed at lower energies. These features are a consequence of
phonon-assisted luminescence processes [21,295]. Indeed the energies of the replicas are multiple of 56
and 19 meV, which are the energies of the TO and TA phonons of bulk Si. Some more comments are
possible [21]:

1. the number of phonon replicas are explained by an exciton transition in an indirect-gap
semiconductor;

2. the involved phonons are the same as those participating to optical transitions in crystalline Si;
3. the relative strengths of the electron±phonon coupling in PS is very similar to those of Si;
4. no coupling is observed to any other phonons.

These experimental results point to the fact that the electronic and the vibronic structure of the
luminescence in PS is similar to that in crystalline Si when the QC is taken into account. At large
con®nement energies (> 0:7 eV), no-phonon quasi-direct transitions dominate [296].

When the laser excitation is normal to the PS surface, the luminescence is polarized parallel to the
exciting light for all the exciting light polarization. Quantitatively this is measured by recording the
polarization ratio r � �Ijj ÿ I?�=�Ijj � I?�. Fig. 80 shows the energy dependence of r [297]. It is
interesting to note that r is zero on the IR band while it is different from zero on the S-band.
Furthermore, r tends to zero as the energy approaches that of the Si band gap. In Fig. 81 the
dependence of r on the detection polarization for various excitation polarizations is shown [298]. A
maximum is observed for emission polarization parallel to the h1 0 0i directions. These experimental
data are interpreted assuming that [21]:

1. PS is an ensemble of randomly oriented dipole due to aspherical nanocrystals.
2. The nanocrystals are preferentially aligned along the h1 0 0i direction.
3. The wavefunction of the recombining carrier is bulk-like, because it is sensible to the shape of the

nanocrystals.

Fig. 80. Degree of polarization (full line) and luminescence intensity (dotted line) at 6 K. Eg shows the Si band gap. After

Ref. [297].
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Finally, evidences of dominating Auger processes when the photoexcited exciton density is high
have been reported either by saturation of the luminescence [299] or by hole burning spectroscopy
[300].

5.2. Other emission bands

5.2.1. Blue band
The blue or F-band, due to its fast nanosecond decay time, has been the subject of several recent

studies [301,302,466]. A summary of its spectral characteristics is reported in Table 10. It is observed
only in oxidized PS, and it is probably originated from contaminated or defective Si oxide [301].
Annealing in water vapor activated the blue emission indicating a possible major role of adsorbed
hydroxyls in the emission process [303].

5.2.2. IR band
The IR band is weak at room temperature, and becomes much stronger at cryogenic temperatures

[304]. In Fig. 82 it is shown how its peak position scales with the porosity. In addition its intensity
seems to decrease in aged samples. The energy of the IR band follows the energy of the S-band

Fig. 81. Variation of the luminescence intensity for edge excitation. ad is the angle of the detection polarizer for various

settings of ae the excitation polarization. Each of the ae curves is normalized to unity at the maximum. After Ref. [298].

Table 10

Some spectral characteristics of the F-band (adapted from Ref. [459])

Property Typical values Comments

Peak wavelength 480 nm UV excitation at 300 K

PL ef®ciency � 0:1% UV excitation at 300 K

FWHM 0.4 eV UV excitation at 300 K

PL decay times 1 ns Independent of wavelength and excitation conditions
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according to the 1
3

rule (see Fig. 83) [305]. Its origin seems to be related to dangling bonds, although no
direct correlation has been demonstrated.

5.3. Models for PS luminescence

Quantum con®nement of carriers in Si wires was the ®rst model proposed to explain PS
luminescence [291]. Afterwards, many other alternative explanations have been proposed [21]. The
various models can be grouped in six different categories, as illustrated in the scheme in Fig. 84. Except
for the quantum con®ned model, all the others assume an extrinsic origin for the luminescence.

5.3.1. Hydrogenated amorphous silicon model (Fig. 84b)

It has been proposed that PS luminescence is due to a hydrogenated amorphous phase (a-Si:H) which
is formed during anodization. In fact, a-Si:H possesses a PL band in the visible range, and the tunability
of the PL from PS can be in principle explained with alloying effects and with the variation of hydrogen
and oxygen percentages. In addition the time resolved measurements indicate that the disorder plays a
key role in the recombination dynamics.

Fig. 82. Room temperature luminescence spectra of PS samples with different porosities aged for six months. The excitation

energy is 2.541 eV and the power is 1:6 Wcmÿ2. After Ref. [32].
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Against this model, recent TEM studies where sample damage has been minimized showed that there
is little amorphous Si in PS. Moreover, the a-Si:H PL band is strongly quenched going from cryogenic
to room temperature, while the PS visible band is enhanced as the temperature is raised [306]. Finally
strong spectroscopic evidences exist that the luminescence has both an electronic and a vibrational
nature similar to that of crystalline Si.

5.3.2. Surface hydrides model (Fig. 84c)
Since the PS luminescence decreases dramatically if the hydrogen on the surface is thermally

desorbed, and the PL intensity can be recovered with immersion in HF, which restores the hydrogen
coverage, SiHx surface species were suggested to be responsible for luminescence in PS.

Against this model there are many evidences. FT-IR studies have demonstrated that luminescence is
totally quenched when the majority of hydrogen is still on the PS surface, and the luminescence loss is
probably related to the formation of dangling bonds, ef®cient non-radiative decay channel. Another
evidence comes from the simple fact that when the hydride coverage is replaced by a good quality
oxide layer, the PL process is still ef®cient. Finally, the spectroscopic evidences support a crystalline
nature of the emitting centers.

5.3.3. Defect models (Fig. 84d)
In defect models the luminescence originates from carriers localized at extrinsic centers, i.e. defects

in the silicon or silicon oxide that covers the surface [307,467,468].
However, luminescent nanocrystalline Si can be created in many different ways, and passivated either

with hydrogen or with oxygen and it is then very unlikely that the same impurity or defect is always
present. In any case the defects in the silicon oxide are ruled out, because SiO2 is not present in fresh
PS. Also the tunability of the PL band is dif®cult to justify, because the emission from defects is

Fig. 83. Energy position of the S-band (named VIS) versus the energy position of the IR band as measured by various

authors. The lines are theoretical calculations. After Ref. [305].
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expected to be almost insensitive to the size structure. Also the spectroscopic evidences are against this
model.

5.3.4. Siloxene model (Fig. 84e)

Siloxene, an Si:H:O based polymer, supposedly created during PS anodization, was proposed as the
origin of PS luminescence [308]. This model is supported by the fact that the optical properties of

Fig. 84. The six groups of models proposed to explain PS luminescence. (a) Section of an undulating crystalline QWW. A

surface defect rends an undulation non-radiative, while an exciton localized in the neighboring undulation recombines

radiatively. (b) Crystalline Si covered by a layer of hydrogenated amorphous Si, where radiative recombination occurs. (c) Si

surface passivated by Six terminations. Radiative recombinations occur at the Si±H bonds. (d) Partially oxidized Si containing

defects proposed as radiative centers. (e) Siloxene molecule is proposed to exist on the large inner PS surface and acts as

luminescence center. (f) Si dot with surface states that localize carriers and holes separately (upper part) or together (lower

part, radiative recombination). After Ref. [21].
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siloxene are somehow similar to those of PS. Siloxene possesses a visible-red PL band and the IR
spectrum closely relates to that of aged PS.

Against this model there are many evidences. It is now well demonstrated that freshly etched PS has
no detectable content in oxygen. PS can still be luminescent above 800�C, while siloxene or other
related molecules are totally decomposed at such a high temperature. In addition to the spectroscopic
evidences which point to a crystalline nature of the emission, synchrotron radiation measurements show
that SiO groups have no role in the emission process [113].

5.3.5. Surface states models (Fig. 84f)

The enormous inner surface of PS ('10% of the Si atoms in PS are surface atoms) has led to propose
that it is involved in the luminescence process [309]. The excitons, quantum con®ned in Si
nanocrystals, should know the existence of the surface and of its reconstruction. For this reason the
model has also been called smart quantum well model [309]. In this model, absorption occurs in
quantum con®ned structures, but radiative recombination involves localized surface states. Either the
electron, or the hole, or both or none can be localized. Hence, a hierarchy of transitions is possible
which explains the various emission bands of PS (see Fig. 85). The energy difference between
absorption and emission peaks is well explained in this model, because photoexcited carriers relax into
surface states. The dependence of the luminescence from external factors or from the variation of the
PS chemistry is naturally accounted for by surface states changes.

Resonantly excited PL results are against the attribution of PL process to surface states [21], showing
that PL arises from exciton coupling with momentum-conserving phonons. This means that the exciton
wavefunction is extended over many Si atoms and not strongly localized, as it should be in the case of
deep surface states. Furthermore, the values of the exchange splitting energy extracted from
temperature dependent lifetime measurements also suggest that carriers are not localized on atomic
scale, but in the whole volume of the Si nanocrystals, and that luminescence does not originate from
localized states in the gap, but from extended states. Finally, the polarization measurements point to an
extended nature of the luminescence states.

Fig. 85. Hierarchy of transitions in the surface-state model. The indices 0, 1 and 2 indicate the number of surface states

involved. After Ref. [309].
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5.3.6. Quantum con®nement model (Fig. 84a)
Quantum con®nement in crystalline Si was the ®rst model proposed to explain the ef®cient

photoluminescence of PS [291]. Quantum con®nement effects result in an enlargement of the band gap,
in a relaxation of the momentum-conserving rule, and in a size dependence of PL energy which
naturally explains the ef®cient luminescence, the up-shift and the tunability of PL band in PS. Many
other experimental evidences support the quantum con®nement model. Structural characterization has
proven that PS is crystalline in nature. Observations of nanocrystals of nanometric dimensions have
been reported. The band gap up-shift is clearly visible in absorption spectra, and the luminescence blue-
shift after further chemical dissolution in HF is easily explained by further reduction of nanocrystals
dimensions. Fresh structures can be theoretically modeled as QWW, while aged structures are usually
more dot-like. Qualitative agreement with experiments has been obtained for calculated radiative
lifetimes and for the observed splitting of the lowest lying exciton states.

However, it is becoming increasingly clear that, even in the quantum con®nement framework, the
emission peak wavelength is not related only to size effects (see Fig. 86 [286]). Freshly etched and very
high porosity samples which have not been exposed to the air have luminescence peak energies in the
3 eV range while as soon as they get into contact with air their luminescence peak moves to the usual
2 eV range [271]. A change in the surface passivation, as well as dielectric effects, can produce
wavelength shifts. In addition, all the spectroscopic studies reported in this section are not able to
discriminate between true extended states and shallow localized states, in which the carrier
wavefunction extends over several lattice parameters. For these reasons, even though it is certain
that quantum con®nement plays a fundamental role in determining the peculiar properties of PS, some
complements to the pure quantum con®nement model are needed in order to take into account surface
effects, especially when the nanocrystals have sizes smaller than 3 nm. Shallow surface trap states due

Fig. 86. Compilation of optical band gaps of silicon crystallites and PS samples obtained from optical absorption (un®lled

symbols) and luminescence (®lled symbols). The lines represent calculated values with (dashed line) or without (full line)

excitonic correction. After Ref. [286].
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to the formation of Si�O bonds have been shown to be able to ®t the PL peak energy versus sizes data
(see Fig. 87) [271].

5.4. Ultrafast carrier dynamics

The time dependence of PS luminescence has been intensively studied, both to understand the nature
of the luminescence process and to determine the range of technological applications for which the
material can be used. Since the ®rst time-resolved studies, PL decay was found not to be a single
exponential, but a multiexponential [40]. A number of groups have analyzed the form of the PL decay
using a stretched-exponential function [310±313,469±471].

IPL�t� � I0 exp�ÿt=t�b; (11)

where IPL�t� is the luminescence intensity, t is the PL lifetime and b � 1 is a dispersion exponent.
Although different parameterizations of the PL decay have been used [314,315], all the approaches give
similar results for the value of the mean lifetime.

The PL decay at room temperature depends strongly on the detection wavelength, and the extracted
decay times increase monotonically with decreasing detection energy, going from few ms at 2.2 eV to
about 100ms at 1.6 eV (see Fig. 88 [311,470,471]). Such a long decay time compared to the nanosecond
radiative lifetimes of direct gap semiconductors suggests that PS is still an indirect gap semiconductor,
and the high PL ef®ciencies in PS compared to bulk Si are due to a strong suppression of non-radiative
processes. The decrease of decay time across the PL band is a de®nitive evidence of the inhomogeneous
nature of the PL spectrum. This behavior is in fact explained by two facts:

1. Quantum con®nement model. In smaller emitting regions, the quantum con®nement increases the
emission energy and the oscillator strength of radiative transitions, decreasing the radiative lifetime.

2. Escape of carriers from Si nanocrystals [314]. The exponential slope of the energy dependence of
the decay time is due to the decrease in the effective barrier height as the con®nement energy is
increased.

Fig. 87. Comparison between experimental and theoretical PL energies as a function of nanocrystal sizes. The upper line is

the free exciton band gap and the lower line is the lowest transition energy in the presence of a Si�O bond. The ®lled and

empty dot symbols refer to the peak PL energy obtained from as-grown and air exposed samples, respectively. After Ref.

[271].
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Furthermore, the non-exponential decay (b � 1) is an evidence of the dispersive motion of the
photoexcited carriers [311,316,470,471].

The temperature dependence of both the luminescence decay time and of the luminescence intensity
(IPL) shows two typical regimes (see Fig. 89) [314]. For temperatures higher than 200 K both t and IPL

decrease with a parallel evolution. This is an indication that in this temperature range non-radiative
recombinations are dominant. In fact,

t � 1

Wnr �Wr

; IPL / Wr

�Wr �Wnr� ) IPL / Wrt;

t�T�jjIPL�T� ) IPL�T�
t�T� / Wr�T� ' const: ) t�T� ' Wÿ1

nr �T�;

where Wr and Wnr are the radiative and non-radiative recombination rates, respectively. For
temperatures lower than '200 K, t and IPL show different behaviors which indicates that Wr is
dominating in t. In particular, IPL goes through a maximum and then decreases when T is decreased.
This behavior is just the opposite to what normally happens for amorphous semiconductors where the

Fig. 88. Energy dependence of t (upper panel) and b (lower panel) parameters obtained through a least-squares ®t of

luminescence decay data for three different temperatures. The excitation energy is 4.026 eV. After Ref. [311,470,471].
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luminescence intensity has a maximum at low temperature and then shows a strong temperature
quenching. On the contrary the decay time increases in lowering the temperature from room
temperature down to about 2 K.

A detailed luminescence analysis (Fig. 90) shows some characteristic trends in t as a function of both
T and the energy [184]. These have been interpreted as due to an enhanced exchange interaction for
excitons con®ned in quantum dots which causes a large excitonic splitting into triplet and singlet states.
Hence, the decay time re¯ects the excitonic thermalization in these two states. In this model the
effective lifetime is

tÿ1 � �3tÿ1
L � tÿ1

U exp�ÿD=kT��=�3� exp�ÿD=kT��; (12)

where tL is the lifetime of the low energy triplet state, tU the lifetime of the high energy singlet state, D
the triplet±singlet energy splitting, and k is the Boltzmann constant. In the singlet state dipole-allowed
tU is fast, while in the triplet state dipole-prohibited tL is slow. At low temperature, all the
luminescence comes from the lower slow state, but when the temperature is increased also the fast
upper state becomes populated and the lifetime decreases. The thermalization of excitons between
singlet and triplet states also explains IPL�T�. In fact, at low T mostly triplet state luminescence is
observed which has a low ef®ciency, while raising the temperature the singlet state luminescence
overcomes and IPL increases. A further raising of T settles in ef®cient non-radiative recombinations and
IPL decreases again. In addition, in Fig. 90 the results of a ®t with Eq. (12) of t shows that both D and
tU, tL depends on the energy. This is explained in terms of an increased quantum con®nement as the
transition energy increases, i.e. the nanocrystals size decreases.

Detailed lineshape ®tting of the luminescence decays with stretched exponentials as a function of T,
energy and porosity are reported in [311,316,470,471]. The T dependence of t is explained within the
model of Calcott et al. [184], while the T dependence of b is accounted for by the trap-controlled
diffusion model which takes into account both the on-site recombination process and the exciton
diffusion [317]. The dispersion of nanocrystal energies and of distances between nanocrystals yield
different probabilities for hopping from one nanocrystal to another. The nanocrystals with low energy
and low hopping probability act as temporary traps for the diffusion process. At low temperatures the

Fig. 89. Temperature dependence of the luminescence decay time (stars) and of the luminescence intensity (squares)

recorded simultaneously. The lines are only guides for the eyes. After Ref. [314].
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temporary traps play a relevant role and the dispersion exponent b varies linearly with the temperature.
At high temperatures the traps are thermally emptied and the diffusion is limited only by the pure
hopping mechanism. The parameters t and b are independent of the sample porosity as long as the
nanocrystals are isolated, depending only on the observation wavelength. However, in low porosity
material the nanocrystals are connected, and both t and b are porosity dependent. Recent papers
question the presence of any carrier hopping in PS [318,319]. A further experimental and theoretical
effort is, therefore, needed to settle the problem.

Fig. 90. (a) Temperature dependence of the decay time. The lines are the results of a ®t with Eq. (12). (b) Energy dependence

of the energy splitting between the singlet and triplet states. Two different experiments have been used: time resolved

luminescence (triangles) and resonantly excited luminescence (circles). (c) Energy dependence of the singlet (circles) and

triplet (triangles) lifetimes. After Ref. [184].

O. Bisi et al. / Surface Science Reports 38 (2000) 1±126 83



5.5. Aging and fatigue effects

A blue-shift in the S-band arises from simply storing PS in ambient air at room temperature, as
shown in Fig. 91 [140]. However, the effect of aging on PS luminescence seems to be contradictory at
®rst sight. Even though blue-shifts are generally observed with aging, PL ef®ciencies are reported to
drop in some cases [320] and to rise in others [321]. Such effects are, however, explained in terms of
both surface passivation phenomena and carrier con®nement [21].

Anodic oxidization can dramatically raise the PL ef®ciency in medium porosity PS [322,472] giving
an estimated external quantum ef®ciency (EQE) in the range 1±10%, while thermal oxidization at
400ÿ 700�C usually leads to a strong loss of PL ef®ciency [323]. However, after oxidization at higher
temperatures PS is still luminescent [324]. The emission quenching at lower temperatures is due to the
poor electronic quality of the Si=SiO2 interface, as demonstrated by EPR spectroscopy [324]. A clear
anticorrelation between the dangling bond density and the luminescence intensity has been measured
(Fig. 92) [325]. This shows that oxidization can improve the luminescence due to an increased
passivation.

PS luminescence undergoes signi®cant degradation (`̀ fatigue'') under normal photoexcitation
conditions. It seems that photothermal, photochemical, photoelectric and photostructural effects are
involved in this degradation. Photochemical effects during illumination in an oxidizing ambient (air)
are mainly a photoenhanced oxidization which decreases PL ef®ciency [326]. This type of PL
degradation is irreversible and only partially recovered with immersion in HF. Photochemical effects
can be minimized by illuminating the material under UHV or inert atmosphere. Since the PL output is
dramatically quenched raising the temperature, it is possible that photothermal effects are important
under strong illumination. However, PL degradation is still present at cryogenic temperatures and under
pulsed excitation, showing clearly that other mechanisms are present. Photoelectric effects can be

Fig. 91. PL spectra from a PS layer with 77% porosity and thickness 11:6 mm for various aging times. From Ref. [291].
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studied more easily on partially oxidized samples, more photochemically stable, and it has been found
that charging [327] of slow surface states can originate reversible changes in PL emission. Finally, there
is also evidence of photostructural effects where light generates or removes competing non-radiative
centers, affecting PL ef®ciency [323,328].

Many efforts to effectively stabilize and passivate PS have been done. Rapid thermal treatments in
NH3 promote the formation of a thin N rich layer on the PS surface which reduces signi®cantly the
density of dangling bonds [329]. This in turn causes the removal of the luminescence fatigue and aging
effects. The same does not occur when nitridation is performed through a nitrogen plasma [330].
Sputtered thin Al ®lms prevents the atmospheric oxidation of PS by forming a diffusion barrier [331].
Preparation of PS in ferric nitrate solutions reduces dramatically any aging effects due to the formation
of stable Si±Fe bonds on the PS surface [332].

6. Electrical properties

Despite the numerous papers published on the optical properties of PS, less attention has been paid
on its electrical properties. A review of them appeared in [459]. Therefore, here we will concentrate on
more recent results which mostly concern the problem of the AC conductivity on the measurement of
the carrier mobilities and on the transport models. In the study of the electrical properties of PS care
should be paid to separate the contribution of contacts to that of the bulk of the samples [333].

While quantum con®nement has a crucial role in explaining the luminescence properties its role in
explaining the transport properties of PS is not clear. Several models have been proposed which differ
on the transport paths and mechanisms. The proposed transport paths range from transport in the Si
nanocrystals [334] and diffusion [317] or tunneling [333] between the Si nanocrystals or on their
surface [335,336], to transport in the amorphous and disordered matrix surrounding the nanocrystals

Fig. 92. Dangling bond (Pb) concentration and luminescence intensity versus annealing time at 1000�C in oxygen. After Ref.

[325].
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[337], or through both [338]. As the suggested mechanisms there are band transport [339], activated
hopping in band tail [337], trap controlled hopping through nanocrystals [317], activated deep states
hopping [340], a Pool±Frenkle process [341] and activated hopping in fractal networks [342,473]. In
addition, the electrical properties are strongly in¯uenced by external factors such as ambient
atmosphere [343] and residual electrolyte [344].

6.1. Band alignment at the porous silicon interfaces

Initial investigation of metal/PS diodes considered the formation of a Schottky barrier between PS
and the metal. The I±V data were analyzed by using the Schottky equation:

I � IS exp
�qV ÿ IRS�

mKT
ÿ 1

� �
; (13)

where RS is a series resistance and m is an ideality factor. Very high values of RS and of m have been
measured, which points to an inadequacy of Eq. (13) to describe PS/metal diodes [345,346].

Subsequent studies evidenced that in these diodes two junctions exist: one at the PS±metal interface
and the other at the silicon±PS interface. In addition, in [347] it has been demonstrated that the I±V

characteristics is determined by the bulk properties and not by the junction properties. In fact, no
dependence on the metal type has been seen [348,349], and the I±V characteristics are rectifying
in thin samples, while they are ohmic in thick ones. Moreover, a large density of states associated
to mid-gap defects present in PS avoids band-bending at the metal±PS interface. Results reported in
[348] show that signi®cant photoresponse signal is observed only when the silicon±PS junction is
illuminated. As the Fermi level in PS is pinned at mid-gap signi®cant band bending and depletion occur
only inside silicon. Photocurrent experiments show that the associated energy barrier is about 0.6 eV
[347].

Considering all these facts the schematic band diagram of a diode under reverse, forward and neutral
conditions shown in Fig. 93 is obtained. From the point of view of electroluminescence applications
Fig. 93 shows that whilst hole injection can be ef®cient, electron injection is complicated by the low
excess energy of electrons which are at the Fermi level. Holes should travel all the way up to the metal
contact to recombine with an electron.

6.2. Electron transport

As a consequence of its formation mechanism, PS is insulating with a resistivity which is ®ve orders
of magnitude higher than that of intrinsic Si because it is depleted by free carriers. Depletion can occur
due to the quantum con®nement induced widening of the band gap which reduces the thermal
generation of free carriers, or due to the trapping of the free carriers supplied by the initial Si doping.
Trapping can occur during the preparation of PS either because the binding energy of dopant impurities
are increased or because of the formation of surface states. A study of the acceptor depletion has been
reported in [350]. It is demonstrated that the doping atoms present in the wafer before the etching are
still present after the etching but are in a neutral state.

Several papers report an activation behavior of the DC conductivity, i.e. s�T� � s0 exp�ÿEA=KT�,
where EA '0.5 eV, i.e. half of the energy of the band gap deduced by luminescence. 0.5 eV is
comparable to the activation energies found in intrinsic Si. These are further indications that other
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mechanisms in addition to the quantum con®nement can explain the transport properties of PS.
Certainly the disordered nature of the PS skeleton and its local crystalline structure are expected to have
strong geometrical effects on the conductivity. In addition, disorder induced localization of free carrier
affects the free carrier motion in a similar way as in amorphous silicon. Hence the measured activation
energies can be related to activation of carrier over mobility edges where the carriers can move in
extended states or to typical energy barriers for carrier hopping. In the ®rst case the activation energy
should re¯ect the energy difference between the Fermi energy and the mobility edge. In the second case
the activation energy is related to a typical barrier height separating neighboring localized states.

In [341] it has been shown that the usual diode structure formed by a metal contact, a PS layer and a
doped substrate should be understood qualitatively in terms of a series combination of a voltage-
dependent resistance and a rectifying barrier. As thin samples show rectifying characteristics while
thick samples show an almost symmetric one, this suggests that the rectifying barrier is at the interface
between PS and the doped substrate. A careful study [341] as a function of the temperature and of the
voltage shows that the overall dependence of the PS conductance is

s�V; T� � s0 exp
ÿEA

KBT

� �
exp

V

V�

� �0:5

; (14)

Fig. 93. A schematic band-diagram of a PS device in equilibrium, forward and reverse bias. The shaded area marks the metal

contact. The short lines are localized electron states, some of which are occupied (circles). The heavily dotted lines mark the

position of the Fermi level (quasi-Fermi level) in equilibrium (under applied voltage). The wavy line at the lower part marks

the possible mechanism of photocurrent enhancement at high photon energies. From Ref. [347].
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where the activation energy EA�0.5 eV. This has the form of a Poole±Frenkel relation, which applies
for transport via electric-®eld enhanced thermal excitation of carriers from Coulombic traps. The
current is carried by charges which are thermally excited from Coulombic traps to some transport band.
The electric ®eld reduces the barrier energy and thus enhances conduction. EA is the depth of the traps
at zero ®elds. These traps can be identi®ed with some surface states.

In [351] a quite different relation has been found. The I±V characteristic shows a power law behavior
with exponent m�2 typical of a space charged limited current:

J � ePSm
V2

d3
; (15)

where ePS is the dielectric function and the carrier mobility meff ' 10ÿ3 cm2=�V s�. The device can be
modeled as an intrinsic semiconductor sandwiched between two conductive materials, with little or no
band-bending between the two materials.

In [337] the voltage dependence of EA has been studied (see inset in Fig. 94). EA decreases for high V
as expected from the Poole±Frenkel mechanism but at low V, EA ®rst increases. This is explained either
by assuming a parallel combination of two transport paths with different EA (through and over the
barrier between nanocrystals) of which one is voltage dependent (e.g. Poole±Frenkel-like) or by
assuming a series combination of Schottky contact and of space charge limited current (SCLC)
controlled by traps inside the nanocrystals. The contacts dominate at low V and the SCLC at high V.
Within this model the EA represents the thermal generation of carriers from the Fermi level to the
transport paths.

In [352], all the various experimental data about the temperature dependence of the DC conductivity
(s�T� � s0 exp�ÿEA=T�) have been represented and analyzed according to the Meyer±Neldel rule:

ln�s0� � BMNR � EA

EMNR

; (16)

where BMNR and EMNR are constants which are the signature of a speci®c transport mechanism. A
collection of data is reported in Fig. 95. It has been found that two transport mechanisms can coexist in
the same PS network. One which is very similar to what is found in amorphous silicon (extended state
transport) and another which is due to activated band-tail hopping. The existence of these two transport

Fig. 94. (a) Current±voltage characteristics of a 17 mm thick free standing PS with high photoluminescence ef®ciency at

different temperatures. Inset: the dark conductivity activation energy (EA) obtained from the I±V characteristics as a function

of the voltage. (b) Schematic density of states of PS. From Ref. [337].
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paths leads Balberg to call its transport model the pea±pod model, where the peas are the Si
nanocrystals and the pods are formed by the disordered matrix [338]. The preparation conditions and
the temperature select which mechanism is the dominant one. Recent noise measurements on free
standing ®lms shine more light on this model [353]. In particular a strong dependence of the noise on
the voltage has been observed which points to a tunneling contribution overimposed to conduction in
the amorphous tissue which coats the Si nanocrystals. As the tunneling contribution is concerned,
evidences are presented that this occurs via a Coulomb blockade mechanism. Additional evidence of
this Coulomb blockade tunneling have been reported by looking at the exhaustion of the
electroluminescence [354]. Further works on free-standing samples [355] relates EA with the porosity,
i.e. the mean size of the nanocrystals, demonstrating an increase in EA with increasing porosity.

6.3. AC conductivity

It is interesting to measure the AC conductivity because it probes the local conductivity of PS and
hence one can hope to answer two puzzling questions: (1) has the high resistivity of PS a physical
origin as quantum con®nement or is it due to a geometrical effect; (2) what is the basic mechanism of
transport in PS.

A detailed investigation of the AC conductivity of PS has been performed by the group of Munich
[342,473]. These results have been con®rmed by other authors with some minor differences [356,357].

Figs. 96 and 97 summarize the main results. At low temperature, a frequency-dependent real part of
the conductivity has been found:

sr�o� / ov; (17)

where v ' 0:95� 0:05. This frequency relates a small DC conductivity to a high local one which (with
increasing frequency) is due to increasingly small conducting units. As the temperature increases, a
second frequency regime appears. The cross-over frequency for the departure from the high frequency
regime is related to the DC conductivity. In addition, the results of Fig. 96 are related by a scaling law,

Fig. 95. The experimentally determined values of the DC conductivity prefactors as a function of the corresponding

activation energies in a variety of PS samples. The solid lines represent the best ®t to an MNR for transport in extended states

(upper line) and for transport by activated hopping (lower line). The dashed line represents the data for amorphous silicon.

From Ref. [352].
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where

sr�o� � sr�0�f o
sr�0�
� �

; (18)

f �x� /
const:; x� x0;
xu; x0 � x� x1;
xv; x� x1;

8<: (19)

Fig. 96. Frequency dependence of the conductivity at different temperatures for a typical PS layer. The dashed and

continuous lines have slopes of 1/2 and 0.95, respectively. The arrows mark the transition between the two frequency regimes.

From Refs. [342,473].

Fig. 97. The conductivity of PS versus inverse temperature for different frequencies. From Ref. [342,473].
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with u ' 0:5 and v ' 1. The lower frequency x0 de®nes the cross-over from DC to a regime where the
frequency dependence is produced by the fractal geometry of PS. The higher one, x1, is the cross-over
to hopping transport with a wide distribution of local hopping conductances within a given crystallite or
between near neighbors.

In Fig. 97 the DC and AC conductivities at various frequencies are compared. The DC conductivity is
activated above 200 K with activation energy of 0.45 eV. The AC conductivity is activated at high
temperatures, while it is saturated at low temperature. The activation disappears at high frequencies. In
[342,473] it is claimed that this behavior is typical of hopping transport in the vicinity of the Fermi level.

However in [356], similar experimental data are reported with different interpretations. A double-
channels transport mechanism is invocated: one related to PS bulk where hopping on a fractal structure
dominates and the other more connected to the surface itself which leads to the high frequencies large
conductivity. A wide distribution of these states account for the dispersive character of the conductivity.

6.4. Carrier mobilities

The mobility can be measured with various techniques. The response of the electroluminescence
(EL) to an AC bias is measured when the diode is held under a large forward bias [358]. The electron
transit time tt through the device is given by

tt � d2

mV
: (20)

Beyond a critical modulation frequency for the AC bias the EL intensity starts to decrease because the
electric ®eld reverses itself in a time shorter than tt. This frequency determines tt. Such experiments
have yield m � 10ÿ4cm2=�V s� [351,358]. However, it is not clear whether this mobility is the electron
mobility, the hole mobility or a combination of both.

Various researchers have investigated the drift mobility me;h of PS through the use of time-of-¯ight
techniques (TOF) [359]. Reversing the bias it is possible to discriminate between electrons and holes.
Evidences of an anomalous dispersive transport in PS are presented (see Fig. 98):

I�t� / tÿ�1ÿai�; t < ttr;
tÿ�1�af�; t > ttr;

�
(21)

where ai and af are the dispersion parameters which describe the degree of dispersion of the drifting
carrier packet. Similar results as those shown in Fig. 98 holds also for electrons [289]. The drift
mobilities are derived from the time at which the kinks in the curves are measured. Values as low as
1� 10ÿ3±2� 10ÿ3 cm2=�V s� for holes and 0:5� 10ÿ3±1� 10ÿ3 cm2=�V s� for electrons are obtained.
Interesting conclusions can be drawn from the study of Lebedev et al. [359]:

1. both holes and electrons moves in PS formed on p-type doped substrates;
2. low drift mobilities are deduced from TOF experiments;
3. the transport of carriers is highly dispersive both for holes and electrons;
4. at room temperature the complicated and disordered transport path (percolation) is the main limiting

factor for the mobility more than the dispersion in energies of localized carriers.

These experimental data are con®rmed by other works, even though a spread in the measured drift
mobilities are observed [360]. The temperature dependence of the electron mobility is shown in Fig. 99
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where it is compared with that of amorphous silicon. As the data show a lack of temperature
dependence, it is claimed in Ref. [289] that the mobility is determined by the geometrical fractal
structure of PS rather than by an energetic disorder.

6.5. Transport models

6.5.1. Effective-medium approximation

In [342,473] a model of transport of an activated hopping mechanism on a fractal with ¯uctuating
activation energies is proposed on the base of an effective-medium approximation applied to a hopping
model on a percolation lattice. The idea is to replace the ¯uctuating hopping rates Wij which connects
site i with site j by a uniform but frequency dependent WM�o� (effective medium) [361]. Developing
this approximation on a square lattice one relates the frequency dependent diffusivity D�o� with

Fig. 99. Electron drift mobility as a function of temperature obtained by time-of-¯ight measurements performed on a reverse

biased LED structure having a PS layer of 75% porosity passivated by SiO2. The drift mobility of holes in a-Si:H is shown for

comparison. From Ref. [289].

Fig. 98. Transient photocurrent (a) and the voltage pulses (b) for holes in high porosity samples. From Ref. [359].
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WM�o�:
D�o� � a2WM�o�; (22)

where a is the lattice constant of the effective medium. To reproduce the experimental data a ¯uctuating
hopping rate WM is needed where the barrier distribution P�E� is

P�E� � 1=E0 when E � E0;
0 otherwise:

�
(23)

E0 is identi®ed as the apparent activation energy of the measured DC conductivity. A characteristic
length x ' 500 A

�
is introduced. PS is fractal for a length scale smaller than x and it is homogeneous

for a length scale larger than x. This model reproduces the data for low frequencies but fails to ®t the
data at high frequencies.

6.5.2. Monte Carlo simulation
In [362], s�o� is obtained from Monte Carlo simulations for a percolation model of PS grown on a

simple cubic lattice, where a disordered conducting network is constructed explicitly. The sites of the
lattice belonging to the conducting network represent Si quantum dots (QDs) of different sizes. The
sizes of the QDs are assumed to vary randomly from site to site, introducing an additional type of
disorder in the model. Since each QD has an associated energy value (i.e. the energy gap) depending on
its size, the random distribution of sizes leads to local variations in the activation energies for hopping
between QDs [317]. Furthermore, the full carrier dynamics is considered, where in addition to diffusion
(described by the hopping processes), radiative and non-radiative recombination processes are included.
This model has been successfully applied to describe the luminescence dynamics of PS in [317].

The time evolution of the mean-square displacement, hR2�t�i, displays an approximate power-law
behavior, hR2�t�i � t1ÿZ1 , at long times t, where Z1 depends on temperature T . The fact that Z1 > 0 in
the model is due to both the disordered topology of percolation clusters and to the rugged energy
landscape in which hopping takes place. It is well known that suf®ciently close to the percolation
threshold pc, the cluster is fractal on large length scales, with a fractal dimension df � 2:54 in three
dimensions (see e.g. [363]). This implies that at long times hR2�t�i � t2=dw, where dw is the anomalous
diffusion exponent, which is temperature independent. To a very good approximation, dw is given by
dw � 3df=2 � 3:81 [364,365]. This yields hR2�t�i � t1ÿZpc , where Zpc

� 0:48. At high temperatures, the
data seem to be consistent with this value only for times close and smaller than 0.1 s (see Fig. 100). At
longer times, instead Z1 � 0:39 (Fig. 101), a little smaller than Zpc

, indicating that PS are no longer
fractal above length scales of the order of 300 A

�
, which corresponds to a correlation length x � 300 A

�
.

At lower temperatures, the effects of potential barriers become more important and Z1 increases with
decreasing T .

The behavior of hR2�t�i in the presence of recombinations is qualitatively similar to the one shown in
Fig. 100. However, sensitive differences exist: Z2 > Z1 systematically, where Z2 is the exponent in the
presence of recombinations. This re¯ects the fact that recombinations slow down the diffusion process
further. At high T , the effective exponent Z2 � 0:48, becomes independent of temperature. Note also
that the range of timescales over which the exponent Z2 � 0:48 seems to occur extends up to the
maximum time available in the simulations. Z2 � Zpc

, suggesting that the recombinations `reduce' the
diffusion pathways for the electron on the cluster, yielding an effectively `fractal' behavior over larger
time and length scales at high temperatures.
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Fig. 100. Mean-square displacement, hR2�t�i=a2, for a single electron, case (I), in a percolation network for PS of porosity

P � 72%, as a function of time t. The circles correspond to the numerical data (from top to bottom) for temperatures:

T � 320, 300, 280, 250, 200, 170, 150, 100 and 70 K. Averages over 40 random walks on 400 different cluster con®gurations

were performed in all cases. The simulations were performed on a simple cubic lattice of linear size L=a � 121. The straight

line has slope 1ÿ Zpc
� 0:525. From Ref. [362].

Fig. 101. Effective exponents Z ®tting the long time behavior hR2�t�i � t1ÿZ, as a function of temperature, for an electron

diffusing in the disordered network without annihilation sites (circles), Z1, and in the presence of recombinations (squares), Z2.

The ®ts have been performed for times t > 0:5 s. From Ref. [362].
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For a single particle, the conductivity s�o� can be related to the Fourier transform of hR2�t�i (see e.g.
[366]) according to

s�o� � ÿe2N�EF�o2

Z 1
0

dt exp�ÿiot� 1
6
hR2�t�i; (24)

where e is the elementary charge and N�EF� is the density of states at the Fermi energy. The behavior
hR2�t�i � t1ÿZ yields for the real part of the conductivity sr�o� � oZ. Fig. 102 shows sr versus inverse
temperature at a ®xed frequency o � 1:4 Hz. At high temperatures,

sr�o� � s0 exp�ÿE0=KBT�;
where the activation energy E0 � �0:06� 0:02� eV in both cases, while the prefactor s0 �
9� 10ÿ9�Om�ÿ1

or � 6� 10ÿ9�Om�ÿ1
in the absence or presence of recombinations, respectively.

Hence the model is able to reproduce the experimental data.

6.5.3. Tight binding approach
Two other papers [367,368] report on a tight binding approach to compute sr.
In [367] a two-dimensional time-dependent approach has been used. The conduction band pro®le of

PS is modeled by a simple tight-binding lattice where the Si nanocrystals are separated by an SiO2

barrier. Hopping of electrons is allowed only between nearby silicon nanocrystals. From the tunneling
charge oscillations between the Si nanocrystals, the tunneling time t is derived by the semiclassical
relation:

t � 1

nA
; (25)

where n is the oscillation frequency and A is the oscillation amplitude. Various local environments of
the Si nanocrystals have been considered within two-dimensional percolation-like clusters. By

Fig. 102. Plot of s0 at the frequency o � 1:4 rad/s versus 103=T �Kÿ1�. From Ref. [362].
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considering the activated hopping between sites i and j separated by an activation barrier Eij and a
spatial distance rij, the rates of transition from the site i to its nearest-neighbor site j are de®ned as

Wij�Eij� � 1

t
exp�ÿEij=kBT�; (26)

where t is the tunneling time and kB is the Boltzmann constant. For temperature-independent hoping
rates, Wij�Eij� � 1=t.

The simplest model for the AC conductivity due to such a process is the pair approximation in which
carriers are assumed to hop between isolated pairs of sites [342,369,473]:

s�o� ' Re D�o�; (27)

where

D�o� � r2
ij

1

Wij

� 1

io

� �ÿ1
* +

; (28)

and h i means an average over a large number of pair con®gurations. This can be further simpli®ed by
considering percolation clusters [367].

In Fig. 103, s�o� for various nb is plotted in the case of a fractal percolating cluster. The a values
obtained by ®tting oa to the calculated data are also reported in Fig. 104. A strong dependence of a
with the inter-dot distance nb is found: a decreases as nb increases. On the contrary, the R dependence
of a is not as important as the nb dependence. When barrier thickness is decreased a tends to unity. In
fact, if nb is decreased, Wij is strongly increased. In turn, if Wij !1, then s�o� � o. The experimental
s�o� � o0:95 is reproduced in the fractal case with nb � 3 which corresponds to a 7 AÊ -thick SiO2 layer
surrounding the Si nanocrystals.

In [368] the frequency-dependent hopping conductivity of a disordered array of nanocrystals is
calculated from the Fermi golden rule:

Wab � 2p
�h

X
i

jh f jHcjiij2d�Ef ÿ Ei� (29)

Fig. 103. Conductivity (arbitrary units) versus frequency. Triangles: 2nb � 8. Squares: 2nb � 6. Circles: 2nb � 4. The

density of states effective-mass in the conduction band have been used. The average ratio R between the weak and strong

coupling geometries has been taken equal to 0.8 (fractal case). The different points have been ®tted using a power law and the

resulting function is indicated on the right-hand side. From Ref. [367].
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The states are not purely electronic but are broadened by the electron±phonon interaction. Through the
solution of Eq. (29) and by using Eq. (22) and a model of PS at the percolation threshold with a two-
peaked distribution of large and small nanocrystals, the present calculations are able to reproduce the
experimental data. The assumption of an irrealistic distribution of nanocrystals is critical.

6.5.4. Two-dimensional directional site percolated network
In [370], the conductance in PS is modeled through a random walker on a two-dimensional

percolation network of resistances. Effects due to the porosity and the crystalline anisotropy are
discussed.

7. Device applications

Even though the interest in PS renewed after the observation of its emission properties, the potential
application areas of PS are much wider than simple light emission. In Table 11, a list is presented. A
review of applications of PS in optoelectronics is presented in [371]. In this section we will review
some of them.

7.1. Light emitting devices

It is well known that a silicon based p/n junction emits light both in forward and in reverse bias
conditions. A p/n junction shows an output power ef®ciency of about 10ÿ4 at 1:1 mm in forward bias,
and of about 10ÿ8 in the visible and in reverse bias while in the avalanche breakdown regime [372]. The
spectral features are various, the origin of the luminescence is not yet clear and several models have
been presented [373]. They include: interband transition, bremsstrahlung, intraband transitions of hole
and ionization and indirect interband recombination under high-®elds conditions (hot carriers). Also

Fig. 104. a values versus nb for different ratios R between the weak and strong coupling geometries. Plusses: R � 0:9.

Squares: R � 0:8. Diamonds: R � 0:75. From Ref. [367].
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from PS based devices, electroluminescence is observed both in the IR and in the visible with various
ef®ciencies depending on the diode structure and on the PS contact method [289]. In this section we
will review the main proposed devices. In Table 12, a comparison between PS based LED and other Si
based devices is attempted. It turns out that up to now, PS based LED are the most ef®cient among the
various Si based LED.

A review of data up to 1997 is published in [374,375]. Here we also include more recent data.

7.1.1. Electroluminescent devices based on wet contact

The most encouraging results have been obtained up to very recently by using devices where the
electrical bias is applied using a liquid electrode [374]. High external quantum ef®ciencies [376] and

Table 11

Potential application areas of PS (adapted from Ref. [459])

Application area Role of PS Key property

Optoelectronics LED Ef®cient electroluminescence

Waveguide Tunability of refractive index

Field emitter Hot carrier emission

Optical memory Non-linear properties

Micro-optics Fabry±Perot ®lters Refractive index modulation

Photonic band gap structures Regular macropore array

All optical switching Highly non-linear properties

Energy conversion Antire¯ection coatings Low refractive index

Photoelectrochemical cells Photocorrosion cells

Environmental monitoring Gas sensing Ambient sensitive properties

Microelectronics Micro-capacitor High speci®c surface area

Insulator layer High resistance

Low-k material Electrical properties

Wafer technology Buffer layer in heteroepitaxy Variable lattice parameter

SOI wafers High etch selectivity

Micromachining Thick sacri®cial layer Highly controllable etching parameters

Biotechnology Tissue bonding Tunable chemical reactivity

Biosensors Enzyme immobilization

Table 12

Comparison between some properties of various Si based light emitting systems and of perspective applicationsa

Material Starting

date

LED efficiency

(%)

Modulation

speed (MHz)

Peak emission

(mm)

Spectral width

(meV)

Stability

PS 1990 � 1 10 0.65±0.8 200 � Weeks

SiGe 1974 ± 11 1.32 100 Good

Er:Si 1983 0.05 1 1.54 16 Years

Nano Si 1992 0.05 > 10 0.4 200 Hours

Silicides 1995 0.02 ± 1.5 3.5 ±

Multilayers 1995 0.01 ± 0.5±0.8 200 Hours (Si=CaF2)

Weeks (Si=SiO2)

Displays > 1 > 0:001 BGR 100 meV 103±105 h

Interconnects > 10 > 100 any ± > 105

aThe presented data come from a survey performed at the EMRS meeting (Strasbourg, June 1998).
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voltage tunable electroluminescence [377] are the main attractive features of this injection system. On
the other hand, the manufacturability of devices and their non-compatibility to CMOS microelectronic
system render very dif®cult their exploitation.

The physical process which leads to electroluminescence is an electrochemical reaction (oxidation or
reduction) occurring on the surface of PS in which a free carrier is supplied to the Si nanocrystals from
the electrolyte. This injected free carrier recombines with the carrier electrically provided by the
external circuit. The ®rst observation of this phenomenon was during the anodic oxidation of PS [378].
Fig. 105 shows the EL intensity versus oxidation time: as soon as the layer is oxidized the current ¯ow
through the PS layer is stopped and the EL is interrupted. The reaction which gives rise to the electron
injection is due to the oxidation of the Si±Si or Si±H bonds at the surface of the PS layer, which acts as
an electrode.

The undesirable oxidation of PS is suppressed if cathodic polarization is used [376,379].
Hole injection can be provided by the solution if n-type doped PS is used. The hole supply can
be obtained by the electrochemical reduction of persulfate ion (S2Oÿ2

8 ) (see Fig. 106). Hole
injection into the Si nanocrystals occurs and recombination with electrons provided by the n-type
doped substrate yields ef®cient electroluminescence. A key parameter which governs the EL
intensity is the wettability of PS. In fact, when the solution does not penetrate into the pores the EL
is very weak, while for a strong EL to be observed the solution should in®ltrate the pores [380].
Another relevant parameter is the depletion of the oxidizing agent which results in a decrease in the EL
intensity.

Very interestingly the EL spectra shows a large reversible shift upon cathodic biasing (see Fig. 107)
[377]. It is observed that for various biases the EL spectra reversibly shift in such a way that the
envelope of the various spectra corresponds to the measured PL spectrum. By varying the bias, the
various Si nanocrystals are selectively excited because holes with different energies are injected into
PS.

Fig. 105. Potential variations against an Ag/AgCl reference electrode (right) and integrated electroluminescence signal (left)

as a function of times during anodic oxidation of a PS layer of 85% porosity in 1 M KNO3 aqueous solution at constant

current density of 1 mA=cm2. The thickness of the PS layer is 1:5 mm. From Ref. [378].
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7.1.2. Electroluminescent devices based on simple solid contact

The most straightforward way to form a LED with PS is to deposit on top of it a thin layer of metal
[345] or of a transparent semiconductor such as ITO [381]. By using different metals coevaporated with
Au, a tuning of the emission line has been observed with improvements of the external quantum
ef®ciency Zext. For example, this occurs when In is used because In electromigrates into the pores [382].

Fig. 106. Mechanism of electroluminescence in an n-type semiconductor as a result of hole injection by an oxidizing agent

in solution. From Ref. [379].

Fig. 107. Photoluminescence and electroluminescence spectra obtained in 2 M (NH4�2S2O8 for different cathodic bias: (a)

ÿ1 V, (b) ÿ1:2 V, (c) ÿ1:5 V, (d) ÿ1:6 V. From Ref. [377].
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Metal deposition is indeed the way most of the electroluminescent devices have been fabricated.
Various attempts have been reported, and for all of them the turn-on voltages are usually high (10 V or
higher) while the ef®ciencies are low (' 10ÿ5). The emission is in the red, while when anodization is
performed under light illumination blue emission can also be observed [383]. The stability of the device
is generally poor and the response time long.

The low ef®ciency of metal/PS devices prompted several groups to look for strategies to improve the
devices performances. The main objective was to increase the contact area for enhancing the charge
injection.

(a) PS doping. Improvements in the EL characteristics are observed when metals are diffused into PS.
In [384], Sb is diffused into PS by deposition of a Sb-doped oxide glass and annealing treatments. After
removal of the glass an ITO contact is sputtered on the Sb-diffused PS layer. Both a lower series
resistance and a higher Zext were observed.

(b) Spin-on doping. In order to avoid thermal budgets too heavy for the PS layer during the doping,
alternative approaches have been attempted. Spin-on doping is one of these. The main advantage is that
the dopant atoms should diffuse only a few nm during the drive-in step as the solution permeates the
pores in PS. The PS permeation is the critical step. A solution has been found in a pre-oxidation
treatment before spin-on doping which permits to go from 50 to about 90±95% of pore ®lling [385].
The pre-oxidation treatment stabilizes the Si skeleton and changes its surface reactivity by promoting a
better wettabillity of the pores. The effect of spin-on doping is to reduces the series resistance of the
diodes while retaining partially their luminescence.

(c) Organic covering/®lling. One way of increasing the contact area is to use a conducting polymer as
a PS contact, since it may be possible to penetrate the PS microstructure with such a material. Various
polymers have been used:

1. Electrochemical deposition of polypyrrole on PS prepared from p-type doped Si [386].
2. Polyaniline deposited by spin-coating on n-type doped PS [387], or by a solution of polyaniline/

camphor sulfonic acid in meta-creasole [388]. This can be a good choice because it is transparent in
the visible.

3. Spin coating of a mixture of poly(9-vinylcarbonate) and oxidiazole derivative (butyl-PBD) on either
type of PS [389]. The problem with these polymers is the high barrier for injection through the ITO
top contact, which causes a large switch-on voltage. To reduce it, PS devices have been fabricated
from n-type doped substrates using nickel oxide and hole-transporting poly(9-vinyl carbazole)
[390]. The addition of the polymer layer, which increases the contact area by penetrating into the
pores leads to an increase in the device Zext of two orders of magnitude. The replacement of ITO
with nickel oxide, formed by a thermal evaporation process, lowers the device switch-on voltage
from 55±60 to 10±15 V.

4. Spin coating of poly(2,5-dialkoxy-1,4-phenylene vinylene) (RO-PVV) on n-type PS [391].

(d) Alumina contact. One group has reported on a device structure which shows with Zext ' 10ÿ4,
high stability (> 100 h) [392] and fast switching (200 MHz) [393]. The device is based on PS
formation in the transition regime where the produced PS layer is oxidized during the formation. Al is
then evaporated or sputtered on the sample and transparent windows are formed via anodic oxidation of
Al into alumina. The high stability of the device is thought to be due to the protective action of both the
oxidation during the etch and of the alumina covering.
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(e) Oxidation studies. The best performances for this type of LED have been obtained by Gelloz et al.
[394] with an electrochemical oxidation of an electrochemical etched p-type layer. This improvement is
based on the electrical isolation of those conducting paths which are not luminescent, such as those
formed by sequences of large nanocrystals. Indeed anodic oxidation is obtained by using an
electrochemical process: the oxidation develops ®rstly on those PS regions where the current ¯ows
easily, i.e. through large nanocrystals. External quantum ef®ciencies larger than 0.8% are found, even
though the LED used are based on PS/metal contact. Fig. 108 shows the comparison between the I±V
and EL±I characteristics of an oxidized and an as-grown sample. Oxidation develops a thin layer of
SiOx on the surface of the Si nanostructures causing their electrical isolation. As this occurs for the
largest structures, which are also less ef®cient in emission, for a ®xed voltage, the overall current ¯ow
through the LED is reduced, while the EL is almost constant.

7.1.3. Homojunction devices

The recognition that the injection ef®ciency of metal/PS junction and that the transport in PS layer is
low, suggested the use of different device structures. One of them is based on the electrochemical etch
of a differently doped Si substrate where p/n junctions are realized. Then the p/n junction is rendered
porous with light assistance. Initially, the structure was realized with a macroporous layer which was
thought to increase the conductivity of the structure (see Fig. 109) [395,396]. High ef®ciency diodes,
however, were demonstrated without the macroporous layer [397]. The external contact was provided
by metal deposition or ITO. External quantum ef®ciencies higher than 0.1% have been reported both
for CW [397] and for pulsed operation [398]. The threshold voltage is very low (as low as 0.7 V) [397].
The stability of the structure is usually only some hours when operated in air.

Fig. 108. I±V (top panel) and EL±I (bottom panel) characteristics of as-grown and an oxidized sample. From Ref. [357].
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Comparison among various device structures show that the best results are obtained when a p�/n
junction is realized instead of a n�/p junction, i.e. it is easier to inject electron from the substrate
instead than from the top-metal contact [385].

The largest Zext � 1% reported to date is produced by a PS homojunction LED which was
electrochemically oxidized [394,474].

7.1.4. Heterojunction devices
A different approach was considered where the junction is formed between a crystalline

semiconductor and PS. Most devices with silicon/PS junction have been proposed [399±401]. In
addition, there have been reports of amorphous silicon [402,475] and microcrystalline silicon carbide
[403,404] deposition on PS. For a-Si contacts, very high ef®ciencies (0.13%) are reported with
emission spectrum which is voltage tunable [402,475]. The rationale to use SiC for injection of
electrons is to realize an heterojunction between two semiconductors both having a wide band gap. The
diodes showed low turn-on voltage even though the ef®ciencies were low (see Fig. 110).

The more interesting attempts concerns the use of silicon. Two different ways have been approached,
one uses a grown-in n/p junction and exploits the doping selectivity of the PS formation [401], the other
use the deposition of a poly-silicon ®lm on top of the PS layer [400].

The ®rst device structure aims to maximize the injection ef®ciency into the luminescent nanocrystals.
A natural clean interface exists between PS and the silicon wafer at the interior of the sample. If one is
able to mimic this interface also for the top electrode, the injection ef®ciency of PS based LED will be
improved. This can be obtained through the doping selectivity of the silicon anodization. When the
etch is performed in the dark on a wafer where p-type doped regions face n-type doped regions, only
the p-type doped regions are etched. Thus crystalline n-type doped regions are interfaced with porous
regions. The proposed LED structure is composed of an array of n�-type doped crystalline Si/PS
junction. A marked difference both in the shape and in the current values between the (I±V)
characteristics of the LED with respect to standard metal/PS devices is clearly observed. The reference
sample shows an almost symmetric characteristic and is characterized by very low current values. The
test structure, instead, exhibits rectifying behavior and a much higher current than the reference device.
Yellow EL can be seen with the naked eye in the dark from both reference and test forward-biased
devices, but at much higher current values for the reference device (Fig. 111). These results indicate

Fig. 109. Structure and current±voltage characteristics of the porous silicon light-emitting diode. From Ref. [396].
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that the light is due to recombination in the PS layer and that the improved electrical injection due to
the n� stripes contributes to a higher quantum external ef®ciency of the device.

As far as the work of Tsybeskov et al. [400], the complete device structure is shown in Fig. 112.
A crucial step is the thermal annealing of the PS layer in diluted oxygen, which causes the formation of
a so-called silicon rich silicon oxide (SRSO) layer. Based on this device structure high power
ef®ciencies (' 0:1%), long stability (�weeks) and high modulation frequencies (�MHz) are obtained
[289].

Fig. 110. Typical I±V charateristics of the PS/mc-SiC pn junction. The device structure is also illustrated. From Ref. [404].

Fig. 111. I±V characteristics of a n�/PS test device and a metal/PS reference device. The contact was a circular Al disk (area

0:1 cm2 and thickness 300 nm) for both samples. The PS ®lms were 45 mm thick. From Ref. [357].
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7.1.5. Microcavity devices
The implementation of an optical microcavity in light emitting devices (LEDs) will realize some

advantages with respect to conventional LEDs [405±407]:

1. Spectral purity of the emission with a narrow emission band which will improve both the color
sharpness in ¯at-panel display applications and the transmission bandwidth for interconnections or
data communications.

2. High directionality in the emission which will improve the coupling ef®ciency between the source
and the transmission line, and the power ef®ciency in ¯at-panel displays avoiding the loss of optical
power along unwanted lateral directions.

3. High spontaneous emission intensity which will increase the internal/external quantum ef®ciency
resulting in an improved yield of the device.

In the literature two examples of these so-called resonant cavity light emitting diodes (RCLEDs)
have been proposed where some of these properties have been demonstrated [316,408]. However, both
RCLED structures were based on metal contact which produces an electrical injection of low ef®ciency
[395].

In [316] by evaporating a thin Al layer (15 nm) on top of a microcavity sample an RCLED was
realized. When forward biased, the diode shows a weak but measurable electroluminescence. The light
intensity versus injected current characteristic (see Fig. 113) is almost linear for low currents and
saturates at high current. The RCLED yields the same light intensity as a reference LED, but at current
densities one order of magnitude lower or at a factor 8 lower electrical power (see the inset of Fig. 113).
This is a consequence of a geometrical factor, i.e. better collection ef®ciency of the detection system
when the RCLED is used due to the directional emission, and of the increased spontaneous emission
intensity for the microcavity based LED. A further, unexpected, result is a reduced degradation of the
electroluminescence with time for the RCLED with respect to the reference LED. Here it is
demonstrated that the use of a multilayer ®lm on top of the active layer can also have bene®cial effects
in the stabilizing the emission properties: the emission intensity of the reference LED decreased by

Fig. 112. Electroluminescence intensity as a function of current for samples annealed in pure nitrogen (1) and in diluted

oxygen (2). The curves are normalized to yield the same EL at low current. The inset shows the schematic of the PS-based

bipolar LED. From Ref. [400].
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more than an order of magnitude after 30 min, while that of the RCLED had decreased by a factor of
only 4 after 120 min.

In [408] a slightly different structure of RCLED have been demonstrated. An active layer is
embedded between a PS mirror and a top 12 nm thick Au layer which served both as top mirror to form
the optical cavity (re¯ectivity of about 40%) and as top electrode to inject current. When the bias was
� 40 V a signi®cant current was ¯owing through the device and electroluminescence was observed
both for forward and inverse biases. This is due to the large RCLED thicknesses caused by the
formation of the mirror. The electroluminescence spectrum is shown in Fig. 114 in comparison with the
PL spectrum of the same sample. One can easily notice that the narrowing of the luminescence band is
preserved also in the electroluminescence experiment. The spectral shape is independent of the bias.

Fig. 113. Electroluminescence intensity versus current (EL±I) curves of an RCLED and of a standard metal/PS LED. Both

curves are measured for forward bias (top metal contact negative). The inset shows the EL±I data of the two devices measured

at a ®xed voltage as a function of time. Note the greater stability of the RCLED. Furthermore to achieve equal EL intensity

from the two systems, the standard metal/PS LED must be supplied a current which is 10 times greater than the one needed by

the RCLED. In the inset the time goes clockwise. After Ref. [316].

Fig. 114. Electroluminescence (EL) and photoluminescence (PL) spectra of an RCLED. The luminescence of a reference PS

is reported as dashed line. After Ref. [408].
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7.1.6. Integration of PS LED with microelectronics

To integrate effectively PS optical functionality into microelectronic circuits one needs to
characterize the mask layer in order to protect either the PS layer during the Si processing or the Si
components during the etch. This is not an easy task. Many efforts have been done. For instance the use
of epitaxial growth of GaAs on Si has been suggested [409]. Despite the dif®culties of the growth itself,
the results are encouraging because of the much higher resistance of GaAs to HF than other mask
materials (nitride, oxide, SiC, etc.), of the lack of destruction in non-PS regions (as e.g. with
implantation or irradiation), and of the possibility to use the GaAs masking layer as buffer for other
devices.

Patterning of the luminescent PS regions has been performed through a variety of techniques: e.g.
photoirradiation [410], ion implantation [411], localized low-energy ion-bombardment to seed the pore
formation [412].

Recently, the integration of a PS LED with bipolar-driving circuits has been demonstrated [413]. To
integrate PS LED with microelectronic circuits the size of the LED must be very small and the
anodization should not affect the c-Si regions that are adjacent to the PS. This has been demonstrated
by using the device shown in Fig. 115. The integrated structure uses only accepted microelectronic
fabrication procedures in a fabrication line environment.

7.2. Sensors

The high reactivity of PS to external agents has prompted its use as a chemical sensor. Work up to
1997 is reviewed in [414]. A large variety of gases and liquids have been used. It is worth here to point
out the in¯uence of water [415]. Both luminescence and electrical variations are induced in PS by
exposure to polar liquids. In particular it is known that freshly etched PS with its surface terminated
with H is hydrophobic, while after partial or complete oxidation it becomes hydrophilic. As a
consequence, water exposure has no effects on the PL of freshly etched PS while it quenches the PL in

Fig. 115. Integrated bipolar transistor/PS LED structure: (1) top view of a structure with a 400 mm active light emitting area;

(2) a cross-section starting (on the right) from the center of the LED and ending (on the left) with the pnp transistor (SRSO is

the oxidized light-emitting PS, TL the mesoporous layer, and LI is the local interconnect); (3) the equivalent circuit. From Ref.

[289].
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oxidized samples [416]. Also the refractive index changes by water exposure due to the penetration of
the liquid into the pores [417].

7.2.1. Conductivity and capacitance effects
The conductivity and capacitance of PS changes dramatically upon exposure to gases or ambient

atmosphere [418]. The reason is thought to be due to both the change in the dielectric constant of the
matrix and from the dielectric-induced changes in the carrier concentration in the Si nanocrystals.
Experimental evidences of this are shown in Fig. 116. Also activation of trapping centers due to
adsorbate interaction with dangling bond states can explain conductance variations due to the trapping
or release of carriers.

7.2.2. Photoluminescence effects

The intensity and the spectral shape of PS luminescence is strongly dependent on the chemistry of its
surface [419]. The morphology of the layer, i.e. the distribution of pore sizes, has a profound impact on
the ability of small molecules to affect the photoluminescence. For the case of alkyl amines and
comparable Lewis bases the diffusion into PS is strongly affected by the steric bulk of the amine chosen
and the morphology of PS [420]. Complete quenching of the PL is observed when PS is exposed to
reactive molecules, e.g. iodine. Iodine reacts with the PS surface through the formation of Si±I bond
that acts as killer centers. The effect is irreversible and if applied to a device it yields a single-use
sensor. The quenching is proportional to the penetration of the molecules into the PS layer [421]. Also
physically adsorbed species can quench the PL, and some of them show reversible actions. No net
chemical reaction occurs on the PS surface. Reversible adsorption of liquids, like benzene or hexane,
causes a loss of light intensity that is recovered on removal of the solvent (see Fig. 117) [422]. Organic
solvents quench the PL depending on their dielectric constant (see Fig. 118) [423]. This is accounted
for in a simple geminate model of the PL where the electron±hole pair distance is depending on the
screening of the effective medium. Variation in the PL lineshape can be used to monitor adsorbate
effects. Finally some reversible quenching of the PL has been observed by the action of energy or
charge-transfer processes due to acceptor molecules.

Fig. 116. Current changes (relative to nitrogen) induced by several compounds at 10 mbar and at half the vapor pressure.

The applied voltage was 5 V. Note the many orders of magnitude effects of both the dipole moment and pressure. From Ref.

[418].
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7.3. Dielectric multilayers

PS multilayers are optically different from PS single layers [32]. They have a bright appearance and
different colors, and show very high values of the re¯ectance maxima in quantitative re¯ectance
measurements (up to 99.5% [4]). TEM images of multilayer samples allow a better characterization, as
shown in Fig. 13(b) [34,462]. The low porosity layers appear dark, because of the high optical density.
The interfaces between different layers are sharp on the nanometric scale, while the lateral roughness
increases slowly with depth, probably due to inhomogeneity in the substrate accumulating during
propagation of the etching front.

Fig. 117. Emission spectra of luminescent PS before THF exposure (±), after 1 min of THF exposure (Ð), and after removal

of THF under dynamic vacuum �ÿ � ÿ�. From Ref. [422].

Fig. 118. Plot of the PL intensity at the spectrum maximum observed in situ in various liquids as a function of the low

frequency dielectric constant of the liquids. The dashed line is the result of a model of geminate recombinations in a dielectric

medium. From Ref. [423].
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7.3.1. Bragg re¯ectors

A natural optical application of PS multilayers are dielectric Bragg re¯ectors (DBRs) [424]. These
are stacks of alternate layers of high (nH) and low (nL) refractive indices. In order to achieve a very high
re¯ectivity in a given range of wavelengths, the optical thickness nd of every single layer in the stack is
1
4

of the value of the central wavelength. The high re¯ectivity region, called stop-band, increases with
the ratio nH=nL, and the number of layers. Fig. 119 shows the re¯ectance spectra of PS Bragg re¯ectors
centered at different wavelengths [36]. It can be easily seen that the best result and the highest value of
the re¯ectance maximum is reached for the longest central wavelength. This effect is due to the
absorbance of PS layers, which increases with decreasing wavelength (see next paragraph). The number
of periodic repetitions of the alternate layers in PS Bragg re¯ectors should be optimized taking into
account the increase in re¯ectance for a large number of repetitions and the effects of depth
inhomogeneity and additional chemical attach in the HF solution. Fig. 120 illustrates the role of the
number of periods in the re¯ectance spectrum of a typical DBR [36]. It can be seen that the re¯ectance
maximum is achieved for a number of periods of about 15. Wider stop-bands can be obtained by using
random DBR [32].

7.3.2. Microcavities

The large spectral width of the PS S-band can be dramatically narrowed by the use of PS
microcavities [32]. In order to obtain a PS microcavity (PSM) the active PS layer must be placed in an
optical cavity. This can be accomplished by using a Fabry±Perot (FP) where the spacer is the active PS
layer, or, in other words, by embedding the central layer between two identical DBRs. The typical
scheme of a PS microcavity is shown in Fig. 121. The resonance wavelength is lc � mncd, where m is
the order, nc the active layer refractive index and d is its thickness. In PSM both the mirrors and the
spacer are made by PS.

In PSM, the coupling between photon and exciton modes is weak, the emission takes place in the
whole central layer and the DBR plays an active role, i.e. the emission of the central PS layer and the

Fig. 119. Re¯ectance spectra of various DBR. (a) DBR centered at 670 nm. (b) and (c) DBRs centered at 590 nm. (d) DBR

centered at 465 nm. All the DBRs are made by 15 repetitions of 62/75% porosity layers, except (c) which is made by 30

repetitions with the same porosities. After Ref. [36].
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PS-based DBR overlap spectrally. Fig. 122 reports a typical luminescence spectrum of a PSM, DBR
and PS reference layer. It can be easily seen that the luminescence lineshape is dramatically modi®ed
and the wide emission band becomes a sharp peak corresponding to the central wavelength lc.
Linewidth as narrow as 3.7 nm has been reported [425,476]. Moreover, the emission intensity increases
by about an order of magnitude compared to the PS reference layer. It is strongly directional and
concentrated in a sharp cone around the sample normal, because the DBR re¯ectivity is high up to a
critical angle, whereas for higher angular values the DBR acts as a medium with an effective refractive
index which is an average of the single layers refractive indices. The choice of anodization parameters
and starting substrate are critical. For example, as the substrate doping is concerned, p�-type doped
substrates allow a higher variation of refractive indices and anodization current densities, on the other
hand, pÿ-type doped substrates are more luminescent. Important differences between p�-and pÿ-type
doped PSM are that the stop-band is narrower in pÿ PSM, the side band emission becomes more
relevant, and the emission cone is wider because also the critical angle depends on the refractive index
mismatch n1 ÿ n2. The effective choice of substrate depends on the application the PSM is intended for.

Fig. 120. Re¯ectance spectra of DBRs centered at 590 nm with different number of periods: (a) 5, (b) 8, (c) 15, (d) 30. After

Ref. [36].
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Another interesting application of PSM is in the ®eld of non-linear optics. Narrow emission line and
light con®nement effect in the planar optical resonator can be of advantage in several non-linear optical
applications like second harmonic generation [426] and optical bistability.

Both optical and gas sensors can be much improved by PSM. In particular as the cavity resonance is
dependent on the value of the refractive index, any external agent which changes n will move
signi®cantly lc. Examples for DBR are reported in [427]. Biosensors based on PSM have also been
demonstrated [428].

A big issue with PSM is the stability of their properties. Aging effects in PSM are related to the
changes in PS itself. They involve variations in luminescence intensity and variations caused by
changes in the refractive indices. Both effects are closely related to oxidization of the layers. Various
works report on the aging of PSM showing that [34,429,462]:

Fig. 121. Diagram of an FP structure formed by PS. After Ref. [32].

Fig. 122. Room temperature photoluminescence spectra of a l-thick PM (solid line), of a l-thick reference PS layer (dotted

line) and of a DBR composed of 12 periods of l/4-thick PS layers with alternating porosities of 62 and 45% (dashed line). The

spectra were collected along the axis normal to the sample surface. After Ref. [32].
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� Not all the layers age in the same way. For each porosity, the value of the refractive index decreases
with time. The oxidization process itself seems to be more efficient for the higher porosity layers,
because of the larger internal surface and the lower content of silicon. As a consequence, the relative
variation of refractive index is larger for the higher porosity layers.
� The frequency resonance of PSM shows a clear blue-shift. The observed blue-shift is caused by the

refractive index changes in the PS layers of both the central cavity and the mirrors.
� The whole structure of the PSM is not fully degraded, but simply shifted towards higher energies,

while the emission intensity increases of about one order of magnitude.
� The enhancement of emission intensity is accompanied by a slow decrease of the ratio of the central

wavelength to background emission, and by an increase of the intensity of the side bands. This slow
degradation affects the width of the central peak, which enlarges slightly with time.
� The relative enhancement in emission remains about the same, while the whole increase in

photoluminescence intensity due to aging is more than one order of magnitude, and occurs for both
PS and PSM.
� The slow degradation in the quality of the PSM is not due to the oxidization process itself, but to the

fact that this process is not homogeneous in depth.

Two different approaches have been followed to reduce the aging, both based on an oxidation
treatment: in [430] thermal oxidation has been used, while in Ref. [431] anodical oxidation has been
used. The shift of the cavity peak is strongly suppressed by both treatments.

7.3.3. Waveguides
The refractive index of PS can be controlled by changing the current during the etch rather well. Thus

PS can act either as cladding or as core material in a waveguide. Porous silicon based waveguides can
be obtained in a variety of ways [432]:

� Epitaxial growth onto porous silicon (where the PS layer acts as a substrate for a higher refractive
index epilayer). PS acts as the cladding layer. This yields waveguide with large loss due to the poor
quality of the PS/epitaxial silicon interface and of the epitaxial silicon layer.
� Ion implantation (where either selective areas of high electrical resistivity can be produced, which

acts as barrier against porosification, or where the surface of a porosified layer is amorphized to form
a waveguide). The best results were obtained with nitrogen implantation with process such as those
used in the FIPOS technology [433]. Loss down to 22 dB cmÿ1 in the visible and for oxidized
waveguides are obtained.
� Oxidation of porous silicon (where a porosified layer is oxidized to form a graded-index, dense or

porous, oxide waveguides) [434]. Losses in the visible of about 5 dB cmÿ1 are measured due to
interfacial scattering
� Porous silicon multilayers formed by controlled variation of the refractive index to realize by using

PS both the cladding and the core. Both planar or channeled geometries are possible. The losses in
this case are quite high ' 20 dB cmÿ1 [435].

7.3.4. Photonic band gap systems
Photonic band gap materials are more general than microcavities, which in a way are one-

dimensional photonic band gap systems. It is worth to introduce here the concept. Photonic band gap
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materials are systems where a periodic dielectric structure, the so-called photonic crystal, is able to
inhibit spontaneous emission and to strongly localize light in a certain frequency interval. They are the
photonic analogs of periodic lattice structures for electrons. In photonic crystals, bands of allowed
photon modes are separated by photonic band gaps. The quest to realize these systems is a long one.
Among the various attempts, macroporous silicon has been used [436]. Here, the idea is to form regular
array of pores with depths of some hundred of mm and diameters of a few mm. The procedure is to etch
n-type doped Si wafers where ordered arrays of etch pits are formed through lithographic patterning
and subsequent alkaline etching. Then, an aqueous HF electrolyte is used to etch the ordered array of
pores. The control of the current during the etch permits to have large uniformity in depth. An example
is shown in Fig. 123, where the ordered array of pores is clearly visible. The transmittance spectrum of
this structure shows a photonic gap at 4:9 mm. Work is in progress to develop photonic crystals based on
macroporous silicon which shows gaps in the visible region.

7.4. Biomedical applications

Porous silicon has a great potential in biological applications [437]. Si-based sensors have been
reported which could perform real-time measurements in biological situations [438]. Also a
potentiometric biosensor for penicillin based on oxidized PS have been reported [439]. More
interesting is the report that hydroxyapatite (the mineral phase of bone) could be grown on the PS
surface thereby rendering it biocompatible [440,477,478].

8. Conclusion

In this review we have tried to present the state-of-the-art of the research on PS. A question, however,
has not been addressed yet: is PS still competitive towards a silicon-based photonic? Here we try to
present our view.

Fig. 123. Micrographs of a patterned and micromachined layer of macroporous silicon forming a two-dimensional array of

air columns. (a) The 200 mm wide and 75 mm high bars of PS are produced by selective etching of the porous layer. (b) A 10-

fold magni®cation of the marked part in (a) is shown. The steep sidewalls of the bars were formed by a micromechanical

etching technique. (c) A 10-fold magni®cation of the marked part in (b) is shown. From Ref. [436].
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After 10 years of research no ef®cient and fast LEDs have been demonstrated yet, nor any
ampli®cation of light which could be used in laser applications. On the other hand, the PS formation is
fully CMOS compatible, the external quantum ef®ciency of PS based LED has been raised by more
than ®ve order of magnitude reaching values � 1% and the integration of PS based LED with
microelectronic circuits has been demonstrated.

While these facts could be regarded as good premises for a bright future, the inherent chemical
instability of PS with respect to ambient shines some shadows on its future. The second big problem
with PS is its natural slow speed of operation, lifetimes in the ms range limit the modulation frequency
or response speed of PS based devices to the MHz range. A third problem is that the properties of PS
layer can be tailored only on average due to the disordered nature of its structure. In addition,
technologists do not like wet etch processing because of the possible contamination that this PS sponge
can insert in their fab-line. One has to demonstrate a large improvement in the functionality of their
circuits in order to convince them to introduce this process into their production line.

Is this the death of PS research? Certainly not. In fact,

� some evidences have been reported of chemical stabilization of its properties,
� up to now no other Si based system shows such a high quantum efficiency over the whole visible

range,
� PS can be used as a prototypical system for more general research on low dimensional Si based

systems due to the ease of its fabrication,
� optical functions (e.g. mirrors) have been already realized with PS,
� the use of PS as sacrificial layer is interesting for micromachining applications,
� finally, the chemical reactivity of the PS surface is very interesting for sensor or biomedical

applications.

A lot of work is still to be done. The understanding of the transport properties of carriers through
such a disordered system, the engineering of the electrical injection into active and luminescent PS
nanocrystals, the theoretical modeling of its puzzling properties, the implementation of PS into
microcavities or photonic band gap structures to yield ampli®cation or stimulate light emission, the full
comprehension and exploitation of the interaction between the PS surface and external agents, the
control of the chemical activity of the PS surface and the mastering of its properties by using suitable
materials, are some of the hot topics to be addressed in the near future.

We believe that the last word on the PS role in Si based optoelectronics has to be said yet.
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