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Porous silicon formation and structure characterization are brie
y illustrated. Its lumi-
nescence properties are presented and interpreted on the basis of exciton recombination in
quantum dot structures: the trap-controlled hopping mechanism is used to describe the re-
combination dynamics. Porous silicon application to photonic devices is considered: porous
silicon multilayer structures in general, and microcavities in particular are described. The
present situation in the realization of porous silicon LEDs is considered, and future devel-
opments in this �eld of research are suggested.

I. Introduction

With recent developments in communication sys-

tems and computer technology, the substitution of elec-

trons with photons in data transmission and elabora-

tion has become increasingly attractive. A great draw-

back is presented by the fact that silicon, the basic ma-

terial for microelectronics, is an indirect-bandgap semi-

conductor which emits light in the infrared and at very

low e�ciencies (one photon emitted for every 107 photo-

generated electron-hole pairs). One of the main direc-

tions of research in the �eld of photonic applications is

to develop Si-based materials which emit light in the

visible range e�ciently and predictably: light emitting

Si devices would in fact be cheaper than their coun-

terparts made of compound semiconductors, and could

also be integrated onto traditional circuits.

Among the many di�erent Si-based materials stud-

ied for their luminescence properties, porous silicon (p-

Si) has proved to be one of the most promising, as it

emits light at room temperature in the visible range

with quantum e�ciencies approaching 10% (one pho-

ton emitted for every 10 photo-generated electron-hole

pairs). p-Si was discovered by Uhlir in 1956[1], but its

luminescence properties remained unnoticed until 1990,

when they were reported by L.T. Canham[2]. Extensive

research on luminescent p-Si has been promoted ever

since.

The conclusions reached regarding its structure are

generally accepted: the p-Si skeleton consists of inter-

connected Si nanocrystals of di�erent sizes embedded

in an amorphous matrix. Results of studies on the lu-

minescence mechanism are not as clear, and divergent

opinions exist on this issue. The debate is now focused

upon three main models: the quantum recombination

model, the surface state model and the molecular re-

combination model.

At the present stage, e�cient photoluminescence

(PL), and electroluminescence (EL) from p-Si with elec-

trolytic contacts are commonplace phenomena, easily

reproducible in the laboratory. On the other hand,

strong EL from p-Si devices with solid-state contacts

is still being sought after. p-Si Schottky diodes have

been studied, yielding e�ciencies of at most 10�4%,

and recently improvements on these values have been

reported from p-Si p-n junctions[3].

Porous Si has been studied in Trento for the past

four years: p-Si formation studies, characterization of

its structure and luminescence investigation have all

been conducted[4;5] . Recent work aims at the devel-

opment of photonic applications. Multilayer p-Si struc-

tures have been created[6] and have been used to fabri-

cate Bragg re
ectors, Fabry-Perot �lters and microcav-
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ities. On the basis of past work on Schottky-type p-Si

diodes[7], new structures are being investigated in order

to achieve p-Si LEDs with improved performance.

This paper consists of three sections: the �rst sec-

tion regards p-Si production and structure, mainly re-

ferring to the research work performed in Trento. In the

second section the main luminescence properties of p-Si

are outlined and interpreted in the light of the quan-

tum con�nement model. The trap-controlled hopping

mechanism is presented to describe the recombination

dynamics. The third section concerns photonic applica-

tions. A �rst part illustrates p-Si multilayer studies. A

second is dedicated to p-Si LEDs: attempts to achieve

a p-Si LED based on a Schottly diode are presented,

together with the progress made with p-n junction de-

vices. In conclusion, p-Si microcavity studies and their

possible applications are illustrated.

II. Formation Mechanism

Porous silicon is made up of interconnected Si

branches of nanometer size, which can be described in

terms of quantum wires and dots. The quantum con-

�nement e�ects which occur in these structures produce

a widening of the band gap of p-Si with respect to crys-

talline Si (c-Si), in analogy to what happens in a simple

particle-in-a-box example. A large amount of experi-

mental evidence indicates that quantum con�nement is

responsible for p-Si's e�cient luminescence over a wide

band of the visible spectrum.

The creation of low-dimensionality systems usually

involves sophisticated techniques[8;9]: p-Si fabrication,

on the other hand, is a simple and cheap technique,

based on the electrochemical attack of c-Si in a solu-

tion of hydro
uoric acid[10;11].

Current-voltage studies performed on Si-electrolyte

junctions[12] show that the main requirements for p-Si

formation are the following:

� the Si wafer must be anodically biased. This corre-

sponds to forward biasing for p-type Si, reverse biasing

for n-type Si.

� In the case of n-type and semi-insulating p-type

Si, light must be supplied.

� Current densities below a critical value, jPS , must

be used.

Figure 1: Diagram of the reaction mechanism for p-Si for-
mation.

The �rst two conditions are due to the fact that

holes are consumed during the dissolution (Fig. 1).

When the third condition is violated, the reaction is

limited by mass transfer to the solution: holes pile up

at the Si-HF interface and electropolishing occurs.

All three requirements show that holes play an im-

portant role in the process: in fact, p-Si formation is

a self-regulated mechanism, with hole depletion as the

limiting agent. The dissolution reaction begins at de-

fects of the Si wafer surface; pores are formed and their

walls are eroded until they are emptied of holes. This

passivates them from further attack, and the reaction

proceeds at the pore tip (Fig. 2). The mechanisms

which are thought to be responsible for hole depletion

at the surface of the attacked wafer are two[12]. The

�rst is a quantum con�nement e�ect which occurs when

feature size decreases below the dimensions of the Bohr

radius of an exciton (�5nm). The second is the for-

mation of a depletion layer due to the Si electrolyte

contact.

Together with the mechanisms of charge transfer

across the Si-HF junction, hole depletion mechanisms

determine feature size in the resulting p-Si layer. The

quantum con�nement e�ect yields microporous Si, with

pore diameters below 2nm. When the depletion layer

is thin, holes tunnel from Si to electrolyte; this leads to

the formation of mesopores, whose diameter scales with

depletion layer width and falls in the 2 to 50 nanometer

range. With thicker depletion layers breakdown is re-

sponsible for charge transfer. Feature size goes from 50

nm to several �m and is independent of layer thickness.
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These structures are termed macropores.

Figure 2: Steps in p-Si formation: a) pores are formed at
the surface of the Si wafer. b) Their walls are thinned until
they are depleted of holes. c) The reaction proceeds at the
pore tips.

The type and concentration of dopants in the c-Si

wafer employed in the attack determine the kind of p-

Si which is formed. The �rst depletion mechanism is

active in all types of Si. Under anodic bias, the deple-

tion layer is nonexistent in low doped, p-type Si (p�

Si), is thin in highly doped Si both of p- and n-type

(p+ and n+ Si respectively), and reaches thicknesses of

a few �m in low doped n-type Si (n� Si). Consequently

p� Si yields p-Si which consists entirely of micropores,

which also coat the larger structures formed in the other

types of Si. As light emission originates in microporous

Si, samples made from p� Si wafers have the best lu-

minescent properties.

For a �xed wafer type, the thickness and porosity1

of the resulting p-Si layer can be varied by modifying

the values of the attack parameters employed for the

electrochemical reaction. Porosity increases inversely

with HF concentration, and directly with current den-

sity. Samples of porosity between 20% and 85% can be

fabricated with ease. At higher porosities, the fragile

Si skeleton is unable to withstand the large capillary

forces which are present within the pores during dry-

ing, and samples craze and peel from the substrate. HF

concentration determines jPS , the upper limit to cur-

rent density values. At a �xed, low HF concentration

the range over which current density can be varied is

short, and it becomes wider by increasing HF.

Layer thickness increases linearly with etch dura-

tion, if anodization time is not too long. Increasing HF

concentration at �xed current density and etch time

leads to thicker p-Si layers: this is due to the fact that

the porosity decreases, while the amount of eroded ma-

terial (proportional to the amount of charge exchanged)

remains constant. For each porosity a limit thickness

value exists, above which the p-Si layer detaches itself

from the substrate. The structure of high porosity p-Si

is fragile, so the limit thickness decreases with increas-

ing porosity.

Experimental details for p-Si production: The setup

used in Trento for p-Si formation is illustrated in Fig.

3. The electrochemical cell is made of Te
on and has

a circular aperture on its bottom, under which the Si

wafer is sealed. The working electrode (anode) of the

reaction is the wafer itself, and the counter electrode

(cathode) is made of platinumwire. A constant current

is supplied to the system with a model 273 A EG&G

PAR galvanostat. The electrolyte is formed by adding

ethanol to a high purity aqueous solution of HF 40%.

After the electrochemical attack, the samples are rinsed

in methanol and blown dry with nitrogen. Wafers of

p-type have been used, with the following dopant con-

centrations: 0.01 (p+), 5, 10, 20 
cm (p�). An Al �lm

was deposited on the back of the p� samples by sput-

tering and sintered at 400�C to ensure a good ohmic

contact: the 20 
cm wafers had to be implanted with

B atoms prior to Al deposition to improve the ohmic

1The porosity is de�ned as the ratio of dissolved material to attacked material, and gives an idea of structure size in the p-Si layer:

samples of increasing porosity present thinner and more fragile Si skeletons, which contain smaller nanocrystals.
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contact and avoid the formation of inhomogeneous p-Si

layers.

Figure 3: A typical set-up for p-Si formation.

III. Structure characterization

Within our research project, many di�erent char-

acterisation techniques have been used to gather in-

formation on p-Si structure. A combination of Auger,

Raman, IR, EXAFS and Electron Paramagnetic Reso-

nance (EPR) measurements have yielded the most im-

portant results, and are described in detail in previ-

ous work[5;13�16]: in this paper, the results are outlined

brie
y, to illustrate the model of p-Si structure.

The typical Auger spectrum of a freshly etched p-Si

sample is shown in Fig. 4. Within the 50-530 eV en-

ergy range considered here, the Si LVV, CI LMM and

C KLL transitions are observed. The lack of evidence

for the O KLL peak, which should lie around 510 eV,

is worth noticing. It proves that the thin native silicon

oxide layer which is generally observed on Si surfaces

is not present here. The Si LVV transition, shown on

an expanded scale in the inset of Fig. 4, is the �nger-

print of hydrogenated Si. These two facts prove that

the Si dangling bonds at a freshly etched p-Si surface

are passivated by H or, possibly, H and C containing

radicals. The Auger spectrum of the same sample taken

after ageing in atmosphere for a few weeks shows on the

contrary the presence of the O KLL transition, together

with the Si LVV lineshape characteristic of ionic bonded

Si In a SiOx complex[5]. The latter is also shown in the

inset of Fig. 4.

Figure 4: Auger survey acquired at the surface of a p-Si
sample. The inset shows the Si Auger lineshape relative
to freshly etched (continuous line) and aged (discs) p-Si.
Reprinted from Ref [4].

Figure 5: Room temperature Raman spectra excited at dif-
ferent depths within the cross section of a 15�m thick and
34% porosity p-Si sample. The stars label the position of
two plasma lines used as energy standard. Spectrum (a) cor-
responds to a point near the interface air/porous layer while
spectrum (b) to a point near the interface porous layer/bulk
Si. The continuous lines refer to the experimental data and
the open discs to a lineshape �t which considers the con-
tributions of nanocrystalline Si, amorphous Si and of the
underlying bulk Si. These three di�erent contributions are
shown as dotted lines. The �gure is reprinted from Ref [13].
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Room temperature micro-Raman spectra (Fig. 5)

present a characteristic softening and broadening of the

Si crystalline optical phonon mode, due to phonon con-

�nement within the nanocrystals. A lineshape analysis

has been conducted, assuming two main contributions

to the spectrum: one due to an amorphous phase, with

a Gaussian lineshape, and the other to nanocrystals,

and �tted with the lineshape of Ref. [17]. This yields

an asymmetric Lorentzian lineshape, whose peak posi-

tion and linewidth are determined by nanocrystal size

and shape[13].

EPR measurements were used to study the para-

magnetic defects in p-Si. Dangling bond-type defects

have been observed at the interface between the pore

walls and an oxidised layer, and are thought to act as

nonradiative recombination centres[16] .

Figure 6: Model of p-Si structure: Si nanocrystals dispersed
in an amorphous matrix.

The model of p-Si which emerges from these results

is of a layer made up of voids and nanocrystals intercon-

nected by an amorphous matrix (Fig. 6). Shortly af-

ter etching, this structure is passivated with hydrogen,

which is replaced by oxygen as the sample ages in atmo-

sphere. Strong evidence has been found of the presence

of dangling bond defects at the surface of the nanocrys-

tals. Short range crystallinity[15], passivation[14] and

con�nement[2] are all present in p-Si: both experimen-

tal and theoretical studies which have been conducted

recently seem to indicate that these three factors com-

bine to produce p-Si luminescence. The issue of light

emission from p-Si is considered in the next section.

IV. Luminescence from p-Si

Porous silicon exhibits e�cient room temperature

luminescence in the visible range. Its spectrum is char-

acterized by three main features: a blue band, the broad

red-orange band which drew attention to p-Si in the

�rst place, and an infrared band peaked at roughly 1

eV. The blue band can most likely be ascribed to emit-

ting centres in the amorphous matrix[18]. Its intensity

and peak position are sample dependent. EPR mea-

surements and analogies with amorphous hydrogenated

Si lead to think that the infrared band is due to the re-

combination of charge carriers trapped in the dangling

bonds at the surface of the nanocrystals[19]. The mech-

anism responsible for p-Si's red- orange light emission

is a matter of great controversy: the complexity in the

structure of this material has led to the formulation

of many di�erent models to explain its luminescence.

Basically they can be grouped into three categories:

1. quantum recombination model;

2. surface state model;

3. molecular recombination model.

The �rst two models agree on the fact that quan-

tum con�nement plays a fundamental role in p-Si lu-

minescence, but they di�er in their predictions about

the origin of the luminescence. The former model as-

cribes it to the recombination of excitons within the

nanocrystals, whereas in the latter individual (i.e., not

coupled) charge carriers, which could be found either in

a bulk nanocrystal state (extended state) or trapped in

a surface nanocrystal state, recombine radiatively[20].

According to the third model, molecular species such

as polysilane chains or siloxene rings are present in the

amorphous phase of p-Si, and are responsible for the

luminescence[21].

A large amount of experimental evidence has been

gathered in favour of the �rst model[2;22]. X-ray studies

have proved that the radiative recombination centres in

p-Si are of crystalline origin[23;24]. The photolumines-

cence spectra reported in Fig. 7, which have been taken

from samples of di�erent porosities, show that the peak

of the visible band shifts towards higher energies with

increasing porosities. This is thought to be due to the

fact that nanocrystals become smaller in samples of in-

creasing porosity, and are thus characterised by wider

band gaps. Another phenomenon in favour of the quan-

tum con�nement model is the blue shift of the PL peak

which occurs when the sample ages in the atmosphere.

With time the hydrogen which originally passivates the

surface of the p-Si layer is replaced by oxygen, and the
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amorphous layer surrounding the nanocrystals thickens

at the expense of the inner crystalline part.

Figure 7: Room temperature photoluminescence spectra of
a set of p-Si samples. The respective porosities are given
on the right-hand side of the �gure. On some spectra, the
low energy part has been multiplied by the reported fac-
tors in order to evidence its contribution. The excitation
energy and intensity were 2.54 eV and 1.6 Wcm�2, respec-
tively. The spectra are normalised to the maximum relative
intensity and are not comparable with each other.

Further evidence was collected by our group during

the course of an extensive experimental study on p-Si

photoluminescence[5]. The results of this work, backed

by Monte Carlo simulation studies, were used to for-

mulate a model of the dynamics of exciton recombina-

tion in nanocrystals: the trap-controlled hopping mech-

anism. The model is described in detail, together with

experimental and theoretical procedures, in Refs. [25,

26]: the main results and implications are illustrated in

this paper.

P-Si luminescence is thought to originate from exci-

ton recombination in quantum dot (QD) structures, i.e.

in the nanocrystals. As a consequence of con�nement,

the exchange energy between triplet and singlet exciton

states increases. In c-Si it is roughly 0.1 meV., whereas

it becomes of the order of 10meV in p-Si. Recombi-

nation from the triplet state is a forbidden transition,

with decay times of the order of milliseconds, while that

from the singlet state is allowed, and has decay times in

the microsecond range. When e-h pairs are formed in

the nanocrystals, they relax to the QDs' fundamental

energy levels on a fast time scale. At low temperature

practically all excitons will �nd themselves in triplet

states, while the occupation of singlet states will in-

crease with increasing temperature. Consequently, the

temperature dependence of the radiative lifetime (�rad)

results from the thermal equilibrium between the exci-

ton occupation of the triplet and singlet states:

�rad(E; T ) = �tripl

2
4 1 +

�
1
3

�
exp

�
��Ex
kBT

�

1 +
�
�tripl
�sing

� �
1
3

�
exp

�
�

�Ex
kBT

�
3
5

(1)

where �sing, �tripl are the radiative lifetimes for the sin-

glet and triplet states respectively, and �Ex the ex-

change energy. Temperature dependent lifetime mea-

surements of the decay luminescence lineshape provide

evidence for this interpretation, as will be illustrated

later on in this section.

The decay lineshape of p-Si luminescence measured

at a single observation energy is illustrated in Fig. 8.

No single exponential will �t the experimental results

well, whereas the data are in good agreement with a

stretched exponential curve. The mathematical expres-

sion of the stretched exponential is:

I(t) = I(0) � exp[�(t=� )�] (2)

where I(t) is the luminescence intensity at time t; � is

the decay lifetime and � is a dispersion exponent. This

function represents the limiting sum over a distribution

of exponential functions, each of which represents an

elementary decay process: in p-Si, the distribution is

thought to be due to the dispersive motion of excitons

through the material.
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Figure 8: Time decay of the luminescence of a 60% poros-
ity sample at three temperatures for Eexc=2.541 eV and
Eobs =1.860 eV.

After excitation, the electron-hole pairs are involved

in one of the following processes: (i) recombination in

the quantum dot (QD) of origin through radiative chan-

nels; (ii) recombination through nonradiative channels;

(iii) di�usion to neighbouring QDs. Disorder plays an

important role both in the recombination and the di�u-

sion processes. Nanocrystal size varies randomly within

the p-Si skeleton; consequently QD recombination en-

ergies are distributed over a certain range. The random

disposition of nanocrystals and the variations present in

the composition of the amorphous matrix are re
ected

in variations of the inter-dot potentials and distances.

This last factor gives rise to a random distribution of

waiting times for di�usion due to hopping processes.

Measuring the decay lineshape at a speci�c obser-

vation energy corresponds to registering the lumines-

cence of QDs of a certain size (target QDs). The disor-

der which characterizes the surroundings of the target

QDs yields a distribution of the arrival times of excitons

which were photocreated elsewhere and recombine here;

The overall result is the stretched exponential lineshape

which is observed experimentally.

Low energy QDs with high energy barriers and/or

large separation distances from their nearest neighbours

act as temporary traps for the excitons. They limit the

di�usion, conferring it a dispersive character. Temper-

ature has a strong e�ect on the dispersive di�usion.

At low temperatures, the motion of excitons is domi-

nated by temporary traps, while at high temperatures

the traps are thermally emptied and the hopping mech-

anism prevails. In the latter situation the excitons ther-

malise among the QDs; their �nal distribution is deter-

mined solely by exciton energy and not by the envi-

ronment around the QD which they occupy. When the

temporary traps are activated, complete thermalisation

does not occur. In this case the environment of each QD

determines whether it is occupied or not, rather than

its transition energy.

According to this model for exciton di�usion, � and

� can be interpreted as follows: the value of � indi-

cates how far the system is from the isolated QD model

and gives information on the mechanism which governs

exciton motion among the QDs. � can be roughly ap-

proximated by the expression:

��1
� ��1

rad + ��1
nr + ��1

hop (3)

where ��1
rad is the radiative lifetime, ��1

nr the nonradia-

tive lifetime and ��1
hop a characteristic hopping time: the

role of di�usion is to reduce the time constant of the

observed luminescence decay.
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Figure 9: Temperature dependence of � and � for three
di�erent samples, whose porosities reported on the right
hand side. The lines through � values are least square �ts
to Eq.1 with the following values: 87% sample, �singl =
17:8�s, �tripl = 3:90ms, �Ex=10.0meV; 65% porosity sam-
ple, �singl = 6:24�s, �tripl=5.89ms, �Ex=9.4meV, 55% sam-
ple, �singl = 5:89�s, �tripl=1.12ms, �Ex = 8:7meV. The
lines through the � values are only guides for the eyes.

The stretched exponential function has been used to

�t experimental PL time-decay curves. Measured data

are well described by the theoretical expressions, and

reliable values of � and � have been obtained. The in-


uence on these two parameters of several factors has

been studied experimentally and compared with theo-

retical predictions[26]. The temperature and porosity

dependencies of � and � are illustrated in Figs. 9 and

10, and can be interpreted as follows. � and � ver-

sus T: Fig. 9 shows the temperature dependence of �

and � for three samples of di�erent porosities. A trend

common to all samples in both � and � is observed: �

decreases strongly as T is increased, while � increases

for T < 150K and is constant at higher temperatures.

Figure 10: Observation energy dependence of � and � for
di�erent samples whose porosities are reported on the right
hand side.

At low and intermediate T (T < 200K) hopping is

reduced and nonradiative transitions are not competi-

tive. Consequently, T re
ects the behaviour of the life-

time for the radiative recombination, ��1
rad which is given

in Eq. 1. This con�rms the assumption of excitonic

recombination in the QDs. For higher temperatures

(T > 200K), the observed decrease in � is due to the

competing role of non-radiative recombinations.

The temperature dependence of � gives informa-

tion on the relative importance of the di�erent mod-

els of transport among QDs. If � increases linearly

with temperature, the multi-trapping mechanism ap-

plies for dispersive transport. On the contrary if �

remains constant for T variations, the hopping mech-

anism dominates. The former regime is encountered

below 150K, and indicates the T range in which tem-

porary traps play an important role. The latter is en-

tered for T > 150K; the temporary traps are thermally

emptied here, and geometrical arrangement limits the

di�usion. � and � versus porosity: � and � are plotted

as a function of observation energy (Eobs) in Fig. 10
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for samples of various porosities. In both plots, a low

porosity and high porosity regime can be seen. Values

of high porosity samples all lie on the same exponen-

tial curve, i.e. the measured lifetimes depend on Eobs

only. This indicates that in these samples the QDs are

almost isolated (�hop ' 1) and � depends mainly on

the properties of the target QDs, and not on their sur-

roundings. The lifetimes measured for low porosity val-

ues are smaller and sample dependent. This can be at-

tributed to the presence of a network of interconnected

QDs, among which excitons di�use: the recombination

is now in
uenced by the environment of the target QDs,

and � decreases due to the �nite contribution of �hop.

The reason for the di�erent behaviour of excitons in low

and high porosity samples can be found in the fact that

high porosity samples have lower interconnections, and

are more e�ciently passivated with a thick amorphous

surface layer which strongly reduces the hopping prob-

ability among di�erent QDs. Further proof of this is

given by the measured � values. As explained earlier,

� indicates how far the system is from the isolated QD

picture: the lower the � values, the better the intercon-

nections among the neighbouring QDs.

In conclusion, many aspects of p-Si luminescence

are well described in terms of exciton recombination

in quantum dots. Disorder plays an important role in

the process, and rules the motion of excitons between

QDs as explained by the trap-controlled hopping mech-

anism. Monte Carlo calculations based on this model

reproduce experimental results to a good extent[25]; it

is worth mentioning that this is not the case for cal-

culations based on the motion of uncoupled electrons

and holes among the nanocrystals. This underlines the

excitonic nature of the particles responsible for the lu-

minescence.

V. p-Si applications to photonic devices

Multilayer structures: One of the main results of our

recent work has been to fabricate and optically charac-

terise dielectric p-Si multilayers[6]. These are complex

p-Si structures formed by stacking layers of di�erent

porosities. In p-Si the refractive index, n, is related

to porosity, so that in multilayers n varies periodically

with depth. It is possible to create these structures

thanks to the properties of the etch process: the dis-

solution reaction is self-limited so once a p-Si layer is

formed, it is passivated from further attack, and thus

other layers can be created beneath without damaging

it. Si dissolution occurs at the pore tips only, and abrupt

porosity variations can be achieved by modifying appro-

priately the attack parameters: this makes it possible

to create planar layers with well-de�ned interfaces.

Multilayers can be used to create interferential �l-

ters and/or narrow band re
ectors formed by dielec-

tric �lms[27], with which it is possible to tune and

narrow the p-Si emission band. In Trento high qual-

ity Bragg re
ectors and Fabry-Perot �lters have both

been fabricated, and have proved to serve this purpose.

Basing ourselves on the Fabry-Perot devices, we have

succeeded in fabricating p-Si microcavities, which are

made by sandwiching a p-Si layer of thickness �, where

� is the wavelength of the Fabry-Perot high transmit-

tance mode, between two distributed Bragg re
ectors.

Con�nement of the emitted photons in the microcavity

modi�es the photon density of states[28], which leads

to alterations in the spontaneous emission properties of

the central p-Si layer. The consequences of the micro-

cavity e�ect can be seen in Fig. 11. The re
ectance

and PL spectra of a p-Si microcavity are shown, and

the PL data are compared with those of a reference

sample. The most important features are a 16-fold in-

crease in intensity and strong narrowing of the micro-

cavity emission band. Further evidence of the micro-

cavity e�ect is provided by angular resolved PL mea-

surements, which show that the emission from the mi-

crocavity is strongly directional, and by time-resolved

excitation spectroscopy, which shows a decrease in the

luminescence decay time constant of a microcavity with

respect to a p-Si monolayer, as predicted by theory.

Light emitting diodes: We have studied the electri-

cal transport properties of p-Si by measuring the I- V

characteristics of Schottky-type p-Si devices, fabricated

by evaporating or sputtering a thin metal contact on

top of a p-Si layer[7]. Initially, the experimental data

(Fig. 12) were interpreted by considering the presence

of a Schottky barrier between the p-Si and the metal

contact. This yielded high series resistances and large

ideality factors. Furthermore, the I-V characteristics

proved to be independent of the type of metal used for

the electrical contact. The measurements were better

described in terms of the alternative description sug-
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gested by M. Ben Chorin[29], in which the charge trans-

port properties of p-Si dominate the I-V characteristics

of the metal/p-Si diode. These can be tuned from poor

rectifying behaviour for thin samples to nearly symmet-

ric curves for thicker ones, which resemble very much a

Poole-Frenkel type of transport. In this model, the de-

vice basically consists of a rectifying barrier located at

the p-Si/c-Si hetero-interface, in series with a voltage

dependent resistor, which is the porous layer. Charge

transport within this layer is mainly due to hopping

processes near the Fermi level, and is greatly in
uenced

by the properties of the nanocrystallite surface and by

the presence of deep trap states.

Figure 11: Microcavity re
ectance and photoluminescence
spectra (solid curve). The dotted line represents the photo-
luminescence spectrum of a reference sample.

Before p-Si can be employed in the production

of photonic devices, e�cient electroluminescence (EL)

must be achieved. The external e�ciency of the

Schottky-type p-Si structures is orders of magnitude

smaller than those of commercial LEDs. The main dif-

�culties which have been encountered are the follow-

ing: i) poor carrier injection; the intricate network of

branches which make up p-Si is characterised by high

resistance values. Furthermore, the evaporated metal

layer on top of the p-Si is not uniform. Both these

facts make it di�cult to supply charge to the p-Si layer.

ii) Fast time degradation of the EL: Light emission

decreases with current 
ow over time intervals which

range from a few minutes to several hours. Two factors

are though to be responsible for this[3;5]: The �rst is

the presence of islands in the metal layer, which act as

point contacts. The heating e�ects caused by the high

electric �elds which build up here modify the structure

of the p-Si. The second is a decay of the light emission

itself. PL measurements performed on p-Si samples un-

der the e�ect of electric �elds show that current 
ow re-

duces the luminescence intensity. A likely explanation

of this fact could be that the electric �eld promotes the

creation of nonradiative recombination centres within

the p-Si.

Figure 12: I-V characteristics of diodes with p-Si layers of
di�erent thicknesses. The discs refer to a < 1�m thick diode,
the squares to a � 8�m thick diode. The metal contact was
made of W. The characteristic of the thin diode is plotted
only in forward bias for clearness. The inset shows the for-
ward bias conductivity of the thick diode as a function of
V12:

Recently devices based on Si homojunctions have

been created[3] ; in these structures the electrons and

holes are provided by the n- and p-t, type Si outside

the porous region. This type of contact provides a

more adequate carrier injection mechanism, and indeed

these devices exhibit more e�cient EL than metal Vp-

Si structures, with slower degradation.

Further improvements could be achieved by incorpo-

rating a microcavity within the p-Si LED, which would

bene�t from the microcavity e�ects in the following

ways: increase in light emission; narrowing of the spec-

tral range; strong directionality of the emitted light.

A preliminary set of EL measurements (Fig. 13)

performed in Trento showed an increase in EL inten-

sity from a microcavity LED[30]. A second, unexpected

result which was achieved was an increase in lumines-

cence duration. This last e�ect could be due to the
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fact that the emitting layer, i.e. the microcavity, is

protected by the layers above. Further investigation in

this phenomenon is needed to fully characterize these

structures and optimize their fabrication.

Figure 13: Electroluminescence intensity vs. current (EL-I)
curves of a microcavity LED and of a standard metal/p-Si
LED. Both curves are measured for increasing bias voltage.
The inset shows the EL-I curves of the two devices measured
at a �xed voltage bias. Note the greater stability of the mi-
crocavity LED. Furthermore, to achieve equal EL intensity
from the two systems, the standard metal/p-Si LED must
be supplied a current which is ten times greater than the
one needed by the microcavity LED.

VI. Conclusion

The results presented in this paper illustrate the

stage reached in p-Si research studies. The fabrication

process has been mastered, and can be controlled with

a precision which allows the formation of complex mul-

tilayer structures. P-Si structure and its photolumi-

nescence properties have been studied in detail. It is

generally acknowledged that p-Si is made of nanocrys-

tals embedded in an amorphous matrix; the latter is-

sue, on the other hand, is still under discussion. We

have presented evidence which strongly supports the

model of excitonic recombination quantum dots for the

luminescence mechanism. Although the �rst p-Si based

photonic applications are beginning to appear, a lot of

work still has to be done in this �eld. E�cient EL pro-

duction is one of the main aims: to achieve this, an ef-

�cient method to supply charge to the p-Si layer must

be found; light emission must be maximized and sta-

bilized. Homojunction devices are a possible solution

to the �rst problem; microcavity incorporation in p-Si

LEDs o�ers an attractive method to face the second.
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