
Chapter 1

Electrochemistry and luminescence

of silicon

Abstract

In this chapter an introduction is given to the electrochemistry and luminescence of

semiconductors in general and silicon in particular. After a short historical overview

the basic concepts of semiconductor electrochemistry are described. In the following

section some aspects of the physics and chemistry of porous silicon are reviewed;

both formation of and luminescence from porous silicon are briey described. The

chapter ends with an outline of the subjects considered in this thesis.
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1.1 Introduction

In the beginning of the nineteenth century the �rst semiconducting mater-

ials were studied. Since that time semiconductors have been the subject of

extensive research [1]. In the 1950's germanium was the most important ma-

terial. However, germanium devices exhibited considerable leakage currents

and additionally, germanium dioxide is a poor dielectric and chemically un-

stable. Silicon devices, on the other hand, exhibit much lower leakage and

thermally grown silicon dioxide has excellent insulating and structural prop-

erties. This has made silicon the most widely used material in semiconductor

device fabrication. Furthermore, the low cost compared to other semicon-

ducting materials and the ease of processing have certainly contributed to

the success of silicon in integrated circuit technology.

In contrast to the good electrical characteristics of silicon, the light emit-

ting properties are poor. Owing to the indirect band gap of 1.12 eV, emission

from bulk crystalline silicon is in the near-infrared and is very ine�cient;

non-radiative processes prevail over radiative recombination of charge carri-

ers. For this reason the development of semiconductor optoelectronics has

been dominated by the III-V compound semiconductors, many of which have

a direct band gap. In 1990 a report of strong visible photoluminescence from

porous silicon at room temperature [2], formed by electrochemical etching

of crystalline silicon, triggered a world-wide research e�ort mainly aimed at

investigating the possibilities for integrating optical functions into all-silicon

devices. The �rst observation of porous silicon was reported as early as 1956

by Uhlir, who described the porous layer as a \matty black, brown or red

deposit" [3]. Later, in the early 1980's, the use of porous silicon for produ-

cing thick silicon dioxide layers, which are necessary for the fabrication of

silicon-on-insulator structures, was investigated [4{6]. Visible luminescence

at liquid helium temperature was already reported in 1984 in a paper con-

cerning an optical study of the structure of porous silicon �lms; the emission

was attributed to an amorphous silicon phase [7]. Since the paper by Can-

ham [2], in which photoluminescence was linked to quantum con�nement,

porous silicon has caught the imagination of the materials science com-

munity and much work has been done on its fundamental and technological

properties [8{13].

The �rst solid state electroluminescent devices based on porous silicon
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consisted of a porous layer on a crystalline substrate [14{16]. A semitrans-

parent gold or transparent conducting oxide electrode was deposited on

top of the porous layer. These devices were reported to have very low

quantum e�ciencies (< 10�6) and require high operating voltages. Di�erent

designs [17,18] and better contact materials [19{21] have led to improvement

of the electrical and luminescent properties. Recently, Fauchet et al. [22,23]

presented a light emitting device with a quantum e�ciency of 0.1%, integ-

rated into a microelectronic circuit.

Porous silicon layers contacted with a liquid electrolyte instead of a solid

electrode have been shown to exhibit e�cient visible luminescence [24{32].

The solution penetrates the pores forming an intimate contact to the whole

porous structure. Strong visible electroluminescence has been observed un-

der cathodic polarization from n-type porous silicon in contact with an

electrolyte containing strong oxidizing agents like peroxodisulfate and hy-

drogen peroxide [24,25]; the wavelength of the cathodic emission from n-type

electrodes is a function of the applied potential [26{29]. Bright visible lu-

minescence has also been observed during the anodic oxidation of porous

silicon electrodes in indi�erent electrolyte solutions [30{32]. However, as

the oxidation of silicon is irreversible, this anodic emission is transient.

It is unlikely that liquid junction devices based on porous silicon will be

used in practical applications. Nevertheless, electrochemistry is important

in the study of porous silicon. The formation of porous silicon by etching in

HF solutions is an electrochemical process. The mechanism of anodic dis-

solution can be studied using electrochemical techniques. Electrochemistry

also provides an excellent tool for studying both the physical and chemical

properties of crystalline and porous silicon. Furthermore, it is known that

the e�ciency of the photoluminescence from porous silicon is improved by

thermal or anodic oxidation. Again, the mechanism of anodic oxidation can

be investigated using electrochemical methods. These topics are dealt with

in the present thesis.
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1.2 Basics of semiconductor electrochemistry

1.2.1 The semiconductor/electrolyte interface

The electron density n in the conduction band and the hole density p in the

valence band of a semiconductor are described by the position of the Fermi

level EF with respect to the band edges

n = NC exp

�
�ECB �EF

kT

�
(1.1)

p = NV exp

�
�EF �EVB

kT

�
(1.2)

in which NC and NV are the e�ective densities of states in the conduction

band and valence band, respectively (for silicon NC = 2:8 � 1019 cm�3 and

NV = 1:04 � 1019 cm�3). The Fermi level is the chemical potential of elec-

trons in the semiconductor. The density of charge carriers in either the

conduction band or the valence band, and thus the position of the Fermi

level, can be inuenced by doping the semiconductor. In Figure 1.1 an en-

ergy level diagram of an n-type semiconductor, for example silicon doped

with phosphorus, is shown. The Fermi level is located near the conduction

band edge; electrons are the majority carriers and holes the minority carri-

ers. Typical doping concentrations in silicon range from 1015 to 1019 cm�3,

which corresponds to Fermi levels of 0.03{0.27 eV with respect to one of the

band edges.

The Fermi level in solution (EF;redox) is related to the redox poten-

tial, which is usually given with respect to the Normal Hydrogen Electrode

(NHE) or the Saturated Calomel Electrode (SCE) [33]. The uctuating en-

ergy level model describes the density of electronic levels in the redox system

in terms of occupied and empty states which correspond to the reduced and

oxidized species, respectively [34]. Due to thermal motion of the solvent

molecules and ligands, the position of an energy level uctuates. The time

averaged distribution of states can be described by

Dox(E) =Wox(E) cox (1.3)

Dred(E) =Wred(E) cred (1.4)
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Figure 1.1 Schematic representation of the electronic levels of
an n-type semiconductor and a simple redox system.

where cox and cred are the concentrations of oxidizing and reducing agent,

respectively. Wox and Wred represent the probability of �nding an empty

and a �lled level at energy E and are given by

Wox(E) =
1p

4�kT�
exp

�
�(E �EF;redox � �)2

4kT�

�
(1.5)

Wred(E) =
1p

4�kT�
exp

�
�(E �EF;redox + �)2

4kT�

�
(1.6)

in which � is the solvation or reorganization energy (Figure 1.1). The value

of � is generally in the range 0.5{2 eV, depending on the interaction of the

redox species with the solvent.

When a semiconductor electrode is brought into contact with a solution

containing a redox couple, equilibrium is established by electron exchange

between the two phases. As a result, the Fermi level in both phases becomes

equal and generally, electrical double layers are formed, the Helmholtz layer

on the solution side and the space charge layer on the semiconductor side

of the interface. A space charge layer within the semiconductor results in
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the bending of the band edges at the surface. In Figure 1.2 equilibrium

is shown for an n-type semiconductor; a depletion layer is present due to

uncompensated donor levels. The potential drop over the depletion layer is

given by Usc and the electron density ns at the surface is related to the bulk

concentration nb via

ns = nb exp

�
�eUsc

kT

�
(1.7)

When the applied potential U is made more positive, the band bending

increases and the electron concentration at the surface decreases exponen-

tially. Upon scanning the potential to more negative values Usc decreases

until eventually a situation is reached in which the band edges are at and

the concentration of electrons at the surface is the same as in the bulk. The

potential required to achieve this at band situation is referred to as the at

band potential Ufb. Experimental information on the at band potential and

thus on the position of the band edges at the surface can be obtained from

capacitance measurements. As the capacitance associated with the space

charge layer under depletion conditions is generally much smaller than the

capacitance of the Helmholtz layer, the applied potential will appear almost

exclusively across the space charge layer, and

EF,redoxEF,redoxEFEF

ECBECB

EVBEVB

E

U

eUsceUsc

Figure 1.2 Schematic energy level diagram of an n-type semi-
conductor in equilibrium with an electrolyte containing a simple
redox couple.
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Usc = U � Ufb (1.8)

This yields the Mott-Schottky relation for an n-type semiconductor

C�2
sc =

2

e"r"0ND

�
U � Ufb �

kT

e

�
(1.9)

The squared reciprocal capacitance is a linear function of the applied poten-

tial; the slope of the linear function is related to the donor density, while the

intercept with the potential axis provides a value for the at band potential.

With an n-type semiconductor a potential negative with respect to the

at band value gives rise to an accumulation layer; the charge carrier density

at the surface is larger than in the bulk. As, in this case, the capacitance

of the space charge layer becomes quite large, a signi�cant portion of the

potential can drop over the Helmholtz layer resulting in a shift of the band

edges at the surface.

1.2.2 Redox reactions at semiconductor electrodes

Charge transfer processes at ideal semiconductor/liquid interfaces are as-

sumed to occur isoenergetically. When surface state mediated charge trans-

fer is disregarded, electron exchange will take place only via the bands.

Depending on the energy levels in the solution electrons are either captured

from or injected into the conduction band

Ox+ + e�CB ! Red (1.10)

Red ! Ox+ + e�CB (1.11)

or holes are injected into or extracted from the valence band

Ox+ ! Red + h+VB (1.12)

Red + h+VB ! Ox+ (1.13)

Reactions 1.10 and 1.12 require overlap of the empty levels (Wox) in the

solution with the conduction band and valence band, respectively. In the

case of reactions 1.11 and 1.13 overlap of the �lled levels (Wred) with the
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Figure 1.3 Band edges of GaAs and silicon (pH=0) as well
as standard equilibrium potentials of several redox couples, con-
sidered in this thesis, with respect to the electrochemical scale.

conduction band and the valence band is required. In Figure 1.3 the stand-

ard redox potential of several couples of interest in the present work is shown

with respect to the band edges of silicon and GaAs.

The rate of reactions 1.10{1.13 depends on the concentration of redox

species (Ox+ or Red) at the electrode surface. Additionally, the rate of

reactions 1.10 and 1.13 is determined by the concentration of charge carriers

at the semiconductor surface. For example, the reduction of protons to H2

2H+ + 2e�CB ! H2 (1.14)

is known to be a conduction band process at most semiconductors; its rate

depends on the concentration of electrons at the electrode surface.

Current-potential characteristics of silicon in a 1 M HF solution are

shown in Figure 1.4. With n-type silicon the surface concentration of elec-

trons increases with increasing negative potential (equation 1.7) which leads

to a signi�cant reduction current (Figure 1.4(a)). On the other hand, with
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p-type electrodes only a small cathodic current is measured in the dark, as

holes are the majority carriers and consequently electrons are not available

for H2 evolution (Figure 1.4(b)).

The anodic reaction, i.e. dissolution of the semiconductor, requires

valence band holes. With p-type silicon the surface hole concentration is

determined by the applied potential. Up to approximately 0.2 V the cur-

rent of the p-type electrode depends exponentially on the potential, but at

0.35 V a maximum is reached. Both the height and the position of the an-

odic peak depend on the concentration of HF in solution and on the rotation
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Figure 1.4 Current-potential curves of n-type (a) and p-type
(b) silicon in 1 M HF aqueous solution. The measurements were
performed in the dark (solid curve) and under illumination (dashed
curve). The potential was scanned at 50 mV/s.
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rate of the electrode, indicating that the current is limited by di�usion to

the electrode of species in solution. At potentials more positive than the

peak an oxide layer is formed on the silicon surface; removal of the oxide by

HF is di�usion-limited. At n-type silicon the surface concentration of holes

is low which explains the negligible anodic current of these electrodes.

1.2.3 Minority carrier processes

In indi�erent electrolyte under depletion conditions (U > Ufb for n-type and

U < Ufb for p-type) only a small current is measured in the dark due to the

low concentration of charge carriers at the electrode surface. Upon illumin-

ation with light of energy larger than the band gap, electron-hole pairs are

generated; the electrons and holes are separated by the electric �eld within

the depletion layer. When, for example, a su�ciently negative potential is

applied to a p-type silicon electrode, the photogenerated minority carriers

(electrons) are driven to the surface and give rise to proton reduction; a cath-

odic current is measured which is directly proportional to the photon ux.

On the other hand, with positively biased n-type silicon the photogenerated

holes are driven towards the surface where they lead to anodic dissolution of

the semiconductor. At moderate light intensity the etch rate and the anodic

current density are determined by the incident photon ux. However, when

the illumination intensity is su�ciently high the current-potential curve of

n-type silicon resembles that of p-type material shown in Figure 1.4(b).

The oxidation reaction 1.11 and the reduction reaction 1.12 lead to in-

jection of minority carriers. With an n-type semiconductor holes may be

injected when the energy levels associated with the oxidizing species in solu-

tion overlap with the valence band; for electron injection into p-type material

the energy levels of the reducing species must correspond to the conduction

band. Recombination of majority carriers with the injected minority carriers

can be either radiative or non-radiative. In the case of radiative recombin-

ation, electroluminescence is generated with spectral features characteristic

of the semiconductor. Band-band recombination results in emission with an

energy equal to the band gap while decay of electron-hole pairs via donor

and/or acceptor levels or via impurity or surface states results in electrolu-

minescence shifted towards the red with respect to the band gap energy.
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1.3 Porous silicon

1.3.1 Formation

In the past few years several di�erent methods of preparing luminescent

porous silicon layers have been described. The most reproducible and most

frequently employed method is electrochemical. Single crystal silicon wafers

are anodically etched in HF-based solutions. Usually, a two-electrode con-

�guration is used with a silicon working electrode and a platinum counter

electrode. Since holes at the electrode surface are required for the dissolu-

tion of silicon, p-type silicon is readily etched in the dark, while with n-type

material illumination is required (Figure 1.4). The morphology of the etched

silicon depends strongly on the doping type and density, the anodizing cur-

rent and the composition of the etching solution. In the current-potential

curve of Figure 1.4(b) for p-type silicon in 1 M HF, two regions can be dis-

tinguished. At potentials more positive than the anodic peak, the silicon is

electropolished; silicon oxide is formed and is subsequently dissolved by HF.

The resulting surface is at as the etch rate is determined by the supply of

HF to the surface. Pore formation takes place in the range between the open

circuit potential and the anodic peak. Under galvanostatic conditions, the

current density has to be kept below the peak current density to produce

porous layers. With n-type silicon, the current is limited by the incident

photon ux; a critical current density, similar to the peak value with p-type

silicon, is found below which pores are formed.

Although the formation of porous silicon has been the subject of de-

bate for decades, no consensus on the exact mechanism has been reached.

Two aspects can be distinguished in the electrochemical formation of porous

silicon: pore initiation and subsequent propagation of the pores. The mech-

anism for pore propagation seems to be reasonably well understood [8,35,36];

concentration of electric �eld lines at the pore tips and di�usion of charge

carriers from the bulk substrate to the porous layer are assumed to result in

preferential etching at the pore fronts. However, pore initiation remains a

subject of speculation. Studies which have recently been published include

surface defects or impurities [8], morphological instability [37], hydrogen

incorporation [38] and di�usion-limited nucleation [39].

Apart from electrochemical anodization in HF solutions, several other

methods of porous silicon preparation have been described. Chemical (stain)
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etching of single crystal silicon wafers in HNO3/HF based solutions is known

to produce porous layers which exhibit strong visible luminescence similar

to that of anodized porous silicon [40{42]. Photoinduced synthesis of por-

ous silicon in HF without an applied potential has also been reported [43].

Finally, a \dry method", spark erosion, gives layers which show visible lu-

minescence with characteristics identical to those observed with anodic or

stain-etched silicon [44,45].

1.3.2 Light emission

In contrast to crystalline silicon, which shows only weak luminescence in the

near-infrared due to its indirect band gap of 1.12 eV, porous silicon exhibits

strong visible emission. Generally, a broad photoluminescence spectrum as

shown in Figure 1.5 is observed when porous silicon is illuminated with ul-

traviolet light. Apart from this orange/red emission, a blue emission band is

often observed from the oxidized semiconductor. Electroluminescence (emis-

sion generated by electrical current) has also been observed. As mentioned

in the �rst section of this chapter, the solid state devices show rather in-

e�cient electroluminescence [14{23]. The considerably higher luminescence

e�ciency of porous silicon/liquid junction cells [24{32], has been attributed
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Figure 1.5 Photoluminescence spectrum of porous silicon. The
excitation wavelength was 450 nm.
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to the intimate contact between the entire porous structure and the electro-

lyte. McCord et al. [46] have shown that p-type porous silicon, immersed

in an aqueous nitric acid (HNO3) or peroxodisulfate (S2O
2�
8 ) solution, gives

a weak luminescence in the visible; they attributed the emission to chemi-

luminescence. Chemiluminescence was subsequently observed with other

oxidizing agents [47].

Over the past few years several models have been proposed to explain

the considerable blue-shift of porous silicon emission with respect to that

of bulk silicon. Molecular-based materials, such as siloxene [48,49], silicon

hydrides and polysilanes [50,51], are known to exhibit photoluminescence

in the visible region of the spectrum, similar to the emission from porous

silicon (see Figure 1.5). Due to the spectral and other similarities, it was

proposed that these molecular compounds are responsible for the visible

emission. Canham assumed that the blue-shift is due to a quantum con�ne-

ment e�ect. There is now general agreement that this is the case. Owing

to the small dimensions of crystallites within the porous layer, charge car-

riers are spatially con�ned to regions of a few nanometers. This leads to an

increase of the e�ective band gap, which is strongly dependent on the size

of the crystallites. Using a spherical binding potential for a semiconductor

quantum dot of radius r, Brus [52] showed that the e�ective band gap E(r)

and thus the emission energy is related to the particle size r via

E(r) = Eg +
~
2�2

2r2

�
1

me

+
1

mh

�
� Ae2

"0r
(1.15)

where Eg is the band gap of bulk silicon, me andmh are the e�ective masses

of electrons and holes, respectively, and the last term represents a Coulomb

attraction. The relation given by equation 1.15 is plotted in Figure 1.6

for silicon with A = 1=4�"r. As one single particle size contributes only

a narrow emission band, it is assumed that the broad photoluminescence

spectrum is due to a distribution of particle sizes (Figure 1.5).

1.4 Outline of this thesis

This thesis is devoted to an electrochemical study of processes occurring at

crystalline and porous silicon electrodes. The anodic dissolution of silicon in
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Figure 1.6 Band gap as a function of particle diameter d = 2r,
calculated using equation 1.15 with me=m = 0:19, mh=m = 0:16
and A = 6:7� 10�3.

hydrouoric acid solutions is described in Chapter 2. Photocurrent multi-

plication is encountered during the photoanodic dissolution of n-type silicon

in HF containing solutions; for each photon absorbed more than one charge

carrier is measured in the external circuit. The photocurrent quantum ef-

�ciency proves to be dependent on the incident photon ux; at low light

intensity a value of 4 has been found, which decreases to 2 with increasing

light intensity. In addition, hydrogen evolution is observed [53]. The e�-

ciency for hydrogen evolution, de�ned as the number of hydrogen molecules

formed per absorbed photon, also depends on the photon ux. In Chapter 2

a mechanism for the (photo)anodic dissolution of silicon in HF solutions is

proposed, which explains the light intensity dependence of both the photo-

current quantum yield and the e�ciency for hydrogen evolution. It is shown

that the mechanism may provide an explanation, based on chemical kinetics,

for initiation of pores during anodic etching.

Chapter 3 presents a study of the anodic oxidation of crystalline and

porous silicon in indi�erent electrolyte solutions. The visible emission caused

by the anodic oxidation of p-type porous silicon is also considered. We

show that similar luminescence can be observed from n-type material by

illuminating the electrode with near-infrared light. The results presented in
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Chapter 3 are explained by a mechanism, in which the capture of a valence

band hole in a surface bond of the porous semiconductor gives rise to a

surface state intermediate capable of thermally injecting an electron into

the conduction band.

The reduction of several oxidizing agents at silicon electrodes is described

in Chapters 4 and 5. Reduction of peroxodisulfate at n-type porous silicon

leads to strong visible emission. It has been assumed that the SO��

4 radical,

formed in the �rst reduction step, injects a hole into the valence band of

the porous semiconductor. The hole should subsequently undergo radiative

recombination with a conduction band electron. In Chapter 4 we show that

the reduction of peroxodisulfate is, however, not always accompanied by

hole injection. The results obtained with silicon are compared with those of

GaAs electrodes.

In Chapter 5 redox reactions involving IrCl2�6 , Ce4+ and NO�

3 are con-

sidered. We show that these ions can inject holes into the valence band

of oxide-free silicon. In Ce4+ and IrCl2�6 solutions hole injection into por-

ous silicon results in visible luminescence. The emission characteristics are

compared to those of the anodic luminescence described in Chapter 2 and

a common mechanism is proposed. It is also shown that, in contrast to

the results presented in Chapter 4, holes can be injected from H2O2 when

the reduction intermediate OH� is formed chemically in solution, instead of

electrochemically at the electrode surface. In an appendix to Chapter 5 we

show that etching of silicon in HNO3/HF solution involves hole injection,

i.e. an electroless reaction.

Finally, in Chapter 6 we describe redox reactions of methylviologen at

silicon electrodes. We present electrochemical results which indicate that

both reduction and oxidation reactions proceed via the conduction band of

crystalline and porous silicon. Radiative recombination of electrons, injected

into the porous structure of a p-type silicon electrode, with holes, gives rise

to electroluminescence. The current-potential and emission-potential char-

acteristics are considered on the basis of the position of the band edges, as

deduced from impedance measurements, and di�erences between crystalline

and porous silicon are discussed.
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Chapter 2

Autocatalysis and pore initiation

in the anodic dissolution of silicon

in HF

Abstract

A mechanism for the (photo)anodic dissolution of silicon in HF solutions is pro-

posed, which explains the dependence of both the photocurrent quantum yield and

the e�ciency for hydrogen evolution on the ux of absorbed photons. The model

assumes that the chemical oxidation of an Si(II) intermediate to an Si(IV) product,

which is accompanied by the formation of a hydrogen molecule, is catalyzed by a

mobile Si(I) dissolution intermediate. The surface chemistry, corresponding to the

proposed mechanism of anodic dissolution, is discussed. Furthermore, it is shown

that the mechanism may provide an explanation, based on chemical kinetics, for

initiation of pores during anodic etching.
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2.1 Introduction

The anodic dissolution of silicon in aqueous HF solutions is characterized by

several remarkable features [1{28]. First of all, anodic etching is a multi-step

reaction which involves charge transfer both via the valence band (hole cap-

ture) and via the conduction band (electron injection) [2{5,7,9,14,17,18,22].

In addition, hydrogen evolution is observed at potentials far more positive

than the Nernst potential for the H+/H2 couple [8,14,17,18]. Finally, the

morphology of the etched silicon surface strongly depends on the anodiz-

ation conditions [11,13,15,16,18{20,23{26]. For example, thick nanoporous

silicon layers can be formed, which exhibit interesting optical properties,

viz. strong visible photoluminescence [11] and electroluminescence [29,30].

Although the mechanism for pore propagation during porous silicon etching

seems reasonably well understood [15,18,19], the origin of pore initiation

remains a subject of speculation [24,26{28]; even on ideally at surfaces it

is possible to etch very inhomogeneous, highly porous structures.

Anodic dissolution of n-type silicon occurs only at a considerable rate

when the electrode is illuminated [1{3,8,9,22], which means that a valence

band hole is required for the etching reaction. During dissolution of n-

type silicon in HF solutions, photocurrent multiplication has been observed;

more than one charge carrier per absorbed photon contributes to the pho-

tocurrent measured in the external circuit [2{5,7{9,14,17,22]. Photocur-

rent quantum e�ciencies Q (the number of charge carriers measured per

absorbed photon) of up to 4 have been found with n-type silicon elec-

trodes [2,4,9,14,17]. An explanation for this current quadrupling e�ect has

been sought in terms of a model involving four consecutive electrochem-

ical dissolution steps [4,9,14,17]. In the initial step, a photogenerated hole

is captured in a surface bond and a surface intermediate is formed. This

intermediate is further oxidized to an Si(IV) species by three consecutive

electrochemical steps, in which electrons are thermally excited to the con-

duction band. As a consequence, four charge carriers can be measured as

photocurrent in the external circuit per absorbed photon. The photocurrent

quantum e�ciency Q is dependent on the incident photon ux [2,4,9,14]; at

low light intensity the quantum e�ciency is almost 4, but drops to 2 as the

photon ux is increased. This phenomenon has been explained by assuming

that electron injection from, and hole capture by surface intermediates are
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competing processes in two of the three charge transfer steps [4,9]. The

hole capture rate is proportional to the product of the surface hole concen-

tration ps and the rate constant kp, while electron injection is a thermally

activated process, depending only on the rate constant kn. At low light in-

tensity the product kpps is smaller than kn, but as the number of incident

photons increases, kpps increases and, eventually, hole capture will become

the predominant process.

The above mechanism has proven successful in explaining the results

obtained with other semiconductors [31{34]. However, during photoanodic

etching of n-type silicon at su�ciently high light intensity a photocurrent

quantum e�ciency of 2 is found and hydrogen is evolved at a considerable

rate; for each silicon atom dissolved an H2 molecule is formed [8,14,17,18].

This means that the e�ciency for hydrogen evolution �H2
(the number of H2

molecules formed per absorbed photon) is 1. Several models for the dissolu-

tion reaction have been proposed to account for these results [13,18,21,22,25].

From FTIR measurements it is well-established that the silicon surface

is mainly hydrogen-terminated (Si{H) during anodic dissolution and pore

formation [6,12]. Lehmann and G�osele [13] and Gerischer et al. [22] pro-

posed models for the silicon dissolution in HF, which account for the hy-

drogen termination and for a photocurrent quantum yield of 2 and an H2

yield of 1, as observed at high intensity. In both models it is assumed that

a valence band hole is captured in an Si{H surface species, resulting in an

electron-de�cient Si{H bond [13,22]. The main di�erence between the two

descriptions of the surface chemistry is the position of the positive charge

in the electron-de�cient Si{H bond. Lehmann and G�osele assume that the

positive charge is located on the silicon side of the bond, resulting in a hy-

drogen radical [13]. Gerischer et al. assume that hole trapping in the Si{H

bond results in a silicon surface radical species and a proton [22]. In both

cases the hole capture step is followed by injection of an electron into the

conduction band, thereby accounting for the observed photocurrent doub-

ling. Further chemical oxidation of the divalent silicon intermediate to a

tetravalent dissolution product is accompanied by the formation of one H2

molecule, in accordance with the experimental results at high light intensity.

The models of Lehmann and G�osele [13] and Gerischer et al. [22] can account

for the fact that the photocurrent quantum e�ciency is 2 and the hydrogen

yield is 1 during photoanodic dissolution of n-type silicon at su�ciently high
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light intensity.

However, Stumper and Peter [14] have found, with rotating ring-disc

voltammetry, that not only the photocurrent quantum e�ciency, but also

the e�ciency for hydrogen evolution �H2
depends on the photon ux. The

experimental results are summarized in Figure 2.1 [14]. Hydrogen is not

evolved when Q is approximately 4 at low light intensity. At higher light in-

tensity, as Q decreases, hydrogen evolution is observed and the e�ciency �H2

increases with increasing photon ux. When the photon ux is su�ciently

large, Q is approximately 2 and the e�ciency for hydrogen evolution �H2
is

1. It was remarked by the authors [14,17] that it is impossible to explain the

light intensity-dependence of both the photocurrent quantum e�ciency Q

and the e�ciency for hydrogen evolution �H2
(as shown in Figure 2.1) with

the existing models. Both the rate of electron injection from and the rate of

proton reduction by a surface intermediate are simply proportional to the

concentration of this intermediate. Hence, the competition between the two

processes is expected to be independent of the photon ux, in contrast to

4
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photon flux (cm-2 s-1)
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Figure 2.1 Intensity-dependence of the photocurrent quantum
e�ciency Q (�) and the e�ciency for hydrogen evolution �H2

(N)
for n-type silicon in 1 M NH4F. Results were taken from refer-
ence [14]. The calculated intensity-dependence of Q (solid line)
and �H2

(dashed line) were obtained from equations 2.15 and 2.16
with ka=(k1k2) = 6� 10�14 cm2 s.
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the experimental results (Figure 2.1). The results suggest that the hydro-

gen evolution reaction is of higher order in the concentration of intermediate

species than the electron injection process [14,17].

We have reconsidered the results of Stumper and Peter [14] and de-

veloped a kinetic scheme, which accounts for the observed decrease of Q

and the simultaneous increase of �H2
with increasing light intensity. The

key step in the kinetic model is the chemical oxidation of an Si(II) surface

intermediate to an Si(IV) dissolution product with H2 formation, a reaction

catalyzed by another dissolution intermediate. The surface chemistry cor-

responding to the kinetic model will be discussed in relation to previously

proposed models. Furthermore, the implications of the autocatalytic step

for the dissolution process and the resulting morphology of the etched silicon

surface will be mentioned.

2.2 Kinetic model

In the kinetic model, unoxidized silicon surface atoms are represented by

Si(0). As mentioned in the Introduction the anodic dissolution of n-type

silicon in HF solutions only occurs under illumination, so the �rst step obvi-

ously involves the capture of a valence band hole by an Si(0) surface species:

Si(0) + h+VB
k0�! Si(I) (2.1)

We assume that the hole is captured in an Si{Si bond and the Si(I) in-

termediate then corresponds to an electron-de�cient Si{Si back bond; hole

capture in a back bond has been reported in studies of the anodic dissolu-

tion of III-V semiconductors [31,34]. The assumption of an electron-de�cient

Si{Si bond is di�erent from that proposed by Lehmann and G�osele [13] and

Gerischer et al. [22], who assumed hole capture by an Si{H bond. The pho-

tocurrent quantum e�ciency is approximately 4 at very low light intensities;

four charge carriers are measured in the external circuit for each photon ab-

sorbed. This can only be achieved if the initial hole capture is followed by

three consecutive electron injection steps
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Si(I)
k1�! Si(II) + e�CB (2.2)

Si(II)
k2�! Si(III) + e�CB (2.3)

Si(III)
k3�! Si(IV) + Si(0) + e�CB (2.4)

In the last step, a completely oxidized Si(IV) species is formed, which enters

solution as a dissolution product (SiF2�6 ) and a new, unoxidized Si(0) species

is exposed at the electrode surface.

The concentration of Si(I) intermediates will increase with increasing

light intensity (reaction 2.1). If this intermediate is able to move along the

silicon surface, it may interact with other dissolution intermediates. The

surface mobility of Si(I) is determined by the ease with which a bonding

electron can pass from an unbroken Si{Si surface back bond to a neighbour-

ing electron-de�cient surface bond. From work on III-V semiconductors it is

known that in many cases such mobile intermediates are involved in anodic

dissolution [31]. To account for the decrease of the photocurrent quantum

e�ciency and the formation of hydrogen as the photon ux becomes larger,

a reaction is required which is second order in concentration of the interme-

diate. We assume that an Si(II) intermediate is chemically oxidized to an

Si(IV) dissolution product while two protons are reduced to H2 in a reaction

which is catalyzed by an Si(I) surface intermediate. The overall reaction can

be written as

Si(II) + 2H+ ka���!
Si(I)

Si(IV) + H2 (2.5)

If reaction 2.5 competes with the electron injection step 2.3, the photo-

current quantum e�ciency will decrease from 4 to 2 and the e�ciency for

hydrogen formation will increase from 0 to 1 with increasing photon ux.

The problem can be treated quantitatively. From the reactions 2.1{2.5

described above we can deduce equations which describe the time-depen-

dence of the concentration of reaction intermediates. In the steady-state, the

concentration of the intermediates is constant and we obtain the following

relations
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dp

dt
= jh=e� k0s0p = 0 (2.6)

ds1
dt

= k0s0p� k1s1 = 0 (2.7)

ds2
dt

= k1s1 � k2s2 � kas1s2 = 0 (2.8)

ds3
dt

= k2s2 � k3s3 = 0 (2.9)

where the concentrations of the Si(0), Si(I), Si(II) and Si(III) intermediates

are denoted by s0, s1, s2 and s3, respectively. The photon ux is given by

the hole current divided by the elementary charge e, which we will denote

as jh=e = j0h. In the analysis the contributions from hole capture processes,

which may compete with the electron injection steps 2.2{2.4, are not taken

into account. The photocurrent quantum e�ciency Q is given by

Q =
j0h + k1s1 + k2s2 + k3s3

j0h
(2.10)

and the e�ciency for hydrogen evolution �H2
, which we de�ned as the num-

ber of H2 molecules formed per absorbed photon, is

�H2
=

kas1s2
j0h

(2.11)

We now have to calculate the steady state concentration of Si(I), Si(II) and

Si(III) intermediates and insert these into equations 2.10 and 2.11 to obtain

expressions for Q and �H2
as a function of j0h.

From equations 2.6 and 2.7 it is found that

s1 =
j0h
k1

(2.12)

and when we insert this into equation 2.8 it follows that

s2 =
j0h

k2

�
1 + ka

k1k2
j0h

� (2.13)

Finally, the combination of this expression for s2 and equation 2.9 yields an

expression for the concentration of Si(III) intermediates
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s3 =
k2
k3
s2 =

j0h

k3

�
1 + ka

k1k2
j0h

� (2.14)

The photocurrent quantum e�ciency Q and the e�ciency for hydrogen evol-

ution �H2
follow directly from equations 2.10{2.14:

Q = 2 +
2

1 + ka

k1k2
j0h

(2.15)

�H2
=

ka

k1k2
j0h

1 + ka

k1k2
j0h

(2.16)

The two limiting cases, mentioned above, can be distinguished. At low light

intensities, j0h becomes small and we �nd that Q = 4 and �H2
� 0. On the

other hand, when the photon ux is su�ciently large (jh=e > k1k2=ka) the

photocurrent quantum e�ciency decreases to 2 while the e�ciency for hy-

drogen evolution reaches a limiting value of 1. With equations 2.15 and 2.16

it is now possible to evaluate Q and �H2
in the whole range of light intensity.

Note that both expressions contain only one variable parameter ka=(k1k2).

By �tting the data of Figure 2.1 to these equations with ka=(k1k2) as a

parameter, a value ka=(k1k2) = 6� 10�14 cm2 s was found (see Figure 2.1).

It is clear that the calculated curves agree quite well with the experimental

results. The kinetic scheme presented above explains the observed relation-

ship between Q and �H2
in the entire range of light intensity. Taking into

account that the reaction intermediates must be mobile along the surface,

we have also derived expressions for Q and �H2
as a function of the photon

ux, based on other second order reactions, but none of these were able to

account for the experimental results.

2.3 Discussion

In the �rst part of the discussion, the chemical implications of the mechan-

ism will be investigated. The importance of the mechanism for initial pore

formation is then considered.
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2.3.1 Surface chemistry

Here, we consider the surface chemistry of a (100) silicon surface in the con-

text of our kinetic scheme. The likely initial steps of the etching mechanism

will be given, after which a distinction will be drawn between low and high

light intensities, corresponding to the two limiting cases mentioned in the

kinetic analysis. From in situ FTIR measurements on silicon electrodes in

HF containing electrolytes, it was concluded that the electrode surface is

to a large extent covered with hydrogen and that anodic dissolution in the

region of porous silicon formation also results in a hydrogen terminated sur-

face [6,12]. The surface atoms of a silicon (100) electrode have two back

bonds to deeper lying silicon atoms and two Si{H bonds. These silicon sur-

face atoms correspond to the Si(0) entity, introduced in the kinetic model.

Figure 2.2 describes the formation of an Si(II) intermediate from an

Si(0) surface atom. In the �rst step, a valence band hole is captured by

an Si(0) entity, resulting in an electron-de�cient Si{Si surface bond. As

mentioned before this is distinctly di�erent from other models, in which

it is assumed that the hole capture results in an electron-de�cient Si{H

bond [13,22]. This process of hole capture corresponds to reaction 2.1 of

the kinetic scheme and the electron-de�cient bond corresponds to the Si(I)

intermediate. It is assumed that this Si(I) intermediate is mobile within the

layer of surface back bonds. Electron transfer between neighbouring Si{Si

bonds may not be the only process occurring. It is also possible that an

electron is transferred from one of the Si{H surface bonds to the Si{Si bond,

which yields an electron-de�cient Si{H species, similar to that mentioned

by Lehmann and G�osele [13] and Gerischer et al. [22]. There will probably

be an equilibrium between the two species, as is denoted in Figure 2.2 by

the double arrow. In the following step, corresponding to reaction 2.2 of

the kinetic scheme, an electron is thermally excited to the conduction band,

while a uorine ion bonds to the surface silicon atom. The attack of one

of the Si{Si back bonds by HF is the �nal step in Figure 2.2. The Si(II)

intermediate is hence a silicon atom bonded to another silicon atom, two

uorine atoms and one hydrogen atom.

Figure 2.3 shows the further steps of the dissolution mechanism, which

are assumed to occur at low light intensity. In this case the electron injection

step 2.3 dominates over the catalyzed reaction 2.5. The Si{H bond on the

HSiF2 species, which is still attached to the surface, is destabilized due
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Figure 2.2 Schematic representation of the �rst steps of the
mechanism for anodic dissolution of n-type silicon (100) in HF
solutions.
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Figure 2.3 Schematic representation of the further steps of the
mechanism for anodic dissolution of n-type silicon (100) in HF
solutions at low light intensity.
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to the strongly polarized Si{F bonds as well as the interaction with the

solution. Oxidation of this destabilized Si{H species is accompanied by

electron injection into the conduction band. The two electron excitation

steps of Figure 2.3 correspond to reactions 2.3 and 2.4 of the kinetic scheme.

Deprotonation and bonding with a uorine ion transforms HSiF2 into SiF3.

The high electronegativity of uorine induces a strong polarization in the

Si{Si back bond. Attack on this back bond by an HF molecule (�nal step

of Figure 2.3) yields an SiF4 molecule, which is further complexed by two

uorine ions forming the soluble SiF2�6 species and a new Si{H surface bond.

The net result of the reactions shown in Figures 2.2 and 2.3 for low photon

ux can be represented by reaction 2.17:

Si(0) + h+VB + 6F� ! SiF2�
6 + 3e�CB (2.17)

From this it is clear that the quantum e�ciency is 4, while no hydrogen

gas is evolved, in agreement with the experimental results and the kinetic

model.

Peter et al. [9] performed a detailed study of the kinetics of the electron

injection steps during photoanodic dissolution of n-type silicon in NH4F

solutions of pH = 4. They found that the rate constants of the subsequent

electron injection steps decrease considerably with increasing degree of oxid-

ation of the intermediate: k1 = 2� 104 s�1, k2 = 500 s�1, k3 = 0:5 s�1. This

seems to be in accordance with the surface chemistry proposed in Figures 2.2

and 2.3. The �rst electron injection step involves a surface radical with only

one Si{F bond, the second and third injection steps involve intermediates

with two Si{F bonds. It is reasonable to assume that the high electronegat-

ivity of uorine decreases the rate of thermally activated electron injection.

Furthermore, it must be remarked that the Si(II) intermediate proposed in

Figures 2.2 and 2.3 is relatively stable with respect to anodic charge transfer

processes.

At high light intensity, the concentration of photogenerated holes be-

comes large and the surface concentration of Si(I) intermediates increases

(equation 2.12). In Figure 2.4 likely steps of the etching mechanism at high

photon ux are given. Due to the higher Si(I) concentration, the probability

that this mobile intermediate interacts with an Si{SiHF2 [ Si(II) ] species

becomes signi�cant. If this is the case, an electron from the Si{Si bond, link-

ing the HSiF2 to the surface, may be transferred to the electron-de�cient
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Figure 2.4 Schematic representation of the catalyzed and sub-
sequent steps for anodic dissolution of n-type silicon (100) in HF
solutions at high light intensity.



44 Chapter 2 Autocatalysis and pore initiation : : :

intermediate. If a uorine ion is bound to the outermost silicon atom in this

process (the second step in Figure 2.4), an HSiF3 molecule is detached from

the surface and an unpaired electron is left behind on one of the new surface

atoms. The formation of this HSiF3 intermediate has also been proposed by

Lewerenz et al. [4] and Peter et al. [6]. It was, however, impossible to detect

this species with in situ FTIR experiments [12]. In the last step, the sur-

face radical reacts with a proton and the Si(I) intermediate is restored. The

silicon surface remains fully hydrogenated, in agreement with experimental

evidence [12,17]. In the reactions of Figure 2.4, no free charge carriers are

involved, in contrast to what is proposed for low light intensity. If we sum-

marize the reactions in Figures 2.2 and 2.4 the following overall equation for

the anodic dissolution of silicon in HF solutions is obtained

Si(0) + h+VB + 3F� +H+ Si(I)���! HSiF3 + e�CB (2.18)

In this reaction the Si(I) intermediate participates but is not consumed, so

it can be regarded as a surface catalyst for the anodic etching reaction at

higher light intensity. Only one electron is injected for each hole consumed,

which implies a quantum e�ciency of 2. Due to the strong polarization of

the Si{H bond in the HSiF3 molecule, which is formed in the �nal reaction

of Figure 2.4, it is easily attacked by HF to form hydrogen

HSiF3 +HF + 2F� ! SiF2�6 +H2 (2.19)

The SiF4 is further complexed by 2 uorine ions, again forming the soluble

SiF2�6 species. The sum of equations 2.18 and 2.19 gives the overall anodic

dissolution reaction occurring at high light intensity

Si(0) + h+VB + 6F� + 2H+ Si(I)���! SiF2�
6 + e�CB +H2 (2.20)

From equation 2.20 it is evident that the e�ciency for hydrogen evolution

�H2
, de�ned as the number of H2 molecules evolved per absorbed photon,

amounts to 1 and that the photocurrent quantum yield is 2. This is in

agreement with the kinetic model and the experimental results at high light

intensity. Reaction 2.20 involves a sequence of (electro)chemical steps. It

follows from our kinetic analysis that the step in which a relatively stable

Si(II) intermediate reacts with an Si(I) intermediate must determine the
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rate of the self-catalyzed branch of the dissolution mechanism, which com-

petes with electron injection from Si(II), in order to explain the observed

relationship between Q and �H2
.

2.3.2 Pore initiation

The physical background of pore propagation in silicon under conditions of

(photo)anodic etching is rather well understood [15,18,19]. However, the

fact that porous silicon can be formed photoanodically, starting from nearly

atomically at silicon surfaces with spatially homogeneous surface properties

is not yet understood [24,27,28]. The observation that porous etching is

possible with p-type and n-type silicon crystals with large variations in

doping density suggests that the primary initiation of pores has a chemical,

rather than physical origin. We will now investigate if pore initiation can be

rationalized within the framework of the mechanism of photoanodic etching

presented in previous sections. The essential steps of the mechanism can be

summarized as follows:

Si(0)
k0ps����!
+h+VB

Si(I)
k1����!
�e�CB

Si(II)
k2����!
�e�CB

Si(III)
k3����!
�e�CB

Si(IV) + Si(0)

??ykas1
Si(IV) + H2 + Si(0)

From a detailed kinetic study using Intensity Modulated Photocurrent Spec-

troscopy Peter and coworkers found that the thermal injection of an electron

from a surface bond of the Si(II) intermediate (reaction 2.3) is relatively slow,

at least much slower than the injection of an electron from an Si(I) inter-

mediate [14,17]. Electron injection from the Si(I) intermediate may involve

a half-broken bond or an Si{SiHF radical species, while the Si(II) species

already has two Si{F bonds. It will be assumed here that the chemical

oxidation of an Si(II) intermediate catalyzed by an Si(I) intermediate (the

competitive reaction 2.5) is much faster than the electron injection (reac-

tion 2.3) from the Si(II) intermediate into the conduction band. Since the

catalyzed reaction 2.5 leads to a new Si(0) entity, a new Si(II) intermediate

can be readily formed by reaction 2.1 (hole trapping) and reaction 2.2 (elec-
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Figure 2.5 Schematic illustration of the catalyzed anodic dis-
solution. The active region, the radius of which is determined by
the di�usion length LSi(I) of the Si(I) intermediate, is indicated
by the dashed line. Also the distance �xSi(I) between the Si(I)
intermediates is shown.

tron injection). This would imply that anodic dissolution proceeds much

faster in a surface region around an Si(I) intermediate; in Figure 2.5 this is

schematically illustrated. Such an active region can be characterized by a

radius which is determined by the di�usion length LSi(I) of the mobile Si(I)

intermediate. The di�usion length is de�ned as

LSi(I) =
q
DSi(I) � �Si(I) (2.21)

where DSi(I) is the surface di�usion coe�cient of the Si(I) intermediate and

�Si(I) is the lifetime, given by

�Si(I) = (kas2 + k1)
�1 (2.22)

Inhomogeneous etching will occur if the di�usion length of the Si(I) inter-

mediate is smaller than the average distance �xSi(I) between these interme-

diates (see Figure 2.5):

q
DSi(I) � �Si(I) <

1p
s1

(2.23)

or, using equations 2.22, 2.12 and 2.13

DSi(I) �
k1
j0h

�
k1 +

kak1j
0

h

k1k2 + kaj0h

�
(2.24)

In the framework of our model, anodic dissolution occurs with formation

of pores for an anodic current up to jh = 2ek1
2=DSi(I); we have assumed
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that k1k2 � kaj
0

h at large photon ux. It would be interesting to investig-

ate whether this maximum current density corresponds to the value which

determines the region of porous silicon formation [18]. This will, however,

require a reliable value of the surface di�usion coe�cient of the Si(I) in-

termediate. The model for pore initiation may be veri�ed by measuring

the initial density of pores as a function of the anodization current in the

primary stages of porous etching. It should be possible, we believe, to per-

form these measurements using Scanning Tunneling Microscopy or Atomic

Force Microscopy, or maybe other surface imaging techniques.

It can be concluded that the mechanism of porous etching, which we

have proposed here to explain the unique relationship between �H2
and Q,

may also provide an explanation for pore initiation. Since the basis for pore

nucleation relies on (electro)chemical kinetics, the explanation pertains to

both n-type and p-type silicon in HF, independent of the doping density.

2.4 Conclusions

We have developed a kinetic scheme for the dissolution of silicon in HF

containing solutions. From measurements on n-type silicon it has previously

been found that both the photocurrent quantum e�ciency Q and the number

of hydrogen molecules formed per absorbed photon, referred to as �H2
, are

dependent on the light intensity. The kinetic analysis yields expressions

for Q and �H2
which explain the experimental results. The key step in

the kinetic scheme is a chemical reaction of an Si(II) surface intermediate

with 2 protons to give an Si(IV) dissolution product and H2, a reaction

which is catalyzed by a mobile surface intermediate Si(I). Based on the

kinetic model a mechanism is proposed for the anodic dissolution of silicon

in HF and the corresponding surface chemistry is discussed. The possible

implications of this mechanism and, in particular, the autocatalytic step for

the dissolution process and the resulting morphology are mentioned. We

show that this mechanism may provide an explanation based on chemical

kinetics, for initiation of pores during the anodic etching of silicon in HF

solutions.
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Chapter 3

Infrared induced visible emission

from porous silicon: the

mechanism of anodic oxidation

Abstract

The visible luminescence caused by anodic oxidation of p-type porous silicon has

been studied. It is shown that similar luminescence can be observed from n-type

material by illumination with near-infrared light. Addition of a suitable reducing

agent to the electrolyte solution can both suppress the oxidation of the porous

layer and quench its luminescence. These results con�rm a previously suggested

mechanism, in which the capture of a valence band hole in a surface bond of the

porous semiconductor gives rise to a surface state intermediate capable of thermally

injecting an electron into the conduction band.
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3.1 Introduction

Various types of electroluminescence have been reported for porous silicon in

contact with an aqueous solution. To generate electroluminescence minority

carriers have to be injected into the semiconductor. Radiative recombina-

tion of the injected charge carriers with the majority carriers leads to light

emission characteristic of the semiconductor. E�cient visible electrolumin-

escence has been observed from n-type porous silicon in contact with an

electrolyte containing strong oxidizing agents like S2O
2�
8 and H2O2 [1,2]. It

is assumed that holes are injected into the valence band by radical ions which

are formed in the �rst step of the reduction of these species. In Chapter 6

we show that electroluminescence can be generated in a similar way by in-

jecting electrons into the conduction band of p-type porous silicon [3]. The

methylviologen radical cation, which is formed in the �rst step of the re-

duction of divalent methylviologen, is a strong reducing agent with energy

levels overlapping the conduction band of silicon [4].

Bright visible luminescence has also been observed during the anodic

oxidation of porous silicon in HF-free indi�erent electrolyte solutions [5{13].

Most of the work has concentrated on the electrochemical oxidation of p-

type material [5{8,10,12,13]. The process responsible for the minority carrier

injection is not clear as there are no electroactive species in solution capable

of donating electrons to the conduction band. It has been suggested that

Si{H species, present at high density on the hydrogen-terminated surface of

the porous structure, are the source of the electrons [5,7,9]. The oxidation

of Si{H to Si{OH could lead to electron injection into the conduction band,

which can be represented by

H

Si

Si

+ H2O !

OH

Si

Si

+ 2 H+ + 2 e�CB (3.1)

For the sake of simplicity only one Si{Si back bond and one surface species

are shown in equation 3.1. The transient nature of the current and of the

corresponding luminescence is attributed to the fact that Si{H species are

consumed in the oxidation process and are not regenerated. Recently, Uosaki
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et al. [13] reported in situ FTIR measurements which clearly show that the

anodic oxidation and the corresponding luminescence are accompanied by a

strong decrease of the Si{H coverage. However, Hory et al. [14] found the

Si{H coverage to remain approximately constant, which might be due to a

much smaller anodization current used in the experiments. On the basis of

UPS measurements by Landemark et al. [15] direct electron injection would,

however, seem unlikely as the energy levels corresponding to Si{H surface

species are located well below the valence band edge. This is supported by

theoretical calculations [16]. Consequently, one would expect the surface

species to undergo interaction with the valence band, i.e. hole capture,

instead of with the conduction band. As we will show, no anodic dark

current is found with n-type porous silicon electrodes, which also argues

against reaction 3.1 being responsible for the anodic oxidation.

Recently, our group has shown that electroluminescence can be observed

during anodic dissolution of p-type InP and GaAs electrodes [17]. It was

concluded that holes localized in surface bonds give rise to dissolution in-

termediates with energy levels in the band gap of the semiconductor. Elec-

trons can be thermally excited from such states into the conduction band

and recombine radiatively with valence band holes, giving rise to band-band

emission. A similar type of reaction has also been suggested as a possible

source of anodic luminescence in p-type porous silicon [7,8,11,12]. Electro-

luminescence of InP was quenched when a reducing agent (Fe2+), capable

of suppressing the anodic dissolution reaction, was present in solution.

The aim of the present study was to elucidate the mechanism of the

anodic oxidation of porous silicon and of the corresponding light emission.

We wanted to show that valence band holes are essential for initiating both

processes. In the case of p-type electrodes the holes needed for the gener-

ation of electroluminescence are supplied from the substrate. Holes can be

generated in n-type porous silicon by illuminating with visible light corres-

ponding to the band gap of the porous semiconductor. This, however, gives

rise to photoluminescence which is di�cult to distinguish from the emission

resulting from the anodic oxidation. We tried instead to inject holes from

the substrate. For this purpose we used near-infrared light with an energy

greater than the band gap of bulk silicon; this light was not absorbed by

the wider band gap porous silicon layer. In this way it proved possible to

oxidize the n-type porous silicon. The importance of valence band holes
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for anodic oxidation and luminescence is further supported by the results

of experiments in which an Fe(CN)4�6 salt in solution was used to suppress

the anodic reaction. Madou et al. [18] have shown that Fe(CN)4�6 ions can

e�ectively compete with the anodic oxidation of crystalline silicon, thereby

\stabilizing" the electrode. On the basis of these measurements we discuss

the mechanism of the anodic oxidation and luminescence of porous silicon.

3.2 Experimental

Electrodes were cut with a diamond saw from n-type (1 to 10 
 cm) and

p-type (1 to 15 
 cm) single crystal silicon wafers which had the (100) ori-

entation. Crystalline silicon electrodes were dipped in a 1 M HF, 2 M NH4F

solution for 1 minute before each measurement to remove surface oxides.

Porous silicon electrodes were formed by anodic etching for 4 minutes in

a 1:1 mixture of 40% HF:ethanol. The current densities were 35 mA=cm2

and 18 mA=cm2 for p-type and n-type silicon, respectively, giving 6 �m and

3 �m thick porous layers for the two types of material, both with a poros-

ity of approximately 80%. A two-electrode con�guration with a Pt counter

electrode was used. Anodization was performed under illumination at 0.5 V

cell voltage for n-type and galvanostatically in the dark for p-type samples.

Before and after each measurement the presence of the luminescent porous

layer was checked by a photoluminescence measurement at an excitation

wavelength of 354 nm.

Electrochemical experiments were performed using an EG&G Princeton

Applied Research (PAR) 366A bipotentiostat in a conventional electrochem-

ical cell containing a Pt counter electrode and a saturated calomel electrode

(SCE) as reference. All potentials are given with respect to SCE. Unless

otherwise stated the potential was scanned at 50 mV/s. For most of the

measurements using silicon disc electrodes the electrode surface was de�ned

with an O-ring in a PCTFE (Kel-F) holder; the exposed area was 0.38 cm2.

In some cases, which will be indicated in the text, the semiconductor disc

was mounted in epoxy resin and the electrode surface was in this case not

screened from the solution at the edges of the wafer; the electrode area of

these samples was 0.12 cm2. For experiments with the rotating ring-disc

electrode (RRDE) con�guration we used a silicon disc (4.0 mm diameter)

as the working electrode. A Au ring (4.3 mm and 6.4 mm inner and outer
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diameter, respectively) was used to detect products formed at the disc. A

collection e�ciency of 0.50 was calculated from these dimensions [19].

The luminescence was measured using a standard silicon photodiode in

combination with an Oriel Current Preampli�er (Model 70710) or with a

Perkin-Elmer MPF-44B Fluorescence Spectrometer or an Oriel Instaspec IV

CCD detection system. For illumination either a white light source (Schott

KL1500) or an infrared LED (Siemens, �max = 950 nm, ��FWHM = 55 nm)

was used. The measurements were carried out at room temperature. The

pH of all solutions was between 6 and 7. The chemicals were of p.a. grade

(Merck). Before each measurement nitrogen gas was bubbled through the

solution to remove oxygen.

3.3 Results

In this section results are presented for the oxidation of crystalline and

porous silicon electrodes. Measurements on p-type material in the potentio-

static and the galvanostatic regime are �rst described. The e�ect of ferro-

cyanide on the oxidation and on the emission characteristics will be shown.

After this, results are presented for the photoanodic oxidation of n-type elec-

trodes and the emission from n-type porous silicon under illumination with

infrared light. Again, the e�ect of the stabilizing agent will be considered.

Finally, we describe the inuence of the method of mounting the electrodes

on the current-potential and emission-potential characteristics.

3.3.1 p-type electrodes

In Figure 3.1 the current-potential curve of a p-type crystalline silicon elec-

trode in 1 M KCl solution is shown. The potential was scanned from 0 V to

3 V and back. Current onset is generally found at around 0.2 V, followed

by a maximum at approximately 0.75 V. In some cases an extra current

shoulder was obtained about 0.3 V more negative than the main peak, but

its height was not very reproducible. After the maximum the current de-

creases to an almost potential-independent value. The height of both this

plateau and the current maximum depend on the scan rate, while the po-

sition of the maximum shifts to more positive potentials as the scan rate

increases. Since the current decreases in the return scan towards negative
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Figure 3.1 Current-potential curve of a stationary p-type crys-
talline silicon electrode in 1 M KCl solution under potentiostatic
control.

potentials and the peak is absent in subsequent scans, we conclude that a

passivating oxide layer is formed on the electrode surface. The total charge

under the anodic peak is approximately 1.8 mC/cm2. If four charge carriers

are required for the oxidation of each silicon atom and the density of the

oxide is taken to be the same as that of thermal oxide, then this charge cor-

responds to a layer with a thickness of about 1.4 nm. The oxide continues

to grow as long as the potential is scanned in the positive direction.

Figure 3.2(a) shows the current-potential curve of a p-type porous elec-

trode in 1 M KCl solution. The potential was again scanned from 0 V to

3 V and back. Characteristics similar to those obtained with non-porous

electrodes are observed: a current maximum is found at 0.75 V after which

the current decreases to an almost potential-independent value comparable

to that of Figure 3.1. However, the peak current of the porous electrode

is about one order of magnitude higher, while the charge under the peak

amounts to approximately 14 mC/cm2. The shoulder of the current peak

at negative potentials also seems to be larger with the porous electrode,

although the current at 0.25 V is not always as pronounced as that shown

in Figure 3.2(a). The luminescence measured during the oxidation of the

porous silicon electrode is shown in Figure 3.2(b). Strong visible emission,
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Figure 3.2 Current-potential (a) and emission-potential (b)
curves of a stationary p-type porous silicon electrode in 1 M KCl
solution under potentiostatic control.

which can be observed by the naked eye in slightly subdued light, is found in

the same potential range in which the current maximum is measured. The

luminescence is only detected during the main oxidation peak; the current

shoulder at around 0.25 V does not cause emission. An orange to red glow

is emitted uniformly by the whole electrode surface. After the peak the

emission vanishes at potentials at which the current shows a plateau. In the

return scan and in subsequent scans no emission could be detected.

In Figure 3.3 a current-potential curve is shown for a p-type porous elec-
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trode in 0.1 M K4Fe(CN)6, 1 M KCl solution. When the potential is scanned

from 0 V to 3 V a large current peak is observed. The maximum current is

signi�cantly higher than that observed in indi�erent electrolyte solution and

the peak is much broader. The charge under the peak (� 250 mC/cm2) is

much larger than that measured in the absence of Fe(CN)4�6 (14 mC/cm2).

Clearly, the oxidation of Fe(CN)4�6 is competing with the oxidation of silicon.

Nevertheless, the electrode is eventually passivated because of di�usion lim-

itation in the supply of Fe(CN)4�6 to the surface. The current decreases at

more positive potentials and remains small in subsequent scans. Ferrocyan-

ide e�ciently quenches the luminescence as no emission was detected during

the current-potential measurements of Figure 3.3. It should be pointed out

that the redox system did not quench the photoluminescence of the porous

layer.

With p-type porous electrodes in 1 M KCl solution under galvanostatic

operation the potential-time plots of Figure 3.4(a) were obtained at two

di�erent current densities. When the current is switched on, the potential

rises quickly to values of 0.6 V and 1.0 V for current densities of 2.5 mA/cm2

and 12.5 mA/cm2, respectively. The potential then remains approximately

constant for some time (denoted by t0), after which it increases strongly. The
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/c

m
2 )

3.02.01.00.0
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Figure 3.3 Current-potential curve of a stationary p-type po-
rous silicon electrode in 0.1 M K4Fe(CN)6, 1 M KCl solution under
potentiostatic control.
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Figure 3.4 Time-dependence of the potential (a) and the emis-
sion (b) of a stationary p-type porous silicon electrode in 1 M KCl
solution under galvanostatic control. The curves obtained using
current densities of 12.5 mA/cm2 and 2.5 mA/cm2 are given by
the solid and the dashed line, respectively. The letters a{g indicate
when the spectra in Figure 3.5 were recorded.

point at which the potential increases (t0) depends on the applied current

density, but the total charge which passes through the electrode is approx-

imately the same for di�erent current densities (� 300 mC/cm2). This value

is much larger than that obtained from the potentiodynamic measurement

of Figure 3.2(a). While the potential is approximately constant, strong vis-
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ible emission is found with a time dependence as shown in Figure 3.4(b). At

lower current densities the emission lasts longer but its maximum intensity is

lower. Similar results have been reported by other workers [5{8,10,12]. The

point at which the emission intensity decreases to zero corresponds to the

time at which the potential starts to increase. This e�ect has been attributed

to formation of oxide at the porous silicon/substrate interface; the porous

structure becomes isolated and the charge carriers can no longer reach the

luminescent regions within the porous layer [6]. This can also account for

the incomplete oxidation of the porous layer mentioned above for the po-

tentiodynamic experiments. We have also measured the time-dependence

of the emission spectrum. The results of these measurements are shown in

Figure 3.5 for a p-type porous silicon electrode in 1 M KCl solution under

galvanostatic control. The emission maximum shifts signi�cantly towards

shorter wavelengths as the oxidation time increases, while the luminescence

intensity shows a maximum similar to what was found in Figure 3.4. Results

similar to these were also obtained by Billat [12] and Uosaki et al. [13].

When we repeated the experiment of Figure 3.4(a) using the same p-type
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Figure 3.5 Time-dependence of the emission spectrum during
the anodic oxidation of a stationary p-type porous silicon electrode
in 1 M KCl solution at a constant current density of 2.5 mA/cm2.
The time at which the spectra were recorded is indicated in Fig-
ure 3.4 with the letters a{g.
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porous electrode in the presence of Fe(CN)4�6 , we obtained the potential-time

curves shown in Figure 3.6 at two current densities. In contrast to what we

found in indi�erent electrolyte solutions the potential remains constant for a

longer period which depends on the current density and on the concentration

of Fe(CN)4�6 . No light emission is observed in either case. This indicates that

there is competition between Fe(CN)4�6 oxidation and silicon oxidation. If

the current density is low (0.1-0.5 mA/cm2) and the Fe(CN)4�6 concentration

is high (0.5 M), the potential remains constant for a very long period (up

to 30 minutes) and the luminescence is quenched. On the other hand if

the Fe(CN)4�6 concentration is low and the current density is high then the

silicon becomes oxidized and luminescence is detected. Mass transport of

Fe(CN)4�6 to the electrode surface is insu�cient to prevent oxidation.

That Fe(CN)4�6 is indeed oxidized to Fe(CN)3�6 could be veri�ed using

the rotating Au/p-type porous silicon ring-disc electrode con�guration. At

the disc the current may be due to oxidation of both silicon and Fe(CN)4�6 .

The Fe(CN)3�6 formed at the disc is reduced at the ring and detected as a

cathodic current. Figure 3.7 shows a measurement in 0.1 M K4Fe(CN)6, 1 M
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Figure 3.6 Time-dependence of the potential of a stationary p-
type porous silicon electrode in 0.1 M K4Fe(CN)6, 1 M KCl solu-
tion under galvanostatic control. The curves obtained using cur-
rent densities of 12.5 mA/cm2 and 2.5 mA/cm2 are given by the
solid and the dashed line, respectively.
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Figure 3.7 Ratio of the ring current to the disc current of a
Au/p-type porous silicon RRDE as a function of the disc potential
in 0.1 M K4Fe(CN)6, 1 M KCl solution. The ring potential was
kept at a constant value of �0:5 V, while the electrode was rotated
at 1000 rpm.

KCl solution. The ratio of ring current iring to disc current idisc is plotted as

a function of the disc potential, for a constant ring potential of �0:5 V. The

rotation rate of the RRDE was 1000 rpm. The fact that the iring/idisc ratio

is close to the calculated collection e�ciency of 0.50 shows that the reaction

occurring at the disk is almost exclusively the oxidation of Fe(CN)4�6 and

that stabilization of silicon indeed occurs.

3.3.2 n-type electrodes

The result shown in Figure 3.8 was obtained with n-type crystalline silicon

in indi�erent electrolyte solution (1 M KCl). The dashed line gives the

current-potential curve in the dark. The current increases only slightly as the

potential is increased; signi�cant oxidation does not occur as this current-

potential curve is observed in many subsequent scans. However, when we

illuminate the electrode with white light an anodic photocurrent is observed.

At lower light intensities a potential-independent current is found, whose

magnitude depends on the photon ux (not shown). At higher light intensity

features are observed similar to those of the p-type electrode in the dark
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Figure 3.8 Current-potential curve of a stationary n-type crys-
talline silicon electrode in 1 M KCl solution under potentiostatic
control. The curves obtained in the dark and under illumination
are given by the dashed and the solid line, respectively.

(Figure 3.8); a current maximum in the �rst scan towards positive potentials

leads to passivation, after which the current decreases to a value comparable

to that shown in Figures 3.1 and 3.2. In the return scan the current rapidly

decreases to a small value and a current peak is not found in subsequent

scans.

In Figure 3.9 a current-potential curve is shown for an n-type porous

electrode in 1 M KCl solution under illumination with infrared light of mod-

erate intensity. In the �rst scan a current plateau is observed, the height

of which is linearly dependent on the photon ux at low light intensity.

The onset of the photocurrent (which is not shown) is found at more neg-

ative potentials than for photoanodic current onset of crystalline silicon in

Figure 3.8. At higher intensity the current-potential characteristics are sim-

ilar to those of p-type porous silicon electrodes. At a certain potential, in

this case 2.5 V, the current starts to decrease, while in subsequent scans

it remains small indicating that again an oxide layer is formed. Similar to

the galvanostatic measurements with p-type porous silicon (Figure 3.4), the

charge passed through the electrode (� 40 mC/cm2) determines when the

current starts to decline. This value is markedly larger than that required
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Figure 3.9 Current-potential (a) and emission-potential (b)
curves of a stationary n-type porous silicon electrode in 1 M KCl
solution under illumination with infrared light.

for the passivation of the non-porous electrode. This shows that infrared il-

lumination of the silicon substrate gives rise to oxidation of the porous layer.

In Figure 3.10(a) the current density of an infrared illuminated n-type por-

ous silicon electrode, polarized at 1.5 V vs SCE, is shown as a function of

time. When the light is turned on, the current is again constant until about

40 mC/cm2 has passed through the electrode. After this time, which we de-

note as t0, passivation of the electrode causes the current to decrease. The

height of the plateau was linearly dependent on the photon ux, while the
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duration was inversely proportional to the light intensity, indicating that

the oxide layer has approximately the same thickness at di�erent light in-

tensities. The fact that the charge involved in the electrochemical oxidation

of n-type samples is lower than that required for p-type samples may be

due to the di�erence in morphology of porous layers formed on n-type and

p-type substrates [20].
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Figure 3.10 Time-dependence of the current (a) and the emis-
sion (b) of a stationary n-type porous silicon electrode in 1 M
KCl solution polarized at 1.5 V, under illumination with infrared
light. The letters a{f indicate when the spectra in Figure 3.11 were
recorded.
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Figure 3.11 Time-dependence of the emission spectrum during
the anodic oxidation of a stationary n-type porous silicon electrode
in 1 M KCl solution polarized at 1.5 V, under illumination with
infrared light. The time at which the spectra were recorded is
indicated in Figure 3.10 with the letters a{f.

During illumination with infrared light a uniform red glow from the elec-

trode surface is clearly visible in the dark. The emission measured at 650 nm

using a monochromator and a photomultiplier is shown in Figures 3.9(b) and

3.10(b) as a function of potential and time, respectively. In both cases the

luminescence intensity shows a maximum during the second half of the cur-

rent plateau. When the current decreases due to formation of the oxide

layer, the emission also disappears. Apparently, the luminescent regions be-

come electrically isolated from the substrate and charge carriers are not able

to reach the light emitting regions in the porous structure. As in the case

of p-type electrodes in the dark, Fe(CN)4�6 also quenches the infrared gen-

erated luminescence of n-type porous silicon. The spectrum of the emission

in Figure 3.10(b) depends on the oxidation time as is shown in Figure 3.11.

The large increase in intensity at longer wavelengths is due to reection at

the electrode surface of the light emitted by the infrared source. As the ox-

idation proceeds, the emission at wavelengths below 830 nm �rst increases,

while the maximum clearly shifts towards shorter wavelengths. This blue-

shift is similar to that observed with p-type electrodes [12,13]. At the end of
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Figure 3.12 Position of the emission maximum of p-type (�)
and n-type (N) porous silicon as a function of the relative oxidation
time. The time was normalized with respect to the total oxidation
time t0.

the current plateau in Figure 3.10(a) the emission strongly decreases, similar

to what is shown in Figure 3.10(b).

The dependence of the blue-shift of the luminescence on the degree of

oxidation is compared in Figure 3.12 for n-type and p-type porous silicon.

The energy of the emission maximum for both types of electrode is plotted

as a function of the oxidation time t, which is normalized with respect to

the total time t0. From the moment the �rst luminescence is detected, the

peak intensity of both p-type and n-type porous silicon shifts towards higher

energy. The blue-shift of the p-type emission seems to be somewhat larger

than that of infrared illuminated n-type samples.

As mentioned in the experimental section the electrodes were mounted

in two di�erent ways. When an epoxy resin was used, the electrode edges,

which may be mechanically damaged on cutting the wafers, were exposed

to the solution. This was not the case when an O-ring was used to de�ne

the electrode; only the surface of the wafer was exposed. The e�ect of edge

damage on the electrochemical results for n-type porous electrodes is shown

in Figure 3.13. The potential of both an \O-ring electrode" (dashed line) and

an electrode sealed with epoxy resin (solid line) was scanned in the dark in
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Figure 3.13 Current-potential (a) and emission-potential (b)
curves of two di�erent stationary porous silicon electrodes in 1 M
KCl under potentiostatic control. The dashed curve was obtained
with an O-ring electrode, while the solid curves represent results
obtained with an electrode sealed with epoxy resin.
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1 M KCl solution from 0 V to 3 V. The current found with the porous O-ring

electrode is low and comparable to the dark current in Figure 3.8. When the

electrode edges are exposed to the electrolyte, a signi�cantly larger current

is found, which shows a maximum similar to that of Figures 3.1 and 3.2.

At the same time, quite strong emission is observed in the visible region of

the spectrum. In contrast to the luminescence observed with p-type porous

silicon, the light is emitted, not uniformly, but only near the electrode edges;

the centre part of the electrode surface is inactive for the emission process.

A di�erence was also observed between the two types of electrode in

galvanostatic operation. With the O-ring electrode more than 15 V was

required to establish current densities as low as 1 mA/cm2, which indic-

ates that the absence of holes in the n-type material hinders the anodic

oxidation. Electrodes sealed with epoxy could be oxidized galvanostatically;

results similar to those presented in Figure 3.4 were obtained. However,

the potential remained approximately constant for a longer time at values

higher than the plateau values shown in Figure 3.4. We also studied the

luminescence from this electrode during the period of constant potential;

again emission was only observed near the edges of the electrode.

3.4 Discussion

3.4.1 Anodic oxidation and luminescence

Oxidation of p-type porous silicon occurs in the dark as is clear from the

considerable anodic current shown in Figure 3.2(a). On the other hand the

dark current for n-type porous silicon is low. Clearly, holes are required

for the anodic oxidation of the porous semiconductor. This conclusion is

supported by the experiments in which infrared light was used to generate

charge carriers in the substrate. The electric �eld at the surface of the

substrate separates the electrons and holes (see Figure 3.14) and the holes

can be injected into the porous structure.

There are two possible oxidation processes. The hole may be captured

by an Si{H surface bond
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Figure 3.14 Energy level diagram of an n-type porous silicon
electrode in contact with an indi�erent electrolyte. The origin of
infrared induced oxidation and visible light emission is schematic-
ally represented.

H

Si

Si

+ h+VB ! Si

Si

�

+ H+ (3.2)

giving a radical intermediate (a dangling bond). The capture of a second

hole leads to the formation of an Si{OH species

Si

Si

�

+ h+VB + H2O !

OH

Si

Si

+ H+ (3.3)

Another possibility is that the hole is trapped in an Si{Si bond at the surface
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H

Si

Si

+ h+VB !

H

Si

Si

�
�

(3.4)

again forming a radical intermediate. The ruptured surface bond resulting

from this reaction can react with water to form Si{OH

H

Si

Si

�
�

+ H2O !

H

Si

Si

OH

�

+ H+ (3.5)

The intermediate can undergo further oxidation to form silicon oxide by

capturing a second hole from the valence band

H

Si

Si

OH

�

+ h+VB !

H

Si

Si

O + H+ (3.6)

Reactions 3.4{3.6 might also occur with an Si{OH surface instead of an

Si{H surface. Reactions 3.2{3.3 and reactions 3.4{3.6 may be coupled [21].

If Si{H is oxidized to Si{OH the back bond is destabilized and reaction 3.4

should occur rapidly. If the back bond is attacked �rst then the inclusion

of oxygen destabilizes the Si{H surface bond. Uosaki et al. [13] have shown

that for porous silicon the decrease in the Si{H coverage of the surface is ac-

companied by an increase in the Si{O{Si coverage. On the other hand, Hory

et al. [14] found that, during anodic treatment, the hydrogen surface cover-

age is preserved and that oxidation only takes place on the back bonds of

the surface atoms. Similar results were also obtained from IR measurements

by others [22,23].

The reactions mentioned so far account for the results of the potenti-

odynamic and galvanostatic experiments. However, as only hole capture

is involved such a reaction scheme cannot explain the emission from p-type
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electrodes which clearly requires electron injection into the conduction band.

The radical intermediates formed in reaction 3.2 or reaction 3.5 very likely

have energy levels in the band gap. Electrons in such levels may be thermally

excited to the conduction band

Si

Si

�

+ H2O !

OH

Si

Si

+ e�CB + H+ (3.7)

H

Si

Si

OH

�

!

H

Si

Si

O + e�CB + H+ (3.8)

so that reactions 3.3 and 3.6 now proceed via the conduction band. Whether

both electron injection steps take place, or only one, is not clear from our

experiments. The two intermediates are actually quite similar; in both cases

a dangling bond is present on a silicon surface atom. A similar electron

injection mechanism was proposed for the photoanodic dissolution of n-type

silicon in solutions containing HF [24,25]. A hole is �rst captured at the

surface. Subsequent electron injection from dissolution intermediates yield

photocurrent quantum e�ciencies of up to four; for each photon absorbed

at least one hole and up to three electrons contribute to the current in

the external circuit. Such a mechanism of competing electron and hole

steps resembles that proposed for the anodic dissolution of p-type InP [17];

a hole is trapped in an In{P surface bond forming an intermediate state.

This radical intermediate has an energy level within the band gap near the

conduction band edge, and electron injection can account for the emission

detected during the anodic dissolution.

The visible luminescence of infrared illuminated n-type porous silicon

can also be explained with this reaction scheme. In Figure 3.14 the genera-

tion of emission is schematically shown. The photogenerated holes migrate

towards the porous silicon/substrate interface and are transferred to the

luminescent regions within the porous structure, where oxidation leads to
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formation of intermediates (reactions 3.2 and 3.4). Electrons are thermally

excited to the conduction band via reaction 3.7 or 3.8, from which they un-

dergo radiative recombination with photogenerated holes injected into the

same luminescent regions.

3.4.2 Spectral characteristics

From Figures 3.5 and 3.11 it is clear that the emission spectrum of the lu-

minescence observed during anodic oxidation of both p-type and infrared

illuminated n-type porous silicon shifts to shorter wavelength as the oxid-

ation proceeds. The shift appears to be similar for both types of electrode

(Figure 3.12), which indicates that a common mechanism is involved. The

blue-shift of p-type porous silicon electrodes with increasing extent of oxid-

ation has already been reported previously [5,7,8,12,13]; the shift was �rst

attributed to a size-reduction of the light-emitting crystallites within the

porous layer as a result of the oxidation of the surface [5,7,8]. The e�ective

band gap of a crystallite with a radius r and thus the emission energy is

related to the size of the crystallite via

E(r) = Eg +
~
2�2

2r2

�
1

me

+
1

mh

�
�

Ae2

"0r
(3.9)

where Eg is the band gap of the bulk semiconductor, me and mh are the

e�ective masses of electrons and holes and the third term represents a Cou-

lomb attraction [26]. Calculations show that the change in particle size

would have to be quite large to account for the considerable blue-shift [7,8];

an alternative explanation was sought in size-selective hole injection [12].

The porous layer consists of particles of various sizes. As the barrier for

hole transfer is smallest for the largest, bulk-like regions which have an ef-

fective band gap similar to bulk silicon, these regions will be oxidized �rst

giving longer wavelength emission. As oxidation proceeds, current ow to

such regions is hindered and holes are injected into the smaller, more con-

�ned crystallites (equation 3.9) which results in a blue-shift of the lumines-

cence. Eventually, the porous electrode is oxidized to such an extent that

current can no longer ow and consequently the luminescence is quenched

(see Figures 3.2 and 3.4). We believe that a similar mechanism also holds

for the spectral characteristics observed with n-type electrodes (Figures 3.9

and 3.10).



74 Chapter 3 Infrared induced visible emission : : :

3.4.3 Stabilization

From the results of Figures 3.3 and 3.6 it is clear that the presence of ferrocy-

anide in solution suppresses the oxidation of porous silicon signi�cantly. It is

known that Fe(CN)4�6 is able to stabilize crystalline silicon electrodes [18].

From a comparison of the standard potential of the Fe(CN)
3�=4�
6 redox

couple in aqueous solution and the position of the band edges of crystalline

silicon (see also Chapter 6) [27], it is clear that Fe(CN)4�6 may be oxidized

by capturing a hole directly from the valence band

Fe(CN)4�6 + h+VB ! Fe(CN)3�6 (3.10)

In a p-type semiconductor under anodic bias there is a large equilibrium

surface concentration of holes. If reaction 3.10 is the only path for oxidation

of Fe(CN)4�6 , then the rate of reaction 3.4 should not be inuenced by the

reducing agent. To achieve stabilization, reaction 3.6 (or 3.8) has to be

suppressed. This is possible if the reducing agent injects an electron directly

into the electron-de�cient bond formed in reaction 3.4

H

Si

Si

�
�

+ Fe(CN)4�6 !

H

Si

Si

+ Fe(CN)3�6 (3.11)

thereby leading to bond repair. This is again similar to the bond repair

mechanism described by Schoenmakers et al. for the case of InP [17] and

by Gomes et al. for GaAs and GaP [28{30]. Clearly, if bond repair via a

reaction of the type shown in equation 3.11 is fast, then the surface density

of band gap states, from which an electron can be thermally excited to

the conduction band, will be greatly reduced. Consequently, luminescence

is quenched. This result strongly suggests that an electron-de�cient back

bond is responsible for electron injection, as in the case of InP.

3.4.4 Electrode edge e�ects

The results of n-type electrodes with edges exposed to the solution are sim-

ilar to those of p-type electrodes (Figure 3.13); illumination is not needed
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for anodic oxidation. Similar results with n-type porous silicon electrodes

have been reported by others [9,10]. The importance of crystallographic

defects for the anodic oxidation of n-type silicon is nicely demonstrated in

work by Heyboer et al. [31]. In experiments under chemomechanical pol-

ishing conditions they showed a correlation between defects caused by the

polishing pad and the magnitude of the anodic current. In our experiments,

defects in damaged regions at the electrode edges give rise to energy levels

within the band gap. Such defects can provide for a high generation rate

of minority carriers, responsible for the oxidation of the silicon electrode.

Holes are transferred to the porous layer where electron-de�cient surface

bonds are again formed (reaction 3.4). Electrons injected from these inter-

mediate states undergo radiative recombination with holes. The fact that

the emission is mainly observed at the electrode edges indicates that the

damaged areas are indeed the source of the minority carriers. When an O-

ring is used to screen the edges from the solution, a low dark current without

light emission is found.

3.5 Conclusions

We have studied the anodic oxidation and the corresponding luminescence

of p-type and n-type porous silicon in indi�erent electrolyte solutions. From

both potentiodynamic and galvanostatic experiments it is found that the ox-

idation requires valence band holes at the surface. With n-type electrodes

illuminated with infrared light and with p-type electrodes in the dark strong

visible emission is observed, indicating that electrons are injected during the

formation of an oxide layer. Based on the results, a mechanism is proposed

similar to that suggested for III-V semiconductors. A hole is trapped in

an Si{Si surface bond, which leads to the formation of a radical intermedi-

ate. Due to the position of the energy levels associated with these radicals,

electrons may be thermally excited to the conduction band where they un-

dergo radiative recombination. The stabilization of the electrodes against

passivation by the presence of ferrocyanide has also been studied. The ox-

idation is signi�cantly delayed while the emission is quenched completely

upon addition of Fe(CN)4�6 to the solution. A bond repair mechanism in-

volving electron injection into electron-de�cient bonds by the reducing agent

in solution is assumed to be responsible for the stabilization e�ects. From
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this work it is clear that the anodic luminescence from porous silicon is not

due to a simple electroluminescence mechanism. The minority carriers are

generated by an electrochemical reaction for which holes are �rst required.
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Chapter 4

Reduction of peroxodisulfate at

porous and crystalline silicon

electrodes: an anomaly

Abstract

Electroluminescence from n-type porous silicon can be generated in solution by re-

duction of peroxodisulfate. It has been assumed that the SO��

4
radical ion, formed

in the �rst reduction step, injects a hole into the valence band of the porous semi-

conductor. The hole should subsequently undergo radiative recombination with

a conduction band electron. Using two techniques, viz. photocurrent quantum

e�ciency measurements with p-type porous and crystalline silicon electrodes and

minority carrier injection studies with the \transistor technique", we found that the

reduction of peroxodisulfate is, however, not always accompanied by hole injection.

The silicon results are compared with results obtained on GaAs electrodes.
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4.1 Introduction

The strongly oxidizing SO��

4 radical, which is formed in the reduction of

S2O
2�
8 , has been employed to generate electroluminescence from porous sil-

icon [1,2]. The emission from n-type porous silicon electrodes in contact with

an acidic solution containing S2O
2�
8 is e�cient and in the visible region of

the spectrum. One of the interesting aspects of the luminescence is the shift

of the emission maximum to higher energies as the potential is scanned to

negative values [3,4]. This was explained by assuming a size distribution of

the light emitting particles; smaller particles become active at more negat-

ive potentials [5]. Non-radiative Auger recombination was suggested to play

an important role in the quenching of both the electroluminescence and the

photoluminescence [6].

Memming concluded that a two-step mechanism was involved in the re-

duction of peroxodisulfate (S2O
2�
8 ) and hydrogen peroxide (H2O2) at GaP

electrodes [7]. In the �rst step an electron is captured from the conduction

band of the semiconductor and a radical intermediate is formed. Owing to

the strong oxidizing properties of this radical, which has unoccupied energy

levels corresponding to the valence band, holes are injected into the semi-

conductor. With a p-type semiconductor it is necessary to illuminate the

electrode as electrons are needed in the �rst reduction step of S2O
2�
8 . Since

the second step leads to hole injection, the number of charge carriers con-

tributing to the current in the external circuit should be twice the number

of photons absorbed by the semiconductor; this is referred to as a \quantum

e�ciency" of 2. Cathodic photocurrent doubling at p-type electrodes has

been observed with GaP [7], GaAs [8] and SiC [9] in solutions containing

peroxodisulfate. Van den Meerakker has reported photocurrent doubling at

passivated p-type silicon electrodes in alkaline H2O2 solutions at 70
� C [10].

As the second step of the reduction of S2O
2�
8 involves hole injection into

the valence band, it is possible to generate electroluminescence from n-type

electrodes. The injected holes recombine with the electrons and, if this

recombination is radiative, emission characteristic of the semiconductor is

observed. Electroluminescence has previously been reported for a wide range

of n-type semiconductor electrodes in S2O
2�
8 solutions, including SiC [9],

ZnO, CdS, GaP [11], GaAs and InP [12].

Peroxodisulfate is one of a class of strong two-electron oxidizing agents
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which cause photocurrent doubling at p-type III-V semiconductors; ex-

amples include H2O2, Br2, I2, OCl
� and OBr� [13{17]. For the reduction of

some of these oxidizing agents at p-type GaAs, a drop in quantum e�ciency

from 2 to 1 is observed as the surface electron concentration is increased at

higher light intensity [18]. Since we suspected that a similar e�ect might be

occurring with n-type silicon electrodes in peroxodisulfate solution and since

such an e�ect could be important for the electroluminescence of n-type por-

ous silicon, we decided to investigate the electrochemistry of silicon in acidic

S2O
2�
8 solutions in detail. We compare the results with those obtained with

GaAs. The photocurrent doubling agents mentioned above also give rise to

chemical etching of III-V semiconductors [13{17] and a common reaction

intermediate was postulated for both the reduction and etching reactions

at GaAs. It therefore seemed interesting to compare the etching properties

of silicon and GaAs in acidic S2O
2�
8 solutions. The outcome of both the

current doubling and etching experiments on silicon proved surprising.

4.2 Experimental

Electrodes were made from phosphorus-doped n-type (1 to 10 
 cm) and

boron-doped p-type (1 to 15 
 cm) single crystal silicon wafers which had

the (100) orientation. Crystalline silicon electrodes were dipped in a 1 M HF,

2 M NH4F solution for 1 minute before each measurement to remove surface

oxides. Porous silicon electrodes were formed by anodic etching for 4 minutes

at 35 mA=cm2 in a 1:1 mixture of 40% HF:ethanol, giving a 5 �m thick

porous layer. A two-electrode con�guration with a Pt counter electrode was

used. Anodization was performed under illumination at 0.4 V cell voltage

for n-type and galvanostatically in the dark for p-type. The presence of the

luminescent porous layer was checked by a photoluminescence measurement

at an excitation wavelength of 354 nm. For the measurements on GaAs,

p-type (100) samples with a doping density of 1017 cm�3 were used. Before

each measurement the GaAs electrodes were etched for a few seconds in a

2% Br2 in methanol solution.

The electrochemical experiments were performed using a Bank POS273

Potentioscan in a conventional electrochemical cell containing a Pt counter

electrode. A saturated calomel electrode (SCE) was taken as reference, ex-

cept for the experiments involving HF solutions, where a Ag/AgCl electrode
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was used. All potentials are given with respect to SCE. In all cases the po-

tential was scanned at 50 mV/s. The luminescence was measured with a

Perkin-Elmer MPF-44B Fluorescence Spectrometer. For illumination of the

electrodes a white light source (Schott KL1500) was used. The etch rate

was determined by measuring the etched depth as a function of etching

time using a Tencor Alpha-Step 500 surface pro�ler.

We used the \transistor technique" [19,20] to determine whether the

reduction of peroxodisulfate at n-type silicon electrodes proceeds via the

conduction band (electron capture) or via the valence band (hole injection).

The n-type surface of a silicon p-n junction was used as electrode; the

junction was short-circuited (see Figure 4.1). If the hole di�usion length Lp

is su�ciently long (Lp � d), where d is the thickness of the n-type layer)

and the surface recombination rate is low, holes injected into the valence

p-type
Si

p-type
Si

-iCB-iCB

iVBiVB

n-type
Si

n-type
Si

iscisc

icathicath

d
CB

VB

Figure 4.1 Schematic representation of the transistor tech-
nique, where the n-type surface of a p-n junction is in contact
with the electrolyte. This technique is used to determine whether
electrochemical reactions proceed via the conduction band or via
the valence band.
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band of the electrode will reach the p-n junction and a short-circuit current

isc proportional to the hole injection iVB current will be measured

isc = iVB exp

�
�

d

Lp

�
(4.1)

Electron capture from the conduction band (iCB) will not contribute to the

short-circuit current.

The samples we used in our experiments consisted of a 1 �m thick silicon

layer (1020 cm�3 arsenic-doped) on a p-type silicon substrate (5�1014 cm�3

boron-doped) or a 1.6 �m thick layer (2�1019 cm�3) on the same substrate.

The p-n junction was made by arsenic di�usion into the substrate in a

well-de�ned area masked by a 600 nm thick silicon dioxide layer. Both

sides were contacted and insulated from the solution using adhesive PTFE

(Teon) tape. To calibrate the system minority carriers were created near

the surface by illuminating the sample from the n-type side using light with

a large absorption coe�cient. For 300 nm light (4.15 eV), the absorption

coe�cient is approximately 1:8 � 106 cm�1 [21] and holes are generated

within 5.5 nm of the surface. Using such light, a considerable short-circuit

current was measured, indicating that holes generated at the surface do

indeed reach the p-n junction.

4.3 Results

In Figure 4.2 the solid line gives the current-potential curve of a station-

ary n-type porous silicon electrode in 0.1 M S2O
2�
8 , 1 M H2SO4 aqueous

solution. The potential was scanned from �0:2 V to �1:5 V. At potentials

more negative than �0:7 V a cathodic current is observed, which reaches

a maximum at �0:9 V. At potentials more negative than �1:1 V the cur-

rent increases sharply due to the evolution of hydrogen gas. During this

potentiodynamic scan we also measured the electroluminescence at 650 nm

from the porous silicon electrode as a function of the potential. The result

is given by the dashed line in Figure 4.2. The emission intensity is very low

at potentials more positive than �1:1 V. Towards more negative values a

strong increase of the light emission is observed. In this range the lumin-

escence could be observed by the naked eye in broad daylight. For light

of longer wavelength, the onset of emission was at slightly more positive
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Figure 4.2 Potentiodynamic measurement of a stationary n-
type porous silicon electrode in 0.1 M S

2
O2�

8
, 1 M H2SO4 aqueous

solution. The current-potential curve is given by the solid line,
while the dashed line represents the emission intensity at 650 nm
as a function of the potential. The potential was scanned from
�0:2 V to �1:5 V.

potentials (e.g. at �1:0 V for 800 nm light) [3,6]. Current-potential charac-

teristics similar to those described above for porous silicon electrodes were

also found with crystalline silicon. With these electrodes no visible emission

could be detected, as expected.

Current-potential measurements using a p-type porous silicon electrode

in 1 M H2SO4 with and without S2O
2�
8 are shown in Figure 4.3. The poten-

tial was scanned from 0 V to �1:7 V. The dark current measured in both

solutions was negligible. The solid line in Figure 4.3 was obtained under illu-

mination in the H2SO4 solution. At potentials more negative than �0:5 V a

cathodic photocurrent is observed due to the evolution of hydrogen gas. At

potentials more negative than �1:1 V the current reaches a limiting value,

which is linearly dependent on the light intensity. The quantum e�ciency,

de�ned as the number of charge carriers measured in the external circuit

per absorbed photon, is assumed to be 1 in this range. In the presence of

0.05 M S2O
2�
8 a limiting photocurrent was again observed. Although the

onset of photocurrent is shifted considerably to more positive values, the

limiting value is the same as when S2O
2�
8 is absent. The fact that no hydro-
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Figure 4.3 Potentiodynamic measurement of a stationary p-
type porous silicon electrode under illumination in a 1 M H2SO4

solution (solid line) and in a 0.05 M S
2
O2�

8
, 1 M H2SO4 solution

(dashed line).

gen evolution is observed indicates that the current is due to the reduction

of S2O
2�
8 .

In Figure 4.4 the limiting photocurrent for the S2O
2�
8 reduction, meas-

ured at �1:5 V, is plotted as a function of the limiting photocurrent due to

hydrogen evolution at the same light intensity. Results were obtained us-

ing both crystalline (M) and porous (�) p-type silicon electrodes in 0.05 M

S2O
2�
8 , 1 M H2SO4 aqueous solution. During these measurements care was

taken to ensure that the di�usion ux of S2O
2�
8 ions to the electrode surface

always exceeded the photon ux. For this purpose the electrode was rotated

during measurements at higher photocurrent densities. To ensure that an

oxide layer at the electrode surface was not inuencing the photocurrent-

potential characteristics, the same experiments were also performed in an

S2O
2�
8 solution containing 10 M HF (O). A linear �t to all these points yields

a straight line with a slope of 1, indicating that the quantum e�ciency for

the reduction of S2O
2�
8 is 1, as for the hydrogen evolution.

For comparison we performed similar experiments using GaAs. In Fig-

ure 4.5 the current-potential curve of a p-type electrode is shown. The

potential was scanned from 0.2 V to �1:8 V, while the electrode was ro-
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Figure 4.4 The limiting photocurrent for S
2
O2�

8
reduction,

measured at �1:5 V in a 0.05 M S
2
O2�

8
solution, as a function of

the limiting photocurrent due to hydrogen evolution at p-type sil-
icon electrodes at the same light intensity. In all cases the photon
ux was smaller than the di�usion ux of S

2
O2�

8
. Results were

obtained using crystalline (M) and porous (�) electrodes in 1 M
H2SO4 solutions and in solutions containing 10 M HF (O). The
insert is an enlargement of the indicated area.

tated at 1000 rpm. The rather small dark current in 1 M H2SO4 is given

by the dashed-dotted line. The current under illumination is given by the

solid line. At potentials more negative than �0:25 V a cathodic current due

to hydrogen evolution is observed. At �1:0 V the current reaches a limiting

value which is directly proportional to the light intensity. As for p-type

silicon we assume that the quantum e�ciency is 1 in this range. After addi-

tion of 0.05 M S2O
2�
8 the dashed curve in Figure 4.5 is obtained. At 0.1 V

the cathodic current increases rapidly to a limiting value, which is again

proportional to the light intensity. The limiting photocurrent is approxim-

ately twice as high as in the absence of S2O
2�
8 at the same light intensity.

It is clear that the cathodic current is due to the reduction of S2O
2�
8 , as

no hydrogen gas is evolved. Figure 4.6 shows the limiting photocurrent for

reduction of S2O
2�
8 at �1:5 V as a function of the hydrogen photocurrent

at the same light intensity. In all cases the photon ux was smaller than

the di�usion ux of S2O
2�
8 ions to the electrode surface. The solid line is
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Figure 4.5 Potentiodynamic measurement of a rotating p-type
GaAs electrode in the dark (dashed-dotted line) and under illumin-
ation in 1 M H2SO4 (solid line) and 0.05 M S

2
O2�

8
, 1 M H2SO4

(dashed line). The electrode was rotated at 1000 rpm.

a linear �t to the data and has a slope close to 2, which indicates that the

quantum e�ciency for the reduction of S2O
2�
8 is 2 over the whole range of

light intensity. Similar results were obtained in solutions containing 0.1 M

S2O
2�
8 and 10 M HF; we found a photocurrent enhancement factor of 2.

For the etching experiments part of the semiconductor wafer was masked

and the etched depth was measured as a function of the etching time. The

result for GaAs in a 0.05 M S2O
2�
8 , 1 M H2SO4 solution is given in Fig-

ure 4.7. The line is a linear �t through the origin and yields an etch rate

of approximately 44 nm/min, which is similar to that of GaAs in a 0.05 M

H2O2 solution. It is, perhaps, not strange that silicon does not dissolve in

a 0.05 M S2O
2�
8 , 1 M H2SO4 solution because of the insolubility of the dis-

solution products. However, to our surprise we found that even in a 10 M

HF etchant the etch rate was only 0.2 nm/min, a value comparable to that

of silicon in HF solutions without S2O
2�
8 .

When the electrode potential of the n-type face of the p-n junction in

1 M H2SO4 is scanned towards negative values at which proton reduction

takes place, a very low short-circuit current isc is found, as expected for

conduction band processes. After addition of 0.05 M S2O
2�
8 we obtained
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Figure 4.6 The limiting photocurrent for S
2
O2�

8
reduction,

measured at �1:5 V in a 0.05 M S
2
O2�

8
, 1 M H2SO4 solution,

as a function of the limiting photocurrent due to hydrogen evolu-
tion at a p-type GaAs electrode at the same light intensity. The
electrode was rotated at 1000 rpm. The photon ux was smaller
than the di�usion ux of S

2
O2�

8
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Figure 4.7 The etch depth as a function of the etching time for
p-type GaAs in 0.05 M S

2
O2�

8
, 1 M H2SO4 solution. The insert

shows a surface pro�le of a GaAs sample etched for 5 1
2
hours.
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the result shown in Figure 4.8. The current-potential curve has features

similar to those shown in Figure 4.2. When the potential is scanned to

negative values the reduction of S2O
2�
8 starts at �0:65 V, while at potentials

more negative than �1:1 V proton reduction leads to a strongly increasing

cathodic current. The corresponding short-circuit current is also given in

Figure 4.8 by the dashed line. It is striking that, while S2O
2�
8 is being

reduced at a signi�cant rate at potentials between �0:75 V and �1:0 V,

only a small short-circuit current is found of the same order of magnitude as

the current through the diode in H2SO4 solutions without S2O
2�
8 . At more

negative potentials a signi�cant increase in isc is measured as the cathodic

current increases rapidly due to hydrogen evolution.

In Figure 4.9 isc is plotted as a function of the cathodic current icath
measured at the same potential in solutions containing only H2SO4 (�)

and in solutions with S2O
2�
8 (N). It is clear that at small values of icath,

corresponding to the potential range between �0:2 V and �1:0 V, isc is

very small in both solutions. When hydrogen is evolved at more negative

potentials the cathodic current in both solutions increases. The short-circuit

current in H2SO4 solutions remains very small while in S2O
2�
8 solutions it

increases strongly as the cathodic current becomes larger. As mentioned
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Figure 4.8 Potentiodynamic measurements of an n-type silicon
electrode with a short-circuited p-n junction in a 0.05 M S

2
O2�

8
,

1 M H2SO4 solution. The cathodic current and the short-circuit
current are given by the solid line and the dashed line, respectively.
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Figure 4.9 The short-circuit current as a function of the cath-
odic current in 1 M H2SO4 (�) and in a 0.05 M S

2
O2�

8
, 1 M H2SO4

solution (N).

above the short-circuit current is a measure for the number of holes which

are injected into the valence band of the n-type silicon. From Figure 4.9

we conclude that, in solutions containing S2O
2�
8 , a signi�cant hole injection

current is found only at more negative potentials.

To estimate the position of the silicon band edges with respect to the

energy levels in solution we performed Mott-Schottky measurements using

both n-type and p-type crystalline silicon electrodes. The results obtained

in 1 M H2SO4 solution are given in Figure 4.10. The intercept of a linear

�t through the data yields at band potentials of �0:25 V and 0.35 V for

n-type and p-type silicon, respectively. These values are in agreement with

results obtained by Madou et al. [22]. When S2O
2�
8 (0.1 M) was added to the

solution the results shown in Figure 4.11 were obtained. Flat band potentials

of �0:45 V and 0.25 V for n-type and p-type silicon respectively, indicate

only a small shift of the band edges due to the presence of S2O
2�
8 . The

band edges estimated from these results are ECB = �0:60 eV and EVB =

0:55 eV. If we consider the standard redox potential of the S2O
2�
8 /SO2�

4

couple (1.72 V vs SCE [23]), a large overlap of the acceptor states in solution

with the silicon valence band states can be expected.
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Figure 4.10 Mott-Schottky plots of n-type (a) and p-type (b)
crystalline silicon in 1 M H2SO4 solution. Measuring frequencies
were 2.2 kHz (N), 7.0 kHz (�) and 22.1 kHz (�).
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Figure 4.11 Mott-Schottky plots of n-type (a) and p-type (b)
crystalline silicon in 0.1 M S

2
O2�

8
, 1 M H2SO4 solution. Measuring

frequencies were 2.2 kHz (N), 7.0 kHz (�) and 22.1 kHz (�).
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4.4 Discussion

As mentioned in the Introduction the electrochemistry of semiconductor

electrodes in the presence of oxidizing agents causing photocurrent multi-

plication has been studied extensively. In particular, the III-V materials

have been investigated [7,24], with GaAs receiving most attention. For the

oxidizing agents showing photocurrent doubling at p-type GaAs a distinc-

tion has to be drawn between two classes [18]. For the �rst, of which H2O2,

Br2 and I2 are representative, the dark current at the p-type electrode is low;

hole injection is not important. Under illumination a quantum e�ciency of

2 is observed up to high photon ux [14,15]. When the photon ux exceeds

the di�usion ux of the oxidizing agent, hydrogen is evolved at negative

potentials [18]. Our results show that the p-GaAs/S2O
2�
8 system pertains

to this class.

The oxidizing agents of the second class, which includes OCl� and OBr�

[16,17], show some dark current indicating that a limited hole injection oc-

curs. When the photon ux exceeds the di�usion ux of the oxidizing agent

in this case, hydrogen evolution is not observed at negative potentials. In-

stead the quantum e�ciency for reduction of the oxidizing agent decreases

from 2 to 1, before water begins to be reduced [18]. The reduction of IO�

3 in

alkaline [18] and acidic [25] solutions is, in this respect, even more striking.

At low light intensity a quantum e�ciency close to 6 is observed, which

drops to 1 as the photon ux is increased.

Such results involving variable quantum e�ciencies and quantum e�-

ciencies dependent on the photon ux have been interpreted in terms of

electroactive species (reactants and intermediates), which are adsorbed on

the semiconductor surface. These give rise to surface states with energy

levels in the band gap. Such states can either capture an electron from the

conduction band or inject a hole into the valence band. The rate of electron

capture from the conduction band is determined by the rate constant kn for

electron capture and the surface electron concentration ns. Hole injection

from the surface state into the valence band is a thermally activated process,

the rate of which depends on the rate constant kp. If at low light intensities

kp is larger than the product knns, hole injection will prevail over electron

capture. When the photon ux is increased, ns becomes larger and electron

capture from the conduction band may become the predominant process,
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leading to a decrease of the photocurrent quantum e�ciency.

The measurements in both H2SO4 and HF electrolytes show unequivoc-

ally that S2O
2�
8 does not inject holes into the valence band of porous and

non-porous p-type silicon, either in the dark or under illumination (Fig-

ures 4.3 and 4.4). This is in clear contrast to what we �nd with p-type

GaAs, which shows a quantum e�ciency of 2 in a wide range of light in-

tensity. Photocurrent doubling was also not observed with p-type silicon

in Br2/HF solutions [26]. In contrast to what Van den Meerakker reported

for passivated p-type silicon in alkaline solutions [10], we have also found

that H2O2 does not cause photocurrent doubling in acidic (H2SO4 or HF)

medium. The results found with the n-type electrode of the p-n junction

also show that the signi�cant dark current observed before onset of hydrogen

evolution does not involve hole injection from S2O
2�
8 (Figure 4.8). We must

conclude that the reduction of S2O
2�
8 , like that of Br2, occurs exclusively

via the conduction band of the semiconductor

S2O
2�
8 + 2 e�CB ! 2 SO2�

4 : (4.2)

This is very surprising. On the basis of the band edge positions estimated

from at band potentials (Figures 4.10 and 4.11) one might expect hole

injection for the �rst step

S2O
2�
8 ! SO��

4 + SO2�
4 + h+VB (4.3)

considering the strongly positive redox potential of the S2O
2�
8 /SO2�

4 cou-

ple [23]. One would certainly expect hole injection for the second step

SO��

4 ! SO2�
4 + h+VB (4.4)

since the SO��

4 radical anion is a powerful oxidizing agent. While oxide

formation might hinder charge transfer in the case of H2SO4 solutions, the

results obtained with HF precludes such an e�ect; silicon oxides are highly

soluble in HF solutions [27]. Besides, conduction band reactions are obvi-

ously not hindered in either solution. These results force us to conclude that

both S2O
2�
8 and SO��

4 undergo a strong interaction with the silicon surface.

The resulting surface species can obviously accept electrons from the con-

duction band but cannot inject holes into the valence band. While GaAs is

chemically dissolved at a signi�cant rate in acidic S2O
2�
8 solutions, silicon is
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not etched. The presence of a strongly adsorbed peroxodisulfate species on

silicon might explain the absence of etching in such solutions. Since holes are

not injected into silicon, electroless etching is not expected. If the surface is

blocked by an adsorbed species, chemical etching by S2O
2�
8 is also prevented.

In contrast to the present results, both (100) and (111) silicon surfaces are

chemically etched in Br2/HF solutions at a di�usion-controlled rate [26,28].

In addition, a considerable anodic current is observed with n-type silicon

in Br2/HF solution under etching conditions, indicating electron injection

into the conduction band from surface state intermediates of the dissolution

reaction. A similar result has been reported for GaAs [14,15]. The absence

of both etching and electron injection in the silicon/S2O
2�
8 case indicate sur-

face intermediates di�erent from those formed on silicon in Br2 solution [26]

and on GaAs with various photocurrent doubling agents [13{18].

It is clear that considerable hole injection does occur at n-type electrodes

at potentials at which hydrogen is evolved (see Figures 4.8 and 4.9). The

observation of electroluminescence from porous n-type silicon in the same

potential range also indicates hole injection from S2O
2�
8 . It is tempting to

link the change in the mechanism of S2O
2�
8 reduction to the hydrogen reac-

tion. One could envisage two possible e�ects. The adsorption of hydrogen

formed in the reduction of protons might prevent the adsorption of S2O
2�
8

and/or its intermediate thus allowing hole injection from non-adsorbed elec-

troactive species. Alternatively, hydrogen (either atomic or molecular) might

react with S2O
2�
8 generating an SO��

4 radical which could inject a hole into

the valence band before it can adsorb. This suggestion will be considered in

Chapter 5.

4.5 Conclusions

In contrast to what has been observed with other semiconductors, we found

that the reduction of S2O
2�
8 at porous and crystalline silicon electrodes is

not always accompanied by hole injection into the valence band. No en-

hancement of the photocurrent was found with p-type electrodes indicating

that hole injection does not take place. Using the transistor technique we

also did not observe signi�cant hole injection at n-type electrodes in the

potential range in which only peroxodisulfate is reduced. Considering the

standard redox potential of the S2O
2�
8 /SO2�

4 couple with respect to the
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band edges this is surprising. In contrast to GaAs, silicon is not chemically

etched by S2O
2�
8 , even in solutions containing 10 M HF. These results lead

us to conclude that S2O
2�
8 and SO��

4 form on silicon adsorbed species which

can only accept electrons from the conduction band of the semiconductor.

Such adsorbed species must block the surface preventing chemical etching

by S2O
2�
8 . At more negative potentials at which hydrogen is evolved, hole

injection was found with n-type electrodes. The occurrence of electrolumin-

escence from porous n-type silicon in this range also indicates hole injection.

The reason for the change in the mechanism of reduction of S2O
2�
8 is not

clear.
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Chapter 5

Hole injection at the porous

silicon/electrolyte interface: a

mechanism for chemiluminescence

Abstract

It is shown that IrCl2�6 , Ce4+ and NO�

3 ions can inject holes into the valence

band of oxide-free silicon. However, as the degree of oxidation of the electrode

surface increases, reduction by electron capture from the conduction band becomes

important. Hole injection from Ce4+ or IrCl2�
6

at porous silicon electrodes results in

visible luminescence with characteristics similar to those of the emission observed

during anodic oxidation in indi�erent electrolyte. Based on the electrochemical

measurements we propose a mechanism for the generation of luminescence, which

is similar to that for anodic luminescence. Finally, we show that, in contrast to

previous results, holes can be injected from H2O2 when the reduction intermediate

OH� is formed chemically in solution, instead of electrochemically at the electrode

surface.



98 Chapter 5 Hole injection at the porous silicon : : :

5.1 Introduction

In contrast to what is expected on the basis of the redox potential, reduction

of peroxodisulfate at crystalline and porous silicon electrodes is generally not

accompanied by hole injection into the valence band (Chapter 4) [1]. With

n-type electrodes no hole injection was observed in the potential range where

only peroxodisulfate is reduced. However, at more negative potentials where

hydrogen gas is evolved, a considerable valence band current was measured.

With p-type silicon, no photocurrent enhancement was measured under any

circumstances indicating that the reduction of S2O
2�
8 occurs exclusively by

electron capture from the conduction band.

Similar results were obtained with silicon in acidic uoride solutions

containing bromine. Although the redox energy of Br2 corresponds to energy

levels well within the valence band, the electrochemical reduction of Br2 at

silicon electrodes proceeds by electron capture from the conduction band of

the semiconductor; hole injection was not observed [2]. However, in contrast

to what was found with S2O
2�
8 in HF solutions, silicon is chemically etched

in Br2/HF solutions at a di�usion-controlled rate [2,3].

Despite the technological importance of silicon, it is surprising that very

little research has been done on charge transfer reactions at the silicon/aque-

ous electrolyte interface. Many electrochemical studies focussed on the etch-

ing of silicon in acidic uoride solutions or in alkaline solutions, but few

studies have been devoted to the electrochemistry of simple redox systems

at silicon electrodes. Morrison et al. [4,5] have performed measurements on

the Fe(CN)
3�=4�
6 couple at silicon surfaces, while Lewis et al. [6{9] have stud-

ied the silicon/electrolyte interface in non-aqueous solutions. Furthermore,

Izidinov et al. [10{12] have investigated the etching of silicon in HNO3/HF

solutions.

Van den Meerakker and Van Vegchel [13,14] have shown that the etching

of silicon in CrO3/HF solutions is an electroless process; holes injected into

the valence band during the reduction of Cr(VI) lead to oxidation of the

silicon surface. Gerischer and L�ubke [15] also concluded that etching of

silicon in acidic uoride solutions containing IrCl2�6 , Br2 or MnO�

4 is an

electroless process. However, the measurements were performed only on n-

type electrodes, which makes it impossible to distinguish between electron

capture from the conduction band and hole injection into the valence band.
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Indeed, as mentioned before, Bressers et al. [2] have demonstrated that holes

are not injected by Br2 and the etching of silicon in Br2/HF is, in fact, a

chemical process.

Meulenkamp et al. [16] studied the electrochemistry and luminescence

of porous silicon in contact with various oxidizing agents. From their elec-

trochemical experiments it is di�cult to conclude whether the reduction re-

actions involve conduction band electrons or valence band holes. However,

the fact that they observed electroluminescence from n-type porous silicon

indicates that holes are injected. Strong electroluminescence was measured

in S2O
2�
8 and H2O2 solutions while only weak emission was observed with

Ce4+ and MnO�

4 . Additionally, it was shown that Ce4+ and MnO�

4 give

strong visible luminescence from porous silicon without an applied poten-

tial, while S2O
2�
8 , H2O2 and NO�

3 (0.1 M solution) give no luminescence

or only very weak emission; in analogy with results of siloxene [17{22] the

emission was attributed to chemiluminescence [16]. McCord et al. [23] re-

port similar weak chemiluminescence from porous silicon in concentrated

(4 M) HNO3 solution and in S2O
2�
8 solution.

In this chapter we describe an electrochemical study of the silicon/aque-

ous electrolyte interface, with the emphasis on hole injection processes. It

will be shown that various simple one-electron oxidizing agents are capable

of injecting holes into the valence band of HF-pretreated silicon. The strong

visible chemiluminescence from porous silicon in contact with a Ce4+ solu-

tion is described. Based on the results, which show a strong similarity to

the anodic luminescence from porous silicon in indi�erent electrolyte solu-

tion [24], we propose a novel mechanism for the generation of chemilumines-

cence. Finally, we show that, in contrast to what is described in Chapter 4,

holes can be injected by OH� (or SO��

4 ) radicals into p-type porous silicon

when the radicals are formed in solution via a chemical reaction, rather

than at the electrode surface through electrochemical reduction of H2O2 (or

S2O
2�
8 ). In an appendix we show that the etching of silicon in HNO3/HF

solutions is an electroless reaction which also involves hole injection.
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5.2 Experimental

Electrodes were cut with a diamond saw from n-type (1 to 10 
 cm) and

p-type (1 to 15 
 cm) single crystal silicon wafers which had the (100) ori-

entation. Crystalline silicon electrodes were dipped in a 1 M HF, 2 M NH4F

solution for 1 minute before each measurement to remove surface oxides.

Porous silicon electrodes were formed by anodic etching for 10 minutes at

35 mA=cm2 in a 1:1 mixture of 40% HF:ethanol. A two-electrode con�g-

uration with a Pt counter electrode was used. Anodization was performed

under illumination at 0.5 V cell voltage for n-type and galvanostatically in

the dark for p-type samples. Before and after each measurement the pres-

ence of the luminescent porous layer was checked by a photoluminescence

measurement at an excitation wavelength of 354 nm.

Electrochemical experiments were performed using an EG&G Princeton

Applied Research (PAR) 366A bipotentiostat in a conventional electrochem-

ical cell containing a Pt counter electrode and a saturated calomel electrode

(SCE) as reference. All potentials are given with respect to SCE. Unless

otherwise stated the potential was scanned at 10 mV/s. The electrode sur-

face was de�ned using an O-ring in a PCTFE (Kel-F) holder; the exposed

area was 0.38 cm2. The luminescence was measured using an Oriel Instaspec

IV CCD detection system. For illumination of the electrodes a white light

source (Schott KL1500) was used. All measurements were carried out at

room temperature. The chemicals were of p.a. grade (Merck).

5.3 Results

5.3.1 Hole injection into silicon

In Figure 5.1 the limiting cathodic current of a p-type silicon electrode

negatively biased in a 5 mM IrCl2�6 , 1 M KCl solution (pH=2) is shown

as a function of the square root of the rotation rate. The current-potential

curve is shown in the insert. From the linear relation between j and !1=2

it can be concluded that the reduction is di�usion controlled. The fact

that a cathodic current is observed at a p-type semiconductor in the dark

indicates that holes are injected into the valence band during the reduction

of IrCl2�6 . This can be expected since the redox potential of the IrCl
2�=3�
6

couple (0.63 V vs SCE [25]) is considerably more positive than the at band
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potential of silicon (Ufb = 0:25 V vs SCE for low pH [1]) implying overlap of

the energy levels of the oxidizing species in solution with the valence band.

The rotation rate dependence of the limiting cathodic current of a p-type

silicon electrode in a solution containing Ce4+ ions is shown in Figure 5.2.

The insert shows the current-potential curve. Again, a considerable cathodic

current is measured in the dark due to hole injection during the reduction

of Ce4+. From the linear Koutecky-Levich plot (j�1 vs !�1=2) it is clear

that the reduction of Ce4+ to Ce3+ is under mixed kinetic/di�usion control;

at low rotation rates the reduction is mainly di�usion controlled, while at

high rotation rates the reduction reaction is kinetically controlled. It is sur-

prising that with a much better overlap of the energy levels of the oxidizing

species (redox potential 1.2 V vs SCE) and the valence band (compared to

IrCl2�6 ) the reaction is not faster, i.e. completely di�usion controlled. When

the electrode is �rst immersed in the solution at open circuit, the limit-

ing kinetic current jkin (obtained by extrapolating to !�1=2 = 0) decreases.

Clearly, the surface becomes oxidized, which leads to a decrease in the rate

constant for hole injection. Illumination of the silicon electrode, oxidized at

the open circuit potential, leads to photocurrent. With increasing degree

of oxidation the e�ect of illumination on the cathodic reduction current is
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Figure 5.1 Levich plot (j vs !1=2) for p-type crystalline silicon
in 5 mM IrCl2�6 , 1 M KCl (pH=2) solution. The insert shows the
dark current-potential curve at 900 rpm.
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Figure 5.2 Koutecky-Levich plot (j�1 vs !�1=2) for p-type crys-
talline silicon in a 10 mM Ce4+, 1 M H2SO4 solution. The insert
shows the dark current-potential curve at 900 rpm.

more pronounced; electron capture from the conduction band becomes more

important in the reduction reaction.

With Fe(CN)3�6 (redox potential 0.12 V vs SCE [25]) the overlap of the

energy levels in solution with the valence band is much less favourable. A

small hole injection current is measured at negative potentials (Figure 5.3).

Extrapolation of the Koutecky-Levich plot yields a kinetically limited cur-

rent of 0.12 mA/cm2, which is considerably lower than that found with Ce4+.

As shown in Figure 5.3, illumination of the silicon electrode, however, has

a marked e�ect on the cathodic current, which indicates that the reduction

of Fe(CN)3�6 involves electron capture from the conduction band. This can

indeed be expected on the basis of the relative position of the band edges

and energy levels of the redox system.

Hole injection was also observed in the reduction of NO�

3 at silicon elec-

trodes. In an appendix to this chapter we show that the etching of silicon

in HNO3/HF solution involves an electroless reaction.

Surprisingly, Fe3+ ions are not reduced at p-type silicon in the dark,

while reduction is observed under illumination. Although the redox poten-

tial of the Fe3+=2+ couple (0.53 V vs SCE [25]) is similar to that of IrCl
2�=3�
6 ,

hole injection does not occur. The fact that photocathodic reduction occurs
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Figure 5.3 Current-potential curve of a rotating p-type crys-
talline silicon electrode in 10 mM Fe(CN)3�6 , 1 M KCl (pH=2)
solution in the dark (solid line) and under illumination (dashed
line). The electrode was rotated at 900 rpm.

indicates that Fe3+ ions may adsorb on the surface giving states in the band

gap which interact only with conduction band electrons. The existence of

surface states due to Fe3+ adsorption is also con�rmed by the quenching

of the photoluminescence from porous silicon in solutions containing Fe3+

ions. These surface states give rise to non-radiative recombination of pho-

togenerated electron-hole pairs.

5.3.2 Chemiluminescence from porous silicon

When a porous silicon electrode is immersed in a solution containing strong

oxidizing agents like Ce4+ or IrCl2�6 , visible chemiluminescence is observed.

The emission spectrum measured under open circuit conditions in a 0.1 M

Ce4+, 1 M H2SO4 solution is given in Figure 5.4(a). Similar to the res-

ults of Meulenkamp et al. [16] a broad emission peak is found with �max at

around 720 nm. �max shifts to the blue with time. This is illustrated in

Figures 5.4(b) and (c) which show the time-dependence of the emission in-

tensity on the ank of the emission band. For low emission energy (790 nm)

the intensity passes through a maximum at shorter times than for the higher

energy (650 nm). Additionally, the emission intensity decreases to undetect-
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Figure 5.4 (a) Emission spectrum of a p-type porous silicon
electrode in a 0.1 M Ce4+, 1 M H2SO4 solution at the open circuit
potential. (b,c) Time evolution of the emission intensity at 650 nm
and 790 nm, respectively.
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able levels, typically within 10 minutes. This is similar to what is described

in Chapter 3 for the emission observed during anodic oxidation of porous

silicon in indi�erent electrolyte solution. The transient nature of the emis-

sion was attributed to the fact that the surface gradually becomes oxidized

to such an extent that current ow is hindered. The blue-shift was ascribed

to the selective excitation of particles of di�erent size; the larger regions

are �rst oxidized, after which the smaller crystallites with a larger e�ective

band gap become optically active. We believe that a similar e�ect operates

during the generation of chemiluminescence from porous silicon in contact

with solutions containing strong oxidizing agents.

In Figure 5.5 the current-potential and emission-potential curves of a

p-type porous silicon electrode in a 0.1 M Ce4+, 1 M H2SO4 solution are

shown. The current-potential curve resembles that shown in the insert of

Figure 5.2, which was obtained using crystalline silicon; at potentials below

0 V a constant cathodic current is measured in the dark. As the porous elec-

trode was not rotated the current density is lower in Figure 5.5(b), despite

the higher Ce4+ concentration. Nevertheless, the fact that a considerable

cathodic current is found with p-type material in the dark again indicates

that holes are injected during the reduction of Ce4+. At potentials more

positive than 0.25 V the current becomes anodic due to oxidation of the sil-

icon [24]. As shown in Figure 5.5(a) the emission intensity did not depend on

the applied potential. When the potential is scanned to values more positive

than 0.5 V an intense emission peak is observed due to anodic oxidation of

the layer (see also Chapter 3 [24]).

The cell con�guration did not allow rotation of the electrode. A variable

ow rate of argon bubbled through the solution was used to enhance di�u-

sion of species to the electrode surface. Upon increasing the ow rate the

cathodic current measured with p-type porous silicon increased markedly.

This indicates that the reduction of Ce4+ is to some extent di�usion lim-

ited. The emission intensity also increased. Figure 5.6 shows the emission

intensity from a p-type electrode in a Ce4+ solution polarized at �1:5 V as

a function of the current density. The supply of Ce4+ ions to the electrode

surface and thus the hole ux determines both the cathodic current density

and the oxidation of porous silicon. As mentioned above surface oxidation

may lead to visible emission, so both the emission intensity and the current

density are related to the di�usion of Ce4+. This relation is indeed observed
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Figure 5.5 (a) Emission-potential and (b) current-potential
curves of a stationary p-type porous silicon electrode in a 0.1 M
Ce4+, 1 M H2SO4 solution.

in Figure 5.6. At the open circuit potential (no current) a similar e�ect is

observed; upon increasing the gas ow rate the luminescence also rises.

In Figure 5.7 the results of measurements with n-type porous silicon in

a 0.1 M Ce4+, 1 M H2SO4 solution are given. The potential was scanned

from 0.5 V to �1:5 V and back. At potentials more negative than 0.15 V

a cathodic current due to reduction of Ce4+ is observed. Between �0:1 V

and �0:65 V the current density is independent of the potential. At more

negative potentials the cathodic current increases due to hydrogen evolution.

Some hysteresis is observed between the scan towards negative values and
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the return scan, and between subsequent scans the current may vary to some

extent.

Like Meulenkamp et al. [16] we found that, in contrast to the p-type res-

ults, the emission intensity depends on the applied potential; this is shown

in Figure 5.7(a). When the potential is scanned from the region in which no

current is measured to more negative values corresponding to the current

plateau, the emission intensity decreases also to a constant value. When

hydrogen is evolved the luminescence is quenched almost completely. This

is di�erent from what Meulenkamp et al. [16] found. In their case the in-

tensity also decreased with the onset of cathodic current, but upon further

scanning to negative potentials increased again. This was attributed to elec-

troluminescence which is generated by radiative recombination of electrons

(majority carriers) with holes injected by Ce4+ ions in solution. With our

electrodes similar electroluminescence, although very weak, was observed at

potentials more negative than �2 V.
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Figure 5.6 Emission intensity (at 720 nm) as a function of the
cathodic current of a stationary p-type porous silicon electrode in
a 0.1 M Ce4+, 1 M H2SO4 solution at a constant applied potential
of �1:5 V. The current was varied by bubbling Ar gas through the
solution.
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Figure 5.7 (a) Emission-potential and (b) current-potential
curves of a stationary n-type porous silicon electrode in a 0.1 M
Ce4+, 1 M H2SO4 solution.

5.3.3 Hole injection from H2O2

On the basis of the results described in Chapter 4 we concluded that hole

injection does not occur during the reduction of strong oxidizing agents like

H2O2 and S2O
2�
8 at silicon electrodes. Reduction of both peroxide and

persulfate can occur via the conduction band. We attributed this striking

e�ect to a strong interaction of the OH� or SO��

4 intermediate with the

silicon surface. If this is the case hole injection might be expected when

the radical intermediate is formed in solution via a chemical reaction, rather

than electrochemically at the surface.
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The hydroxyl radical OH� can be generated chemically in solution via a

reaction which was �rst reported by Fenton [26]. Later, Haber andWeiss [27]

proposed the following reaction for its formation

Fe2+ +H2O2 ! Fe3+ +OH� +OH� (5.1)

As mentioned in section 5.3.1 the reduction of Fe3+ at silicon electrodes is

only possible when conduction band electrons are available at the surface

Fe3+ + e�
CB
! Fe2+ (5.2)

With p-type silicon this requires illumination of the semiconductor. With

Fe3+ in solution, the photogenerated electron is consumed in the reduction

reaction 5.2, while the hole contributes to the current measured in the ex-

ternal circuit; the photocurrent quantum e�ciency is one. When H2O2 is

added to the solution the Fe2+, electrochemically formed (reaction 5.2), may

react with the peroxide via reaction 5.1 [26,27]. Of course, it is essential that

the reduction of Fe3+ is favoured with respect to H2O2 reduction. If this

were not the case then peroxide would be reduced electrochemically and res-

ults similar to those of Chapter 4 would be expected. The \free" hydroxyl

radical generated by reaction 5.1 could inject a hole into the valence band.

When this happens more than one charge carrier is measured for each ab-

sorbed photon; this corresponds to a quantum e�ciency higher than one. In

Figure 5.8 the photocurrent of a rotating p-type silicon electrode, polarized

at �1:0 V, in a 10 mM Fe3+, 1 M H2SO4 solution with 0.1 M H2O2 is shown

as a function of the photocurrent at the same light intensity in a solution

without H2O2. From the linear �t (the solid line in Figure 5.8) a photo-

current quantum yield of 1.6 is obtained. Generally, quantum e�ciencies

between 1.2 and 1.6 are found. The fact that photocurrent enhancement is

measured in the presence of peroxide proves that holes are indeed injected.

5.4 Discussion

The results presented in the previous section clearly show that hole injec-

tion into the silicon valence band is possible. However, the presence of only

small amounts of oxide due to oxidation of the electrode surface at the open

circuit potential can suppress the reduction. The fact that charge transfer
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via the conduction band can proceed unhindered indicates a strong interac-

tion between the oxidizing species (Ce4+, Fe3+) in solution and the slightly

oxidized silicon surface. Presumably, the ions in solution are adsorbed more

easily on an oxidized surface and give rise to surface states with energy levels

in the band gap.

From the results in Figures 5.5 and 5.6 we concluded that the reduc-

tion of Ce4+ at porous silicon electrodes also involves hole injection into

the valence band. This, together with the similarity between the chemilu-

minescence from porous silicon in Ce4+ solutions and the emission observed

during anodic oxidation [24], led us to believe that a common mechanism is

involved. In Chapter 3 we show that during anodic oxidation of p-type or

infrared illuminated n-type porous silicon in indi�erent electrolyte solutions

a hole is trapped in an Si{Si surface bond

0.4

0.3

0.2

0.1

0.0

-j p
h 

w
ith

 H
2O

2 
 (

m
A

/c
m

2 )

0.20.10.0
-jph without H2O2  (mA/cm2)

Figure 5.8 Photocurrent of a rotating p-type crystalline silicon
electrode in a 10 mM Fe3+, 0.1 M H2O2, 1 M H2SO4 solution as
a function of the photocurrent of the same electrode in a 10 mM
Fe3+, 1 M H2SO4 solution measured at various light intensities.
The applied potential was �1:0 V. The electrode was rotated at
2500 rpm.
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!
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Si

Si
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forming a radical intermediate. The electron-de�cient surface bond can react

with water to form Si{OH

H

Si

Si

�
�

+ H2O !

H

Si

Si

OH

�

+ H+ (5.4)

The radical intermediate formed in this reaction very likely has energy levels

in the band gap (see also Figure 5.9(a)). Electrons in such levels can be

thermally excited to the conduction band

H

Si

Si

OH

�

!

H

Si

Si

O + e�
CB

+ H+ (5.5)

Radiative recombination of the injected electron with a hole gives rise to

visible emission; this is schematically illustrated in Figure 5.9(a).

In the case of chemiluminescence from porous silicon at the open cir-

cuit potential in solutions containing a strong oxidizing agent, the holes are

supplied by the oxidizing species in solution (Figure 5.9(b)). The holes are

either injected into the porous structure or into the substrate at the pore

fronts after which they may be transferred to the porous layer if the electric

�eld is favourable. The same oxidation reactions (5.3{5.5) take place and

the emission characteristics exhibit similar features. The spectrum of the

chemiluminescence is centered around 720 nm, while the anodic emission is

found in the same region of the spectrum. The blue-shift and the transient

nature of the luminescence (Figure 5.4) in both cases also support the idea

of a common mechanism. We therefore conclude that light emission is due to
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porous silicon electrolyte

CB

VB

porous silicon electrolyte

CB

VB Ox+Ox+

Red(a) (b)

Figure 5.9 Schematic energy level diagrams of the porous sil-
icon/electrolyte interface, illustrating (a) the mechanism of anodic
luminescence in indi�erent electrolyte solution with an externally
applied potential and (b) the mechanism of chemiluminescence at
open circuit potential in solutions containing a strong oxidizing
agent.

an electroless oxidation of the silicon surface, rather than a surface chemical

reaction. The fact that strong oxidizing agents such as H2O2 or S2O
2�
8 give

only very limited or no luminescence at the open circuit potential [16] con-

�rms this conclusion. In the reduction of these two-electron redox systems,

a conduction band electron is required in a �rst step to create a radical in-

termediate (OH�, SO��

4 ) which then injects a hole in the second step. This

�rst step is not possible under open circuit conditions without an electron

injecting species in solution.

With the above in mind we now turn to the emission-potential curve of

p-type porous silicon in Ce4+ containing solutions (Figure 5.5). Presum-

ably, holes are injected both into the substrate at the pore fronts and into

the con�ned regions within the porous layer. Under negative bias the holes

injected at the pore fronts migrate away from the surface due to the electric

�eld at the interface and contribute to the reduction current. The lumines-

cent regions within the porous silicon layer have dimensions which are much

too small to support an electric �eld. Therefore, holes injected into these

con�ned regions do not contribute to the current, but give rise to chemilu-
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minescence via the mechanism described above. This implies that anodic

oxidation of the porous silicon occurs despite the large cathodic polarization.

From Figure 5.5 it is clear that the emission is independent of the applied

potential. This can be understood as its intensity is determined by the ux

of Ce4+ ions to the porous electrode, which is constant.

The potential-dependence of the emission intensity from n-type porous

silicon shown in Figure 5.7 is more complicated. In the potential range more

positive than 0.15 V no signi�cant current is measured and the open circuit

emission is observed. Upon scanning the potential to negative values, a cath-

odic reduction current is measured while the emission intensity decreases.

We assume that holes injected into the porous structure do not contribute

to the current due to the absence of an electric �eld in the porous layer.

Instead, the holes are consumed in the generation of chemiluminescence as

described above for p-type material. Again, anodic oxidation occurs des-

pite the cathodic polarization. However, holes injected at the pore fronts

are driven away from the porous silicon/substrate interface and recombine

non-radiatively in the bulk silicon with electrons (majority carriers in n-

type silicon), thereby giving rise to cathodic current. This accounts for

the decrease of the emission intensity. Additionally, the di�erence in re-

duction currents found between n-type and p-type porous silicon (compare

Figures 5.5 and 5.7) can be understood. Owing to a di�erent morphology of

the two types of electrode, the number of holes injected into the substrate

with n-type may be higher than with p-type.

Finally, the quenching of the luminescence at potentials at which hydro-

gen is evolved (Figure 5.7) can be interpreted in terms of the reactions 5.4

and 5.5. Hydrogen atoms which are formed during the electrochemical re-

duction of protons

H+ + e�
CB
! H� (5.6)

are probably adsorbed on the silicon surface before they combine to form

hydrogen molecules. The oxidation intermediate formed in reaction 5.4 or

reaction 5.5 can be passivated by the hydrogen atom. Combination of the Si�

radical and a hydrogen atom H� results in an Si{H bond, thereby preventing

the excitation of an electron to the conduction band. Consequently, emission

is quenched in the region where proton reduction occurs.
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5.5 Conclusions

We have shown that the reduction reactions of IrCl2�6 and Ce4+ at silicon

electrodes are valence band processes. However, as the degree of oxidation

of the surface increases hole injection becomes kinetically limited, while

electron capture proceeds unhindered. Adsorption of the oxidizing agent at

the oxidized silicon surface is assumed to be responsible for charge transfer

via the conduction band.

The chemiluminescence observed with porous silicon electrodes in solu-

tions containing strong oxidizing agents like Ce4+ is also attributed to hole

injection into the silicon valence band. Based on similarities in the lumines-

cence characteristics we propose a mechanism for chemiluminescence which

is similar to that for the emission observed during anodic oxidation in in-

di�erent electrolyte. A hole is captured in an Si{Si surface bond which

leads to an oxidation intermediate with energy levels in the band gap. Sub-

sequent electron injection into the conduction band is followed by radiative

recombination with valence band holes.

Finally, we have shown that the hydroxyl radicals OH�, formed in solu-

tion via the Fenton reaction with Fe2+ ions, can inject holes into the valence

band of silicon.
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Appendix

Silicon etching in HNO3/HF solutions

Despite the importance of the HNO3/HF etchant for silicon technology, only

a few studies of the electrochemistry of this system have been published. It

is well known that silicon can be electropolished in HNO3/HF solutions [28{

30]. Luminescent porous silicon layers can also be obtained by stain-etching

in HNO3/HF solutions [31{33]. The reduction of NO�

3 is complicated and

involves chemical and electrochemical steps [10{12,25]. The question as

to whether etching is a chemical or an electroless reaction has not been

addressed.

In Figure 5.10 current-potential curves of p-type and n-type silicon in a

6 M HNO3, 6 M HF solution are shown. With p-type silicon at potentials

more negative than �0:15 V a limiting cathodic current of approximately

55 mA/cm2 is found. The current is not observed in the absence of HNO3.

As the surface concentration of electrons is low at p-type electrodes, this

indicates that hole injection is involved in the electrochemical reduction of

NO�

3 . However, with increasing rotation rate the limiting current decreases;

apparently, an intermediate of the reduction reaction, which is responsible

for the hole injection (perhaps HNO2 [31]) is swept away from the surface

upon rotation of the electrode. With n-type silicon reduction of HNO3 at

potentials more negative than the open circuit potential gives rise to cathodic

current. The shoulder in the curve at �0:5 V indicates a limiting value of

approximately 60 mA/cm2; the results with p-type silicon imply that this

current is due to hole injection. The strongly increasing cathodic current at

even more negative potentials is due to hydrogen evolution.

The anodic current measured with p-type silicon at potentials more pos-

itive than �0:2 V is due to etching of the semiconductor. This is also

observed in solutions containing only HF. With n-type silicon the anodic

current observed at potentials more positive than �0:35 V is due to HNO3

in solution. A similar e�ect has been observed with silicon in Br2/HF

solutions [2]. Electrons from intermediates of the etching process can be

thermally excited to the conduction band. At favourable band bending the

electrons are driven to the interior, which leads to anodic current. This

is similar to what has been found in the photoanodic etching of silicon in

HF solutions; electrons injected into the conduction band by dissolution
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Figure 5.10 Current-potential and etch rate-potential curves of
stationary (a) p-type and (b) n-type crystalline silicon electrodes
in a 6 M HNO3, 6 M HF solution. The etch rates were determined
after 60 minutes; the dashed curves are a guide to the eye.

intermediates give rise to photocurrent enhancement at n-type silicon elec-

trodes [34].

The etch rate of silicon in 6 M HNO3, 6 M HF is shown as a function of

potential by the points in Figure 5.10. At the open circuit potential the etch

rate is similar for both p-type and n-type electrodes; a value of 1.3 �m/min is

found. When the potential of a p-type silicon electrode is made negative, the

etch rate decreases, while a considerable cathodic current is measured. Holes
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injected by the oxidizing species in solution are e�ectively removed from the

surface giving rise to current ow; the etching is suppressed. This indicates

that the dissolution of silicon in HNO3/HF solutions is an electroless, rather

than a chemical process. When we compare the etch rate at the open circuit

potential (1.3 �m/min) with the hole injection current at negative potentials,

we �nd that three charge carriers per silicon atom are involved in the etching

reaction. As the potential is made more positive the surface concentration of

holes (majority carriers) increases, thereby giving rise to anodic dissolution.

This accounts for the rise of the etch rate with increasing potential.

As expected, with n-type silicon the etch rate also decreases at potentials

where electrochemical reduction of NO�

3 is observed; holes injected into the

valence band recombine with conduction band electrons and contribute to

the reduction current and consequently, etching is suppressed. Upon scan-

ning the potential to more positive values than the open circuit potential

the etch rate of n-type silicon increases to a constant value of approximately

2 �m/min. As mentioned above the anodic current of 30 mA/cm2 in this po-

tential range indicates that electrons are injected into the conduction band

from dissolution intermediates. Assuming that the hole injection current at

n-type silicon is similar to that measured with p-type silicon (55 mA/cm2),

this implies that the overall ux of charge carriers involved in the dissolu-

tion reaction amounts to 85 mA/cm2. Comparing this with the etch rate

(2 �m/min) we again �nd that three charge carriers are involved in the

oxidation of a silicon surface atom

Si(0) + (3� n)h+
VB
! Si(III) + ne�

CB
(5.7)

where n represents the number of electrons contributing to the anodic cur-

rent with n-type silicon. By comparing the anodic current in Figure 5.10(b)

with the cathodic current in Figure 5.10(a), it follows that n � 1.

Gas is evolved at the electrode surface during the etching of silicon in

HNO3/HF solutions; mass spectrometry has shown this to be hydrogen.

The reduction of protons to H2 is very likely caused by the oxidation of the

trivalent silicon intermediate to the �nal tetravalent oxidation state

Si(III) + H+
! Si(IV) +

1

2
H2 (5.8)

This is similar to what is observed during anodic etching of silicon in HF [34],

although in that case one hydrogen molecule is formed for each silicon atom
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dissolved. If we combine reactions 5.7 and 5.8 (with n = 1) we obtain for

n-type silicon

Si(0) + 2h+
VB

+H+
! Si(IV) + e�

CB
+
1

2
H2 (5.9)

We have measured the amount of gas evolved during etching and found that

the ratio of H2 molecules formed to the number of silicon atoms dissolved is

approximately 1:2. This is in agreement with the overall reaction 5.9.
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Chapter 6

Methylviologen redox reactions at

porous and crystalline silicon

electrodes

Abstract

From measurements using stationary and rotating disc and ring-disc electrodes, it is

concluded that the reduction reactions of the divalent methylviologen cation MV2+

(to MV+� and MV0) proceed via the conduction band of both porous and crys-

talline silicon. The product of the second reduction step (MV0) forms a blocking

layer on the electrode. The oxidation reactions of MV0 and MV+� take place by

electron injection into the conduction band of n-type crystalline silicon. From the

current-potential characteristics it follows that MV+� is also able to inject electrons

into porous silicon formed on an n-type electrode. At p-type porous silicon electro-

luminescence is observed as a result of radiative recombination of holes (majority

carriers) with electrons (minority carriers) injected into the porous structure dur-

ing oxidation of MV+�. Introducing ethanol into the solution leads to changes in

the current-potential characteristics, which are explained by the solubility of MV0

in these solutions. The current-potential and emission-potential characteristics are

considered on the basis of the position of the band edges, as deduced from im-

pedance measurements, and di�erences between crystalline and porous silicon are

discussed.
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6.1 Introduction

Measurements on porous silicon/liquid junctions have provided important

insight into the properties of this material; the solution penetrates into the

pores, forming a contact to the whole porous structure, in contrast to most

of the solid state devices where only the top of the porous structure is

contacted [1{3]. Strong visible electroluminescence has been observed from

n-type porous silicon in contact with a solution containing a strong oxidizing

agent [4,5], and the wavelength of the emission maximum is a function of

the applied potential [6,7].

The mechanism of the emission from n-type porous silicon is thought to

be similar to that known for conventional semiconductors. Electron capture

from the valence band, i.e. hole injection, is achieved by a strong oxidizing

agent (electron acceptor) in the solution. At appropriate bias the injected

holes recombine with electrons from the conduction band. If this recombin-

ation is radiative, electroluminescence characteristic of the semiconductor

can be observed [8].

A similar mechanism should hold for p-type semiconductors, only now

electron injection into the conduction band is required. This is possible if

the occupied energy levels of the redox couple in the solution overlap with

the conduction band of the semiconductor. Thus, a strong oxidizing agent

(electron donor) has to be used. To our knowledge there have been no

reports of electroluminescence from p-type porous silicon due to minority

carrier injection by a reducing agent in solution [9]

From experiments with other semiconductors [10] we concluded that

the methylviologen (1,1'-dimethyl-4,4'-bipyridinium) radical cation MV+�,

which is formed in the �rst reduction step of the methylviologen cation

MV2+

MV2+ + e� 
 MV+� (6.1)

should be able to inject electrons into porous silicon. This reaction is highly

reversible and has a redox potential of �0:69 V vs SCE [11]. Further reduc-

tion of MV+� is more complicated and depends on the local concentration

of methylviologen near the electrode surface [12]. In its simplest form the

second reduction can be described by a reversible reaction

MV+� + e� 
 MV0 (6.2)
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Di�erent values are reported for the redox potential of this reaction: �1:1 V

[11,13] and �1:35 V vs SCE [12]. The MV0 formed at the electrode surface

is not soluble in aqueous solutions; it forms a solid �lm on the electrode [14].

The exact nature of the �lm is unclear; on gold electrodes a layer of MV0

is formed, while at an edge carbon electrode an MV0/MV+� mixed-valence

�lm is reported.

In this chapter the emphasis is on a comparison of the electrochemistry of

methylviologen at porous and crystalline silicon electrodes. We also present

results of electroluminescence due to electron injection by MV+� into p-

type porous silicon. The electroluminescence intensity of n-type porous

silicon is reported to be strongly enhanced by introducing ethanol into the

solution [15{17]. It was assumed that the addition of ethanol facilitates the

penetration of the solution into the hydrophobic porous structure [16]. To

investigate if this is also the case with p-type electrodes, we worked with

both aqueous and mixed ethanol/water solutions. We performed impedance

measurements on crystalline and porous silicon electrodes to determine the

position of the band edges. These measurements form the basis for an

analysis of charge transfer reactions of methylviologen at crystalline and

porous silicon electrodes.

6.2 Experimental

Electrodes were cut from n-type (0.7 to 0.9 
 cm) and p-type (8 to 12 
 cm)

single crystal silicon wafers which had the (100) orientation. Crystalline sil-

icon electrodes were dipped in a 1 M HF, 2 M NH4F solution for 1 minute

before each measurement to remove surface oxides. Porous silicon electrodes

were formed by anodic etching for 5 minutes at 35 mA=cm2 in a 1:1 mixture

of 20% HF:ethanol. A two-electrode con�guration with a Pt counter elec-

trode was used. Anodization was performed under illumination at 0.4 V cell

voltage for n-type and galvanostatically in the dark for p-type. Before and

after each measurement the presence of the luminescent porous layer was

checked by a photoluminescence measurement at an excitation wavelength

of 354 nm.

Electrochemical experiments were performed using an EG&G Princeton

Applied Research (PAR) 366A bipotentiostat in a conventional electrochem-

ical cell containing a Au or Pt counter electrode and a saturated calomel
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electrode (SCE) as reference. All potentials are given with respect to SCE.

In all cases the potential was scanned at 10 mV/s. For measurements us-

ing the rotating disc electrode (RDE) con�guration the working electrode

was a silicon disc (4.0 mm diameter). For the rotating ring-disc electrode

(RRDE) experiments we used a silicon ring (4.55 mm and 6.9 mm inner and

outer diameter, respectively) as the working electrode. A Au disc (4.0 mm

diameter) was used to generate active redox species. From these values a

collection e�ciency of 0.49 was calculated [18].

The impedance measurements were performed with an EG&G PAR 273A

potentiostat in combination with a Solartron HF frequency response ana-

lyzer. Electroluminescence was measured using a standard Si photodiode in

combination with an Oriel ampli�er (Model 70710). For illumination a white

light source (Schott KL 1500) was used. In all experiments involving illu-

mination of p-type electrodes the photon ux was larger than the di�usion

ux of MV2+ to the electrode.

The MVCl2 was obtained from Fluka. All other chemicals (Merck) were

of p.a. quality. The pH of all solutions was between 6 and 7. Before each

measurement high purity Ar gas was bubbled through the solution to remove

oxygen.

6.3 Results

6.3.1 Current-potential measurements at stationary and ro-

tating disc electrodes

Current-potential curves of stationary n-type and p-type crystalline silicon

electrodes in an aqueous 2 mM MVCl2, 0.1 M KCl solution are shown in

Figures 6.1(a) and 6.1(b), respectively. Measurements on n-type silicon

were performed in the dark, while the p-type electrode was studied in the

dark and under illumination. In the dark only a very small current is found

with the p-type electrode (dashed line). When the potential of both n-type

and illuminated p-type electrodes (solid curves) is scanned in the negative

direction, two current maxima are observed. The �rst current peak can

be ascribed to the �rst reduction step of MV2+. The redox potential of

this reaction (�0:69 V) agrees with the potential at which current onset

is found with n-type silicon, while with p-type silicon the current onset is
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Figure 6.1 Current-potential curves of stationary n-type (a)
and p-type (b) crystalline silicon electrodes in 2 mM MVCl2,
0.1 M KCl aqueous solution. Measurements with the n-type elec-
trode were made in the dark, while the p-type electrode was studied
in the dark (dashed line) and under illumination (solid line).

shifted to �0:3 V. We assume the second current maximum to correspond

to the second reduction step (MV+� to MV0). The height of both maxima

depends on the rate with which the potential is scanned, indicating that the

reduction reactions are di�usion limited. At more negative potentials the

current increases due to hydrogen evolution. In the return scan to positive

potentials a di�erence is observed between the two types of electrode. With

n-type silicon two peaks are again found. The �rst peak is much higher

than the second and is related to the oxidation of MV0. As mentioned

in the introduction, MV0 forms a solid �lm on the electrode and is thus
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unable to di�use away from the surface, which explains the larger anodic

current in the �rst maximum. The second maximum at �0:7 V results from

reoxidation of MV+� to MV2+. Only a single peak is found with the p-type

electrode, presumably due to an overlap of the two oxidation peaks.

From the fact that a cathodic current is found with n-type electrodes in

the dark and with p-type electrodes under illumination, while only a very

small dark current is detected with p-type silicon, we conclude that both

reduction reactions 6.1 and 6.2 occur via electron capture from the conduc-

tion band. In the return scan towards positive potentials the observation

of anodic current with n-type silicon in the dark shows that both oxidation

reactions occur via electron injection, as there are no holes present at the

electrode surface. Since, as will be shown, the band edges of n-type and

p-type silicon are at the same position, it is likely that oxidation reactions

of MV0 and MV+� at p-type silicon also take place via electron injection

into the conduction band.

Figures 6.2(a) and 6.2(b) show the e�ect of electrode rotation on the

current-potential curves obtained with n-type silicon in the dark and p-type

silicon under illumination, respectively. The solution composition was sim-

ilar to that used for the experiments of Figure 6.1 and the rotation rate

was 1600 rpm. The onset of the cathodic current due to reduction of MV2+

occurs at the same potentials as in Figure 6.1, but the current reaches a lim-

iting value, as is clear from the plateau in the current-potential curves. This

plateau is followed by a cathodic peak, whose maximum strongly depends

on the scan rate and the rotation rate. This peak is due to the formation

of the solid �lm of MV0, mentioned earlier. At high scan rates and low

rotation rates the peak broadens to give a second plateau; the current dens-

ity in this plateau is twice that of the �rst plateau. At potentials more

negative than the cathodic maximum this layer blocks further reduction of

MV+� but the �rst reduction step can obviously still proceed, as a plateau

is again observed at the same level as the �rst plateau. When the potential

is scanned towards positive values the current density remains constant un-

til a sharp peak is found, which corresponds to oxidation of the solid MV0

layer. This is supported by the fact that the peak maximum and shape are

almost independent of the range over which the potential is scanned, but the

peak is absent when the scan direction is reversed before the onset of MV0

formation. After this peak the current again decreases to zero. The anodic
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Figure 6.2 Current-potential curves of n-type (a) and illumin-
ated p-type (b) crystalline silicon electrodes in 2 mM MVCl2,
0.1 M KCl aqueous solution. The electrode was rotated at
1600 rpm. (c) The current density of the p-type electrode at
�0:55 V as a function of the square root of the rotation rate.
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current maximum due to the oxidation of MV+� observed in Figure 6.1 is

absent when the electrode is rotated; MV+� is not adsorbed at the surface

and is thus swept away from the electrode during rotation.

In Figure 6.2(c) the limiting current in the �rst plateau (at �0:55 V for

p-type silicon) is plotted as a function of the square root of the rotation

rate. From the linear relation it follows that the rate of the �rst reduction

reaction is determined by mass transport. Using the Levich equation we

calculate a di�usion coe�cient of 6:5� 10�6 cm2=s for the MV2+ species.

This value is comparable to that reported in the literature [11].

In Figure 6.3 current-potential curves of a stationary n-type porous sil-

icon electrode are shown. The solution is similar to that used for the ex-

periments of Figures 6.1 and 6.2. When the potential is scanned to �0:8 V

and back (solid line) so that only MV+� is formed, the curves are repro-

ducible. In the return scan an anodic peak is observed due to oxidation of

MV+�. The fact that this peak is present in the dark with n-type electrodes

implies that MV+� is also able to inject electrons into the conduction band

of porous silicon electrodes. With p-type porous silicon the reduction of

MV2+ to MV+� only occurs when the electrode is illuminated, indicating

that electrons from the conduction band are involved. When the potential
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Figure 6.3 Current-potential curves of a stationary n-type po-
rous silicon electrode in 2 mMMVCl2, 0.1 M KCl aqueous solution.
For the solid curve, the cathodic limit of the scan was �0:8 V. The
dashed curve was scanned to �1:0 V.
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is scanned into the region where MV0 is formed (dashed line in Figure 6.3),

the current-potential curves are much less reproducible. From photolumines-

cence measurements we found that the luminescent porous layer is removed

after a few scans. Apparently, growth of the solid MV0 layer in the pores

mechanically destroys the porous layer, and after one or two scans only the

crystalline substrate remains.

Measurements on methylviologen in a 1:1 mixture of water and ethanol

yielded somewhat di�erent results. Figure 6.4 shows current-potential curves

of rotating n-type (a) and illuminated p-type (b) electrodes in 2 mMMVCl2,

0.1 M KCl water:ethanol solution. Again, a plateau due to the �rst reduction

reaction of MV2+ is observed. The second reduction step no longer leads to a

cathodic current peak, but now a second plateau is observed with a limiting

current twice that of the �rst plateau. We assume that the MV0 formed

in this step is soluble and does not form a layer on the electrode surface.

This explains why an anodic peak is not observed in the return scan towards

positive potentials. As for the previous measurements we conclude that both

reduction reactions proceed by electron capture from the conduction band,

as only a very small dark current is found with p-type electrodes.

Figure 6.4(c) shows the linear relation between the limiting current dens-

ity for the two steps (at �0:4 V and �0:75 V for p-type silicon) and the

square root of the rotation rate, indicating that in this solution both reac-

tions are di�usion limited. However, the limiting current is considerably

lower than that found in the previous measurements, which can be ex-

plained by a di�erence in viscosity of the water:ethanol mixture compared

to that of pure water. The kinematic viscosity of a 1:1 mixture of wa-

ter:ethanol at 20�C is 3.043 [19]. Using the Levich equation and assuming

that D / 1=� [20], it follows that the limiting current should be 40% of that

found in water, which is indeed observed in Figure 6.4(c).

6.3.2 Current-potential measurements at rotating ring-disc

electrodes

As mentioned in the introduction, electroluminescence from p-type porous

silicon can only be generated when electrons are injected into the conduc-

tion band of porous silicon. From the previous results we concluded that

the electrochemical reactions of methylviologen proceed mainly by charge
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Figure 6.4 Current-potential curves of n-type (a) and illumin-
ated p-type (b) crystalline silicon electrodes in 2 mM MVCl2,
0.1 M KCl 1:1 water:ethanol solution. The electrode was rotated
at 1600 rpm. (c) The current density of the p-type electrode at
�0:4 V (N) and �0:75 V (�) as a function of the square root of
the rotation rate.
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transfer to and from the conduction band. However, as MV0 destroys the

porous structure, the only species capable of injecting electrons is the radical

cation. To obtain a large ux of MV+�, we used the RRDE con�guration

with a Au disc and a silicon ring. In Figure 6.5(a) a potentiodynamic meas-

urement in 2 mM MVCl2, 0.1 M KCl aqueous solution is shown. The disc

-0.30

-0.20

-0.10

0.00

0.10

i (
m

A
)

-1.50 -1.00 -0.50 0.00
Udisc vs SCE (V)

disc

ring

0.50

0.40

0.30

0.20

0.10

0.00

i ri
ng

/i d
is

c

-1.00 -0.50 0.00 0.50
Uring vs SCE (V)

idisc

iring

Figure 6.5 (a) Potentiodynamic measurement using a dark p-
type crystalline silicon/Au RRDE at a �xed ring potential (Uring =
�0:2 V) in 2 mM MVCl2, 0.1 M KCl aqueous solution. The disc
potential was scanned, while the electrode was rotated at 1600 rpm.
(b) The potential dependence of the ring current iring of p-type
crystalline (�) and porous (N) silicon electrodes, normalized with
respect to the disc current idisc. Conditions as for Figure 6.5(a).
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potential was scanned, while the ring potential was kept at a constant value

of �0:2 V. At the disc we see characteristics similar to those found before

with the silicon rotating disc electrode (Figure 6.2), while at the ring we

�nd an anodic current which strongly depends on processes occurring at the

disc. In the �rst plateau the MV+� generated at the disc is oxidized at the

ring. When the cathodic peak is reached at the disc, less MV+� is detected

at the ring due to consumption of MV+� in the formation of MV0 at the

disc. The MV0 forms a solid layer at the disc and cannot be detected at the

ring. After the peak, the current densities at the ring and the disc return to

their initial plateau values. Hydrogen evolution at the disc does not result in

a change of the ring current. When the MV0 layer is oxidized in the return

scan towards positive potentials, a surplus of MV+� leads to an increase of

the ring current.

For both n-type and p-type silicon, the ring current depends on the po-

tential applied to the ring. The ring current iring, observed when the disc

potential is scanned from the zero current region to the di�usion limited re-

gion, is shown in Figure 6.5(b) for p-type crystalline (�) and p-type porous

silicon electrodes (N) for various values of the ring potential up to 0.2 V; iring
is normalized with respect to the disc current idisc (see Figure 6.5(a)). Oxid-

ation of MV+� begins at �0:6 V with both crystalline and porous electrodes.

At more positive potentials iring=idisc for crystalline electrodes reaches a lim-

iting value of 0.46, which agrees rather well with the calculated collection

e�ciency of 0.49. With porous electrodes a maximum is observed at �0:3 V,

after which iring=idisc decreases to a constant value of approximately 0.30.

In the experiment of Figure 6.6 we scanned the potential of a p-type

porous silicon ring up to 0.7 V, while MV+� was generated at the disc at a

constant disc potential (Udisc = �0:85 V); the ring current, normalized with

respect to the disc current, is plotted as a function of the ring potential.

Oxidation of MV+� again starts at �0:6 V. After a maximum at �0:4 V the

current decreases to a value of 0.30, similar to the results of Figure 6.5(b).

At 0.2 V an increase of the ring current to a value of 0.47 is observed; this

value corresponds to the collection e�ciency of the RRDE. At potentials

more positive than 0.8 V the current increases further due to the anodic

oxidation of the porous silicon layer (not shown in Figure 6.6) [16].

In Figure 6.7 measurements using a p-type crystalline silicon/Au RRDE

in 2 mM MVCl2, 0.1 M KCl water:ethanol solution are shown. The current-
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Figure 6.6 Current-potential curve of a dark p-type porous sil-
icon ring in 2 mM MVCl2, 0.1 M KCl aqueous solution. The disc
potential was kept at a constant value Udisc = �0:85 V, while the
ring potential was scanned; the electrode was rotated at 1600 rpm.
The ring current iring is normalized with respect to the (constant)
disc current idisc.

potential curve is di�erent from that in aqueous solution (Figure 6.5(a)),

because of the higher solubility of the MV0. The anodic ring current is

proportional to the disc current in the whole range over which the disc

potential is scanned. In the �rst plateau the MV+� formed at the disc is

reoxidized at the ring, as in the RRDE measurements in solutions without

ethanol. The MV0 formed in the second plateau does not form a solid layer

at the disc, but can be detected at the ring causing a higher ring current.

Measurements with p-type porous silicon ring electrodes in water:ethanol

solution yield results similar to those of Figure 6.7. We also studied the

current-potential characteristics of the porous silicon ring electrode, while

generating MV+� at the disc at a constant potential. A curve similar to that

shown in Figure 6.6 is obtained; the oxidation of MV+� starts at �0:6 V, but

now the increase of the current to a value corresponding to the collection

e�ciency is found at �0:2 V.
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Figure 6.7 Potentiodynamic measurement using a p-type crys-
talline silicon/Au RRDE at a �xed ring potential (Uring = �0:2 V)
in 2 mM MVCl2, 0.1 M KCl 1:1 water:ethanol solution. The disc
potential was scanned, while the electrode was rotated at 1600 rpm.

6.3.3 Capacitance measurements

To determine the position of the band edges of silicon with respect to the

energy levels in solution, we performed Mott-Schottky (M-S) measurements.

According to the M-S relation for an n-type semiconductor

C�2
sc =

2

e"r"0ND

�
U � Ufb �

kT

e

�
(6.3)

the squared reciprocal space-charge capacitance per unit area Csc is a lin-

ear function of the applied potential U . Typical M-S plots are shown in

Figures 6.8(a) and 6.8(b) for n-type and p-type crystalline silicon, respect-

ively. No signi�cant di�erence was found between results obtained in an

indi�erent electrolyte or in solutions containing either MV2+ or MV+�.

From the slope of the linear �ts we calculate donor and acceptor densit-

ies ND = 4:7 � 1015 cm�3 and NA = 1:06 � 1015 cm�3. These values are in

agreement with the resistivity values given by the supplier of the wafers.

The at band potential Ufb is obtained by extrapolating the C�2
sc =U plot

to C�2
sc = 0. For n-type crystalline silicon we �nd Un

fb = �0:54 V. Taking

into account the di�erence between the Fermi level EF and the conduction
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Figure 6.8 Mott-Schottky plots of n-type (a) and p-type (b)
crystalline silicon in 2 mM MVCl2, 0.1 M KCl aqueous solution.
Measuring frequencies were 2.2 kHz (N), 7.0 kHz (�) and 22.1 kHz
(�).

band edge ECB, we obtain ECB = 0:77 eV. In a similar way we can de-

termine the position of the valence band edge EVB of p-type silicon. With

Up
fb = 0:06 V, we �nd EVB = �0:30 eV. The di�erence ECB�EVB = 1:07 eV

is close to 1.1 eV, the band gap of crystalline silicon. Our results agree with

those found by Madou et al. [21]. Due to the similarity between measure-

ments performed in solutions with and without methylviologen, it may be

concluded that the presence of methylviologen has little or no e�ect on the

position of the band edges under depletion conditions.

Measurements on porous silicon electrodes were much less reproducible.

The M-S plots of the n-type material were linear, but often shifted over a few

hundred mV towards positive potentials. The slope was the same as that

of the crystalline electrode, which indicates that the C-U characteristics are

still determined by the bulk semiconductor. The slope of the M-S plots of

p-type porous electrodes was also unchanged, but the shift towards positive

potentials was much larger, often of the order of 1 V. It is not clear what

causes the considerable shift of the at band potential of porous silicon.

Despite the irreproducibility of the impedance measurements, the current-

potential characteristics of porous silicon electrodes (as shown in Figures 6.3,

6.5 and 6.6) were very reproducible and indicate a �xed position of the band

edges.
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6.3.4 Electroluminescence measurements

During the measurements with p-type porous silicon electrodes in 2 mM

MVCl2 aqueous solution (Figures 6.5 and 6.6), no electroluminescence due

to MV+� oxidation could be detected. To obtain detectable electrolumines-

cence the methylviologen concentration was increased to 0.1 M. Figure 6.9

shows an emission-potential curve of the porous silicon ring. In the forward

scan, luminescence is measured between 0.2 V and 1.35 V, only in the pres-

ence of MV+�. At more positive potentials a strong emission is found, which

is related to the anodic oxidation of the porous layer (see also Chapter 3)

[16,22]. The onset of both the current and the emission corresponding to

the anodic oxidation process is, however, at a signi�cantly more positive

potential (1.4 V) than in the absence of methylviologen. This could be due

to stabilization of the silicon surface by MV+�, in a way similar to that

observed with ferrocyanide in Chapter 3. In the return scan no electrolu-

minescence is observed, which proves that the electrode is indeed oxidized.

This is also supported by the fact that the anodic current decreases to zero

after polarization at positive potentials. When the potential is scanned to

1.0

0.5

0.0

intensity (a.u.)

1.51.00.50.0-0.5
Uring vs SCE (V)

0.6

0.4

0.2

0.0

i ri
ng

/i d
is

c

Figure 6.9 Emission-potential curve of a p-type porous silicon
ring electrode in 0.1 M MVCl2, 0.1 M KCl aqueous solution, while
MV+� is generated at the disc at a constant potential (solid line).
The ring potential was scanned, while the electrode was rotated
at 1600 rpm. The dashed curve represents the normalized ring
current from Figure 6.6.
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1.3 V and back, the emission-potential curves are the same in both scan dir-

ections (only slight hysteresis), indicating that the luminescence can indeed

be ascribed to electron injection by the reducing agent. The potential de-

pendence of the electroluminescence intensity is not very reproducible, but

generally an onset is observed at 0.2 V followed by an increase up to about

0.9 V. At more positive potentials the surface becomes oxidized resulting

in a high density of unsaturated surface bonds. This presumably induces

surface recombination, which leads to a decrease of the electroluminescence

intensity at potentials above 0.9 V. In all cases the anodic luminescence is

stronger than the electroluminescence.

Addition of ethanol to the solution did not result in an increase of

the electroluminescence intensity as was the case with n-type porous sil-

icon [15,17]. Only a very weak emission could be discerned between �0.3 V

and �0.1 V, with a maximum at �0.2 V. The intensity of this emission

did not increase with increasing concentration of methylviologen. The an-

odic oxidation and the corresponding luminescence was not e�ected by the

presence of ethanol.

An MV+� solution is blue and has a strong absorption band in the visible

region of the spectrum with a maximum at 600 nm [11]. Unfortunately, this

overlaps with the emission from porous silicon, which is also in the visible

with a maximum generally between 600 and 700 nm [4{6]. It is therefore

di�cult to measure a spectrum of the emission.

6.4 Discussion

6.4.1 Crystalline silicon

From impedance measurements it is clear that the di�erence between ECB,

the conduction band edge of n-type, and EVB, the valence band edge of

p-type crystalline silicon, is close to the semiconductor band gap; from this

we conclude that the band edges of both materials are at the same energy.

This leads to the band diagram of Figure 6.10(a). From the current-potential

curves in Figures 6.1 and 6.2 we concluded that both reduction reactions of

methylviologen occur via electron transfer from the conduction band to the

species in solution. The oxidation of MV0 and MV+� at n-type crystalline

electrodes is also a conduction band process, while at p-type material no con-
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Figure 6.10 Schematic energy level diagrams showing the
standard redox potentials of the MV2+/MV+� and MV+�/MV0

redox couples in aqueous solution with respect to the band edges
of (a) crystalline and (b) porous silicon.

clusions can be drawn. However, considering the location of the band edges

at both n-type and p-type silicon, it is likely that the oxidation reactions at

p-type silicon also take place by electron injection into the conduction band.

With the above in mind, we can analyze the results in Figures 6.1 and 6.2 in

relation to the measured at band potentials. At n-type crystalline silicon

the reduction current starts at �0:7 V, i.e. 0.16 V more negative than the
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at band potential of �0:54 V. This implies accumulation conditions with

a downward band bending of 0.16 V. When the band bending is increased,

the Fermi level moves above the conduction band edge. As a result, the

surface concentration of electrons becomes large and the electrode acts as

a quasi-metal. This explains why the cathodic current at n-type silicon

(Figure 6.2(a)) strongly resembles the current found at the gold electrode

in the ring-disc measurements (Figure 6.5(a)). At both types of electrode

the �rst and second reduction reactions start at �0:69 V and �1:05 V, re-

spectively. This is in agreement with the standard redox potentials reported

elsewhere [11,13].

For p-type silicon electrodes the situation is di�erent. The reduction

current onset at illuminated p-type electrodes (Figure 6.1(b)) is at �0:3 V;

at this potential the band bending is about 0.35 V, downwards (depletion

conditions). Apparently, a considerable band bending is necessary to separ-

ate the photogenerated charge carriers and thus prevent recombination via

surface states. In the RRDE measurements with p-type crystalline silicon

(Figure 6.5) electron injection by oxidation of MV+� is observed at poten-

tials more positive than �0:6 V. This implies that, despite the unfavourable

band bending of 0.65 V, recombination of the injected electrons with holes

takes place.

6.4.2 Porous silicon

Although the at band potentials obtained from the impedance of porous

silicon electrodes are undependable, we can compare the current-potential

characteristics of crystalline and porous silicon. The electrolyte penetrates

into the porous structure and forms a contact to both the crystalline sub-

strate at the pore fronts and the porous semiconductor. The question arises

as to whether electron transfer occurs at the bottom of the pores or within

the porous layer. Current-potential curves of crystalline and porous silicon

are generally similar, as long as MV0 is not formed at the porous electrodes.

The onset of MV2+ reduction in Figures 6.1(a) and 6.3 occurs at approx-

imately the same potential. The same is observed in Figures 6.5(b) and

6.6 for the oxidation of MV+� at crystalline and porous silicon; at both

types of electrode the current onset is found at �0:6 V. We assume that this

similarity is due to the fact that electron transfer takes place at the pore
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fronts; the MV+� injects electrons into the conduction band of the crys-

talline substrate. No electroluminescence is detected between �0:6 V and

0.2 V, which also supports the above view. From this we conclude that the

position of the band edges of crystalline silicon are the same in the unetched

and porous etched electrodes. If we then take into account the larger band

gap of the porous semiconductor and the mismatch of the band edges at the

silicon/porous silicon junction (70% and 30% at the valence band and the

conduction band, respectively [23,24]), we obtain a schematic energy level

diagram for the silicon/porous silicon structure as shown in Figure 6.10(b).

This diagram indicates that, under normal conditions, MV+� should be able

to inject electrons into the conduction band of crystalline silicon, but not

into the porous structure.

Two plateaus are found in Figure 6.6. As mentioned above the �rst

plateau is due to electron injection into the crystalline substrate. When the

potential is scanned towards more positive values an increase of the anodic

current is observed at 0.2 V. This potential corresponds to the onset of elec-

troluminescence in Figure 6.9. In ethanol solutions the current-potential

curves are similar to those of Figure 6.6, but the second increase is now

found at �0:2 V. This potential again corresponds to the onset of electrolu-

minescence in these solutions. This indicates that the current in the second

plateau is due at least partly to electron injection into the porous silicon

structure.

With this in mind we can speculate on the physical background for the

observed current-potential and emission-potential characteristics. The cur-

rent onset at �0:6 V is due to electron injection into the crystalline substrate

at the bottom of the pores. A small part of the electrons may be injected into

the porous layer but no recombination takes place as the hole concentration

is very low due to the downward band bending (depletion conditions) and

the rather large valence band edge mismatch. If we assume that the posi-

tion of the band edges initially remains unchanged, the band bending in the

substrate decreases when the potential is scanned towards positive values.

A decrease of the band bending leads to a higher concentration of holes at

the silicon/porous silicon interface, which implies that the hole concentra-

tion in the porous structure also increases. When the at band potential is

approached, deviations from the linear M-S plot are found (Figure 6.8(b)).

At potentials more positive than the at band value, part of the applied
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potential will appear over the Helmholtz layer and the semiconductor band

edges will shift to lower energy. Electron injection into the porous structure

now becomes possible, thereby accounting for the increase of the current at

0.2 V in Figure 6.6. In more concentrated methylviologen solution the injec-

tion current due to MV+� oxidation is larger, and part of the recombination

is radiative which results in the observed electroluminescence.

6.5 Conclusions

Using stationary and rotating disc and rotating silicon-ring gold-disc elec-

trodes, we have studied the electrochemistry of methylviologen at crystal-

line and porous silicon. It was concluded that the two reduction reactions

of methylviologen proceed by electron capture from the conduction band

of both n-type and p-type crystalline and porous silicon. The oxidation

reactions at n-type electrodes occur via electron injection into the conduc-

tion band. On the basis of capacitance measurements we conclude that this

is also the case at p-type crystalline silicon. At p-type porous silicon in-

jection of electrons by MV+� leads to electroluminescence in concentrated

methylviologen solutions.

In solutions containing ethanol, the current-potential curves are di�erent

from those measured in aqueous solution due to the solubility of MV0, the

product of the second reduction step. The electroluminescence intensity is

not enhanced, as was the case for n-type porous silicon.

The di�erences in the current-potential measurements found with porous

silicon are discussed on the basis of a schematic energy level diagram. A

downward shift of the band edges at potentials more positive than the at

band value for p-type silicon facilitates electron injection into the porous

layer.
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Samenvatting

Sinds het begin van de negentiende eeuw is er veel onderzoek gedaan aan

halfgeleidende materialen. Halverwege de twintigste eeuw stond germanium

in het middelpunt van de belangstelling; de eerste transistor bijvoorbeeld

werd van germanium gemaakt. Germanium devices vertonen echter aanzien-

lijke lekstromen en bovendien is germaniumoxide een slecht di�elektricum dat

chemisch instabiel is. Daarentegen zijn de lekstromen bij silicium veel lager

en heeft siliciumoxide uitstekende isolerende en structurele eigenschappen.

Dit heeft ertoe geleid dat silicium tegenwoordig het meest gebruikte mate-

riaal is in de halfgeleidertechnologie. De lage kostprijs alsmede de relatief

eenvoudige bewerking van silicium hebben hier zeker toe bijgedragen.

In tegenstelling tot de goede elektrische eigenschappen van silicium zijn

de licht emitterende eigenschappen slecht. De indirecte bandafstand van

1,12 eV in bulk silicium heeft tot gevolg dat emissie in het nabije infrarood

ligt en bovendien een erg laag rendement heeft: niet-stralende processen

overheersen de stralende recombinatie van ladingsdragers. Derhalve is de

ontwikkeling van de halfgeleider opto-elektronica gedomineerd door III-V

materialen, die vaak een directe bandafstand hebben. De ontdekking in

1990 dat poreus silicium, gevormd door elektrochemisch etsen van kristallijn

silicium, in staat is om bij kamertemperatuur zichtbaar licht uit te stralen

heeft grote gevolgen gehad. De oorzaak van de zichtbare emissie werd toe-

geschreven aan \quantum con�nement". Ladingsdragers worden ruimtelijk

opgesloten in nanometer-grote deeltjes, wat leidt tot een grotere e�ectieve

bandafstand. Sinds 1990 zijn wereldwijd vele wetenschappers de mogelijk-

heden gaan onderzoeken om optische functies te integreren in structuren die

slechts op basis van silicium zijn gefabriceerd.

Poreus silicium was al veel eerder waargenomen. In 1956 beschreef Uhlir

het ontstaan van een matte zwarte, bruine of rode laag na anodisch etsen
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van silicium. Later, in het begin van de jaren 80 werd het maken van dikke

siliciumoxide lagen op basis van poreus silicium bestudeerd. Deze lagen zijn

nodig voor het fabriceren van \silicon-on-insulator" structuren. Zichtbare

luminescentie werd voor het eerst waargenomen bij 4 K in 1984 tijdens een

optische studie naar de structuur van poreus silicium. Men schreef de emissie

toe aan de aanwezigheid van amorf silicium in de lagen.

De eerste licht emitterende diode op basis van poreus silicium bestond

uit een kristallijn substraat met daarop een poreus ge�etste laag. Bovenop

deze laag was een elektrode aangebracht, in de vorm van een halfdoorla-

tende goudlaag of een transparant geleidend oxide. Deze diodes hadden

echter een laag rendement en hoge spanningen waren noodzakelijk om licht

te genereren. Verschillende ontwerpen en betere contacten hebben geleid tot

een aanzienlijke verbetering van de elektrische en optische eigenschappen.

Onlangs is zelfs door Amerikaanse onderzoekers een licht emitterende diode

gerealiseerd met een rendement van 0,1 %.

Poreus silicium devices waarbij een vloeibaar elektrolyt in plaats van een

vaste elektrode wordt gebruikt, vertonen een aanzienlijk e�ci�entere zicht-

bare elektroluminescentie. De vloeistof dringt tot diep in de pori�en door

en vormt zo een contact met de hele poreuze structuur. Sterke zichtbare

elektroluminescentie is waargenomen van n-type poreus silicium in contact

met een elektrolyt waarin sterke oxidatoren zoals peroxodisulfaat en water-

stofperoxide opgelost waren; de golengte van de emissie is afhankelijk van

de aangelegde spanning. Sterke luminescentie is ook waargenomen tijdens

anodische oxidatie van poreus silicium in indi�erent elektrolyt oplossingen.

De oxidatie van silicium is irreversibel en de emissie is slechts kortstondig.

Het is onwaarschijnlijk dat vloeistofcontacten ooit zullen leiden tot prak-

tische toepassingen. Desalniettemin is de elektrochemie belangrijk in het

onderzoek naar poreus silicium. De vorming van poreus silicium bijvoor-

beeld is een elektrochemisch proces, en ondanks het feit dat er al tientallen

jaren onderzoek naar gedaan wordt, is er nog steeds discussie over het exacte

mechanisme. In hoofdstuk 2 van dit proefschrift wordt het anodisch oplos-

sen van silicium in watersto�uoride oplossingen beschreven. Tijdens het

fotoanodisch oplossen van n-type silicium in HF is fotostroomverdubbeling

waargenomen: ieder geabsorbeerd foton leidt tot meer dan �e�en ladingsdrager

in het externe circuit. Het kwantumrendement van de fotostroom, gede�-

nieerd als het aantal ladingsdragers dat bijdraagt aan de fotostroom per
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geabsorbeerd foton, blijkt afhankelijk te zijn van de ux van invallende fo-

tonen. Bij een lage lichtintensiteit is een waarde van vier gevonden, die af-

neemt tot twee bij toenemende intensiteit. Tevens is waterstofontwikkeling

waargenomen. Het rendement voor de waterstofontwikkeling, gede�nieerd

als het aantal gevormde waterstofmoleculen per geabsorbeerd foton, hangt

ook af van de fotonux. In hoofdstuk 2 wordt een mechanisme voor het

fotoanodisch oplossen van silicium in HF voorgesteld, waarmee de relatie

tussen zowel het fotostroomkwantumrendement als het rendement voor de

waterstofontwikkeling en de lichtintensiteit verklaard kan worden. In het

model nemen we aan dat chemische oxidatie van een Si(II) intermediair tot

een Si(IV) oplosproduct, waarbij een waterstofmolecuul wordt gevormd, ge-

katalyseerd wordt door een mobiel Si(I) intermediair. De oppervlaktechemie

wordt bestudeerd in relatie tot het voorgestelde mechanisme. Tevens laten

we zien dat het mechanisme een mogelijke verklaring biedt voor de initi�ele

vorming van pori�en in silicium tijdens anodisch etsen.

Het is bekend dat het rendement van de fotoluminescentie van poreus

silicium toeneemt na thermische of anodische oxidatie. In hoofdstuk 3 wordt

gekeken naar de anodische oxidatie van kristallijn en poreus silicium in indif-

ferent elektrolyt oplossingen. De zichtbare emissie tijdens anodische oxidatie

van p-type poreus silicium wordt bestudeerd en we laten zien dat soortge-

lijke luminescentie ook gegenereerd kan worden in n-type materiaal door de

elektrode te belichten met infrarood licht. Het blijkt dat toevoeging van

een geschikte reductor aan de oplossing de oxidatie van de poreuze laag

onderdrukt en de luminescentie dooft. De resultaten in hoofdstuk 3 beves-

tigen een eerder voorgesteld mechanisme, waarin de vangst van een gat uit

de valentieband in een oppervlaktebinding van de poreuze halfgeleider leidt

tot een oppervlakte-intermediair dat in staat is een elektron thermisch te

exciteren naar de geleidingsband.

In de hoofdstukken 4, 5 en 6 wordt gekeken naar reacties van verschil-

lende redoxsystemen aan kristallijn en poreus silicium elektrodes. Hoofd-

stuk 4 beschrijft de reductie van peroxodisulfaat, terwijl in hoofdstuk 5

andere oxidatoren zoals Ce4+, IrCl2�
6

en NO�

3
aan bod komen. De reductie

van peroxodisulfaat aan n-type poreus silicium elektrodes leidt tot sterke

zichtbare elektroluminescentie. Er wordt aangenomen dat het SO��

4
radi-

caal, gevormd in de eerste reductiestap, een gat injecteert in de valentieband

van de poreuze halfgeleider. Vervolgens zou het ge��njecteerde gat stralend
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recombineren met een elektron in de geleidingsband. We hebben echter ont-

dekt dat de reductie van peroxodisulfaat zeker niet altijd gepaard gaat met

gateninjectie. In hoofdstuk 4 laten we dit zien met behulp van twee technie-

ken, te weten fotostroomkwantumrendement metingen met p-type poreus en

kristallijn silicium en metingen aan injectie van minderheidsladingsdragers

gebruik makend van de \transistor techniek". De resultaten verkregen met

silicium worden vergeleken met die van GaAs.

In hoofdstuk 5 laten we zien dat IrCl2�
6
, Ce4+ en NO�

3
ionen in staat zijn

om gaten te injecteren in de valentieband van oxide-vrij silicium. Echter,

bij toenemende oxidatiegraad wordt reductie van bovengenoemde ionen via

elektronenvangst uit de geleidingsband belangrijk. Gateninjectie tijdens de

reductie van Ce4+ en IrCl2�
6

aan poreus silicium elektrodes leidt tot zichtbare

luminescentie. De eigenschappen van deze emissie vertonen overeenkomsten

met de emissie ten gevolge van anodische oxidatie in indi�erente elektrolyt

oplossingen welke beschreven zijn in hoofdstuk 3. Op basis van de elektro-

chemische metingen stellen we een mechanisme voor waarmee het ontstaan

van luminescentie verklaard kan worden. Het mechanisme vertoont grote

overeenkomsten met dat voor de anodische luminescentie. We laten in dit

hoofdstuk ook zien dat, in tegenstelling tot wat er in hoofdstuk 4 staat be-

schreven, het wel mogelijk is om gaten te injecteren tijdens de reductie van

H2O2 wanneer het reductie-intermediair OH� chemisch wordt gevormd in de

oplossing in plaats van elektrochemisch aan het oppervlak van de elektrode.

Aan het einde van hoofdstuk 5 bekijken we in een appendix het etsen van

silicium in HF/HNO3 oplossingen en we tonen aan dat het oplossen van de

halfgeleider een \electroless" proces is: ge��njecteerde gaten geven aanleiding

tot het anodisch oplossen van de halfgeleider.

Tot slot worden in hoofdstuk 6 redoxreacties van methylviologeen aan

silicium elektrodes beschreven. We laten aan de hand van elektrochemische

experimenten zien dat zowel de reductie- als de oxidatiereacties verlopen via

de geleidingsband van kristallijn en poreus silicium. Stralende recombinatie

van gaten (meerderheidsladingsdragers) met elektronen, ge��njecteerd in de

poreuze structuur van een ge�etste p-type silicium elektrode, leidt tot elektro-

luminescentie. De stroom-potentiaal en emissie-potentiaal karakteristieken

worden beschouwd in relatie tot de bandranden; de positie van de band-

randen wordt afgeleid uit impedantiemetingen. Verschillen tussen metingen

aan kristallijn en poreus silicium worden bediscussieerd.
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