Electrochemistry of Silicon: Instrumentation, Science, Materials and Applications.
Volker Lehmann

Copyright © 2002 Wiley-VCH Verlag GmbH
ISBNs: 3-527-29321-3 (Hardcover); 3-527-60027-2 (Electronic)

Volker Lehmann

Electrochemistry of Silicon



Electrochemistry of Silicon: Instrumentation, Science, Materials and Applications.
Volker Lehmann

Copyright © 2002 Wiley-VCH Verlag GmbH

ISBNs: 3-527-29321-3 (Hardcover); 3-527-60027-2 (Electronic)

Cover illustrations

Upper left: Electrolytic double cell for diffusion length mapping of 200 mm silicon wafers using
the ELYMAT technique, as discussed in Section 10.3. After [21].

Upper right: Electroluminescence from a micro PS film anodized in an O-ring cell viewed from the
top (10% acetic acid, 10 mA cm™, 2.6 cm? active area). Note that the luminescence appears or-
ange in the center line, where the film has been formed under high current density (in 1:1 ethanoic
HF at 200 mA cm™), while it appears red for low formation current density (10 mA cm™). After
[Le3].

Lower left: Free-standing porous silicon samples mounted on top of a 20 pm thick bulk silicon
grid (with grid bars of 7 um width) and illuminated with white light from the back. Upper left
square: 70 um micro PS of 69% porosity (50 min at 30 mA cm™ in 1:1 ethanoic HF, 1 Q cm p-
type), upper right square: 32 um meso PS of 39% porosity (16 min at 30 mA cm™ in 1:1 etha-
noic HF, 0.03 Q cm p-type), lower left square: 69 pm macro PS of 72% porosity (1.85 um diame-
ter pores in 2.3 pm trigonal pitch parallel to the light beam) and lower right square 7 um bulk
silicon. Note that porosity and thickness of all porous samples has been selected to correspond
to 20 pum thick bulk silicon. After [Le27].

Lower right: First macroporous silicon-based chip capacitor (100 nF, 10V) on a match for size
comparison.
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Preface

Silicon has been and will most probably continue to be the dominant material in
semiconductor technology. Although the defect-free silicon single crystal is one of
the best understood systems in materials science, its electrochemistry to many
people is still a matter of alchemy. This view is partly a result of the interdisciplin-
ary aspects of the topic: Physics meets chemistry at the silicon-electrolyte inter-
face.

So far, researchers interested in this topic have had to choose either mono-
graphs that deal with the electrochemistry of semiconductors in general or recent
editions that deal with special topics such as, for example, the luminescent prop-
erties of microporous silicon. The lack of a book that specializes on silicon but
which gives the whole spectrum of its electrochemical aspects was my motivation
to write the Electrochemistry of Silicon.

With this book I hope to address different groups in the scientific community.
For beginners in the field a comprehensive overview of the topic is given in ten
chapters, including a brief historical review and safety tips. The practitioner will
find inspiration for instrumentation as well as examples of applications ranging
from photonic crystals to biochips. For experts the book may serve as a quick
reference with more than 150 technical tables, diagrams and micrographs, as well
as ca. 1000 references cited for easy access to in-depth information.

I did my best to eliminate mistakes and unclear descriptions, but I suspect that
even writing is governed by the laws of thermodynamics. So, I welcome com-
ments from readers and will attempt to correct any mistakes that they find.
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1
Introduction, Safety and Instrumentation

1.1
Early Studies of the Electrochemistry of Silicon

This section briefly surveys the history of the electrochemistry of silicon. Electro-
chemistry is a much older science than the solid-state physics of semiconductors.
Batteries had already been built, by Volta in 1799, when Berzelius first prepared ele-
mentary silicon in 1823 by reducing SiF, with potassium. In 1854 Deville prepared
silicon by electrochemical methods. Faraday, who found the exchanged charge and
the deposited matter at electrodes to be proportional, also observed that the resistiv-
ity of certain materials decreased with increasing temperature. However, it took an-
other century for a deeper understanding of the semiconducting state to be devel-
oped, based on the pioneering work of Bethe, Bloch, Braun, Lark-Horovitz, Mott,
Pohl, Schottky, Wilson and many others between 1930 and 1940. Their results final-
ly led to the invention of the transistor by Bardeen, Brattain and Shockley in 1947. In
one of the first papers about the semiconductor-electrolyte junction, by Brattain and
Garrett [Br2], it was already realized that holes control anodic oxidation and that cur-
rent multiplication effects at illuminated n-type electrodes are caused by electron
injection during the electrochemical dissolution process. The first transistor, how-
ever, was made from germanium, because silicon single crystals were not grown un-
til 1950, by crucible pulling. Two years later the float-zone (FZ) method was invented
and the first silicon-based transistor was presented in 1954 by Teal. Since 1961, the
preparation of silicon has involved its transformation into silane, which is then pu-
rified by distillation and adsorption and finally retransformed to elemental silicon by
chemical vapor deposition (CVD). The availability of dislocation-free silicon single
crystals and the idea of an integrated silicon circuit, developed by Kilby in 1958,
were the beginnings of what today is known as ‘the silicon age’.

Silicon has long been the subject of numerous electrochemical investigations.
Early electrochemical studies on silicon dealt mainly with problems of anodic oxida-
tion, electropolishing and chemical etching. The first experiments attempting to
grow anodic oxides on silicon were performed by Guentherschulze and Betz as early
as 1937 [Gul]. Schmidt and Michel carried out a more detailed study in 1957 [Sc1],
leading to a method of local anodic oxidation by the projection of light patterns onto
n-type silicon electrodes [Sc3]. At this time the first etchants for defect delineation

1
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[Dal, Sil] or chemical polishing (CP) [Lal] were also developed. Alkaline etching in
sodium hydroxide solution was studied by Seipt [Sel], who observed passivation un-
der anodic bias, and he interpreted this in terms of an insoluble oxide film. Seipt and
others [Bol, Ef1, Hul] reported that bias-dependent variations in the capacitance of a
silicon-electrolyte junction could be used to verify the existence of a depletion layer
in the electrode. Pleskov [PI1] was the first to apply independent electrolyte contacts
to both sides of an n-type germanium disk. He reported hole injection when the elec-
trode reaction involved the cathodic reduction of an oxidizing agent and pointed out
that the amount of collected holes depends on the diffusion length of these holes as
well as on the thickness of the germanium disk. An extension of this method was
used by Harvey [Hal] to measure the surface recombination velocity of the elec-
trode. A detailed study of the anodic dissolution mechanism of germanium and sil-
icon was carried out by Beck and Gerischer [Bel, Gel].

The first report of porous silicon (PS) dates back to 1956. In this study, which
dealt mainly with electrolytic shaping of germanium, Uhlir found matte black,
brown or red deposits on anodized silicon samples and tentatively supposed them
to be a suboxide of silicon. He found that smooth etching occurred for higher cur-
rent densities and a dissolution valence of four while at lower current densities
the dissolution occurred under hydrogen evolution at a valence of about two
[Uh1]. Shortly after, Fuller and Ditzenberger reported similar films, which devel-
oped without any applied bias in HF/HNO; solutions [Fu3]. Anodically formed
films were studied in more detail by Turner and by Schmidt and Keiper [Tul,
Sc2], while chemically formed films were investigated by Archer [Arl]. Turner
found electropolishing to occur above a critical current density, which increased
with HF concentration and temperature, but decreased with viscosity. He inter-
preted this critical value to be a result of mass transfer in the electrolyte. Below
the critical current density he observed a thick film with an orange-red color and
a glassy appearance and speculated that it was a silicon subfluoride. Turner as-
sumed SiO, to be present during electropolishing, and observed oscillations of
cell current and potential for current densities above the critical value [Tu2]. In
1960, Gee [Ge2] observed anodic electroluminescence (EL) in different electrolytes
from stain films grown chemically or electrochemically on silicon electrodes. An
excellent review of these early studies is given by Turner [Tu2].

In 1965 Beckmann [Be2] investigated stain films on silicon by means of infrared
(IR) spectroscopy. He found the chemical composition of electrochemically formed
films to be between SiH and SiH,, and interpreted this as polymerized silicon
hybrids. In contrast to these findings, films grown chemically in mixtures of HF
and HNO; showed high amounts of oxygen. In 1966, Memming and Schwandt
[Mel1] presented a dissolution mechanism for silicon electrodes in HF and pro-
posed the resulting films to be a result of redeposition of silicon from SiF,. Macro-
pores on n-type substrates and their dependence on crystal orientation were first re-
ported by Theunissen and co-workers in 1970 [Th1]. In that same year, the first stud-
ies on electrochemical etch-stop techniques [Dil] and photoelectrochemical etching
[Da2] of n-type silicon were published. In 1971, Watanabe and Sakai first reported
the porous nature of electrochemically formed films on silicon electrodes [Wa7].



1.2 Safety First

The number of publications dealing with the electrochemistry of silicon and PS
has increased rapidly since 1971. The first model for pore formation in n-type sili-
con electrodes, based on a breakdown of the depletion layer, was proposed by
Theunissen in 1972 [Th2]. In 1988, it was shown that macropores could be etched
in arbitrary patterns using a pre-structured n-type silicon electrode [Lell]. Using
electron diffraction, Arita and Sunohara proved in 1977 [Ar2] that PS on silicon
electrodes, independent of their doping, is single crystalline with the same orien-
tation as the substrate. This allowed them to conclude that localized dissolution
generates pores in the electrode and the remaining substrate forms the PS. Bom-
chil et al. demonstrated in 1983 [Bo2] using gas absorption that the pore diame-
ters in PS may be as small as 2 nm.

The conversion of PS to SiO, by thermal oxidation was reported in 1971 by
Watanabe and Sakai [Wa7]. Arita in 1978 [Ar3] and Unagami in 1980 [Unl] per-
formed thermal oxidation experiments on PS, which a few years later led to an sil-
icon-on-insulator (SOI) technology based on oxidized PS [Hol, Im1l]. Another
approach to manufacturing SOI structures was developed in 1986 by Lin and co-
workers [Lil], by growing a Si molecular beam epitaxy (MBE) film on PS and sub-
sequent oxidation. However, a major drawback of PS-based SOI technologies is
the need for windows in the Si film to carry out the oxidation of the underlying
PS.

Pickering and co-workers observed visible photoluminescence (PL) from PS at
4.2 K in 1984 [Pil], which they interpreted as due to a complex mixture of amor-
phous phases. The questions of why PS is transparent for visible light and why it
is photoluminescent remained unanswered until 1990-91 when a quantum size
effect was proposed as an explanation [Cal, Lel]. Two years later PL was also
found for oxidized PS [Lel5, It2]. These astonishing optical properties of PS in-
itiated vigorous research and resulted in more than a thousand publications, as
well as several books and reviews [Cu2, Th7].

1.2
Safety First

It is very important to first consider the safety aspects of electrochemical experi-
ments with silicon. The single most dangerous compound, which cannot be avoided
in the electrochemistry of silicon, is hydrofluoric acid (HF). HF in its anhydrous
form and in concentrated aqueous solutions is highly corrosive towards living tis-
sue. Inhalation, ingestion or skin contact with HF are all extremely hazardous.
For aqueous HF of high concentrations (> 10%) or for elevated temperatures
(above room temperature, RT), HF is in its most dangerous phase, the vapor
phase. The liquid solution generates considerable amounts of HF vapor. HF has a
stinging smell not unlike hydrochloric acid, and its smell is detectable at levels
above 0.04 ppm. The permissible exposure limits in industrial countries vary from
0.5 to 2 mg m™ (0.62-2.50 ppm). At 30 ppm, HF is immediately dangerous to life
and health. An exposure to 50 ppm for 30 min can be lethal. It is self-evident that

3
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HF should only be handled under a hood with proper ventilation. However, even
if all safety regulations are obeyed the risk of accidents cannot be totally elimi-
nated. In case of large spills, the contaminated laboratory area should be evacu-
ated immediately because of the danger of inhalation.

If HF vapor is inhaled, a corticosteroid aerosol and inhalation of pure oxygen are
recommended as first aid, because they relieve inflammatory reactions such as pul-
monary edema or hypersecretion of mucus in bronchial tubes and help to prevent
bronchospasm. A f-mimetic aerosol can be given to control apparent bronchospasm.

For concentrations below 10%, the evaporation of HF is reduced and direct con-
tact with the liquid becomes the greatest risk. If HF is swallowed, it is advisable
to drink lots of water, if possible with activated carbon added, in order to dilute
the acid. Small amounts in the eye can cause intense irritation of the eyelids and
slow ulceration of the conjunctivae. Large amounts in the eye cause immediate
blindness. As first aid treatment the eyes should be irrigated immediately and co-
piously with clean water for a minimum of 15 min. Immediate medical care is
mandatory after all the accidents mentioned above, even if no symptoms are ap-
parent, because respiratory problems or other symptoms of poisoning can be de-
layed for hours after the incident has occurred.

In contact with skin, HF causes burns that show a progressive necrosis, often
resulting in permanent tissue loss. The dissociation of HF yields H* ions, which
exhaust the buffering capacity of the tissue, and F~ ions, which remove calcium
ions from the tissue. This mechanism has been invoked to account for the pro-
longed inflammation and delayed wound healing. If skin contact is noticed imme-
diately, first-aid treatment should include the removal of contaminated cloth and
the exposed skin should be rinsed thoroughly with water. Next, a bandage with
polyethylene glycol or calcium gluconate gel is recommended [1]. If there is a
time delay of more than a few seconds or if larger areas of the skin have been in
contact with HF, medical care is mandatory, because considerable amounts of HF
may penetrate the epidermis and lead to poisoning of deeper tissue and bone ne-
crosis, which is both extremely painful and slow to heal. HF burns are usually
treated by injecting 10% calcium gluconate in and under the exposed skin tissue.
Note that HF poisons tissue rapidly, but it may take hours to cause pain.

In addition to the standard laboratory protection, such as safety goggles and
chemically resistant butyl rubber gloves, a personal HF gas monitor with audible
alarm and a safety sensor for liquids, as described in Section 10.4, are commer-
cially available [2]. For detailed information about the toxic effects of HF, see refer-
ences Fi5, Wa8 and Re4.

The other chemicals mentioned in this book are less dangerous and safety gog-
gles and rubber gloves, which should always be used, are usually sufficient protec-
tion. Elementary silicon is inert and shows no toxic effects. In this respect, silicon
is different from many other semiconductors, which may contain poisonous com-
pounds. However, sufficient eye protection is required while cleaving wafers, be-
cause of the risk of fragmentation.

Legal safety regulations for HF and other chemicals have been issued [Brl,
Dul, Kul, Mul, St1, Usl].
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The Basic Properties of Silicon

Pure crystalline silicon is a brittle material with a gray metallic appearance. Its
mechanical properties, such as Knoop hardness (950-1150 kg mm™), Young's
modulus (190 GPa for (111), 170 GPa for (110), 130 GPa for (100)), torsion modu-
lus (4050 kgmm™) and compression breaking strength (5000 kg cm™) vary
slightly with crystal orientation. Silicon has a low thermal expansion coefficient
(2.33x10°K™") and a high thermal conductivity (148 W K'm™). Crystalline sili-
con melts at 1413°C (1686 K).

The atomic weight of silicon is 28.086 (4.6638x107** g per atom). Its density of
2.328 gcm™ corresponds to roughly 5x10%2atoms cm™. Silicon has the same
crystal structure as diamond (face-centered cubic, fcc) with a lattice constant of
0.543095 nm.

The electronic properties of silicon are essential in the understanding of silicon as
an electrode material in an electrochemical cell. As in the case of electrolytes, where
we have to consider different charged particles with different mobilities, two kinds of
charge carriers — electrons and holes — are present in a semiconductor. The energy
gap between the conduction band (CB) and the valence band (VB) in silicon is
1.11 eV at RT, which limits the upper operation temperature for silicon devices to
about 200°C. The band gap is indirect; this means the transfer of an electron from
the top of the VB to the bottom of the CB changes its energy and its momentum.

Silicon is probably the solid element that has been produced in the most pure
form. Contamination levels as low as a few parts per trillion (ppt), corresponding
to less than 10" cm™, are achievable [Ha2]. Such a pure silicon crystal is termed
intrinsic and shows a specific resistivity of about 10 kQ cm at RT, corresponding
to a concentration of charge carriers of 1.45x10'® cm™ at RT. This low concentra-
tion of impurities can be increased by intentional doping with Group III elements
(B, Al, Ga, In), producing p-type Si, or by doping with Group V elements (P, As,
Sb), producing n-type Si. Single crystalline Si is commercially available with dop-
ing levels ranging from 10" to 10*° cm™. Electrons are the majority carriers in an
n-type doped material, while defect-electrons or holes are the majority carriers in
p-type doped material. The mobilities, g, of electrons and holes are different and
decrease with increasing doping density Ny. Therefore, the specific conductivity o
does not depend linearly on Ny:

o=1/p=euNg (1.1)

The figure on the inner front cover of this book can be used to convert between
doping density, carrier mobility and resistivity p for p- or n-type doped silicon sub-
strates. One of the major contaminants in silicon is oxygen. Its concentration de-
pends on the crystal growth method. It is low in FZ material and high (about
10" cm™) in Czochralski (CZ) material.

A piece of silicon immersed in an electrolyte behaves similarly to a Schottky
diode, a metal-semiconductor contact, as discussed in Chapter 3. Under reverse



6

1 Introduction, Safety and Instrumentation

bias (anodic for n-type, cathodic for p-type), a space charge region (SCR) is pre-
sent in a semiconductor electrode. The width W of the SCR in the electrode de-
pends on the type and density Ny of the dopant and the bias V according to:

W = (26V/eNg)'/? (1.2)

where ¢ is the elementary charge and ¢ the dielectric constant. The latter is the
product of the dielectric constant of the vacuum, &, and the relative dielectric
constant of silicon (es;=11.9). The bias V=V;,~V,,,—kT/e depends on the built-in
potential V;; of the contact (about 0.5V), the applied potential V,,, and kTje
(25 mV at RT). The electric field strength E shows a maximum E,, at the interface
to the electrolyte (x=0) and decreases linearly to zero at x=W for a homoge-
neously doped electrode according to:

E(x) = eNg(W —x) /e (1.3)
The maximum field strength is calculated using Eqgs. (1.2) and (1.3) to be:
Em = (2eNgV/e)/? (1.4)

E., is limited by the breakdown field strength Epp of silicon, which is about
3x10° Vcm™. The figure on the inner front cover shows the width of the SCR as
a function of doping density and applied bias, as well as the limitation by ava-
lanche breakdown.

The capacitance C of the SCR is usually much smaller than that of the double
layer in the electrolyte and dominates the AC behavior of the whole system. The
capacitance for an electrode of interface area A and an SCR of width W can be cal-
culated according to

C=Ae/W (1.5)

The SCR capacitance for a given doping density and applied bias is given in the
figure on the inner front cover.

Besides doping density and carrier mobility the minority carrier lifetime is an-
other important parameter of silicon substrates [Sc17]. The bulk minority carrier
lifetime is limited by three main recombination mechanisms: radiative, Auger and
Shockley-Read-Hall (SRH). Recombination of an electron-hole pair under emis-
sion of a photon is important for direct bandgap materials, but is relatively unim-
portant in an indirect bandgap material like silicon. Auger recombination involves
three charge carriers and depends therefore on doping density and injection level.
For doping levels of 10'® cm™, for example, the lifetime is limited to values in the
order of us. SRH recombination involves a deep level impurity and the energy of
the electron-hole pair is dissipated by lattice vibrations (phonons). For high-purity
silicon with contamination levels below 10'" cm™ the lifetime is in the order of
milliseconds. The diffusion lengths, Lp, of electrons or holes can be calculated
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from their lifetime © and their diffusion constant D) (D.=36.8 cm?s7
Dn=12.4 cm®s™") using:

Lp = (tDep)"? (1.6)

The diffusion length of electronic grade silicon wafers is about 0.5 mm and
therefore in the order of the wafer thickness. Illumination of the backside of a sili-
con electrode may, as a result, influence the electrochemistry at the front side, as
discussed in Section 10.3.

1.4
Common Electrolytes

Electrolytes commonly used for electrochemical processing of silicon can be cate-
gorized according to their constituents or according to their pH. Aqueous electro-
lytes dominate the electrochemical processing of silicon. However, for some appli-
cations, such as anodic oxidation, organic electrolytes with little or no water are
used. Electrochemical etching of silicon in a water-free mixture of acetonitrile and
HF [Ril, Pr7] or dimethylformamide (DMF) and HF [Oh5] has also been re-
ported, showing that water is not a necessary constituent. Such water-free HF
electrolytes are favorable if a low etch rate on Al or SiO, is required. Anions, such
as BF,, PF4, CF3S057, AsFg™ and SbFg, have been proposed as substitutes for
HF in such water-free electrolytes [Ri3].

Aqueous electrolytes of high pH etch silicon even at open circuit potential
(OCP) conditions. The etch rate can be enhanced or decreased by application of
anodic or cathodic potentials respectively, as discussed in Section 4.5. The use of
electrolytes of high pH in electrochemical applications is limited and mainly in
the field of etch-stop techniques. At low pH silicon is quite inert because under
anodic potentials a thin passivating oxide film is formed. This oxide film can only
be dissolved if HF is present. The dissolution rate of bulk Si in HF at OCP, how-
ever, is negligible and an anodic bias is required for dissolution. These special
properties of HF account for its prominent position among all electrolytes for sili-
con. Because most of the electrochemistry reported in the following chapters re-
fers to HF electrolytes, they will be discussed in detail.

Pure HF is a liquid, with a melting point of —83.36°C and a boiling point of
19.46°C at ambient pressure. Its density is extremely sensitive to temperature, in-
creasing from 0.987 g cm™ at 19°C to 1.658 g cm™ at —97°C [Le7]. HF is soluble
in water in any proportion. The electrical conductivity and density of solutions of
HF in water are shown in Fig. 1.1 [Hi3].

Aqueous solutions of HF are usually not prepared from pure HF and water, but
by dilution from commercially available aqueous solutions of higher concentra-
tion, e.g. 10, 40 or 50% of HF [3]. Unfortunately there is no convention for a sin-
gle unity of concentration. In the relevant literature one will find:

7
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Fig. 1.1 Density and conductivity of an aqueous HF solution
as a function of HF concentration, measured at 0°C. Redrawn from [Hi3].

A: weight%=mass of solute in 100 unit masses of solution
B: mole%=atom%

C: moles per kg substance

D: moles per liter solution

volume%, or simple mixing ratios by volumes, are also used

The relationship between C and A is simple:
C = 10A/ My (1.7)

Using the molar weight of HF, Myz=20.00637, C (moles HF kg™") is found to
be 0.49975 or roughly 0.5 times A (weight% HF).

The relationship between weight% and mole% is not as simple. Using the mo-
lar weight of water (M,,=18.0153) the equation for the conversion is:

B = 100A/(A + (100 — A)Myz/M,,) (1.8)

If the unit relates not to the weight but to the volume of the solution, like
moles per liter, the density p of the solution must also be known:

D = 10Ap/ My (1.9)

The density of HF is not a linear function of the concentration in weight%, as
shown in Fig. 1.1 [Hi3]. However, for concentrations ¢ between 0 and 50 weight%
a close linear fit is found at RT, as shown in Fig. 1.1:

plkgl™) = 0.997 + 0.00345¢ (%) (1.10)
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For the same regime of concentrations the resistivity of HF at 0 °C can be fitted
from the data of Fig. 1.1 to be:

R(Qcm) = 1/0.0104¢ (%) (1.11)

To avoid ubiquity in the following chapters the concentration ¢ of a solution will
be given as follows:

A concentration given in % always refers to weight % (A).
Concentrations may also be given in mol kg™ (C) or mol I"* (D).

In the literature many solutions are given as parts per volume, and so this nota-
tion is unavoidable and is used a few times.

If the concentration of only one component is given (in weight% or mol I™")
then the other component is pure water.

Any desired dilution of HF ¢, (in weight%) can be prepared from a concen-
trated HF solution whose concentration cyr (in %) and specific weight pyr (in
kgI™") are known, by mixing a certain volume of pure water Vi o (in 1) with the
calculated volume of concentrated HF (in 1):

Viar = Vio/{pusl(enr/cx) — 1]} (1.12)

Mixing ratios according to Eq. (1.12) using dilutions of commercial 50% HF so-
lution are given in the figure in the inner back cover of this book, together with
other concentration-dependent properties of HF.

In contrast to the other three hydrohalic acids, HF is a weakly dissociating acid.
One consequence of this property is that ion exchange is superior to distillation
for HF reprocessing [Da3]. When diluted in water HF dissociates into H, F~ and
various hydrofluoric species such as HF,™ and (HF), according to the reactions:

HF = H" + F~
with K, = ((H*][F])/[HF] (1.13)

HF + F~ = HF,

with K,=[HF,]/((HF][F] (1.14)
2HF = (HF),
with K;=[(HF),]/([HF][HF)) (1.15)

These equilibrium constants vary with molarity of the HF solution. Measured
values corrected for zero ionic strength at 25°C are K;=6.71x10"*moll™,
K,=3.86 1 mol™, and K3=2.7 I mol™" [Br10, ul, Wall], implying a dissociation of
only a few percent. This unusual behavior is still controversial and has been at-
tributed to the greater strength of the H-F bond compared to the other hydrogen
halides [Pal], to the presence of the dimer (HF), [Wal], or to polymers that may

9
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Fig. 1.2 The calculated fraction of each component in an aqueous HF solution as a function of
pH for a fixed total fluoride concentration of 7.5 mol I”'. Redrawn from [Vel].

form ring structures [Hy1]. Spectroscopic measurements indicate the formation of
a hydrogen-bonded ion-pair H;O"F~ or proton-transfer complex, which may be re-
sponsible for the observed weakness of HF [Gil]. Species like (HF),F~, (HF);F~
and (HF),F~ that are not present below 1 mol ™! [Fal] may contribute to the low
ionic strength for higher concentrations [Mc1]. In any case, undissociated HF and
its polymers are the main constituents of aqueous HF solutions of moderate and
high concentrations. The concentrations of HF, (HF),, HF,” and F~ are shown
as a function of cyr in Fig. 1.2. For unbuffered HF of concentrations above
0.25 mol I"' the composition is roughly constant, as follows: 90% HF and (HF),,
4% HF, and 2% F~. The pH=-log([H"]) of the solution can be calculated for a
known HF concentration [cyg]=[HF]+ 2[(HF),] + 2[HF, ] + [F7] using the above
equations and neutrality:

[H'] = [HF, ] + [F] (1.16)

Note that the exact concentrations of the species H", HF, HF,™ and F~ in dilute
HF solutions of a certain molarity can be obtained from K; and K, only with
some function to represent the activity coefficients [Hal3]. Equilibrium constants,
obtained from measurements of pH, differ slightly from the values given above
(Ky=7.7%10"* mol I, K,=5.59 1 mol™" [Se2]). The pH for different HF concentra-
tions, as given in the table shown in the inner back cover of this book, has been
calculated using the latter constants. Note that the dissociation of HF is further re-
duced by addition of ethanol to the solution [Ga3].

For the case of SiO, etching, HF, (HF), and HF,™ are assumed to be the active
species [Vel, Jul]. If HCl is added to the solution the concentration of the HF,~
ion becomes negligible, which leaves HF and its polymers to be the active species
[Ve3]. Because for high current densities the electrochemical dissolution of silicon
occurs via a thin anodic oxide layer it can be concluded that, at least for this re-
gime, the same species are active. This is supported by the observation that F~ is
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inactive in the electrochemical dissolution kinetics [Se2]. It is found that HF, is
also inactive for the pH range investigated — which again leaves HF and its poly-
mers to be the active species in the electrochemical dissolution reaction of silicon
[Se2].

The diffusion coefficient Dyp of the HF molecule has been determined from
the etch rate on oxide films to be between 2x107° and 2x107° cm?®s™ [Mo5]. A
conductimetric technique gave Dyp=1.68x10" (+0.02) cm”s™' for concentrations
of aqueous HF in the order of 0.2% at 25°C [Nol]. In ethanoic solutions values in
the order of 2.2x107 cm*s™! have been reported [Mel4]. Due to ionization of
neutral HF molecules to F~ (1.473x107° cm?®s™"), HF,~ (2.35x107° cm*s™) and
highly mobile H* (9.315x107° cm? s7"), the measured average diffusion coefficient
increases rapidly for HF concentrations below 0.02%. The water molecule, by
comparison, has a diffusion coefficient of 2x10™ cm?s™" at RT. The viscosity of
solutions is dependent on temperature, which produces a temperature depen-
dence of Dyr. From measurements of viscosity versus temperature, activation en-
ergies of 0.16 and 0.12 eV have been calculated for diffusion-controlled reactions
in water and ethanol, respectively. These results are supported by rotating disk
electrode (RDE) measurements of Jpg in ethanoic HF, which gave an activation
energy of 0.125 eV for Dyy [Mel4].

The product of the dissolution process of silicon electrodes in HF is fluosilicic
acid, H,SiFe. In contrast to HF, H,SiF¢ is mostly (75%) dissociated into SiFZ~ and
2H" in aqueous solution at RT. The diffusion coefficient of the SiFZ™ at RT de-
creases from 1.2x107° cm’s™" for 0.83 mol I to 0.45 cm?s™" for 2.5 molI”', with
values of activation energy around 0.2 eV [We7].

So far only aqueous solutions have been considered; however, mixtures of HF
and ethanol or methanol are quite common, because this addition reduces the
surface tension and thereby the sticking probability of hydrogen bubbles. While
substantial quantities of ethanol or methanol are needed to reduce the surface
tension, cationic or anionic surfactants fulfill the same purpose in concentrations
as low as 0.01 M [So3, Ch16].

If aluminum is present on the electrode (for example if used for interconnects),
an ammonium fluoride-based electrolyte is more desirable than HF, because Al is
only stable in the pH range of about 4 to 8.5 [Oh4]. Note that PS formation is ob-
served in ammonium fluoride-based electrolytes [Ku5], as well as in water-free
mixtures of acetonitrile and HF [Ril, Pr7], but not in alkaline electrolytes.

15
The Electrodes

This section deals with the electrodes in the electrochemical set-up, with special
emphasis on the silicon electrode and its semiconducting character. An
electrochemical cell with its complete electrical connections, as shown in Fig. 1.3
a and b, is similar to the well-known four-point probe used for applying a defined
bias to a solid-state device. The two lines that supply the current are connected to



12 | 1 Introduction, Safety and Instrumentation
Potentiostat Galvanostat
oG D SR T &
(R4
F:*_/ T \"

Count
electrode

Counter
electrode

Working
electrode

Working
electrode

Reference
electrode

Reference
electrode

Fig. 1.3 An electrochemical cell with all its electrical connections in (a) potentiostatic mode
and (b) galvanostatic mode. The dashed meters are optional.

the counter electrode and the working electrode, which is the silicon sample. One
probe contact is connected to the sample and the other to a reference electrode
that is placed close to the silicon surface in the electrolyte. By measuring the po-
tentials at the probe contacts, all potential drops caused by ohmic losses in the
counter electrode, the connections and the electrolyte are eliminated. The stan-
dard, four-terminal power supplies for electrochemical experiments are potentio-
stats, which are commercially available from various vendors [4]. It enables work-
ing under constant bias (potentiostatically, Fig. 1.3a) or under constant current
(galvanostatically, Fig. 1.3b). By a scan of the potential (current) the potentiostatic
(galvanostatic) I-V characteristics of the electrode can be recorded.

The counter electrode is commonly realized by a platinum mesh or sheet, a car-
bon plate or a highly doped silicon wafer. The position and geometry of the coun-
ter electrode is of great importance for the resulting etched geometry. A pin-like
electrode, for example, can even be used to micromachine the working electrode
if short current pulses are applied [Sc19]. A homogeneous current distribution, as
desired in most applications, is best achieved by using a counter electrode of the
same size and in-plane orientation as the working electrode. If a Pt mesh is used
its total surface area must be comparable to that of the Si electrode and the size
of the mesh openings smaller than the distance to the Si electrode. Platinum
black coating of the mesh can reduce the required mesh area.

The measurement of potentials in electrolytes is not as easy as it is for solid-
state devices. Depending on the composition of the electrolyte and the electrode
material a monolayer of adsorbates or a thin passivation layer may be formed on
the electrode, and can significantly shift the electrode potential. These effects have
to be taken into account for the working as well as for the counter electrode. The
potential at the latter becomes irrelevant if a reference electrode is used. The refer-
ence electrode should be placed as close as possible to the Si electrode or it can
access the Si electrode via a capillary. The size of the reference electrode is not rel-
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evant, because it carries no significant current. The internationally accepted pri-
mary reference is the normal hydrogen electrode (NHE), which consists of a Pt
electrode in a stream of hydrogen bubbles at 1 atm in a solution of unit hydrogen
ion activity. The most common reference is the saturated calomel electrode (SCE)
with a potential of 0.242 V versus NHE [5].

For a metal electrode, as a working electrode, its resistivity is in most cases neg-
ligible compared to the electrolyte resistivity and space charges in the electrode do
not to be taken into account due to a high number of free charge carriers. This is
in stark contrast to a semiconducting electrode where the number of free carriers
is orders of magnitude smaller than in a metal. Ohmic losses in the electrode
have therefore to be taken into account, especially for low doped substrates. Un-
der reverse bias, in addition, a significant part of the applied bias may drop across
an SCR. Another source for a potential difference is a surface passive film, for ex-
ample SiO,, which may be present in the anodic regime. The correct determina-
tion of potential distribution at the interface of a silicon electrode is therefore
complicated, even if a reference electrode is used. Fortunately, it is found that the
electrochemical condition of the silicon electrode is in most cases well described
by the current density across the interface. This quality of the current density is
probably due to the fact that a certain bias across the interface between electrolyte
and semiconductor surface corresponds to a certain current density under con-
stant values of temperature, doping density and electrolyte concentration. In the
few cases where the applied bias is a parameter independent of the current den-
sity, as in the case of macropore formation on n-type electrodes, larger potentials
are involved and a platinum wire as a pseudo-reference is usually found to be suf-
ficient.

Because the silicon working electrode is the focus of study in this book, the de-
tails of its preparation from a wafer are worth discussing. Silicon is commercially
available as a single-crystalline wafer in diameters of 100, 125, 150, 200 and
300 mm, or even larger [6]. The thickness is usually in the range of 0.4-0.7 mm.
The crystal orientation of the majority of wafer used today is (100). For certain ap-
plications (111) and (110) oriented wafers are available in diameters up to
150 mm. For commercial wafers, n-type doping is realized by P, As or Sb, while
for p-type doping only boron is used. Bulk dopant concentrations usually range
from 10" to 10*° cm™, which corresponds to specific resistivities between 1000
and 0.001 Q cm, according to the figure in the inner front cover of this book. Dop-
ing and crystal orientation of wafers below 200 mm diameter are marked by a pri-
mary and sometimes by a smaller secondary flat, as shown in Fig. 1.4. The crystal
orientation of 200 and 300 mm wafers is marked by an edge-notch. For many
electrochemical experiments the desirable sample size is considerably smaller
than the whole wafer. Single crystalline wafers can easily be cleaved along the
(110) planes using a diamond tip scribe [7] to scratch the wafer and two pairs of
tweezers to bend and cleave it, as shown in Fig. 1.4. Polycrystalline substrates are
mainly fabricated for solar energy conversion and have a square or rectangular
shape. Such wafers are difficult to cleave and dicing by a diamond saw is recom-
mended.

13
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Fig. 1.4 The three common orientations of lines, as indicated for each wafer orientation,
single crystalline silicon wafers are indicated can be performed by scratching the wafer at
by flats, while for wafers with diameters of the edge with a diamond tip and bending it

200 mm and larger the orientation is indi- with tweezers, as shown on the lower left.

cated by a small notch. Cleaving along the

Most electrochemical experiments need an electrical contact of some kind to the
silicon substrate. Because of the semiconducting nature of silicon a metallic tip or
clip attached to the surface will not produce an ohmic contact but constitutes a
Schottky junction. However, for some applications, like the ELYMAT (Section
10.3), where the contact is only operated under forward conditions at low current
densities, such a contact is sufficient. For silicon samples with a doping concen-
tration in excess of 10'® cm™ the contact to a metal becomes ohmic. An ohmic
contact to a silicon sample with a doping concentration below 10'® cm™ can be
achieved in different ways:

1. Rubbing Galn eutectic (24% In, 76% Ga) with a piece of fine grinding paper
on the backside of the sample.

2. Deposition of a metal film on the backside by evaporation or CVD techniques
and subsequent annealing.

3. Doping the back of the sample in excess of 10'® cm™ in order to produce an
nn* or a pp” structure.

4. Providing the backside with an electrolyte contact, which is forward biased or
alternatively reverse biased and intensely illuminated.

Method 1 is quick but contaminates the samples with Ga and In, which usually
prohibits further processing with standard semiconductor equipment. The same
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is basically true for method 2. Methods 3 and 4 circumvent this problem and in
addition provide a transparent contact that is advantageous for experiments with
backside illumination. For methods 1 to 3 a metallic clip or an aluminum foil are
sufficient to connect the conducting backside of the sample to the terminal of the
power supply. Note that the contacts realized by method 1 are not stable if ex-
posed to HF vapor.

The geometry of the contact and the electrode area exposed to the electrolyte
are crucial because ohmic losses, which may be significant for low or moderately
doped silicon electrodes, lead to potential gradients. A consequence of these gradi-
ents is an inhomogeneous distribution of current density. Silicon samples are
commonly platelets cleaved from a wafer. A current flowing parallel to the surface
of the plate, as, for example, in immersion cell designs, leads to an inhomoge-
neous current density. A large contact on the backside of the sample and a cur-
rent flow normal to the surface, as is the case for O-ring cells, produces a homo-
geneous current density at the front side, exposed to the electrolyte. For some ap-
plications, like the etching of trough-holes, current density gradients are desirable
[Le20]. In such cases small, local backside contacts, as depicted in Fig. 4.17a, can
be used.

1.6
Cell Designs

The design of an electrochemical set-up is governed by a multitude of different re-
quirements such as different sample sizes, low contact resistance, high current
density, laminar flow of electrolyte, easy observation of the sample surface, adjust-
able illumination conditions, etc. This multitude of requirements is in stark con-
trast to the small number of cells specialized on silicon electrochemistry commer-
cially available [8]. Doing electrochemistry with silicon therefore commonly begins
with designing a suitable cell, which is usually a source of frustration as a result
of broken samples, leaky set-ups and corroded contacts. The different cell designs
discussed in this section may give some inspiration as to how such problems can
be avoided. Emphasis is put on critical points such as materials, sealants, contacts
and easy handling.

The properties of different illumination sources that can be combined with the
set-ups discussed above are presented in Section 4.6.

1.6.1
The Cell Materials

Which materials are best for cell design depends essentially on the type of electro-
lyte used. Because HF acid is quite common in the electrochemistry of silicon,
materials resistant to HF are preferable. Polyvinyl chloride (PVC), polypropylene
(PP), polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF) can be
used for the cell body. PVC is a good choice for most designs because it is inex-
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pensive, inert in HF, and its mechanical performance is superior to that of PTFE.
In addition PVC parts can easily be glued, which is not the case for PTFE. Note
that standard plastic screws are made of polyamide, which is not resistant to con-
centrated HF. They should be replaced by PP or PVC screws.

Materials used for transparent windows are clear PVC, Plexiglas (polymethyl-
methacrylate, PMMA) and sapphire. PMMA shows a good transparency in the
visible and the IR, it is easily machinable, and stable at low HF concentrations. In
concentrated HF (>10%), however, it becomes opaque after the initial contact.
Clear PVC, which is of lower transmission coefficient than PMMA, is therefore
preferable for high HF concentrations.

Standard black O-rings made of an acrylonitrile-butadiene copolymer (such as
Perbunan) have proved to be stable in HF at concentrations up to 50%. If contam-
ination of the silicon sample is an issue, the nitrile O-rings may be replaced by vi-
nylidene fluoride-hexafluoropropylene (Viton) O-rings [9].

It is important to provide a good ohmic contact to a semiconductor like silicon.
The ohmic contact is especially critical for open cell designs, like the immersion
cell, because it is exposed to HF vapors from the electrolyte, which are corrosive.
Platinum or gold are inert contact materials with respect to HF, however some kind
of spring or clip is needed to press the noble metal to the sample. Metals commonly
used to make springs, like stainless steel or brass, are found to corrode rapidly in HF
vapor. Tungsten shows a better performance, but a more elegant way to solve this
problem is to use the elastic properties of the sample holder material itself to effect
a non-metallic clip, as shown in Fig. 1.5a. For sample contacts that are not directly
exposed to HF, other metals, e.g. aluminum, can be used. Such contacts, however,
should be easily exchangeable in case of corrosion. For moderate currents, needle
tip contacts at the edge of the wafer are useful — such contacts are commercially
available as spring contact probes for electronic testing of PCBs [10].

b Working
Electrode Counter
Electrodes

v T
// /
Standard Wafer Container
Fig. 1.5 (a) Sample fixture for an immersion (b) Standard wafer container used as an im-

cell. The elasticity of the PVC body is used to mersion cell for anodic oxidation experiments.
clamp the Pt wire contact to the wafer.
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1.6.2
The Immersion Cell

The simplest way to realize a basic electrochemical cell is to partially immerse a
strip-shaped silicon sample (working electrode) and a platinum wire (counter elec-
trode) in a beaker filled with electrolyte. If a power supply is connected to the elec-
trodes, the cell is ready for operation. This simple set-up has several advantages. It is
a clean way of sample preparation, because the sample is not in contact with an O-
ring and the area contaminated by the contact can easily be removed by cleaving it
off. This is advantageous if subsequent high-temperature processing of the sample
is desirable. The flexibility of immersion cell designs is shown in Fig. 1.6.

An inevitable property of this cell concept is a current flow along the strip. This
causes an inhomogeneous potential distribution along the stripe due to ohmic
losses, especially for low doped substrates. Porous layers, as a result, often show a
thickness gradient along the stripe. The potential drop along the strip can usually
be neglected for silicon samples of a sufficiently high conductivity or for small ano-
dization currents. If, however, the transformation of the whole thickness of a strip
into mesoporous silicon is desired, a slight beveling of the strip or an immersion
scanning technique is required, even in the case of highly doped silicon [Ba4, Ju2].

Another drawback of the immersion cell concept is that the active area is badly
defined, because of the meniscus formed at the electrolyte-air interface. The form
of the meniscus greatly depends on whether the sample is hydrophilic or hydro-
phobic, which again is a function of applied potential. This problem can be cir-
cumvented, if the active area of the sample is defined by a window in an inert
layer, for example resist or CVD nitride, which is fully immersed into the electro-
lyte, as shown in Fig. 1.6a.

a b ¢
Counter
Electrode
Shaft -4 Water d
N
Sample - i i -
P 7 0o B
T Counter T T
" - Electrode 2 2 D)
Active Area o = A
Electrolyte 255 %,
ctro 3828
c==
<OH0
i Transparent Beaker N
§ ;
©
-

Fig. 1.6  Two different immersion cell designs anodic oxide growth during electrochemical

optimized for special applications. (a) Set-up oscillations. (b) PMMA immersion cell set-up
for fast removal and rinsing of a strip-shaped for in situ determination of stress by optical
electrode by fast rotation of the shaft (solid measurement of the electrode curvature.
arrow). This set-up is useful for measure- Stress is induced by the growth of anodic

ments of transient electrode processes like films. After [Le4].
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The simple immersion cell design is most suitable for applications for which
the current densities involved are very low, such as anodic oxidation. In this case
ohmic losses in the substrate become negligible, even for moderate doping densi-
ties and large samples, like whole wafers. Position and geometry of the counter
electrode, however, become important, because the oxide thickness is sensitive to
spacing of the electrodes. Large counter cathodes of the same size and shape as
the oxidized wafer can be realized by two highly doped wafers, which avoids ex-
pensive platinum sheets or meshes. The slits of a standard wafer container pro-
vides an easy way of positioning of the wafers sufficiently accurately to produce
homogeneous anodic oxides. Holes in the top of the container allow for contact-
ing. Figure 1.5b shows such a simple set-up, where a wafer container is used as
an anodization cell. A more sophisticated cell for anodic oxide formation is de-
scribed in the literature [Bal3].

If the wafer is not fixed in the cell, a mechanical wafer support is advisable.
The ohmic contact can be an integral part of such a sample fixture, as shown in
Fig. 1.5a. During formation of mesoporous silicon on highly doped substrates at
low bias (0-1.5V), it was found that such a contact can even be immersed into
the electrolyte without a significant degradation of its electrical properties. It is re-
markable that mesoporous silicon formation takes place under the contact, too,
without significant degradation of the contact properties.

1.6.3
The O-Ring Cell

The immersion cell design discussed above can be achieved with standard labora-
tory equipment within a few minutes; however, it suffers from an inhomogeneous
current density along the strip and the badly defined active area of the sample.
These drawbacks are overcome if the sample area exposed to the electrolyte is de-
fined by an O-ring seal. The backside of the sample is accessible in this case and
can be used to realize an ohmic contact. Now the current flows normal to the
sample surface, which reduces ohmic losses significantly and leads to a homoge-
neous current density distribution. However, at a distance of about the wafer
thickness from the O-ring the current flow is not normal to the surface and the
current density is therefore slightly enhanced there. This effect has been found to
be responsible for thickness inhomogeneities of porous layers [Kr3]. To reduce
such inhomogeneities the O-ring should be of a diameter in excess of a centi-
meter and its section thickness as small as possible.

The sample has to be pressed against the O-ring in order to seal the cell. This
can be done by various means, as shown in Fig. 1.7 a—f. Simple fixtures use the
weight of the upper part of the cell or screws to press the O-ring against the sili-
con sample. A fixture using magnets is advantageous if fast handling is required
[Ch14]. For whole wafers pneumatic pistons or a vacuum seal [Bal3] are prefer-
able. Note that the use of a vacuum chuck, as shown in Fig. 1.7, requires sup-
port of the wafer backside by a chuck to reduce its bow to values below 0.5 mm,
in order to avoid fracture. An advantage of the set-ups shown in Fig. 1.7a-f is that
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Fig. 1.7 Cross-sectional views of various (c) by magnets, (d, e) by vacuum or (f) by
types of O-ring cells. The O-ring can be pneumatic pistons. These designs can be ex-
pressed against the sample (a) by the weight tended to double O-ring cells: this requires (g)
of the upper part of the cell, (b) by screws, a vertical sample position or (h) a closed cell.

they can be filled like a beaker and allow for easy observation of the sample from
the top without a window. The option of electrolyte agitation, however, is limited.
The upper right figure on the front cover of this book shows the top view of a
simple O-ring cell according to Fig. 1.7b.

1.6.4
The Double Cell

An advantage of the electrochemical double cell is the possibility of replacing the
ohmic contact, usually established by some kind of metal pressed against the wa-
fer, by an electrolytic contact. This not only avoids a potential source of contami-
nation but also establishes a transparent contact. A disadvantage of this arrange-
ment is that the potential of the wafer is not known. The double cell shown in
Fig. 1.8 combines the simplicity of the immersion cell with the homogeneous cur-
rent distribution of the O-ring cell [La5, La9]. The two cells are separated by the
wafer carrier, which has to fit so tightly into the set-up that leakage currents be-
come negligible compared to the current across the wafer. O-rings can be used if
leakage currents are not acceptable, as is the case for anodic oxidation. Tight seal-
ing of double O-ring cells for whole wafers requires pneumatic elements or an
evacuable recess as shown in Fig. 1.7 d and f [Bal3]. Such a double cell designed
for ELYMAT measurements of 200 mm wafers with a sophisticated sample holder
is shown on the upper left of the front cover of this book. The electrical contacts
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Fig. 1.9 For in situ IR vibrational characterization of an electrochemical interface
the silicon electrode in the double O-ring cell has to be shaped as an ATR prism.

of this set-up are realized by pneumatic tungsten carbide needles outside the O-
ring, close to the wafer edge.

In order to produce significant currents across moderately doped wafers the re-
verse biased junction has to be illuminated. Hence the anode (for the case of p-
type substrates) or the cathode (for the case of n-type substrates) should be made
of a platinum mesh to be sufficiently transparent.

A special O-ring cell design is needed for in situ infrared (IR) vibrational charac-
terization of an electrochemical interface. The absorption of one monolayer (i.e.
<10" cm™ vibrators) can be measured if the silicon electrode is shaped as an
attenuated total reflection (ATR) prism, which allows for working in a multiple-in-
ternal-reflection geometry. A set-up as shown in Fig. 1.9 enhances the vibrational
signal proportional to the number of reflections and restricts the equivalent path
in the electrolyte to a value close to the product of the number of reflections by
the penetration depth of the IR radiation in the electrolyte, which is typically a
tenth of the wavelength. The best compromise in terms of sensitivity often leads
to about ten reflections [0z2].
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1.6.5
The Rotating Disk Electrode

None of the set-ups discussed so far provides stirring of the electrolyte for bubble
removal or for enhancement of the reaction rates. A standard set-up developed to
study kinetic electrode processes is the rotating disc electrode [11]. The electrode
is a small flat disc set in a vertical axle. The hydrodynamic flow pattern at the disc
depends on rotation speed and can be calculated. An additional ring electrode set
at a different potential provides information about reaction products such as, for
example, hydrogen. However, because this set-up is designed to study kinetic pro-
cesses and is usually equipped with a platinum disc, it becomes inconvenient if
silicon samples of different geometries have to be mounted.

1.6.6
Cells with Electrolyte Circulation

Circulation of the electrolyte is essential for many experiments, because it reduces
concentration gradients at the electrode surfaces. It can remove bubbles from the
electrode and it allows for better temperature control. A magnetic or mechanical stir-
rer can be integrated in open cell designs, as shown in Fig. 1.7a-g. However, high
flow rates can only be obtained with closed cell designs, as shown in Fig. 1.7 h. Poly-
tetrafluoroethylene membrane pumps [12] and non-metallic valves [13], as com-
monly used for pumping of HF in wafer fabs, are sufficient to provide good circula-
tion. Peristaltic pumps are not advisable because of their relatively low flow rates. In
order to produce a homogeneous flow of electrolyte from the intermittent pumping
action a partly air-filled reservoir is added for damping. A second reservoir at ambi-
ent pressure serves as a container for the reflow from the cell and for refilling the
set-up. Note that special safety regulations apply to pumping HF.

A closed O-ring double cell with in- and outlets for electrolyte circulation, as
shown in Fig. 1.10, is quite complex, but it shows superior experimental flexibility.
This set-up, which combines several features such as a window for illumination,
an optional second electrolyte contact on the back of the sample, and the possibili-
ty to enhance the electrolyte convection by pumping, will be described briefly. The
electrochemical double cell shown in Fig. 1.10 is based on a commercially avail-
able optical microbench system [14]. It allows for a maximum active sample area
of 260 mm?, if a mounting plate with a 35.5 mm opening is used. The front side
and the backside cells are symmetric and consist of a PVC body, shown on the
left of Fig. 1.10. The windows are easily exchangeable using the window screw.
An electrolyte inlet hole is located at the bottom of the cell body, the outlet is on
the top. A counter electrode and a pseudoreference electrode are realized by plati-
num wires that are electrolyte-tight fed through the PVC body using an epoxy re-
sin. The width of the rectangular-shaped sample is given by the distance of the
rods (23 mm), whereas the length is usually somewhat larger in order to have en-
ough space for contacting. The sample is introduced between the two cell bodies,
which are pressed together by four springs. Illumination sources such as a halo-
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are shown on the left. Two identical PVC half-
cells are mounted on the four rods of the mi-
crobench such that the front cell is moveable
for sample exchange (right side).

gen lamp, LEDs or lasers, as well as filters and other optical parts, can easily be
fixed on the optical bench allowing for a high flexibility of front side or backside
illumination conditions.

1.6.7
Lithographic Patterning

All the cell designs discussed so far show active working electrode areas in the or-
der of cm? If much smaller active areas are desirable, photolithographic pattern-
ing of a thin surface film, e.g. resin, silicon oxide or silicon nitride is required
[Na6, Kr3, Du6]. With this technique electrode areas in the order of um?® and be-
low can be achieved. However, some problems, known from the O-ring cell, also
apply to patterned electrodes. On the one hand the current distribution becomes
inhomogeneous for area diameters in the order of the sample thickness and be-
low, especially for low-doped substrates. This may, for example, produce inhomo-
geneities of PS layer thicknesses. On the other hand, undercutting of the pattern
cannot be avoided. In HF electrolytes the undercutting is isotropic for oxide or ni-
tride masking, while resin patterns show large undercutting which eventually
leads to lift-off. Figure 6.6 shows PS layer profiles obtained for different sub-
strates and masking layers.
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2
The Chemical Dissolution of Silicon

2.1
The Basics of Wet Processing of Silicon

Chemical dissolution of silicon can be performed in liquid as well as gaseous me-
dia. The latter is known as dry etching or reactive ion etching (RIE) [Ja3] and is
an irreplaceable technique in today's microelectronic manufacturing. However,
about 30% of the total number of process steps for the fabrication of today's inte-
grated circuits are still wet etching and cleaning procedures, illustrating the im-
portance of wet processing.

To treat all the different wet processes for silicon wafers developed in the last
five decades exhaustively would make up a book of its own. However, a few basic
aspects are important, because chemical etching of silicon is closely related to the
electrochemical behavior of Si electrodes, especially to the OCP condition. A brief
overview of the most common etching and cleaning solutions will be given, with
emphasis on the electrochemical aspects.

In the early days of silicon device manufacturing the need for surfaces with a
low defect density led to the development of CP solutions. Defect etchants were
developed at the same time in order to study the crystal quality for different crys-
tal growth processes. The improvement of the growth methods and the introduc-
tion of chemo-mechanical polishing methods led to defect-free single crystals with
optically flat surfaces of superior electronic properties. This reduced the interest
in CP and defect delineation.

Cleaning and the control of surface passivation then became a major issue, be-
cause traces of heavy metals in concentrations of less than a thousandth of a
monolayer on the surface of a silicon wafer are sufficient to degrade device perfor-
mance.

The high selectivity of wet etchants for different materials, e.g. Al, Si, SiO, and
Si3Ny, is indispensable in semiconductor manufacturing today. The combination
of photolithographic patterning and anisotropic as well as isotropic etching of sili-
con led to a multitude of applications in the fabrication of microelectromechanical
systems (MEMS).

In the following sections the wet treatments most common in the manufacture
of silicon devices will be presented according to their main application:
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. Cleaning and passivation of silicon surfaces.

. Silicon removal in an anisotropic manner.

. Silicon removal in an isotropic manner.

. Defect and junction delineation.

. Selective etching of layers of different chemical composition.

U1 A W N =

2.2
Silicon Surface Conditions and Cleaning Procedures

The surface condition of a silicon crystal depends on the way the surface was pre-
pared. Only a silicon crystal that is cleaved in ultra high vacuum (UHV) exhibits a
surface free of other elements. However, on an atomistic scale this surface does
not look like the surface of a diamond lattice as we might expect from macroscopic
models. If such simple surfaces existed, each surface silicon atom would carry one or
two free bonds. This high density of free bonds corresponds to a high surface energy
and the surface relaxes to a thermodynamically more favorable state. Therefore, the
surface of a real silicon crystal is either free of other elements but reconstructed, or a
perfect crystal plane but passivated with other elements. The first case can be studied
for silicon crystals cleaved in UHV [Sc4], while unreconstructed silicon (100) [Pi2,
Ar5, Th9] or (111) [Hi9, Ha2, Bi5] surfaces have so far only been reported for a ter-
mination of surface bonds by hydrogen.

Under ambient atmospheric conditions a native oxide is formed on cleaved Si
surfaces. The properties of native and chemical oxides are discussed in Section
5.2. The well-defined surface conditions produced by wet processes like rinsing
and cleaning procedures will be discussed below.

All standard cleaning processes for silicon wafers are performed in water-based
solutions, with the exception of acetone or (isopropyl alcohol, IPA) treatments,
which are mainly used to remove resist or other organic contaminants. The most
common cleaning procedure for silicon wafers in electronic device manufacturing
is the deionized (DI) water rinse. This and other common cleaning solutions for
silicon, such as the SC1, the SC2 [Kel], the SPM [Ko7] and the HF dip do remove
silicon from the wafer surface, but at very low rates. The etch rate of a cleaning
solution is usually well below 1 nm min™.

Chemomechanical polishing (CMP) solutions [16] for Si show somewhat higher
etch rates than cleaning solutions, as shown in Fig. 2.1a. CMP has been used since
the late 1960s to prepare smooth, defect-free silicon wafer surfaces of optical quality
[Me3]. CMP is based on the combined mechanical grinding action and chemical
etching action of an alkaline suspension of colloidal silica: stock removal rate and
the contact angle are shown in Fig. 2.1a and b. The silicon surface is mainly covered
with Si—-H groups when the removal rate peaks at pH=11. The dissolution reaction
is assumed to occur according to the mechanism shown in Fig. 4.1 with OH", H,0
and O, being the active species [Pi3]. If ammonia or amines and traces of copper are
added to the CMP solution acceptor neutralization takes place because of incorpora-
tion of atomic hydrogen in the bulk silicon crystal [Pr2].
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Different chemical treatments for silicon can be categorized depending on the
condition of the Si surface after the clean. The two basic surface conditions for a
silicon surface are hydrophobic and hydrophilic.

2.2.1
The Hydrophobic Silicon Surface

A characteristic feature of a hydrogen-terminated silicon surface is its water repel-
ling property. Such a surface exhibits a large contact angle for a drop of water
[Hel, Ral] and is therefore called hydrophobic. The dependence of the contact an-
gle of a water droplet on the chemical treatments applied to the silicon surface
are shown in Fig. 2.1b. A common procedure to establish a hydrophobic, hydroge-
nated surface condition is dipping the sample in 1% HF for 15s (HF dip). Con-
centrated HF, mixtures of HF and NH,F or pure NH,F will show similar results
concerning contact angle. The microscopic flatness of the silicon surface, however,
depends on the type of etchant. While an HF dip usually induces a certain rough-
ness, a short treatment in 40% NH,F is reported to produce atomically flat sur-
faces for (111) as well as (100) oriented silicon surfaces [Hi9, Th9].

A hydrophobic Si surface condition is also observed after alkaline treatments,
like CMP at a pH of about 11 or after etching in alkaline solutions, as shown in
Fig. 2.1b. Hydrophobic Si surfaces are very susceptible to hydrocarbon contamina-
tion, for example from the ambient atmosphere or from hydrocarbon films float-
ing on a liquid. To avoid the latter case, water rinses and HF dips are often per-
formed in an overflow wet bench.
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222
The Hydrophilic Silicon Surface

A hydrophilic surface condition has been related to the presence of a high density
of silanol groups (Si-OH) or to a thin interfacial oxide film. Such an oxide can be
produced chemically by hot HNO; or by solutions containing H,0,. The three
most common cleaning solutions for silicon are based on the latter compound:

1. SPM or pirhanja-clean: 1:1 (30% H,0,: 98% H,SO,4), 10 min at 110°C.
2.SC-1 or RCA-clean: 1:1:5 (30% H,0,: 25% NH,OH: H,0) 10 min at 80°C.
3.SC-2: 1:1:6 (30% H,0,: 37% HCl: H,0), 10 min at 80°C.

A standard cleaning sequence for silicon wafers starts with SPM, which is only re-
quired if organic residues are present. Between the following three steps (SC-1,
HF dip, SC-2) the wafer should be removed from the solutions after 1 min of
overflow quench with DI water and brought wet into the next cleaning solution.
Final drying is done in a wafer centrifuge (spin-dryer) [Kel]. Wafer handling
should be done with PTFE or PP tweezers. An alternative concept without alka-
line chemicals has been proposed [Me4].

Details of the chemical oxidation process are discussed in Section 5.2. The strin-
gent requirements concerning metal contamination and the trend to more envi-
ronmentally friendly processing are a constant force to improve cleaning proce-
dures in today's semiconductor manufacturing [Me4, Sal, Ohl].

Note that a native oxide film also forms under dry conditions in ambient air;
the oxidation rate of this process can be enhanced by ultraviolet (UV)-ozone
photooxidation [Tal, Vil]. Oxide-covered Si surfaces exhibit low contact angles.
Only if the oxide surface is contaminated, for example by a monolayer of ab-
sorbed hydrocarbons, may larger contact angles be observed.

For a silanol-covered surface the contact angle depends on the relationship be-
tween Si-OH and Si-H groups, which gives rise to a dependence on pH, as
shown in Fig. 2.1b. A DI water rinse is sufficient to generate both basic Si surface
conditions, depending on temperature and dissolved oxygen concentration (DOC).
If a hydrogen-terminated silicon surface is exposed to DI water of moderate or
high DOC at RT for several minutes the Si-H is slowly replaced by silanol groups
(Si-OH) and a native oxide is formed for long rinsing times. This reduces the
contact angle, and the surface becomes hydrophilic. In DI water of very low DOC
(<0.004 ppm), in contrast, the reverse reaction is observed for elevated tempera-
tures (80°C) and long etching times (60 min) [Wa2]; the thin oxide is removed
and a hydrogen-terminated surface is established again.
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Chemical Etching in Alkaline Solutions

Alkaline etchants are mainly used for two purposes: for CMP, as discussed in Sec-
tion 2.2, or to remove silicon in an anisotropic manner, which is applied in the
micromachining of silicon. Alkaline etchants are aqueous solutions of inorganic
compounds like LiOH [Se3], NaOH [Al1l, Al2], KOH [Se3, Sa6, Prl, Xil], RbOH
[Wa3], CsOH [Cl1, Ya2, Ya3] or NH,OH [Kel, Gol, Sc4], as well as aqueous solu-
tions of organic compounds, such as ethylenediamine [Rel], hydrazin [Mel, Cel,
Xul], tetramethyl ammonium hydroxide (TMAH) [Ta2, Me2], cholin [Asl1], and
amine gallates [Li2]. All these etchants show a similar etching behavior, which has
been attributed to OH™ and H,0 being the active species, the cation being of mi-
nor importance. Details of the chemical dissolution reaction are discussed in Sec-
tion 4.1. Common features of the alkaline etchants are:

1. Alkaline etchants are anisotropic. The etch rate for the (111) crystal planes of
the Si crystal is smaller by about two orders of magnitude than the etch rate of
any other crystal plane. The etch rate ratio between other crystal planes like
(100) and (110) depends on etchant concentration and temperature, but doesn't
usually exceed a factor of two [Sa6]. Addition of oxidizing agents reduces the an-
isotropy. The etch rate of (100) Si and SiO, in KOH at different temperatures is
shown in Fig. 2.2.

2.The etch rate of highly p-doped silicon (>10'> cm™) is found to be reduced by
orders of magnitude compared to the etch rate of low doped or highly doped n-
type silicon of (100) orientation. This effect is shown in Fig. 2.3 for KOH; note
that the etch rate is significantly affected by the amount of dissolved oxygen
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present in the alkaline solution. A silicon surface becomes resistant to alkaline
etchants if implanted with a high dose of C [Le2], N [Acl] or Ge [Fi6]. Thin
films of SiO,, Si3N,4 or SiC are sufficient for masking in alkaline etchants.

3.The (100) etch rates show an Arrhenius dependency on temperature with activa-
tion energies of about 0.3-0.6 eV, depending on the alkaline solution used [Kr1,
Se3].

4. Etching of silicon in alkaline solutions occurs under evolution of hydrogen with
a ratio of two molecules H, per dissolved Si atom. This ratio is found to be re-
duced under positive bias [Pa6] or by addition of oxidizing agents like H,0,
[Sc6]. If the anodic bias is increased beyond the passivation potential (PP), the
dissolution rate is reduced by orders of magnitude.

(923

. The morphology of alkaline-etched (100) and (110) silicon surfaces varies from
rough surfaces that exhibit micron-sized pyramids or ridges [Sc5] to smooth
orange peel-like surfaces, depending on the etchant composition and substrate
doping density. Mirror-like surfaces can be obtained on (111) crystal planes.

6. During the alkaline etching process the silicon surface is covered with Si-OH
and Si-H. The ratio of this surface species depends on pH and temperature
[Pi3, Al3)].

Points 1 and 2 of the above list provide perfect conditions for the micromachining
of silicon. Using a SiO, or Si3N, layer patterned by photolithography, all kinds of
geometric structures can be realized, of which the basic ones are pyramids and V-
grooves on (100) wafers [Bal] or deep U-grooves on (110) wafers [Ke2, Krl, Ya3,
Ka5]. If deep structures have to be formed, patterning Si3N4 or SiC are superior to
SiO, because their etch rate in alkaline solutions is orders of magnitude smaller
than that of thermal oxide, which is shown for the case of a KOH etchant in
Fig. 2.2b. Other common masking materials like organic films (resists) or metals
are rapidly dissolved or under-etched in alkaline solutions. Only epoxy-based
resists, like SU-8 [15], are found to be quite stable.

Highly p-doped layers can also be used as masking layers. If the p-type doping
level of silicon substrates is high enough to cause degeneracy (N > 10" cm™), a
decrease in etch rate with doping density is observed in all alkaline solutions inde-
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pendent of their composition. This low etch rate is ascribed to a passivating oxide
film present on the electrode [Pa5]. This interpretation is supported by the fact
that the etch rates of thermal SiO, and p* show qualitatively the same depen-
dence on KOH concentration. The absolute etch rate of p* Si in alkaline solu-
tions, however, is one or more orders of magnitude larger than that of thermal
SiO, [Se4]. Note that the etch stop on p* substrates is lost if made mesoporous.
In the porous skeleton acceptors are still present in high concentration, while the
free carrier concentration becomes negligible [Le14]. This indicates that the etch
stop is related to the Fermi level position and is not caused by the chemical stabil-
ity of the Si-B bonds. Low-doped silicon germanium alloys show a similar de-
crease in etch rate if the Ge concentration is raised above 20%. This effect has
also been attributed to a passivating oxide [Fi6]. Note that the low etch rate of
(111) surfaces in alkaline solutions is not attributed to a passivating oxide but to
the slow dissolution kinetics caused by the bonding configuration of a monohy-
dride silicon surface, as discussed in Section 4.1.

Silicon etch rates in alkaline solutions commonly increase monotonically with
temperature. For KOH, for example, the etch rate r can be calculated according to:

r = K [H,0]* [KOH]"* exp (—E, /kT) (2.1)

with K=2480 um h™ (mol 1")™** and E,=0.595 eV for a (100) surface and with
K=4500 um h™' (mol I"")™*?* and E,=0.6 eV for a (110) surface [Se3]. Values of r
for a (100) silicon surface as calculated from Eq. (2.1) are shown in Fig. 2.2a. The
often reported aging of alkaline etching solutions, accompanied by reduced etch
rates, has been attributed to the formation of silica in the etchant, polymerizing
from the silicate monomer formed as initial etching product [Ni6, Le29].

The surface morphology of (100) silicon planes in alkaline solutions depends
strongly on concentration. High OH™ concentrations (e.g. >40% for KOH) pro-
duce smooth, orange peel surfaces, while the etched surface becomes rough at
low OH™ concentrations. A microscopic investigation reveals that the surface be-
comes rough because of the formation of pyramidal hillocks, as shown in
Fig. 2.4a. This effect has been used for decades to reduce the reflectivity of solar
cells, but the origin of this surface morphology is still controversial. The effect
has been correlated with the sticking probability of hydrogen bubbles [Pa3, Sc6] or
contamination of the solution [Kwl]. A detailed study revealed that pyramid for-
mation is suppressed under oxidizing conditions [Br5]. This means that holes are
available for the dissolution reaction. Hole supply enables attack of silicon back-
bonds and thereby reduces anisotropy. Such conditions can be achieved by the ad-
dition of an oxidizing agent such as dissolved oxygen, ferricyanide or hypochlorite
[Xil], or the application of an anodic potential [Pa6], or an increase in the p-type
doping density to values above 10" cm™, as shown in Fig. 2.4b. That such differ-
ent parameters show the same effect on etching morphology is an example of the
close connection between chemical, electrochemical and electronic conditions.
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Fig. 2.4 (a) Surface roughening due to the forma-

3 ' tion of hillocks in alkaline solutions (1M KOH,
. 70°C, 15 min). (b) This effect is reduced under

3 »y conditions that support oxidation, such as an
: e > L increased p-type doping density. (c) Note that
e L3
¥ hillocks are also observed in HF at current densi-
3 pm > s just below s (SEM of region A in Fig. 4.17¢).
) g g
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Chemical Etching in Acidic Solutions

Acidic silicon etchants are mainly used for two purposes: for the delineation of
crystal defects, as discussed in Section 2.5, or to remove silicon in an isotropic
manner. Isotropic etching adds another degree of freedom to the design of micro-
mechanical structures, because all alkaline etches are anisotropic. Most isotropic
etchants for silicon were developed in the early days of silicon crystal technology
and exhaustive reviews on this topic are available [Tu3, Rul]. A brief summary is
given below.

Silicon is stable in acidic solutions that do not contain fluoride because the sili-
con surface is passivated by a native oxide. If only HF is present in an aqueous so-
lution the etch rate remains low, showing values below 0.1 nm min™ on single
crystalline silicon depending on the OH™ concentration [Hu2]. This low etch rate
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of HF can be considerably enhanced by addition of an oxidizing agent. The DOC
of the aqueous HF may already significantly increase the etch rate [Ogl], as
shown in Fig. 2.5. For gravimetric measurements of such minute etch rates
macroporous Si substrates of a well-defined, large surface-to-volume ratio are fa-
vorable.

The etch rate is further increased if H,0, is added to the solution, as shown in
Fig. 2.5b. At such low rates the reaction is controlled by the kinetics of the reac-
tion at the interface and not by diffusion in the solution. This etching solution is
therefore found to be perfect to remove micro- and mesoporous silicon selectively
from a bulk silicon substrate or to increase the diameter of meso- or macropores
in an well-controlled, isotropic manner [Sa3].

Such low etch rates can be considerably enhanced by addition of stronger oxi-
dizing agents, such as HNO;, NaNO,, KBrO;, K,Cr,0;, KIO; or CrO;. In some
cases the etching in such mixtures proceeds under formation of a porous silicon
film, a so-called stain film, as discussed in Section 7.7.

Addition of HNOs to HF increases the etch rate by several orders of magnitude,
to values as high as 1500 um min™ for a mole ratio of 4.5 HF to 1 HNO; [Sc8,
Sc9, Rol, Ro2]. The dependence of etch rate on the ratio of HF and HNO; is
shown in Fig. 2.6. Usually mixtures with a reduced concentration of HF and addi-
tions of CH3COOH or H;3PO,, like for example the CP4 etch, are used for CP of
silicon [Vo1, Ku7]. From the dependence of etch rate and viscosity on temperature
it has been concluded that the reaction is diffusion limited [Bo3]. However, other
studies propose the reaction to be under mixed control [Ku7]. Mixtures with an
even lower HF concentration, for example a 30:1 (70% HNO;: 50% HF), are com-
monly used to etch polysilicon layers. The etch rate of such mixtures becomes
very low if the HF content is reduced to a few tenths of a percent [Jol]. The same
is true for small amounts of HNO; in HF. If an acid of high viscosity, like
H;PO,, is added, smoother silicon surfaces are obtained. Such solutions are used
for surface finishing of the wafer backside [Ku7]. Rough surfaces, in contrast, are
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reported for addition of a surface active agent. This effect is exploited for texturiza-
tion of multicrystalline solar cells for which alkaline texturing is inefficient [Ni5].

One of the interesting features of this etching system is its electrochemical
component [Tu4]. The initial step of the reaction is proposed to be reduction of
HNO; and hole injection into the VB of silicon:

HNO; +2H" — HNO, + H,0 4 2h™ (2.2)

This reaction is complicated and very likely requires the participation of HNO, as a
catalyst and of NO, as an intermediate [Ko14, Vel]. The injected holes are consumed
in the dissolution reaction of silicon, which proceeds in the same way as the tetra-
valent electrochemical dissolution path, as shown in Fig. 4.4. If the HNO; concen-
tration is low, the formation of a thin PS layer is observed, indicating that hole sup-
ply might be the limiting factor, as is the case in the divalent electrochemical disso-
lution path, as depicted in Fig. 4.3. The final dissolution product is a tetravalent
hexafluoride complex (SiF¢) as is the case for the electrochemical dissolution pro-
cess. The majority of the gas that evolves during silicon dissolution is hydrogen,
with considerable amounts of N,O and traces of NO and NO, [Ko14].
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The OCP etch rate of p-type and highly doped n-type Si electrodes in HF—-HNO;
mixtures increases by an order of magnitude under sufficiently anodic bias [Le20]. In
the cathodic regime significant dark-currents are observed for p-type electrodes, as
shown in Fig. 4.12. This is ascribed to hole injection from the electrolyte [Ko14].
Note that hole injection is not observed in aqueous HF free of oxidants.

Another characteristic feature of this etchant is the autocatalytic nature of reaction
(2.2). As a result, the reaction must proceed first through an induction period in
which the build-up of HNO, increases the etch rate to its steady-state value [Ro2].
This delay depends greatly on the condition and the size of the silicon sample sur-
face and the volume and the convection of the etchant. It becomes short for a dam-
aged or a porous silicon surface, for small ratios of etchant volume to sample surface
and low convection rates. Under such conditions the etch rate increases fast, which
may eventually lead to a significant increase in temperature, which again increases
the etch rate. This effect is especially pronounced for porous layers, for which the
solution can heat up to the boiling point within seconds and may cause hazard to
the user. Note that mixtures of micro PS and an oxidizing agent show an explosive
interaction even at cryogenic temperatures [Mc3, Ko24]. The strong temperature de-
pendence and the autocatalytic effect limit the reproducibility of this etchant con-
cerning etch depth and etch geometry. The induction period is specific to HNO3
and not observed for other oxidants like, for example, KBrO; [Se6] or CrO3 [MeS5].

It is known that HF—-HNOj-based solutions etch highly doped substrates faster
by a factor of about three compared to moderately doped ones. A higher selectiv-
ity is reported on addition of chemicals that reduce the HNO, concentration, like
H,0, or NaN; [Mul]. However, this report suffers from the fact that the etch rate
was measured for separate wafers of a homogeneous doping density. For pp* or
nn" structures, which are not spatially separated, only a low selectivity is ob-
served, because of the autocatalytic behavior of the etchant.

Masking is required for many micromechanical applications. While Si;N, is
only suitable for a small etching depth because of its significant etch rate in HF,
noble metals like gold are sufficient mask materials. In contrast to alkaline
etchants, organic materials like certain resists or even some adhesive tapes are
well suited to protect the silicon surface in isotropic etchants.

25
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There are several techniques for characterizing lattice defects in a silicon crystal.
Transmission electron microscopy (TEM) gives very detailed information about a
single defect because of its high spatial resolution, as shown in Fig. 2.7a, but the
method is rather time-consuming. A projection of all defects in a wafer is given
by an X-ray topography (XRT) picture. XRT is non-destructive and the preparation
time is in the order of hours. Small angle neutron scattering (SANS) provides in-
formation about the average size, form and density of lattice defects. This method
is especially suited for small defects of about 10 nm. The high penetration depth

33



34| 2 The Chemical Dissolution of Silicon

Fig. 2.7 (a) Nickel silicide precipitates in (b) After Secco etch the platelet and the sur-
disks parallel to the (111) Si crystal planes. rounding silicon are preferentially etched.
Such a NiSi, platelet in bulk Si is revealed by Note the different magnifications. A high den-
high-resolution electron microscopy (HREM); sity of etch pits produce a haze-like appear-
the tip of the platelet is penetrating the ther- ance of the wafer surface.

mal oxide layer.

of neutrons allows us to investigate slugs several centimeters thick. Preferential
chemical etching is the fastest characterization technique, but it is destructive and
reveals only defects located in, or close to, the wafer surface. An advantage of pre-
ferential etching is its magnifying effect. As shown in Fig. 2.7a, the thickness of
the actual lattice defect is a few nanometers, while the etch pit it causes is mea-
sured in micrometers, as shown in Fig. 2.7b, and is therefore detectable by optical
methods, as shown in Fig. 10.6f.

Etchants for defect and junction delineation are usually composed of HF and an
oxidizing agent such as HNO; [Dal, Gr4, Ka4, Nel], K,Cr,0, [Se5] or CrOs [Sil,
Jel, Sc7, Ya4, Me5]. Alkaline solutions are rarely used for defect delineation [Mal2].

An etch pit will form on a silicon surface if the dissolution rate is enhanced lo-
cally. Enhancement of the etch rate may occur for various reasons:

1. The higher chemical energy of the elastic strain field present around a dislocation.
2. A high impurity concentration caused by gettering of impurities by a dislocation.
3. An impurity that has formed a precipitate, for example a metal silicide.

4. A different doping density.

5. Bubbles sticking randomly at the surface.

Etch pit formation as a result of the factors given in 1-4 above can be used to
characterize silicon materials. A summary of common defect etchants for silicon
is given in Table 2.1.

Single etch pits can be inspected and counted under an optical microscope, as
shown in Fig. 2.7b. The scattering of light shining onto a wafer surface under a
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Tab. 2.1 Composition and etch rates of common defect etchants for silicon.

Etchant Composition in parts of volume t (um/min) Ref.
HF (ml) HNO; (ml)  CH;COOH (ml)
50% 70% 100%

HF 1 - - <0.0001 [Hu2]

John 0.15 100 - 0.018 [Jol]

Graff 1 20 4 1.85 [Gr4]

Dash 1 3 10 3 [Dal4]

CP4 3 5 3 50-75 [Vol]

Sirtl 1 Vol (100 ml H,0+50 g CrO3) 3.5 [Si1]
1 Vol (48% HF)

Schimmel 1 Vol (100 ml H,0+7.5 g CrO;) 1.7-3.2 [Sc7]
2 Vol (48% HF)

Yang 1 Vol (100 ml H,0+15 g CrOs) 1.5 [Ya4]
1 Vol (49% HF)

Secco 1 Vol (100 ml H,0+45 g CrO;) 1.5 [Se5]
2 Vol (48% HF)

Wright 1 Vol (90 ml H,0+45 g CrO5) 1 [Jel]

(

1 Vol (180 ml H,0+6 g CuNOs)
1 Vol (90 ml HNO;+180 ml CH;COOH+180 ml HF)

Seo 12 M HF+0.05 M KBrO; 0.15-0.5 [Se6]

small angle gives a macroscopic image of the etch pit density across the wafer.
Areas of high etch pit concentration show a bright haze-like picture while areas of
no defects remain dark, as shown in Fig. 10.6f.

The sensitivity of this haze method is about 10'* cm™ for Cu and Ni [Gr4],
while contamination by Fe can only be detected if the iron forms precipitates,
which is only the case in wafers of a sufficiently high oxygen concentration. This
property of the haze test has been exploited as a qualitative indicator of gettering
efficiency of oxygen-related defects in CZ silicon [Fa2, Fa3]. Because it has been
shown that there is no difference between the results obtained with Cr-based solu-
tions and HNOs-based ones, the latter are preferred for environmental reasons
[Chl, Gr4, Ka4]. A study that compared images of polycrystalline substrates ob-
tained by electron beam induced current (EBIC), by chemical defect etching, and
by anodic etching showed that electrically active defect sites are preferentially
etched under applied bias [Fol].

Methods of characterizing the dopant distribution based on metal plating or se-
lective chemical etching of doped layers and subsequent microscopy have been
used since the early days of device fabrication [Si5, Wu2]. Despite the fact that
other methods, for example secondary ion mass spectroscopy (SIMS) or spreading
resistance profiling (SRP), are sensitive over a wider range and give better calibra-
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tion, chemical etching is still indispensable, because it is time efficient and gives
a two-dimensional image. HF- and HNOs-based solutions show an enhanced etch
rate for n-type layers with doping densities in excess of 10'® cm™ if compared to
the etch rate on low doped n-type or p-type Si [Nel]. For the delineation of p-type
layers alkaline solutions can be used because the etch rate is significantly reduced
for dopant densities in excess of 10" cm™ [Se4]. Differences in doping concentra-
tion below this level, for example moderately doped p-n junctions, can also be de-
lineated, but these methods are electrochemical in nature and are therefore dis-
cussed in Sections 4.5 and 4.6.

2.6
Selective Etching of Common Thin Film Materials

One of the properties that makes wet etchants indispensable in silicon device
manufacturing today is their high selectivity for layers of different chemical com-
position. Most prominent are the oxide etchants based on HF. In semiconductor
manufacturing thin oxide layers are commonly etched by diluted HF [Kil]. For
thicker oxide layers a buffered oxide etchant (BOE), a mixture of HF, NH,F and
water is preferred. The commonly used ratio of NH4F to HF in BOE is 7 to 1.
The addition of NH,F increases the etch rate of HF [Pr3] on oxide, while the etch
rate on aluminum interconnects remains low. Equation (4.5) gives the overall dis-
solution reaction of SiO, in HF. Note that the reaction product fluosilicic acid
(H,SiFg) still shows a significant etch rate for silicon dioxide [Th8]. The simple as-
sumption that 6 moles of HF remove 1 mole of SiO, according to Eq. (4.5) is
therefore not correct. The etch rates of thermal oxide for different concentrations
of aqueous HF at RT are well studied [Jul, Kil, Vel]. The activation energy of
chemical dissolution of SiO, in 1% HF is determined to be 0.34 eV [Kil].

Data from different authors are summarized in Fig. 2.8. Equation (2.3) is a fit
of these experimental values (for 7 in nm min™ and ¢y in % of aqueous HF):

Toxide = —0.25 + 5.5 cp + 0.047 ¢ + 0.0065 ¢ (2.3)

The etch rates of other oxides such as borophosphosilicate glass (BPSG), phospho-
silicate glass (PSG), tetraethylorthosilicate (TEOS), spin-on glass (SOG), anodic
oxides and oxidized PS in HF are generally larger by factors of up to two orders of
magnitude compared to the value for thermal oxides [So2, Bu6, Mo5]. Compre-
hensive reviews of SiO, etching in HF are available in the literature [Bu6, Mo6].

The etch rate of CVD silicon nitride in HF is sensitive to the details of the de-
position process. Values measured for the etch rate of Si;N, deposited at 850°C
are shown in Fig. 2.8. The best fit to these etch rates is found to be (for r in
nm min~' and cyp in % of aqueous HF):

Tuitride = 0.18 cigp + 0.0013 ¢y (2.4)
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Fig. 28 Etch rate of thermal oxide and CVD nitride (deposited at
850°C) as a function of aqueous HF concentration at RT.

Tab. 2.2 Etch rates of common materials used in semiconductor manufacturing in the most
popular wet etching solutions. Note that this table gives only a rough overview; etch rates may
vary significantly depending on the details of thin film formation parameters, etchant composi-
tion, temperature and additives, e.g. surfactants.

Etch rates Thermal CVD- Undoped Bulk Si Aluminum
in nms™ oxide nitride poly-Si (100)

1% HF, RT 0.09 0.006 0.0005 0.0005 1.5
BOE, RT 1.70 0.02 0.0005 0.0005 0.02
30:1 HNO;:HF, RT 0.5 0.025 50 38 2

80% H3POy4, 155°C  0.0015 0.065 0.003 0.0003 7400

10% KOH, 90°C 0.075 0.0006 22 60 2300

50% KOH, 90°C 0.2 0.0003 29 34 4300

25% NH,OH, RT 0 0 0.04 0.008 0.15

The reaction rate of silicon nitride dissolution has been found to be mainly deter-
mined by the concentrations of F~ and HF, while HF, is active during dissolu-
tion of SiO,, as discussed in Section 4.1. This enables us to engineer the etching
selectivity. Si3Ny is preferably etched at high temperatures, low HF concentrations
and a low degree of ionization. The latter factor can be tuned by addition of or-
ganic solvents, like ethanol, that reduce ionization [Kn1]. At RT and HF concentra-
tions commonly used for electrochemical etching of Si, however, the Si3N4 etch
rate is much lower than that of SiO,. This favors Si;N, as a masking material for
micromechanical applications and local formation of PS [Kr3]. If a high selectivity
to SiO, is desired, hot phosphoric acid is used commonly as an etchant for Si3Ny.
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An aqueous solution of 91.5% H3PO, heated to the boiling temperature of 180°C
produces an etch rate of 10 nm min™ for Si;N,, 0-2.5 nm min™ for SiO,, and
0.3 nm min~" for Si [Ge4]. Etch rates as calculated by Eqs. (2.3) and (2.4) are listed
in the table in the inner back cover of this book.

Table 2.2 gives an overview of the most common materials in silicon device
manufacturing and their etch rates in different etching solutions.
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3
The Semiconductor-Electrolyte Junction

3.1
Basics of the Semiconductor-Electrolyte Contact

This chapter is dedicated to the basics of the silicon-electrolyte contact, with em-
phasis on the semiconductor side of the junction. The phenomenology of the I-V
curve is discussed, together with basic charge states of semiconductor electrode
like accumulation, depletion and inversion. Electrostatic and electrodynamic prop-
erties will be described, with emphasis on the direct current (DC) properties of
the semiconductor electrode, while alternating current (AC) properties are dis-
cussed in Section 10.2. Details of charge exchange and mass transport as well as
details of the reactions at the microscopic level are considered in Chapter 4.

The mobile charge carriers in a metal are electrons. If a metal electrode is im-
mersed in an electrolyte electrons will accumulate or deplete at the interface. Ions
are the mobile species in the electrolyte. A monolayer of ions or molecular di-
poles accumulate at the interface to an electrode. This thin (0.3 nm) rigid layer is
described by the Helmholtz model. Any charge transfer across this layer involves
a chemical reaction. If the available energy, or the applied bias respectively, is too
low to initiate this reaction, the charge carriers in the electrode and the dipoles in
solution accumulate at the interface, without being separated by a dielectric. The
capacitance of this double layer is of the order of 0.1 Fm™ for metal electrodes.
Supercapacitors are an application of this charge separation without a dielectric.

If the metal electrode is replaced by a semiconducting electrode the number of
free charge carriers is reduced from values in the order of 10** cm™ to much low-
er values, depending on doping density. Charging of a semiconductor interface
immersed in an electrolyte may be due to majority charge carriers, ionized do-
pants, or minority charge carriers. The corresponding charge states are called ac-
cumulation, depletion and inversion, respectively. In contrast to electrons and
holes, which are free charge carriers, the ionized doping atoms are not mobile.
They therefore form SCRs that may extend up to several tens of microns into the
bulk of the electrode, depending on doping concentration, as described by Eq.
(1.2). The thickness of the accumulation and inversion layers in contrast is in the
order of a nanometer, because they are due to free charge carriers. Note that the
ionized doping atom in a p-type semiconductor is negatively charged, for example
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B~, while for an n-type semiconductor the reverse is true. An analog to the SCR
in the semiconductor is an extended layer of ions in the bulk of the electrolyte,
which is present especially in the case of electrolytes of low concentration (typi-
cally below 0.1 mol I'"). This diffuse double layer is described by the Gouy-Chap-
man model. The Stern model, a combination of the Helmholtz and the Gouy-
Chapman models, was developed in order to find a realistic description of the
electrolytic interface layer.

Now we have discussed the electrostatics dealing with where the charges ‘stay,
but how about the electrodynamics, how do they ‘move’ in space and energy? In
contrast to a semiconductor where a current is caused by the movement of free
electrons and holes, an electrolyte can be understood as a phase through which
charge is carried by the movement of ions. Hence the mobilities of electrons or
holes in silicon (e, un >100 cm? V's™) and ions in solutions (u"=36.2x107*
em?® VIs™, o =20.6x10"* em? Vis™, up=5.7x10"* cm? \Fls_l) differ by or-
ders of magnitude. However, the electrical conductivities of a common electrolyte
and a moderately doped silicon electrode are of the same order of magnitude, be-
cause the ratio of density of charge carriers in an electrolyte (10*' cm™ for
1 mol I'") and in moderately doped silicon (10'*~10'7 cm™) is about the inverse of
the ratio of mobilities.

Any transfer of a charge between the electrode and the host ion in the electro-
Iyte is accompanied by a chemical reaction. If an electron moves from the elec-
trode to the solution, the host ion is reduced. If it moves in the other direction
the host ion is oxidized. The electron is a term used in physics as well as chemis-
try. This is in contrast to the concept of a hole, a positive charge carrier, which de-
scribes the behavior of an electron vacancy in the periodic potential of a semicon-
ductor crystal. This term, however, loses its meaning at the interface to the elec-
trolyte. Concerning the chemical reaction, any hole crossing the interface can be
replaced by an electron going in the other direction. Energetically, however, there
is a difference, because the injection of an electron from the host ion into the sili-
con conduction band (CB) requires an energy 1.1 eV larger than that required for
a hole in the valence band (VB) going in the other direction. In many cases the
interaction of holes with the electrode surface can be understood if two holes at
the interface are replaced by one broken bond of a surface atom.

Not only the movement of charges in space but also changes in energy occur in
different ways in the semiconductor and the electrolyte. The well established
semiconductor band model where an excited electron may jumps from one en-
ergy level to another is not applicable to an electrolyte. In a solution the energy
levels itself fluctuate in energy due to thermal fluctuations of the surrounding sol-
vent dipoles, carrying the electron with it. A detailed description of the latter mod-
el is given in the literature [Mo2, Gel, Ge3].

The current-voltage (I-V) characteristic of a semiconductor-electrolyte contact is
determined by both the semiconducting nature of the electrode, as well as by the
ionic and molecular species present in the electrolyte. The current density at the
electrode for a certain potential is limited by the reaction kinetic at the interface,
or by the charge supply from the electrode or the electrolyte.



3.1 Basics of the Semiconductor-Electrolyte Contact

If the charge transfer is limited by charge supply from the silicon electrode the
basic I-V curve of the silicon-electrolyte junction is very similar to that of a sili-
con-metal junction, a Schottky diode, as shown in Fig. 3.1a and b. A p-type elec-
trode, for example, is reversely biased in the cathodic regime. Therefore the cur-
rent is minimal in the dark and increases upon illumination or for a bias high en-
ough to initiate breakdown (Fig. 3.1a). In the anodic regime the junction is under
forward conditions and the current is described by the diode equation. The case
of an n-type electrode is only different insofar as the forward and the reverse re-
gime are exchanged in the I-V curve, as shown in Fig. 3.1b.

A Schottky diode is always operated under depletion conditions; flat-band condition
would involve giant currents. A Schottky diode, therefore, models the silicon electro-
lyte interface only accurately as long as the charge transfer is limited by the electrode.
If the charge transfer becomes reaction-limited or diffusion-limited, the electrode may
as well be under accumulation or inversion. The solid-state equivalent would now be a
metal-insulator-semiconductor (MIS) structure. However, the I-V characteristic of a
real silicon-electrolyte interface may exhibit features unlike any solid-state device, as
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Fig. 3.1 The I-V characteristic of (a) a p-type assumption that the current is not limited by

and (b) an n-type silicon electrode under the charge supply from the electrode (which is
assumption that the current is dominated by the case for a highly doped or strongly illumi-
the properties of the semiconductor and is nated electrode). (d) The |-V curve under the
not limited by interface reactions or by diffu- same assumption as in case (c) is shown for
sion in the electrolyte. (c) The characteristic an acidic electrolyte without (full line) and

|-V curve in an alkaline electrolyte under the with fluoride (broken line).
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shown for example in Fig. 4.7. This is due to details of the chemical reaction at the
interface, like for example the formation of an anodic oxide film for a certain bias or
current density. In Fig. 3.1 c and d the basic I-V curve in alkaline and acidic electro-
lytes respectively are shown for a silicon substrate doped in excess of 10*° cm™. The
same characteristics are observed if low doped substrates are strongly illuminated.
Under such conditions the blocking effect of the reversed biased Schottky diode is
lost and the basic characteristic of the -V curve is the same for all silicon substrates
independent of doping type and density. This is a consequence of the fact that the
chemical reactions at the silicon electrode are independent of the minute traces of
dopants. However, while the chemical dissolution reaction is not sensitive to doping
density the Fermi energy is. As a result, there is a significant potential shift of the I-V
curves and the open circuit potentials with doping density, as shown in Fig. 3.3.

The I-V characteristic of a real silicon electrode is usually superpositions of the
basic potentiostatic curves shown in Fig. 3.1 a—d. The galvanostatic I-V curves are
deductible in many cases from the potentiostatic ones. This holds true for a con-
stant potential or a very slow scan of the applied potential, for fast changes of poten-
tial or current, however, the I-V curve may show transient contributions. Transient
effects at the silicon electrodes can be due to chemical or capacitive effects as well as
to changes of the interface morphology for example by pore formation. Chemically
caused effects are usually slow and current or bias show transients on a time scale in
the order of seconds. The most prominent example for such effects are electroche-
mical oscillations observed at silicon electrodes anodized in HF, as discussed in Sec-
tion 5.5. Transient currents due to oxide passivation and electron injection during
oxide dissolution are shown in Fig. 4.14. Pore formation does significantly change
the surface area and morphology of the electrode and it thereby affects the I-V char-
acteristic. The reverse current of an n-type electrode, for example, increases by or-
ders of magnitude due to formation of mesopores of the breakdown type, as dis-
cussed in Section 8.4. However, even hydrogen bubbles sticking to the electrode sur-
face are found to generate a considerable noise pattern in the I-V curves. The charge
values involved in charging interfacial capacities, due to the SCR, an anodic oxide or
the Helmholtz layer, are commonly much smaller than the charges exchanged dur-
ing chemical reactions, such as anodic oxide formation. The measurement of inter-
facial capacities is discussed in Section 10.2.

In the next section the charge states of the electrode and the electrochemical re-
actions are discussed for acidic, especially fluoride-containing electrolytes followed
by a section dealing with alkaline electrolytes.

3.2
The 1-V Characteristics of Silicon Electrodes in Acidic Electrolytes

In this section the I-V characteristic of a silicon electrode in acidic, and specially
hydrofluoric electrolytes is discussed with emphasis on the different charge states
of the semiconductor. The accompanying chemical reactions are briefly men-
tioned, but are discussed in detail in Chapter 4.



3.2 The I-V Characteristics of Silicon Electrodes in Acidic Electrolytes

While the cathodic characteristic of the I-V curve is dominated by hydrogen re-
duction and therefore not very sensitive to the kind of ions present in an aqueous
electrolyte, the anodic part is. If a silicon electrode is anodized in an acidic electro-
lyte that is free of fluoride, a passivating oxide layer is formed. Details of the for-
mation and the properties of anodic oxides are given in Chapter 5. An I-V curve
in the common sense does not exist for such electrolytes, because a certain anodic
bias does not correspond to a constant current density, but rather to a constant
charge of a few mAs cm™ which is consumed during the formation of an oxide
layer. In this respect there is no current-voltage curve, but a charge-voltage curve
for the anodic regime, as shown in Fig. 5.1. Only for short anodization times and
small current densities in the pA cm™ range the I-V curve is not dominated by
oxide formation but by the semiconducting properties of the electrode [Ch10)].

A passivating oxide is formed under sufficiently anodic potentials in HF, too.
However, there are decisive differences to the case of alkaline and fluoride-free
acidic electrolytes. For the latter electrolyte the steady-state current density prior to
passivation is zero and it is below 1 mA cm™ for a