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ABSTRACT

The corrosion behavior of GaAs in acid solutions and deionized water was
studied. The influence of semiconductor type, doping density and illumination was
considered. Anodic polarization in acid at lower potentials resulted in an As-rich layer at
the surface. The surface As oxidized on subsequent exposure to air leaving AsxOs
particles on the surface. Polarization at higher potentials resulted in a porous surface.
Polarization in water did not remove the surface oxide film; instead, the oxide layer
thickened. The galvanic corrosion behavior was examined using the (direct
measurement), as well as the method of superposition of polarization curves (indirect
measurement). Flat band potentials were also determined by the measurement of the
capacity of the electric double layer. Additionally, the corrosion mechanisms were

discussed.
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Boltzmann constant (86.5x10° eV/K)
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Density (usually density of electronic energy levels)
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Effective density of states in the conduction band
Effective density of states in the valence band
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CHAPTER 1

INTRODUCTION

Over the last five decades. semiconductors have come to be used in a wide range
of electronic devices. such as transistors. switching devices. voltage regulators. photocells
and photodetectors. Because of their unique properties and capabilities, I1I/V compound
semiconductors, such as GaAs, are widely used for optoelectronics and microelectronics.
e.g. GaAs transistors in satellite dishes, GaAs transistors in cellular phones and

GaAs/AlGaAs laser diodes in CD players.

Wet chemical etching is commonly used for I1I-V based semiconductors. both for
cleaning and etching specific features in wafers [Kelly et al. 1988]. Wet chemical etching
is attractive because the materials are generally single crystal and the etch rate depends
on crystal orientation. The etch rate can be altered significantly, however. due to galvanic
effects. Optoelectronic devices with metallized ridge structures, such as lasers and wave

guides, for example, may be susceptible to such galvanic effects [Ivey et al. 1998].

It has been found that wet chemical etching is mainly due to the anodic
dissolution, which consumes holes. This can be achieved in three ways: electrochemical
oxidation with an external voltage source, electrochemical etching with an oxidizing

agent but no external voltage source [Kelly. et al, 1988] and illumination effects.
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Hlumination plays an important role in the photoelectrochemical etching, which is
an electrochemical procedure, intended to improve the surface chemistry or morphology
of semiconducting samples for various applications. However, uncontrollable etching
results in photocorrosion. an interfacial phenomenon, which is responsible for most of the

failures in photoelectrochemical cells for solar energy conversion [Decker et al, 1993].

Further corrosion caused by high current densities can result in localized
dissolution of the semiconductor. which has attracted much interest because of its
application on light emitting. As an example, anodic etching of GaAs has been performed
in HCI solutions at fairly high voltage (6-7 V) to produce porous features for visible light
emission applications [Li and Bohn. 2000].

Since GaAs has gained increasing importance in recent years in many
applications, corrosion behavior of GaAs has gained considerable interest. The purpose
of this work is to study the corrosion behavior of GaAs semiconductor electrodes in acid
solutions and deionized water. The influence of the type of semiconductor, doping
density and illumination on the electrochemical behavior of GaAs are investigated.
Optical microscopy, scanning electron microscopy (SEM). energy dispersive x-ray
(EDX) spectroscopy in the SEM, transmission electron microscopy (TEM) equipped with
EDX, atomic force microscopy (AFM), photoelectron spectroscopy (XPS) and x-ray
diffraction (XRD) are used to characterize the surfaces prior to and after electrochemical
tests. Moreover, the effect of the cathode to anode area ratio was investigated with the
ultimate goal of forming galvanic cells and predicting the galvanic rate. Two methods
were used to determine galvanic corrosion: (1) direct galvanic measurements and )
superposition of the individual anodic and cathodic polarization curves to indirectly

predict galvanic corrosion.

Flat band potential is an important characteristic of the semiconductor/electrolyte

system. Its magnitude is used in determining band edges at the interface between



semiconductor and electrolyte. Several methods are available for studying flat band
potential, the predominant one being impedance. In this work. flat band potential was

determined by the measurement of the capacity of the space charge layer.

Chapter 2 is devoted to the fundamental physical processes involved in
semiconducting materials and the essential elements of electrochemical corrosion, as well
as comprehensive review of corrosion behavior and application of GaAs. Then follows a
short chapter (3) on the sample preparation, the set up of experiments and the methods of
surface examination. Chapter 4 provides the results in this work, including polarization
curves, surface determinations and analysis. All the results are discussed in Chapter 5.

The last chapter concludes the present work and recommends the future work.



CHAPTER 2

LITERATURE REVIEW

2.1. Introduction

2.1.1. Semiconductors physics
2.1.1.1. Energy band

A semiconductor is usually defined rather loosely as a material with an electrical
resistively lying in the range of 102-10° Qcm. Alternatively. it can be defined as a
material whose energy gap for electronic excitations lies between zero and about 3
electron volts (eV). Materials with zero bandgap are metals or semimetals. while those
with an energy gap larger than 3 eV are more frequently known as insulators [Yu and
Cardona, 1999].

The energy band is a significant concept in the theory of semiconductors and is
derived from the quantum theory of solids. It is generally used to explain many of the
properties of semiconductors. In fact, the explanation of the electrical behavior of

semiconductor materials is a great success of quantum theory [Calister, 2000].

A crystal consists of many atoms. which are bonded to form the ordered atomic
arrangement. When atoms are close together, the atomic charges cause interatomic forces

which bind the atoms together. Since atoms are made up of negative electrons and



positive nuclei, electrons are acted upon or perturbed. Thus an electron energy band is
formed by this effect, which may cause each distinct atomic state to split into a series of
closely spaced electron states in the solid. The band can be considered as a continuous
range of energies, in which the difference between the individual energy levels is very
small (= 10 eV). Energy gaps are spacings which exist between energy bands. Within

the energy gaps, there are no electron states.

Energy band diagrams in a semiconductor consist of two bands. a conduction
band (CB) and a valence band (VB) separated by an energy gap (forbidden gap) (Fig.
2.1). The valence band is the lower band and the conduction band is the upper band. The
former one is completely filled with electrons while the conduction band is nearly empty.
At temperatures above absolute zero (0K. -273°C) some electrons obtain energy from the
surroundings so as to break free from their parent atoms and move through the crystal,
that is, to take part in conduction. In terms of the band model this means that some
electrons taking part in bonding the atoms together (valence band, VB. electrons) attain
energies corresponding to levels in the conduction band. CB. Thus, depending on the
degree of excitation. a number of electrons acquire sutficient additional energy to jump

the forbidden gap to the conduction band to take part in conduction.

2.1.1.2. Doping

For semiconductors. which are different from metals where free electrons are the
only charge carriers, conduction is achieved by electrons and holes. When electrons
(charge -e) are excited from the VB, some positively charged "holes” are left in the VB
(Fig. 2.2). Some electrons in the valence band may be moved to refill these empty states,
hence conduction also takes place in the valence band because of the availability of a few
‘holes’ [Navon, 1975]. As the excitation of each electron from the VB to CB leaves a
hole in the VB, the number of holes in the VB equals the number of electrons in the CB.
The process therefore results in the thermal creation of electron-hole pairs [Wang, 1989].

Conduction is therefore via electrons in the CB and holes in the VB. The above has



described intrinsic semiconductors, which are pure semiconductor materials with the

same number of electrons and holes.

A semiconductor can also become conductive by doping, impurity atoms are
introduced into intrinsic semiconductor. The element introduced is called a dopant and
thus an extrinsic semiconductor is formed. For example, if atoms of phosphorus (P) that
has five VB electrons/atom are introduced into pure silicon (Si) that has only four VB
electrons per atom, the phosphorus atoms take up positions in the crystal structure. Four
of the five electrons form bonds with neighboring silicon atoms. The fifth electron from
each P atom is surplus to the bonding requirements and being an electron in the outer
shell it is only loosely bound to its parent atom. The binding energy of this electron is
very small, and so even at low temperature it becomes free and takes part in conduction.
increasing the conductivity of the crystal. Because the density of free electrons in P-
doped Si is greater than holes, this extrinsic semiconductor is called an n-type
semiconductor. and electrons are referred to as majority carriers and holes as minority
carriers. Fig. 2.3 shows the energy-band model of an n-type semiconductor. Donor levels.
which are just below the CB, represent energy levels introduced by each dopant atom. As
the number of electrons supplied by the donor atoms is much greater than that generated
from the valence band, the number of thermally generated electrons is negligible.

Therefore the density of CB electrons, 7, can be thought to equal the donor density, Np:

np= IVD (21)

If silicon is doped with a group III element that has only three valence electrons,
such as gallium or indium, this type of dopant increases the hole density in the crystal
without increasing the electron density. Since there is a majority of holes (positive
charge), p-type semiconductors are formed. In this case, holes are the majority carriers
and electrons are the minority carriers (Fig. 2.4). The number of thermally generated
holes is negligible under normal conditions compared to the number from the dopant. The
density of VB holes for a semiconductor, p,. is almost the same as the density of the

acceptor-dopant, N4



Pp = N-l (22)
where p, is the hole density in the p-type semiconductor.

For HI-V semiconductors, such as GaAs. covalent bonding is dominant. When a
Group VI element, such as Se is introduced in an As site, it acts as a donor. When a
Group II element, such as Zn is introduced on a Ga site, it acts as an acceptor. For a
Group [V element, such as Si, it can act both as a donor on a Ga site and an acceptor on

an As site.

2.1.1.3. Carrier densities and Fermi level

The concentrations of free carriers. n, and p,. are the principal quantities that
determine the conductivity of a semiconductor. These quantities depend not only on the
concentration of donors Np and acceptors N,. but also on the temperature. which
determines the degree of thermal excitation of carrier from covalent bonds and

impurities.

At absolute zero temperature (7=0 K), the occupation probability of an electron

state of energy E is given by Fermi-Dirac function

FE) = ' 2.3)

l+exp(E—EF)

Thus, the probability of occupation by a hole is

fiB) =1~ f(E)=———— @4)
1 +exp(—% )
kT




where k is the Boltzman constant, Er is Fermi level, the level of energy in a continuous

range that is occupied by an electron for half of the time.

The carrier densities in a non-degenerate semiconductor are given by the

Boltzmann approximation of the Fermi-Dirac function [Mayer. 1990]:

n= NC exp(_ﬂ_—E_}_

s
T ) (2.3)

E.-E,.
= N, exp(——+——
p = N, exp( T

) (2.6)
where N and N are the effective volume densities of electron and hole states in the
conduction and valence bands, and the Fermi level in a non-degenerate sample lies
between the lowest conduction band energy (Ec) and the highest valence band energy
(Ev).

The effective mass is used to define the effective densities of states:

2mm kT

N-.N,. =2( pE

) 2.7)

where m” is the carrier effective mass and 4 is Planck’s constant, 6.626x107* J-s.

In the intrinsic case. thermal generation across the gap (and recombination to
balance it) creates equal numbers of electrons and holes, so that

n=p=n, (2.8a)

where n, is the number of intrinsic charge carriers. Under equilibrium conditions, the

relationship between n;, n and p is given by the following:



np=n'=N.N, exp(-E_ / kT) (2.8b)

where E, is the energy gap (Ec-Er). Eq. (2.8b) is valid for both intrinsic and extrinsic
semiconductors. For extrinsic semiconductors, it is clear that n>>p for n-type material

and p>>n for p-type material.

2.1.1.4. Generation and recombination of carriers

At a fixed level of excitation, electron-hole pairs are continually being created or
generated by light energy breaking electrons free from their covalent bonds in the valence
band and raising them into the conduction band to take part in conduction through the
crystal (Fig. 2.5a). The excitation of VB electrons to CB energy levels leaves holes in the
VB that also contribute to conduction. Electron-hole pairs are only produced by light
frequency v such that iv > E,. At the same time that free carriers are being generated, the
reverse process is taking place for electrons and holes to recombine. Physically,
recombination is the process whereby a free electron traveling through the crystal is
captured by an atom having an incomplete bonding structure. In the energy band model
this can be described by an electron returning to a VB energy level from a CB level with
a corresponding loss of energy. This is illustrated in Fig. 2.5b and is generally coupled

with the emission of photons with energy equal to that of the semiconductor energy gap-

Practical crystals contain regions of non-uniform structure due to missing or
displaced atoms in the lattice and the presence of impurities. In some semiconductors,
recombination is generally found to take place via a recombination center introduced by
some impurities. These impurities tend to immobilize a hole. which immediately

recombines with a conduction electron (Fig. 2.5¢) at recombination centers.
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2.1.2. Basic principles of corrosion of semiconductors

The spontaneous decomposition (dissolution, oxidation) of a material as a result
of physical and chemical interaction with its surrounding medium (in particular, with the

electrolyte solution) is called corrosion.

Since there is no current in the outer circuit, the oxidation of the solid must be
accompanied by the reduction of other components of the system. For example,
simultaneously with the dissolution of semiconductor there may occur the liberation of
molecular hydrogen from the solution or the reduction of a dissolved oxidant. The overall

equation of the process has the form

{SC} + Ox +nh” - {SC}"" + Red 2.9

where {SC} is the semiconductor material, {SC}" is its oxidized form (for example. an

ion in solution), Ox is the oxidant, 4" is a hole, and Red its reduced form.

The dissolution of the semiconductor and the reduction of the oxidant may
actually occur in one act so that equation (2.9) reflects the microscopic mechanism of the
process. In this case we talk of the chemical mechanism of corrosion or the dissolution of
the solid.

However, most often the corrosion has an electrochemical nature. At the
solid/liquid interface there are two reactions. anodic and cathodic reactions. proceeding
simultaneously and at the same rate:

{SC} - {SC}™ + ne” (2.10)

Ox + ne—> Red 2.11)
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On samples with a uniform surface the reactions are localized on the same
sections of the surface, while in the opposite case the reactions may be separated in
space. These reactions are called conjugate reactions. In the electrochemistry of metals
they are regarded as completely independent of each other. This means that by changing
the external conditions it is possible to change the rate of one of them arbitrarily without
affecting the other. Knowing the kinetic parameters of both reactions (the exchange
currents and transport coefficients or simply the coefficients a and b of the Tafel relation)

we can determine the potential and the corrosion rate from the condition

ia= 'ic=| icorrl (2-12)

Where i, and i. are the anode and cathode current densities.

A major difference between the corrosion processes on semiconductors and on
metals is that the exchange between the solid and the solution proceeds through electrons
and holes for semiconductors. Therefore. a condition of the type given in Eq. (2.12) is
inadequate. In the dissolution process there must be not only a balance of electric

charges, but also a balance of each type of carrier in the semiconductor.

As an example, a simple case is used. In this case, a reaction with the participation
of the semiconductor material proceeds through the valence band, while the reaction with
the participation of the redox couple from solution occurs through the conduction band
(Fig. 2.6a). Although the conjugated reactions occur through different semiconductor
bands, the processes of recombination and generation of electrons and holes connect
them with each other. However, if the rate of recombination or generation is so small
compared with the rates of the conjugated reactions, we can ignore this connection and

consider the reactions in Fig. 2.6a as independent.

When the two conjugated reactions occur in the same band, such as the valence
band (Fig. 2.6b), a different result can be obtained. In this situation. the cathodic reaction

of oxidant reduction occurs by consuming the valence band electrons, which causes holes
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to be injected into the semiconductor and are used in the anodic reaction of
semiconductor oxidation. Therefore, the kinetics of the anodic reaction on an n-type
semiconductor can occur without holes from the bulk; holes can be produced at the

semiconductor/electrolyte interface.

2.2. Electrochemistry of Semiconductors

2.2.1. Structure of the electrical double layer

Because of the existence of a Galvanic potential, charged planes or space charge
layers are almost always formed at any interface. including the solid/liquid interface.
They lead to electrical double layers. consisting of two “plates™ containing charges of
opposite sign, each “plate” being located in one of the contacting phases [Morrison,
1980]. The charge in the double layer may be concentrated directly on the surface of the
phase, that is, in a sheet whose thickness is of the order of atomic dimensions. In the
semiconductor. electrons and holes are redistributed resulting from the formation of the

diffuse charge near the surface while in the electrolyte there is a redistribution of the ions.

Generally. three double layers at the solid/liquid interface are formed (Fig. 2.7).
They are, (1) the Gouy-Chapman double layer in the solution, (2) an intermediate layer
called the Helmholtz double layer and (3) the space charge double layer in the

semiconductor. These are described in detail in the following sections.

The first one is the space charge region in the solid. In this region the charges are
generally uncompensated impurities, trapped holes or electrons, or mobile holes or
electrons which are very near the surface. Secondly. there are charged planes on the two
sides of the Helmholtz region that form the Helmholtz double layer. One plane is at the
solid surface whose charge is in surface states or at the location of adsorbed ions. The

other plane is referred as the “outer Helmholtz plane” (ohp), where the charge arises from
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ions that drift up to the surface, attracted by the excess charge in or on the semiconductor.
Finally, there is an extended region of excess space charge in the Gouy region of the
solution, associated with mobile ions. At this region the positive ions are separated from

the negative ions.

Other double layers should be considered when a third phase is present, e.g., an
oxide covering on a metal or a semiconductor electrode. Charge can be stored (a planar
configuration) at “interface states” between the oxide and the substrate, especially if the
substrate is a semiconductor; and charge can be stored in the form of space charge in the

oxide.

Electrical capacitance in double layers determines the possibility of storing charge
in these various space charge regions and Helmholtz planes. Each of the regions around
the semiconductor/electrolyte interface is plane of charge separated by distance, and
hence each double layer has an associated capacitance with it. The capacitance C for a

“parallel plate” capacitor can be written as

C=dQ/dV = Aee, /d 2.13)

where dQ is a differential increase in stored charge in the layers. dV the differential

voltage change across the double layer, A is the area, ¢ is the dielectric constant. &, is

permittivity of vacuum, and d is the distance separating the charge being stored.

2.2.1.1. The Gouy layer

The Gouy double layer is a region in the solution near the electrode. A space
charge is formed because of an excess of free ions of one sign in this double layer. The
charges on the electrode cannot be compensated completely by the ions attracted to the
outer Helmholtz plane, so a charged Gouy layer forms resulting trom the residual electric

field which is directed normal to the surface. Because the Gouy layer is very thin for
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concentrated solutions, it can be considered to have melded into the outer Helmholtz
plane. That means Gouy layer is dependent on whether the solution is dilute or not. In the
study of semiconductors, the Gouy layer usually can be ignored since highly concentrated

electrolytes are commonly used.

2.2.1.2. The Helmholtz double layer

The Helmholtz double layer, formed between two planar sheets of charge, is a
very important double layer in both semiconductor and metal electrochemistry. The
formation of one charged sheet occurs because of ions in solution, particularly at the
distance of closest approach (at the outer Heimholtz plane. ohp) attracted by the charged

surface. The other one occurs because of charges at the surface of the solid.

In the study of semiconductor. we can ignore other charged layers except the
charged surface and outer Helmholtz plane since the charge density (per unit area) is

much higher than the charge densities of any other charged layers.

The charge on the planes is in different forms. On the solution side at the ohp the
charge is in the form of accumulation. On the solid side of the Helmholtz double layer,
the charge is generally considered in three forms: an accumulation of free charge, free
charge trapped from the solid onto surface states. or adsorbed ions. The dominant form is

dependent on the solid.

If the solid is a semiconductor, it is possible for the Helmholtz potential to be
controlled by either adsorption/desorption or electron transfer. There are redox reactions
at semiconductor electrodes. In the reactions, electrons transfer from the bulk
semiconductor to ions in solution with appropriate energy levels. However, the amount of
charge stored in the semiconductor associated with this transfer is not high. There are

usually of the order of 10'° to 10'7 electronic charges per square meter or less.



2.2.1.3. The space charge double layer in the semiconductor

The space charge double layer in the semiconductor results from charged regions
caused by electron transfer in or out of the semiconductor surface. The space charge can
be of several forms such as immobile charged impurities, immobile-trapped carriers near
the surface of the semiconductor or mobile electrons or holes in the conduction or

valence bands of the semiconductor.

The formation of a space charge leads to electric potential drop close to the
semiconductor surface, which causes the potential energy of the electrons to change with
distance, i.e., band bending (Fig. 2.8). For n-type semiconductors. if the potential drop at
the semiconductor space charge layer V,.> 0 the bands are bent downwards. If V. <0,

the bands are bent upwards.

For the special case when V. = 0. the bands run completely horizontal. The
potential, V¥, of the semiconductor electrode (measured against some reference electrode)
which corresponds to this special case is referred to as the flat band potential. Vp. At the
flat band potential, the potential on the semiconductor surface is equal to the value of the

potential in the semiconductor bulk.

The amount of charge in the space charge region of the semiconductor depends on
several processes. Because surface states will capture some of the bulk carriers near the
surface, a space charge near the surface can be formed in vacuum. When the
semiconductor is dipped into a solution, a change in the charge in the space charge region
may occurs for various reasons:

(a) the surface states will be influenced by their interaction with the solution. so that
the charge in the surface states will change;

(b) at an open circuit condition, electrons will be injected or extracted from the
semiconductor by ions in solution with appropriate energy levels;

(c) a second electrode is added to the solution and an external voltage, different from

the open circuit voltage, is produced between the two electrodes.
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The assumption that a voltage is always applied to change the voltage in the
semiconductor space charge region — changing it by an amount equal to the change of
the imposed external voltage — is one of the key characteristics used in semiconductor
electrochemistry. It should be noted that some of the change in voltage can appear across
the other double layers in the circuit, so the amount of voltage change across the space

charge will not always equal the change in external voltage.

When the bands are bent downwards, electrons tend to move to the surface from
the bulk, and holes to the bulk (Fig. 2.8a). When the bands are bent upwards. holes move
to the surface and electrons to the bulk (Fig. 2.8b.c). An n-type semiconductor, as a
specific example, can be induced when the bands are bent downwards. A depletion layer
(Fig. 2.8b) forms if the bands are not bent upwards very much. The surface region is
depleted of electrons, yet the number of holes will still be insignificant. In this case the
surface region is exhausted of both forms of mobile carriers. An inversion layer (Fig.
2.8c) forms when the bands are significantly bent upwards: the charge created by
minority carriers (holes) become dominant. So the n-type semiconductor has actually
been “inverted” to p-type at the surface. An accumulation layer forms in a p-type
semiconductor when the bands are bent upwards (V. < 0). whilst depletion and inversion

layers occur when the bands are bent downwards (Vs > 0).

2.2.2. Differential capacitance

The differential capacity, C, of the electric double layer is defined by Eq. (2.13).
When a voltage change dV is applied across the Helmholtz double layer. we find that

Cr=dQ/dVy (2.14)

Similarly, we obtain

Cel = dQ/dVel (215)
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and Csc = dQ/dV.. (2.16)

for the space charge layer in the electrolyte and semiconductor, respectively.

From the above equations, the total capacitance is given as

Cl = +Cy'+C.i’ (2.17)

Thus, the resultant differential capacity of the semiconductor/electrolyte interface is made

up of three capacities: Cy., Cx, and Ce; connected in series (Fig. 2.9).

It should be noted that the calculations made above are based on the assumption
that the space charge region of both the semiconductor and the electrolyte are in
equilibrium. The potential. which is distributed to the double layers. can be distorted
when a current flows across the double layers and the equilibrium is perturbed. However,

the influence in the Gouy layer is very small.

2.2.3. Flat band potential

In semiconductor electrochemistry, the flat band potential is one of the most
important parameters, because it determines the position of the energy band edges at the
semiconductor surface and the charge transfer mechanism, which reveal electrochemical
reactivity. The flat band potential can be obtained by capacitance-voltage measurements
based on the Mott-Schottky relationship at the semiconductor/electrolyte interface. The

technique for the measurements will be discussed later.

For convenience of calculation, when the external potential is employed and
varied, it is assumed the potential does not change across the Helmholtz layer, only
across the semiconductor space charge layer. For any given semiconductor and

electrolyte, when the applied potential is negative compared with the flat band potential,
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the electrical potential is lower at the surface than in the bulk for the semiconductor. The
energy bands are bent downwards and electrons fall down to the surface with holes
moving to the bulk. When the potential is positive with respect to the flat band potential,
the energy bands are bent upwards. Electrons fall down to the bulk semiconductor and
holes move to the surface. At a potential equal to the flat band potential, there is no
potential drop between the surface and the bulk of the semiconductor; the energy band

are horizontal and the carrier concentration is the same at the surface as in the bulk.

For n-type semiconductors, the flat band potential is lower than that for p-type
semiconductors. This is because flat band potential is a measure of the position of the
Fermi level in the flat-band situation. The Fermi level is close to the conduction band for

n-type semiconductors and close to the valence band for p-type semiconductors.

For GaAs, the most detailed study was given by La Flere et al [Laflere. et al.
1976, 1980], who investigated the frequency dependence of the impedance on n- and p-

GaAs and found that p-GaAs is more frequency dependent than n-GaAs.

The flat band potential is pH dependent and it increases as pH decreases. For the
GaAs (100) in buffered KCl electrolyte, the flat band potential change is 15 mV/pH
[Rajeshwar and Marz, 1983]. For (111) faces. it is 55 mV/pH [Lafler et al, 1974].
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2.3. Application

2.3.1. Photoelectrochemical etching

Single crystalline wafers are usually cut from a larger crystal by means of a
diamond saw and then mechanically polished until a mirror-like finish is obtained. Such a
procedure destroys the ordered crystal structure near the surface and creates a surface
layer that is very damaged and therefore needs to be removed by means of an etching

reaction.

Photocorrosion is the interfacial phenomenon that is responsible for most of the
failures in photoelectrochemical cells for solar energy conversion. Photoelectrochemical
etching, by contrast, is an electrochemical procedure intended to improve the surface

chemistry or morphology of semiconducting samples for various applications.

Photoetching is a technique that has been applied for a long time to reveal
selective dislocated pits [Uhnerfeld, 1972: Takahashi. 1979] and to generate
microstructures on the surface of semiconductors. In fact, photoeletrochemical etching
with a holographic set-up was reported in the 1970s [Tyagay et al, 1977]. Since then., this
technique has been applied to produce gratings on several compound semiconductors
such as GaAs [Podlesnik et al, 1983; Lum et al, 1985] and InP [Matz and Zirrgiebel,
1988; Lulm et al, 1985]. Photoetching with a holographic set-up allows the rapid
formation of submicrometer gratings without an intermediate photoresist step and it also
allows the growth of the grating to be monitored in situ during the fabrication process.
Selective photoetching of III-V compounds, a powerful method for the characterization
of these materials, was discovered two decades ago. This method is very useful because,
not only can it determine the conductivity type of very small surface areas, but it can also
reveal and decorate layers of different diffusion lengths, striations, precipitates and
dislocation lines [Hollan et al, 1979]. It now appears that the field of
photoelectrochemical etching is rapidly growing and will develop even further with the

expanding electro-optical devices based on III-V compound semiconductors.
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Photoetching of semiconductors is usually an anodic electrochemical process
associated with holes in the valence band: because n-type semiconductors have no such
charges, they need to be generated by light. The presence of a hole in a surface bond
means that one of the electrons in a bonding orbital has been removed and that the

positively charged surface atom can react more easily with the solution.

In anodic corrosion processes with semiconductors, we may consider two cases:
the ions from the semiconductor are soluble in the electrolyte; or the ions from the
semiconductor are insoluble in the electrolyte, and a new phase can form (generally an
oxide). The corrosion reaction occurs. however, only if it is thermodynamically
favorable. In order to increase the rate of an etching reaction. the electrode potential can
be shifted in the anodic direction. To keep the dissolution reaction going, the corrosion
products have to be soluble and must diffuse rapidly into the electrolyte. The rate of the
photoanodic dissolution reaction depends in many cases on the pH of the electrolyte,
which has been described before, because in the intermediate pH range the oxide films
formed during the reaction tend to be more passive. Such etching reactions can also
proceed without an anodic current applied externally. when two separate reactions
(reduction of the oxidizing agent in the electrolyte and oxidation of the semiconductor

atoms) take place simultaneously on the same surface (electroless dissolution).

The influence of light on the rate of the electrochemical process is primarily
determined by the change in the surface concentration of current carriers in a
semiconductor/electrolyte system. The processes of light-sensitive etching of the
semiconductor (both photoanodic and photochemical) can be described as follows:

(1) light is absorbed in the semiconductor,

(2) the photogenerated carriers diffuse from the semiconductor bulk to the surface,

(3) the surface atoms of the semiconductor, and reagents from the solution, react with

these carriers.

Although photoelectrochemical etching reactions are usually most effective for n-

type semiconductors, many p-type semiconductors cannot be selectively etched. This is
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because holes are the majority carriers in p-type semiconductors; the amount does not
change significantly with illumination. On the other hand, photogenerated minority
carriers, holes in n-type semiconductors, lead to the oxidative decomposition of the
lattice. It is possible to photoetch a p-type semiconductor on the basis of an electroless
dissolution reaction or a two-step reaction (cathodic photoreduction followed by an
anodic dark oxidation of the reduction products). Since the photogeneration of holes is
limited to the illuminated regions of the electrode, a spatial resolution of the order of the
wavelength of the light can be obtained. Moreover, photoetching proceeds preferentially
in the direction of the light beam and deep structures can be produced by this method
[Osgood et al, 1982; Carabba et al, 1987}.

W. J. Plieth et al [1989] studied the photoetching behavior on (100) n-GaAs and
p-GaAs in sulfuric acid. In n-GaAs. a redox system similar to that for others in a certain
potential range was observed. The charging and discharging of surface states explained
this phenomenon. If the potential is cathodic relative to the surface states, the surface
states are charged and serve as electron donors to fill up photoholes generated by
electron-hole pair excitation. If the potential is moved anodic relative to the surface

states, they become unoccupied and the recombination mechanism is blocked.

Different from n-GaAs. passivation occurs on p-GaAs electrodes. Reduction of
the H,O, below the flat band potential was observed under illumination and resulted in

the reduction current increasing linearly with the H>O: concentration.

2.3.2. Wet chemical etching

Wet chemical etching plays an important role in various steps of III-V compound
semiconductor device fabrication. It is commonly used to obtain samples with perfectly
smooth surfaces, to reveal crystallographic imperfections. sample regions and layers with
different doping density, or to define and separate accurately active regions from the bulk

of an integrated electronic device. Different from photoelectrochemical etching, in which
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illumination does play a great role, wet chemical etching applies external power or an

oxidizing agent.

2.3.2.1. Anodic etching

Anodic etching of a III-V semiconductor is oxidation of the semiconductor in an
electrolyte to form a circuit with an external direct-voltage power source [Kelly et al.
1988]. In the circuit, the semiconductor is connected to the positive terminal and an inert
counter-electrode is connected to the negative terminal. When the potential of the anode
is positive and high enough. a current forms. and the surface of the semiconductor is
oxidized. The ions formed in this process dissolve. For this process. electrons are moving
toward the positive terminal of the power supply. leaving holes in the valence band to
take part in the dissolution. Generally., the overall anodic corrosion of III-V

semiconductors requires six holes (47) per formula unit and can be written in the form:

IV +6h™ = IIF™ ~ VP~ (2.18)

The nature of the reaction products is determined by the value of pH and composition of

the electrolyte. The dissolution of I[I-V semiconductor in acid solutions is typically given

by:

[I-V + 3H0 + 6h” — [IP™ = H;VO5 + 3H (2.19)

Since the oxidation process is due to consumption of holes at the surface.
semiconductors need to have a sufficient number of holes in the valence band. This will
be the case for the highly doped p-type semiconductors because there are large numbers

of holes in their valence bands.

Undoped or n-doped semiconductors cannot be etched except in light. This is

because holes are minority carriers and there are few holes in the valence band. Under
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illumination, electrons, absorb sufficient energy from photons, are excited from the
valence band into the conduction band, leaving holes in the valence band. Thus, at
appropriate band bending, holes can move to the surface of semiconductor and anodic

dissolution occurs.

Anodic etching is not a convenient method for semiconductor technology because
it requires an external power supply and a counter-electrode, with various electrical
contacts. Electrical contact to a semiconductor material during the fabrication process is

also required, although anodic etching achieves success in some ways.

2.3.2.2. Electroless etching

Different from anodic etching, electroless etching is one method of wet chemical
etching where the etchant contains an oxidizing agent but no external power source. The
oxidizing agent annihilates electrons in valence band and thus in fact supplies holes to the

valence band. For GaAs, Ce*” is a suitable oxidizing agent:
Cet™ > Ce® +h (2.20)
where the total reaction can be written as:
Gads + 6Ce*™ - Ga®™ + As®™ + 6 Ce’~ (2.21)
The above process cannot be developed unless the equilibrium potential of the redox
couple (in this case Ce*/Ce"), is higher than the potential of the solid (GaAs) in
equilibrium with its ions (Ga®", As®™) in the solution. The location of the energy bands of

the semiconductor in relation to the energy levels of the redox couple in the solution

determines the reaction rate.
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Since the transfer of electrons from the valence band to the oxidizing agent in the
solution determines electroless etching, both p-type and n-type semiconductors can be

dissolved with the same etchants.

2.3.2.3. Chemical etching

As with electroless etching, there is no application of an external potential in
chemical etching. The difference relative to electroless etching is that there are no free
charge carriers involved in chemical etching. Chemical etching is caused by the surface
of the semiconductor being attacked through the action of reactive molecules (e.g.. HCI).
This action breaks the bonds between the surface atoms and creates new bonds with the
atoms of the reactive molecules. The newly formed compound can be dissolved in the

etchant or escape as gases.

2.3.3. The formation of porous GaAs and its properties

The concepts of wet etching of semiconductor include both isotropic and
anisotropic etching. Isotropic etching is independent of the direction of crystallographic
direction, whereas anisotropic etching depends on the crystallographic direction. An

extreme case of anisotropic etching is the formation of porous layers.

In general, porous structures can be formed if the etch rate is dependent on the
crystallographic orientation. the transport of reactants (and/or products) is not rate
limiting, and the etching process does not lead to the formation of a passivation layer
whose dissolution is rate limiting. These considerations illustrate that controlled
anisotropic etching can be obtained in semiconductors. It was found that a porous layer
was formed with tunnels of diameters ranging from 0.5 pm to 5 pm and a pore areal

density of about 10%cm during the electrochemical etching of n-type GaAs in the dark in
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KOH and H,SOj; solutions. The tunnels propagate only in the <111> direction from
gallium to arsenic [Holt, 1988].

In order to determine the relation between the fabrication parameters and the
resulting structure of the porous layers, the electrochemical aspects of the pore formation
process were studied. During the initial stages of pore formation many nuclei may be
created at the surface although only some of them will propagate. The selection process is
controlled by the screening effect caused by the characteristic pore spacing, which is
related to the depletion layer width [Searson et al. 1992]. Once the pores depth reaches
several pore spacing lengths, the selection process is complete and stable pores begin to
propagate. The propagation is determined by the etching process itself and not by
transport of products or reactants in the pores. Under these conditions, a constant pore
size and pore front velocity, and hence pore density and porosity result from stable pore

propagation [Oskam et al, 1997].

Although, the mechanism of pore formation in semiconductors has not yet been
understood completely, pore propagation in n-type GaAs in the dark is considered to be

due to holes in the valence band generated through a breakdown mechanism.

It has been mentioned before that the electrochemical etching of GaAs requires
six charges to dissolve one molecule. The dissolution reaction is complicated with
various intermediates of different electronic structure and electrical properties. Etching
usually proceeds through trapping of valence band holes in surface bonds. Although the
equilibrium density of holes in n-type GaAs in the dark is very low, significant etching
can occur at relatively high voltages where a number of holes can be generated by a
breakdown mechanism. The mechanism of the etching reaction is complicated since local

electric fields may vary on different parts of the surface.

The potential required for etching is a function of the donor density; the higher the
donor density, the lower the potential. From the measured potentials and the measured

flat band potentials, the band bending during pore formation can be estimated.
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The rate of hole generation is determined by the field at the surface and is
spatially dependent because the three dimensional structure of the porous layer is
complex. Due to the small radius of the pore tip, the electric field at the tip can be larger
than that at the pore walls [Searson et al, 1992]. As a consequence, the generation rate of
holes at the pore tip is higher than at the pore walls. The depletion layer provides a
screening effect so that the field at the pore walls becomes even smaller than that at the

tips.

Since the rate of hole capture (etching) is generally much slower than the
generation rate, the holes at the pore tip can be considered to be in quasi-equilibrium with
the bulk. In this case, as the donor density increases, the field at the surface also increases
thereby confining the holes closer to the surface. In addition, the hole diffusion length is
expected to decrease with increasing donor density [Soltz and Cescato, 1996]; the
combination of these two effects will lead to localization of the holes closer to the pore

tip and decrease pore size.

Since the majority of the holes are generated at the pore tips, the holes have to
diffuse along the perimeter of the pores over relatively long distances in order to attain
equilibrium. At locations on the microscopic surface where the concentration of weakly
bonded sites is large, the hole capture probability is larger which leads to a decrease in
the surface diffusion length of free holes. As the porous layer becomes thicker, depletion
of holes at the pore walls stops pore widening. Thus the pore diameter is constant over

the thickness of the porous layer.

The electrochemical etch rate of semiconductors is often limited by the first hole
captured at a surface site and this initial step is expected to occur preferentially at weakly
coordinated sites. Subsequent reaction steps are expected to be faster than the first step
and they should have no influence on the resultant pore structure. Consequently. the etch
rate will be larger at the pore tips where the concentration of weakly coordinated surface
sites and the density of holes is expected to be higher, which leads to a highly directional

etching process resulting in pore propagation.
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It was reported that pit growth could be electrochemically initiated on both
conduction types in chloride-containing solutions and leads to the formation of a porous
GaAs structure over a long time [Schmuki et al, 1996]. Exposure of the sample for longer
times above the pitting potential leads to complete conversion of the surface to a porous
structure. Preferential attack occurs perpendicular to the [100] direction, i.e. along <011>
directions. This is in agreement with work on photoelectrochemical etching of n-InP
(100), which also shows preferential etching along the <011> axis. Different reactivity of
the different planes is the most likely reason for the preferential attack leading to the

formation of the porous structure.

In acidic aqueous solutions, an arsenic layer forms upon the gallium arsenide
electrode surface within the porous features and the composition and morphology change
with time [Finnie and Bohn, 1999: Lingier and Gomes. 1991].

Optical properties of porous GaAs formed electrochemically on n- and p-type
GaAs in HCI electrolyte were reported [Lockwood et al, 1999]. The porous regions were
comprised of GaAs crystallites from microns to nanometers in size and under certain
chemical condition other transparent crystallites of As;O3; and Ga;O; form. It was found
in this work that porous GaAs formed electrochemically in HCI solution, and exhibited
both a green and an infrared photoluminescence. The size distribution of the porous
material was related to the intensities and the positions of the two photoluminescence

peaks.

Porous GaAs can be electrochemically formed on predefined surface areas.
Before the electrochemical experiment, focused ion beam implantation was used to
sensitize the areas [Schmuki et al, 1999). Visible photoluminescence was seen from these
locally confined sites of GaAs. The effect of focused ion beam implantation of Si%” into
GaAs was to create initiation sites, which led to pore formation at anodic potentials
below the pore formation potential of an intact GaAs surface. Implantation of Si in GaAs
led to the creation of defects and an increased donor concentration in the substrate. Both

effects shifted the breakdown potential to lower anodic values.
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In HF solutions, the uniformity of the porous layer was observed to decrease with
decreasing doping density. The layers formed in n-GaAs (4x10'%cm™) samples were
uniform both laterally and in thickness. The porous layers in the n-GaAs (4x10"7cm™)
samples were relatively uniform although their thickness fluctuated by as much as 20%
on different parts of the wafer. Porous layers formed in n-GaAs (2x10'%cm™) were
characterized by a rectangular surface where pores were initiated, while other parts of the
surface remained unetched [Oskam et al, 1997].

2.3.4. Oxide layers on III-V compound semiconductors

Oxide formation, during anodic etching of semiconductors, has been widely
studied in order to understand and improve the ability to passivate the surface. In
addition, oxide insulating properties are utilized in the fabrication of electronic devices.
The need for the unique electrical and optical properties of III-V compound
semiconductors has led to a search for a compatible insulator for these semiconducting
materials [Wilmsen, 1976: Wilmsen and Kee. 1978: Spricer et al, 1979: Sixt et al. 1979;
Weimann, 1979; Landgren et al. 1984: Lenczycki and Burrows, 1990; Besland et al.
1993; Hechner et al, 1995; Schmuki et al. 1996: Finnie and Bohn, 1999; Finnie et al.
1999; Li and Bohn, 2000].

When a fresh surface of a III-V semiconductor is exposed to an oxidizing
atmosphere, both III-O and V-O oxides are formed locally after initial chemisorption and
nucleation. Usually one of the elements has a higher oxidation rate than the other
element. The oxides grow outward and laterally along the surface. This leads to an initial

oxide which has an outer layer and an inner layer.

The bulk thermal oxide of GaAs is almost entirely Ga;O; with free As at the
oxide/GaAs interface. The anodic oxide/GaAs interface is not as well understood as that

of the thermal oxide. In order to explain the formation of the interfaces, the initial growth



29

morphology of thermal and anodic oxides of GaAs and proposed models were
investigated [Wilmsen et al, 1979].

Thermal oxides are primarily Ga;0; with As-O bonding appearing only at the
outer surface. Excess As at the oxide/GaAs interface has been observed to increase
progressively as the oxide thickens. The anodic oxide shows that there is an inner layer
of Ga,0; and the thickness is constant. The outer oxide layer is composed of a mixture of
Ga,»0; and As;Os. The thickness of this mixed layer increases with total oxide thickness.

Thin anodic oxides on p-GaAs grown in aqueous solutions of NH;H,POs and
borate buffer has been reported [Besland et al. 1993]. The electrolyte composition has a
strong influence on the oxide growth-determining step and the composition of the oxide.
In NH;H-PO. due to the formation of a Ga-phosphate precursor layer. films grow under
field control. The oxide thickness is dependent on the time and the composition through
the depth is fairly uniform with a significant enrichment of Ga»O;. In borate buffer. oxide
growth results in a two- layer structure with an outer As:03 rich layer and ion transfer is

mainly diffusion controlled.

The quality of the oxide films in terms of their charge and ion-transfer resistance
is related to the composition. The Ga-rich films formed in NHsH>PO4 show significantly
lower steady state currents and a much higher specific charge transfer resistance than

films grown in borate buffer.

Results from studying the gallium arsenide surface during oxidation in 0.05 N
methanolic potassium hydroxide show that both anodic and chemically grown native
oxides on GaAs are not simple mixtures of Ga;O; and As;Os. The oxides appear to be
built up of AsO; and GaO, units containing both bridging and terminal oxygen atoms
[Lenczycki and Burrows, 1990].

In concentrated HC]. many anodic As>O; microcrystals are produced on the GaAs

substrate [Schmuki et al, 1996]. The crystals are oriented randomly, with no preferred
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relationship to the GaAs substrate. It was pointed out that HCI facilitates As>03 growth,
which is sustained by the fact that As;O; microcrystals are much more abundant and
larger in size when produced at higher HCI concentration. This is consistent with the fact
that the solubility of As;O; decreases and that of Ga;O; increases at lower pH

[Greenwood and Eamshaw, 1997].

Tromans et al [1993] calculated the GaAs-H-O equilibrium diagram (Fig. 2.10),
predicted the polarization behavior of GaAs. indicating GaAs is stable only in region 4

and oxides of both Ga and As are stable only in a small region B.

2.4. Measurement techniques

2.4.1. Electrochemical methods for corrosion testing

Electrochemical methods are extremely useful in the study of aqueous corrosion
phenomena. particularly when utilized in conjunction with other techniques.
Electrochemical processes require anodes and cathodes in electrical contact and an ionic
conduction path through an electrolyte. The electrochemical process includes electron
flow between the anodic and cathodic areas, to quantify the rates of the oxidation and
reduction reactions that occur at the surfaces. Monitoring this electron flow provides the

capability of assessing the kinetics of the corrosion process [Baboian and Dean, 1990].
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2.4.1.1. Polarization techniques for estimating corrosion current of uniform

corrosion

2.4.1.1.1. Corrosion potential

The cathodic and anodic reaction rates usually both follow Tafel behavior
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where V is the electrode potential of the specimen. i is the current density of the

electrochemical reaction. and a and b are constants.

The a constant is related to the physics of specimen. b in this equation is often
referred to as the Tafel slope and is usually expressed in mV per decade. The corrosion
current can be estimated if the electrochemical corrosion processes follow this Tatel
behavior. The measured current density on the specimen is related to the current densities
of the electrochemical reactions occurring on the specimen surface by the following

equation:
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The exponential behavior of current density with potential means that the anodic
contribution to the net current density can generally be ignored if the specimen potential
is 50 mV negative than the open circuit value. while the cathodic contribution is usually

negligible at potentials 50 mV more positive than the open circuit value.
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Three different techniques can be used to estimate corrosion currents. The
specimen can be polarized to potentials at least 50 mV more negative than the open
circuit corrosion potential, and then sufficient data points are recorded to obtain a reliable
Tafel line. A semi logarithmic plot is used to extrapolate the current density data back to
corrosion potential. From this. the corrosion current density value can be obtained. The
second technique is almost the same as the first one except the specimen is polarized
anodically to potentials greater than 50 mV more positive than the corrosion potential.
The third technique requires that both cathodic and anodic polarizations be carried out as
described above, and the corrosion current is obtained at the intersection of the anodic
and cathodic extrapolated lines [Dean. 1976]. These techniques are illustrated in Fig.
2.11.

2.4.1.1.2. Polarization resistance

Polarization resistance is essentially the reciprocal of the linear slope of the
polarization curves close to the corrosion potential. Stern developed this ‘linear

polarization’ method. that corrosion is frequently controlled by activation overpotential.

A small potential difference is applied to the specimen and the current this type of
change produces is measured. The potential-current density plot is approximately linear
in the region within 10 mV of the corrosion potential. The slope of this plot in terms of
potential divided by current density has the units of resistance times area and is often
called the polarization resistance. This polarization resistance is related to the corrosion

current density by the relationship

imcamred = _1_ = 2'31 ) (b_ajb—b") (2.24)
E R, = p_b,
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where imeaswrearE is the change in specimen current density per unit change in potential,
i.ore is the corrosion current density, Rpis the polarization resistance (Qm?), and b, and b,
are the magnitudes of the Tafel slopes of the anodic and cathodic Tafel lines,

respectively.

In order to use this technique. it is of course necessary to know the Tafel slopes
independently. However, in many cases, reasonable estimates can be made as to what
these Tafel slopes should be.

This method is very attractive in many applications because it allows the
corrosion rate to be measured directly and instantaneously by relatively simple electronic
instruments. However. there are problems with the method. The corrosion rate
determined is only an average. and the method does not indicate pitting or other forms of
localized attack. The assumption that the potential versus current density plot is linear
within the 10mV range is also a source of error. In cases where the anodic and cathodic
Tafel slopes are substantially different. errors from the linearity assumption can be

significant.

2.4.1.2. Electrochemical methods for studying galvanic corrosion

Galvanic corrosion can be explained by mixed-potential theory. In the case where
two or more materials are electrically in contact, there is in theory a minimum of two
cathodic and two anodic reactions. One of each of these reactions is occurring on each
material. In this case, the more noble of the two materials is cathodically polarized and its
anodic reaction rate will thus be suppressed. Conversely, the less noble or anodic material
is anodically polarized and the anodic reaction rate is accelerated. In other words, one of
them is preferentially corroded while the other is protected from corrosion. The mixed
potential (the galvanic couple potential. E.y) of the galvanic couple and the resulting

galvanic current can be uniquely determined from the sums of all of the individual anodic



and cathodic currents. In this case, the sum of total anodic currents equals the sum of total

cathodic currents, so we have:
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where Zia x A, is the sum of the anodic currents, and Zi‘. x A_ the sum of the cathodic

currents for all the materials coupled.

It should be noted that the area ratios of the anode and cathode play important role
in the galvanic corrosion. Since the corrosion current is mainly dependent on anodic

current, i,, according to Eq. 2.25. the ratio of Ay/A. must increase in order to decrease i,.

Many authors have reported on the galvanic corrosion behavior of metals and
alloys. From their results, the mechanisms and driving force for corrosion were
discussed. Some papers used the anodic and cathodic polarization behavior of the alloys
to predict galvanic corrosion [Mansfeld and Kenkel. 1975; Rebul, 1979; Jones. 1984,
Scully and Hack, 1984; Davis et al, 1986]. However. few papers have been published
considering the problems associated with semiconductors. Actually, galvanic corrosion
can occur in semiconductor technology. This can happen with metallized semiconductors
while being polished and cleaned in an acid solution or deionized water [Ivey et al,
1998], or with the semiconductor p/n structures during etching processes in electroless
and chemical etchants [Ven and Kelly, 2001]. In the former case, voids in the
metallization layer, can lead to seepage of the acid into the voids to form a galvanic
corrosion environment. As an example, optoelectronic devices with metallized ridge
structures have been found to be susceptible to galvanic corrosion [Gerischer. 1977]. For
InP-based laser structures, a Ti/PVAu ohmic contact on a p-type InGaAs capping layer is
generally used. The topography associated with the ridge structure can result in the

uneven coverage of the metal, which could lead to the formation of breaks or gaps in the



metallization layer. Therefore, some small exposed regions of InGaAs can form. When
the ridge is cleaned in an acid solution, galvanic corrosion occurrs between the
metallization layer and exposed InGaAs. The outer metal (Au) acts as a cathode, and the
InGaAs as an anode. The larger area ratio of metal to semiconductor causes a high
corrosion current density, resulting in quick dissolution of InGaAs. In the latter case, a
galvanic cell forms between p/n junctions when n- and p-type semiconductors are in

contact with the solution. The cell can be controlled for etching p/n junctions.

Electrochemical techniques for predicting galvanic corrosion are based on two

types of measurements. They are polarization and galvanic current measurements.

When two different corroding materials are coupled electrically in the same
electrolyte, both materials are polarized so that each corrodes at a new rate. The solid
lines in Fig. 2.12 show schematic experimental polarization curves in a galvanic couple.
The polarization curves for the half-cell reactions are shown by the dashed lines [Jones,
1996]. The corrosion potentials and corrosion currents are Ecorr.1. corr. and Ecorr.cs Leorrc
for the anode and cathode, respectively. The couple potential, Ecoupte. is established where
the anode and cathode are polarized to equal potentials by the same current, oupie. the

galvanic corrosion current.

A zero resistance ammeter (ZRA) is generally used to measure galvanic currents
between galvanically coupled materials. This technique is based on the fact that anode
and cathode potentials are equal in a shorted galvanic couple with no intermediate

instrumentation. Therefore, o4y is the current in a shorted galvanic couple.



2.4.2. Measurement of flat band potential

The flat band potential is an important parameter in the study of the
semiconductor/electrolyte system. If the flat band potential. V3. is known. one can
determine the position of the band edges on the electrochemical scale and the direction
and magnitude of the band bending [Finklea. 1988].

Several methods have been applied for determining the fladband potential and one
of the most common methods is the measurement of the differential capacity of the

electric double layer.

This method is based on the validity of the Mott-Schottky relationship for the
semiconductor/electrolyte barrier [Cardon and Gomes. 1978]. In the case of an n-type
semiconductor. we can obtain the relationship between the differential capacity. Cs.. and

the potential drop in the semiconductor. V!
Ci2 = VeeeN(| Vie | -kTle) (2.26)

where ¢ is the dielectric constant of the semiconductor. & is permittivity of vacuum. V is
the density of donor states. and V,.=F-F. with V" being the applied potential. Csc” is
plotted vs. V; a straight line should be obtained and the flat band potential is determined
by extrapolation of the plot to Ci2=0.

C,. can be measured by a number of impedance techniques. An a.c. voltammetry
is very popular because of the advent of modern instrumentation (potentiostats and lock-
in analyzers). An a.c. potential. which has small amplitude (10mV peak-to-peak), with a
fixed frequency is added to a d.c. potential, and the combined potential is applied to the
semiconductor electrode. A phase shift occurs between a.c. current and a.c. voltage. The
phase shift and the impedance are measured as a function of frequency. The impedance
decreases with increasing frequency and the phase shift changes with frequency. It has

been observed that above a certain frequency the phase shift is almost equal to zero
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[Memming, 1964]. At high frequency the phase shift is proportional to the reciprocal
frequency:

where & is donated as the phase shift, @ is the angular frequency, R is the ohmic

resistance and C is the capacitance.

The above indicates that in the low-frequency range. the equivalent circuit for the
double layer is rather complicated, but in the high-frequency range. a very simple

equivalent circuit can be used.

As shown in Fig. 2.13a, the space charge capacity Cy., the Helmholtz capacity Cy,
and an uncompensated resistance R, (representing the bulk resistances of the electrolyte
and the semiconductor) are connected in series. When a d.c. voltage is employed, a
current thus flows across the interface. The space charge and Helmholtz capacities are
shunted by a faradaic resistance Rrand an surface impedance (Rss+Rss+Cos™Cos?), Which
is also dependent on the frequency. At higher frequency, the resistance of impedance and
faradaic resistance are much higher than the parallel space charge and Helmholtz
capacities, so the former two resistances can be neglected. Furthermore, the Helmbhoitz
capacity Cy is large compared to the space charge capacity Cs, so Cp also can be
neglected. In this way, the equivalent circuit is reduced to space charge capacity C,. and
uncompensated resistance R, connected in series, which is the simplest equivalent circuit
(Fig. 2.13b).

In fact, there must be some assumptions made for Eq. 2.26 to be applied to
calculate flat band potential. Firstly, space charge capacity determines the measured
capacity of the electrode and electrolyte. Secondly, the potential drop only occurs in the

semiconductor; in the Helmholtz layer the drop is constant. Thus
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The Mott-Schottky plot should remain linear as long as the space charge layer isa
depletion layer. When an inversion layer forms, a downward deviation from linearity

occurs.

The great advantage of the Mott-Schottky method is that flat band potential can
be measured in the absence of light. This is important when photo-generated minority

carriers can change the chemical nature of the surface via photo-corrosion reactions.
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Figure 2.5. (a) Generation of an electron-hole pair: (b) Direct recombination of an
electron and a hole with the emission of a photon; (¢) Recombining via a recombination

center [Navon, 1975].
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Figure 2.6. The scheme for semiconductor corrosion: a) via different bands; b) via one
band (recombination/generation processes are not shown) [Pleskov and Gurevich,
1986].
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Figure 2.7. Schematic structure of the electric double layer at the

semiconductor/electrolyte interface [Pleskov and Gurevich, 1986].
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Figure 2.8. The band bending and charge distribution near the surface of an n-type
semiconductor for various values of the potential drop. V: a) accumulation layer; b)

depletion layer; c) inversion layer [Pleskov and Gurevich, 1986].
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Figure 2.10. Equilibrium E-pH diagram for GaAs-H2O at 25°C. The dashed “a” and
“b” lines are the hydrogen and oxygen electrode potentials, respectively [Tromans et al.
1993].
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Figure 2.12. Schematic experimental polarization of an anode and cathode in a

galvanic couple [Jones, 1996].

Figure 2.13. Equivalent circuits for impedance analysis of semiconductor electrodes.

a) A complex equivalent circuit; b) The simplest equivalent circuit [Finklea, 1988].



46

CHAPTER 3

EXPERIMENTAL

3.1. Electrochemical tests

3.1.1. Samples

The gallium arsenide wafers used in our electrochemical tests were n-type and p-

type with different dopants and doping densities. The details are listed in Table 3.1.

Table 3.1. GaAs used in the tests

Material Type | Doping Density (cm™) | Doping Element | Thickness of Doped Layer
1x10" Silicon Entire wafer
n-GaAs 1x10" Silicon Entire wafer
2x10"° Silicon 500 nm
5x10™ Silicon 200 nm
p-GaAs 1x10" Carbon 500 nm
4x10" Carbon 500 nm
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3.1.2. Electrolyte solutions

The electrolyte solutions used in this work were 28.5% phosphoric acid (pH=0.5)
made from 85% phosphoric acid, 1% hydrofluoric acid (pH=3.3) made from 48%
hydrofluoric acid and deionized water (pH=6.5), respectively. Semiconductor wafers are

often cleaned in acid solutions and deionized water.

3.1.3. Specimens

The specimens strips were sectioned from wafers, with half the area covered with
a standard Ti/Pt/Au (p-type) or Pd/Ge/Au (n-type) ohmic metallization layer. The backs
and edges of the specimens were covered with lacquer, leaving a window of exposed
semiconductor (Fig. 3.1). The metallization provided electrical contact. with only the
exposed semiconductor submerged in the electrolyte during the electrochemical tests.
Prior to the tests, the specimens were cleaned in a 1% HF solution for 2 minutes. t0

remove the air-formed oxide layer, and then rinsed with deionized water.

3.1.4. Potentiostatic polarization

Electrochemical measurements were done in a conventional three-zlectrode cell.
A specimen was employed as the working electrode. A saturated calomel electrode (SCE)
and a platinum mesh were used as the reference electrode and the counter electrode,
respectively (Fig. 3.2). The potentiostat was an EG&G 273 model. All potentials used in
this work were taken with reference to the SCE electrode. The specimen was first
polarized at open circuit potential for about 40 minutes and then the proposed potential

was applied.
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3.1.5. Potentiodynamic polarization

The instrument used was the same as that for the potentiostatic polarization tests.
Unlike potentiostatic polarization, a constant potential was applied and the variation in
current with respect to time was measured, for potentiodynamic measurements, the initial
and final potentials were set, the potential was increased at a set rate, and the change in
potential with respect to current was recorded. A potential scanning rate of 1 mV/s was

used. This test yielded a polarization curve.

3.1.6. Impedance

In the impedance tests, a small a.c. voltage (10 mV) was superimposed on the
applied d.c. voltage with a frequency of 1000 Hz. Instead of the EG&G273 system. a
Solartron 1255 B system was used. The semiconductor samples acted as the working
electrode in a conventional three-electrode cell. A saturated calomel electrode (SCE) was
connected to the cell through a salt bridge. A platinum mesh was used as the counter
electrode as described in other electrochemical measurements. The capacitance was

determined by performing a potential scan in the anodic direction.

3.1.7. Galvanic corrosion

The exposed specimen areas were varied. from 0.014 em® to 2 cm’. A
conventional three-electrode cell. with a semiconductor specimen and a Si wafer covered
with Au as the galvanic couple, with a saturated calomel electrode (SCE) as the reference
electrode, was used to determine galvanic potential in direct galvanic measurements. The
Au specimens also had different sizes to provide different area ratios relative to the
semiconductors. Four pieces of Au samples were used in this work. The largest one was a
10.16 cm-diameter Au coated wafer embedded in a polymer, edge sealed with epoxy and

lacquer to prevent contact of the backside of wafer with the solution during the tests (Fig.
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3.3). Actually, the diameter of exposed wafer was 7.6 cm. Another three Au covered
samples were directly cleaved from a Au coated wafer. with areas 1.7cm? and 1.36cm’
and 0.24cm>, respectively.  The galvanic current was measured using a potentiostat
(ACM model Auto zero resistance ammeter). In this case, the galvanic current was

directly determined as a function of time.

3.2. Optical microscopy

An Olympus PME3-ADL optical microscope was used to observe the
morphology of samples before and after testing. Sample were etched in 1% HF to
dissolve the oxide on the surface before electrochemical testing and then immediately
examined with the optical microscope. The surface was also observed immediately after

testing and then at several intervals (from hours to days) after testing.

3.3. Electron microscopy

3.3.1. Scanning electron microscopy (SEM)

SEM micrographs of the sample surfaces and elemental composition were
obtained with a Hitachi S-2700 SEM equipped with a PGT Imix energy dispersive x-ray
(EDX) analyzer (Ge x-ray detector). All images acquired were secondary electron
images. EDX analyses were semi-quantitative and were performed at 20 kV, a difference

in peak intensity representing a change in elemental concentration.



3.3.2. Transmission electron microscopy (TEM)

Changes in the semiconductor surface were also monitored with a JEOL 2010

TEM equipped with a Noran EDX detector to characterize elemental composition.

Selected samples were prepared for TEM tests to examine the surface changes

and to determine the structure of the products on the surface after electrochemical testing.

There are many ways to prepare specimens for the TEM. The chosen method
depends on both the type of material and the information required. Since structural and
chemical variations close to the surface were of interest. cross-section specimens were
prepared, so that interface could be imaged parallel to the electron beam. The procedure

utilized for cross section preparation is as follows:

1. Cutting of the specimen
Since the backs and edges of the specimen tested in electrolyte solutions were
covered with lacquer. prior to the cutting, the specimens were rinsed with acetone to
remove the lacquer. The sample was then cut into Smmx1.5mm slices with a diamond

Saw.

2. Adhesioin
The slices were glued face to face with a low temperature epoxy, which can cure
at room temperature. Several silicon spacers were then glued to the specimen slices to
produce several layers, rather like a sandwich or raft. with the specimen slices in the

middle. A special vise was used to clamp the raft during curing (24-48 hours).

3. Grinding
After curing, the raft was thinned to 300-400 microns. It was first mounted on a
polypropylene holder with a thermoplastic glue, then ground with sandpaper to the
desired thickness. The sandwich should not be too thin or too thick; otherwise the slices

are easily separated while handling, or dimpling times are too long.



4. Cutting the glued sections
The glued sections had to be cut into a 3-mm disk to meet the TEM specimen
holder requirements. The sections were glued to an aluminum platen and cut with a Gatan

601Ultrasonic Disc Cutter.

5. Dimpling
Because the disk is much thicker than that required for TEM, it was dimpled with
a Gatan 656 Dimple Grinder. The disk was reglued onto the polypropylene holder and
thinned with a bronze wheel using a diamond abrasive. The surface of the disk was
polished to mirror finish with a felt pad and lpm diamond paste. Both sides were
dimpled and polished. The thickness in the center should be as thin as possible to reduce

ion milling times. The final central thickness was 0.1 pm.

6. Ion milling

The last step of specimen preparation was ion milling. The delicate thin TEM
specimen was bombarded with energetic ions to sputter material from the film until a
small hole was produced at the center. The region around the hole was electron
transparent. A Gatan 600 Dual Ion Mill was used for sputtering. Before ion-beam
thinning, the specimen was cooled in the chamber with liquid-N for 45 minutes. Cooling
the specimen can minimize atom migration in or on the specimen and reduce preferential
sputtering effects. The specimen was rotated slowly during thinning and the tilt angle of

specimen surface relative to the ion guns was 15°.

During ion milling, the voltage and current density of ion beam were 5 kV and 0.5
mA respectively. After perforation the voltage was reduced to a 3.5 kV to reduce the

amount of ion damage in the specimen.
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3.4. Atomic force microscopy (AFM)

Nanometer-scale morphological images were acquired using a Nanoscope-E I
AFM equipped with AS-130 E scanner through direct contact between a sample surface
and a probe tip mounted on the end of a cantilever microbeam. The cantilever length is
200 um and a spring constant is 0.06 Nm'. Silicon nitride tips, were placed under
ultraviolet light in a horizontal laminar flow hood for 3 hours prior to assembly to destroy
any organic contaminant that may adhere onto the tips. The scan rate was 4 Hz, and a
resolution 256 x 256 pixels per image was selected. All measurements were carried out

at room temperature, under ambient atmosphere.

3.5. X-ray photo electron spectroscopy (XPS)

XPS spectra were acquired on a SSX-100 spectrometer with a monochromated
AIK, source. The spot size and take-off angle were 600 um and 37°. respectively. The
pass energies of the concentric hemispherical analyzer were maintained at about 100 eV
for a broad scan from 1-1000 eV and about 50 eV for narrow scans around the peaks of
As 3d, Ga 3d, O 1s and C 1s. The 1s photoelectrons of hydrocarbon contaminant carbon
at a binding energy of 284.5 eV were taken as an internal reference for calibration of the

surface charge.

3.6. Inductively coupled plasma (ICP) spectroscopy

ICP was employed to compare the dissolution rate of As and Ga by analyzing ion
concentrations of the arsenic and gallium in either deionized water or phosphoric acid.
All corrosion cell and glass sampling bottles were immersed in 10% HCI for more than 2

hours before being used for electrochemical tests and to collect the solutions.



3.7. X-ray diffraction (XRD)

The structures of sample surface were examined using a Rigaku Rotaflex X-ray
diffractometer equipped with a 4.4 kW rotating anode Cu Ka X-ray source and a thin
film camera. The detector was scanned between 10° and 90°, and diffractometer scanning

rate was 3°min"’. The radiation with a wavelength of 0.1541 nm was used.
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Figure 3.1. Schematic specimen for the electrochemical tests.

Figure 3.2. Schematic three-electrode cell and potentiostat.
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CHAPTER 4

RESULTS

4.1. Potentiodynamic polarization

A potential sweep was applied and the current response was measured. This
technique is generally used to produce a qualitative picture of a substance in a given
solution. It also detects any tendency of the substance to corrode or passivate. In this

work, the sweep rate was ImV/s.

4.1.1. Polarization curves generated for GaAs in acid

Initial tests were done in both phosphoric acid and hydrofluoric acid. Polarization
curves for n-GaAs and p-GaAs, at the same doping level (10'%cm™), in HF and H;PO; in
daylight are shown in Fig. 4.1. The anodic current densities for p-GaAs is much larger
than n-GaAs. The curves for both solutions are very similar: as such, subsequent tests

were done in phosphoric acid only.

Fig. 4.2 shows a group of polarization curves for n-type GaAs with different
doping densities, in phosphoric acid in daylight. From the figure, all n-type GaAs

samples have the same corrosion tendency. It is clear that there are three main regions for
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n-GaAs anodic dissolution in phosphoric acid. At low potential. in the active region,
current density increases with increasing potential. When the anodic potential reaches a
certain value, the current density becomes constant (1.5x10° A/cm?), and the sample
“passivated”. The current density then increases markedly at a critical potential
(breakdown potential), as the sample goes into transpassivation region. The potential
corresponding to the onset of a fixed current density is about the same (-0.05V vs. SCE)
for n-GaAs doped at 10'7cm™, 10'%cm™ and 2x10'8cm™. The potential for the 5x10'%cm™
sample is slightly higher (0.1V vs. SCE). The breakdown potential depends on doping
concentration — breakdown potential decreases as doping concentration increases (Fig.
4.3).

For p-type GaAs, the corrosion tendency and current densities are similar (Fig.
4.4) at low potential (<0.2 V). When the polarizing potential is higher than 0.2 V, the
current density still increases markedly for the 4x10"cm” p-GaAs sample until it reaches
just over 10°A/cm>. At this point the current density reverses to a lower value and
remains approximately constant when the potential is increased. The current density does
not change markedly when the potential is above 0.2 V for the 10'%cm” p-GaAs sample.
Above 0.7 V, the two polarization curves are almost vertical with a fairly small difference

between the curves (<1 order of magnitude difference in current density).

To determine the surface change for n-type GaAs when the polarization potential
is above the breakdown potential, atomic force microscopy (AFM) was used to
characterize the surface of the sample prior to and immediately after testing. Fig. 4.5a
shows a typical image of a clean sample (n-GaAs, 2x10'*cm™) before exposure to the
electrolyte solution. The surface is very smooth and the root mean square roughness is
0.6nm. Fig. 4.5b shows the same sample polarized to 1.5V, which is higher than the
breakdown potential (~0.6V), in phosphoric acid in daylight. The root mean square
roughness is 5.6 nm. Comparing with that before testing, it is clear that the surface is
rougher with a few pores penetrating into the substrate. indicating the occurrence of

localized corrosion when the potential reaches the breakdown potential. Fig. 4.5d shows
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the section analysis corresponding to Fig. 4.5c. The surface is rough and the depth of the

pore is ~25nm.

The corrosion behavior of GaAs in 28.5% H;POj in the dark was also examined
and compared with that under illumination. For n-GaAs, the current density is more than
an order of magnitude lower in the dark than that in light (Figs. 4.6-4.10). Although there
are differences in the current density for p-GaAs in the dark and light. they are much

smaller compared with that for n-GaAs.

For lower doped n-GaAs (1x10"7cm™ and 1x10'%cm™). above the corrosion
potential, there is a relatively large potential range within which the corrosion current
density in daylight is larger by about an order of magnitude than that for n-GaAs tested in
the dark (Figs. 4.6 & 4.7). The difference decreases with increasing potential. The current
densities obtained in daylight and dark are approximately superimposed when the
potential reaches a certain value (breakdown potential). These potentials are 1.1 V and
1.2 V vs SCE for 1x10'" cm™ and 1x10"® cm™ GaAs samples. respectively. For n-GaAs
(2x10'® em™), the current densities tested in daylight and dark are almost parallel above
the corrosion potentials, with the former one larger by about an order of magnitude (F ig.
4.8). This difference remains constant until the potential reaches 0.6 V (breakdown
potential), above which the difference becomes very small. but two lines are still parallel.
For higher doped n-GaAs (5x10'® cm™), although the corrosion current density is larger
in daylight than that in the dark above the corrosion potential, the difference decreases
quickly with increasing the potential (Fig. 4.9). When the potential reaches a certain
value (about 0.8 V), the current density is reduced and remains constant with increasing

potential.

The polarization curves for n- and p-GaAs (10" em™) tested in phosphoric acid in
both the dark and daylight are compared in Fig. 4.7. It is clear that the polarization curves
in the dark and daylight are very close for p-GaAs, which indicates that the illumination
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has little effect on anodic dissolution of p-GaAs. For n-GaAs polarized in the dark, the
anodic current density in the vicinity of 0.75 V is several orders of magnitude lower than
that for p-GaAs, in either daylight or the dark, and one order of magnitude lower than n-
GaAs tested in daylight. For higher doped p-GaAs (4x10'° cm™), the polarization curves
tested in the dark and daylight are very close except a small difference between the open
circuit potentials (Fig. 4.10). Above a critical potential (about 0.4 V), the current density
is reduced to the similar values for samples tested in the dark and daylight, then remains

constant with increasing potential like n-GaAs (5 x10'%cm™).

4.1.2. Polarization curves generated for GaAs in deionized water

The corrosion behavior of GaAs in deionized water was also studied using

polarization curves (Fig. 4.11-4.17).

The polarization curves for n-GaAs are very similar, indicating that the
electrochemical processes are very similar in deionized water in daylight (Fig. 4.11).
There are differences for higher doped n-GaAs samples (2x10'® cm™ and 5x10'® cm™);
the current density increases with increasing potential above a certain value (0.6 V). For
the lower doped n-type GaAs samples (10'7cm” and 10'%c¢m™) there is very little change
with the potential above 0.6 V

For the p-type GaAs samples (10"%cm™ and 4x10'%m™). the polarization curves
are very similar with a small difference in magnitude in current densities (slightly higher
for 4x10'° cm™ sample), indicating the same corrosion behavior for these two samples
(Fig. 4.12).
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Comparison of the results from n- and p-type GaAs tested in deionized water
under illumination shows that the current density for n-GaAs with lower dopants
(10"em™ and 10'%cm™) remains constant when the potential exceeds 0.5 V. increasing
with the potential for those with higher dopants (2)(10'3cm'3 and 5x10'%cm™); for p-GaAs
it increases with increasing potential. It is clear that the anodic dissolution rate for p-
GaAs is higher than for n-GaAs (10'%cm) at potentials above 0.5 V (Fig. 4.13).

Fig. 4.14 shows the polarization curves for n-GaAs with different doping densities
in deionized water tested in the dark. The anodic dissolution is a function of potential,
i.e., the current density increases with increasing potential. For a given anodic potential,
current densities increase as the doping level increases. There is a certain potential, above
which, the current density decreases with increasing potential for a while for 2x10"%cm™
(~1 V) and 5x10'%cm™ (~0.5 V) GaAs, respectively, before increasing again with
increasing potential as happened before. This phenomenon was not observed for
1x10'%cm™ GaAs in the range tested; however, it was expected to occur at higher

potentials.

As with samples tested under illumination. there are no major differences for p-
GaAs samples tested in deionized water in the dark (Fig. 4.15). The corrosion current
density increases with increasing potential until about 0.5 V, above which, the current
density decreases with increasing potential before continually increasing with increasing

potential.

Comparing the polarization results in the dark and daylight for n-GaAs (Fig. 4.16)
and p-GaAs (Fig. 4.17) with the doping density 10'%cm™, it was found that at lower
potential, the current density is larger in daylight than that in the dark for n-GaAs. When
the potential reaches about 0.8 V, the results are reversed. The curves for p-GaAs are

very close.
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4.2. Potentiostatic polarization

Upon routine examination of semiconductor surfaces after potentiodynamic
polarization testing, surface features were observed. For some samples tested in this
work, the particles were observed after exposure to air for one day and the size and
number increased with increasing exposure time. For some samples, this phenomenon
was not observed. To investigate the process and mechanism of particle formation,

potentiostatic polarization tests were applied in this work.

A constant potential was applied and the current was monitored as a function of
time. Generally, constant potential experiments can be used to examine the long-term
corrosion behavior at a polarized potential. The anodic current measured during the
exposure is a measure of the corrosion rate. Corrosion rates can change because of
changes at the electrode surface. Some of these changes include: 1) a corrosion product
layer or a passive film continues to grow over a long period of time; 2) preferential
dissolution leads to a surface enrichment of one constituent of a compound; 3) localized

corrosion occurs.

The applied potentiostatic polarization potentials were chosen based on the
potentiodynamic polarization curves. The anodic curves for n-type GaAs had three main
regions (active range, “passivated” range and “transpassivated™ range) (Fig. 4.2). The p-

type GaAs samples had two ranges (active range and “passivated™ range) (Fig. 4.4).

4.2.1. n-type GaAs

The experiments were first done in the range of passivation for all samples since

the current density was constant for a range of potential. In addition. the current density
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was very close for n-GaAs samples in this range. The SEM observations specimens
polarized at 0.75V (for 10'7cm™ and 10'%cm™), 0.4V (for 2x10'%cm™) and 0.3V (for
5x10'%cm™) for 2 hours, in both phosphoric and hydrofluoric acid in both daylight and
dark, are summarized in Table 4.1. Note, that all results are for 7 days after testing. With
the exception of n-GaAs tested in the dark, all samples had significant numbers of faceted
particles on the surface. The surfaces of n-GaAs tested in the dark were essentially
featureless, virtually identical to untested surfaces.

Table 4.1. Surface morphology of GaAs samples 7 days after polarization

Specimen Phosphoric Acid Hydrofluoric Acid
n-GaAs light dark light dark
10'7 em?? particles featureless particles featureless
10'8 cm? particles featureless particles featureless

2x10'8 em particles featureless particles featureless
5x10'8 em particles featureless particles featureless

Crystalline particles began to appear on the specimen surface after exposure to air
for about one day, except for samples tested in the dark. As the time of exposure to air

increased, the particles grew until to a limiting size was reached.

SEM secondary electron (SE) images for an n-GaAs specimen (10'7cm) after
potentiostatic tests in phosphoric acid in daylight are shown in Fig. 4.18. The surface was
relatively smooth when exposed to air for less than 10 minutes (Fig. 4.18a) and there was
no apparent change compared with the morphology of the cleaned specimens before the
potentiostatic tests. Crystalline particles began to appear on the specimen surface after
exposure to air for about 20 hours. Fig. 4.18b shows the specimen surface after exposure

to air for 4 days, indicating the presence of particles several microns in size. Figs. 4.18¢c
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and 4.18d clearly show that the number and size of particles increased with increasing air
exposure time. Fig. 4.19 shows a SEM image of the same sample shown in Fig. 4.18d
along with EDX spectra of the substrate and one of the particles. Fig. 4.19b is an EDX
spectrum from the substrate (A) and Fig. 4.19¢ is an EDX spectrum from a particle (B)
shown in Fig. 4.19a. It is clear that the particles are enriched with As relative to the GaAs
surface. An oxygen peak is also present in Fig. 14c, indicating at least some oxidation of
As.

To investigate whether the formation of the surface particles is independent of
potential, similar experiments were performed at the corrosion potential in phosphoric
acid. SEM images taken from these samples showed featureless surfaces. even after

several days of exposure to air; no As-rich particles were detected.

To investigate compositional changes on the surface after the electrochemical
tests in the acid solution, n-GaAs (10'” cm™) specimens were analyzed with XPS prior to
testing, immediately after testing and after 7 days of exposure to air. Carbon, 0O, Ga and
As were detected with XPS. while Si (dopant) and P (phosphoric acid) were not. Figs.
4.20a and 4.21a are the Ga 3d and As 3d spectra, respectively, for the as-received
specimen. Peak deconvolutions were performed on the spectra. The binding energies for
deconvolution are Ga 3d (GaAs)= 18.8-19.2 eV and Ga 3d (Ga:03)= 19.6-21.0 eV. As 3d
(GaAs)= 40.7-40.9 eV, As 3d (As;03)= 44.5-45.2 eV and As 3d (As;0s)= 45.8-46.3 eV,
which were obtained from the literature [Moulder et al, 1995]. The Ga 3d spectrum (Fig.
20a) shows two merged peaks with binding energies at about 18.9 eV and 20.3 eV,
respectively. The peak at about 18.9 €V can be identified as GaAs and the one at about
20.3 eV is from Ga,0;. The As 3d spectrum (Fig. 21a) is made up of three peaks: As 3d
from GaAs at about 40.9¢V, As 3d from As;Os at about 44.5 eV and As 3d from AsOs at
about 45.8 eV. These spectra show that the surface of the as-received specimen was
covered with a mixed oxide layer made up of As;O3, As>Os, and Ga;0;3. The GaAs peaks
observed in Ga 3d and As 3d were from the substrate.
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The XPS spectra for Ga 3d and As 3d, obtained for a specimen immediately after
polarization in phosphoric acid, are shown in Figs. 4.20b and 4.21b respectively. The
prominent Ga,O; peak in Figs. 4.20a was not detected in Fig. 4.20b, indicating that Ga;Os
was completely dissolved in the phosphoric acid. Comparing the intensity of the signal
in Fig. 4.21b with that in Fig. 21a, it is clear that As;Os was also dissoived in the solution.
As,O;3 was the only oxide remaining on the surface after polarization. The As 3d spectra
show that the GaAs peak detected very clearly at about 40.9 eV for the as-received
specimen (Fig. 4.21a) became undetectable, while a peak at a binding energy of about
41.7 eV was present after polarization (Fig. 4.21b). This peak can be identified as As
[Moulder et al, 1995]. The As peak is so strong that it is difficult to pick out the weak As
3d peak arising from the substrate GaAs without ambiguity. On the other hand, the Ga
3d peak from the GaAs substrate still can be seen clearly in the Ga 3d spectrum (Fig.
4.20b) because the surface is depleted in Ga, and therefore, the Ga 3d photoelectrons
from the substrate become the main contributors to this spectrum. This indicates that the
outermost surface layer after polarization testing is rich in As with a small amount of
As;05. The surface compositions shown in Table 4.2 also confirm this observation. These
results are consistent with the Pourbaix diagram (Fig. 2.10) for the GaAs-H,O system.
which suggests that both Ga;O; and As,Oj are soluble in acidic solutions [Tromans et al.
1993].

Table 4.2. Composition (at%) at surface of n-GaAs polarized in H;PO, analyzed, by XPS

As Ga o C As/Ga
As received 12.2 23.0 37.2 27.6 0.53
Immediately after polarization 29.1 1.2 7.5 62.2 243
7 days after polarization 20.5 6.0 15.0 58.5 32

The XPS spectra for Ga 3d and As 3d electrons, for specimens exposed to air
for 7 days following the electrochemical tests, are shown in Figs. 4.20c and 4.2lc.
Comparison of the As 3d spectrum obtained from a freshly polarized specimen (Fig.
4.21b) with that obtained for the aged specimen (Fig. 4.21c) indicates that the As203 peak
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intensity has increased after exposure to air. No detectable As,Os was found on the aged
surface. The Ga 3d peak (Fig. 4.20c) has a shoulder on the higher binding energy side.
Peak synthesis shows that a peak at a binding energy of about 20.3 eV is present. This
peak is attributed to Ga,0;, the same as that seen clearly in the Ga 3d spectrum obtained

from the as-received specimen (Fig. 4.20a).

As described above the surfaces of n-GaAs were essentially featureless
immediately after potentiostatic polarization tests in the “passivation™ range in acid
solution either in the dark or light. In order to examine the surface change after tests,
which might be too small to be observed with SEM. n-GaAs (2x10'%cm™) TEM samples
were prepared immediately after potentiostatic polarization at potentials corresponding to
the “passivation” region and were compared with samples tested in other two potential
ranges (active and transpassivated). Based on the polarization curve in Fig. 4.2, three
potentials (-0.15 V, 0.4 V and 0.75 V) were chosen for potentiostatic polarization tests in

phosphoric acid in daylight.

The surface of the sample polarized at —0.15V has been roughened slightly. but
otherwise there is no other visible change (Fig. 4.22a). EDX analysis of the bulk and
surface regions indicates very similar compositions, with the exception of the small
oxygen peak in the surface layer (Fig. 4.22b and 4.22c). At 0.4V, a thin layer is visible on
the GaAs surface (Fig. 4.23a). The layer is As-rich with a small amount of Ga and O
(Fig.4.23c). At 0.75V, the surface was porous with porosity extending 500 nm into the
bulk (Fig. 4.24).

Figs. 4.25b and 4.26b show the Ga 3d and As 3d XPS spectra, respectively. for
a specimen (n-GaAs, 10'cm™) immediately after polarization testing in deionized water.
By comparing the spectra for the specimen after the potentiostat test with those for the as-
received specimen (Figs. 4.25a and 4.26a), it is obvious that the relative intensities for
As,03, As;Os and Ga,O; have increased significantly during potentiostatic testing. The
GaAs peaks in Ga 3d and As 3d spectra arising from the substrate are much weaker in

intensity than those obtained from the as-received specimen. These results indicate that
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thickening of the oxide film has occurred in the deionized water. From Table 4.3, it is
seen that during the polarization in the deionized water, arsenic oxide might partially
dissolve resulting in the decrease in the As/Ga ratio in the surface film. XPS spectra for a
specimen after exposure to air for 7 days following potentiostatic testing in deionized
water are shown in Figs. 4.25¢ and 4.26¢. Comparing the relative intensities for Ga03
and As,O; after 7 days, with those for the freshly polarized speciment, it is seen that there
is very little change in the relative intensities for both Ga;O; and As>Os. The data in
Table 4.3 shows that the As/Ga ratio is reduced slightly.

Table 4.3. Composition (at%) at surface of n-GaAs polarized in deionized water
analyzed, by XPS

As Ga o C As/Ga
As received 12.2 23.0 37.2 27.6 0.53
Immediately after polarization 7.5 18.4 37.8 36.3 0.41
7 days after polarization 7.0 18.7 47.5 26.8 0.37

To test the surface change at high potential. n-GaAs (10'%cm™) samples were
potentiostatically polarized in the dark in phosphoric acid at 7 V for 2 h and then
examined immediately after testing. SEM images from one such sample are shown in
Fig. 4.27. Dendritic, faceted structures are apparent, similar to those reported [Li and
Bohn, 2000; Lockwood et al, 1999] and these grew from the specimen edges towards the
specimen centre. The structures were, in fact. visible with the unaided eye. EDX analysis

clearly shows that the particles are As oxide (Fig. 4.27¢).

4.2.2. p-type GaAs

In contrast to n-GaAs, there are only two significant potential ranges for p-GaAs.
an active range and a “passivation” range (Fig. 4.4). As with n-GaAs tested in daylight,

particles were formed after exposure to air for about 1 day; however. particles were found
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for samples tested in both the dark and in daylight. Same as for n-GaAs, the SEM
observations were also achieved for p-GaAs polarized at 0.75V for 2 hours, in both
phosphoric and hydrofluoric acid in both daylight and dark, and are summarized in Table
4.4. Same as n-GaAs tested in daylight, all samples had significant numbers of faceted
particles on the surface.

Table 4.4. Surface Morphology of p-GaAs Samples 7 Days After Polarization

Specimen Phesphoric Acid Hydrofluoric  Acid
p-GaAs light dark light dark
10'* cm> particles particles particles particles

4x10'° em™ particles particles particles particles

To investigate the surface change immediately after testing, TEM micrographs
were also obtained for p-GaAs (4x10"°cm™). All samples were potentiostatic polarized in
daylight for two hours in phosphoric acid. The potentials chosen were 0.15V, 0.4V and
0.75V and correspond to anodic dissolution. what appears to be the onset of passivation
and the passivated region (Fig. 4.4). In all three cases. an As-rich layer is present on the
GaAs surface. The composition of the layer thickness is similar to that formed on n-type
GaAs, but is much thicker. In the active range. the layer is about 50 nm thick (Fig. 4.28).
At 0.4V, the “passive” potential, the layer thickness increases to 140 nm (Fig. 4.29). The
layer at this stage was thick enough to analyze crystallographically and was found to be
amorphous. Within the passivation region. the layer is a little thicker (about 150 nm) and

is quite uniform (Fig. 4.30).
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4.3. Galvanic corrosion measurements

A galvanic cell is formed when two or more dissimilar materials are connected
electrically while all are immersed in an electrolyte solution. Any material has a unique
corrosion potential, E.,», when immersed in a corrosive electrolyte. When any two
different materials are electrically coupled together, the one with the more negative or
active E.,» has an excess activity of electrons, which are lost to the more positive one,

and is corroded preferentially by galvanic corrosion.

After fabrication, metallized semiconductors are often cleaned in acid solutions or
deionized water. Defects such as voids on the metallization layer can allow the solution
to penetrate making contact with both the metallization and semiconductor, creating a
galvanic corrosion environment. The outermost metal is more noble and its corrosion
potential is much more positive compared with the semiconductor. In this galvanic cell,
the outer metal (typically Au) acts as a cathode, and the underlying semiconductor as an

anode. Thus, the semiconductor may be corroded during cleaning.

The extensive application of III-V semiconductors in optoelectronic devices,
necessitates that more attention be paid to the galvanic corrosion behavior of them. The
purpose of this work was to study the galvanic behavior of III-V semiconductors in
contact with gold. Gold was chosen since both n- and p-type semiconductors usually have
Au as the outermost metal layer in their respective ohmic contacts. The effect of area
ratio was investigated with the ultimate goal of forming galvanic cells and predicting the
galvanic corrosion rate. Two methods were used to determine galvanic corrosion: (1)
direct galvanic measurements and (2) superposition of the individual anodic and cathodic
polarization curves to indirectly predict galvanic corrosion. The experiments were done
using GaAs, both n- and p-type, at different doping levels, and 28.5% H;PO4 was chosen

as the electrolyte since phosphoric acid is commonly used for watfer cleaning.
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4.3.1. Direct galvanic corrosion measurements

In the tests, Au with different areas was connected with GaAs samples of varying
areas in the electrolyte. The measured galvanic current densities in phosphoric acid for a
number of couples with different cathode-to-anode area (C/A) ratios as a function of time
were recorded at room temperature in daylight. The anode and cathode polarized until
they reached the same potential; at this time current density and potential showed by the

ZRA were independent on time.

Direct measurements were performed on three samples, n-GaAs with a doping
density of 10'®%cm™ and p-GaAs with doping densities of 10'%cm™ and 4x10"cm™
respectively (Fig. 4.31). The studied range of C/A ratio was 0.1 to 10000. The measured
galvanic current density increases with increasing C/A area ratio for both p-GaAs and n-
GaAs at low C/A area ratios (<10). For n-GaAs, the galvanic current density becomes
approximately constant once the C/A ratio reaches about 5 (Fig. 4.31), indicating that a
large C/A area ratio does not have a marked effect on corrosion rate. The corrosion rates
are very similar for the two p-type semiconductors at the same area ratios. For both p-
GaAs samples, the current density increases continually with increasing C/A area ratio.
For n-GaAs, at low area ratio (<100), the current density is larger by about an order of
magnitude than that for p-GaAs. However, the reverse is true when the C/A ratio exceeds
100.

4.3.2. Indirect galvanic corrosion measuremenits

Cathodic polarization curves of noble materials and anodic polarization curves of
less noble materials in electrolyte solutions can be superimposed to predict galvanic
corrosion rates. Polarization measurements on both n- and p-GaAs with different doping
densities, as well as Au were therefore done to predict galvanic corrosion rates of the

semiconductors.
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Superimposed polarization curves for n-type GaAs and Au in phosphoric acid are
shown in Fig. 4.32. The intersection of Au cathodic curves and GaAs anodic curves gives
the galvanic corrosion current densities for anodes at different C/A ratios. Three distinct
regions can be identified with the Au cathodic curve. It can be concluded that the cathode
process consists of oxygen reduction and hydrogen evolution. For hydrogen evolution
corrosion, both the cathode and the anode processes are controlled by activation
polarization. In the case of oxygen reduction, there is limited solubility of oxygen in
solution, so that concentration polarization dominates the process where current density
reaches a critical value. As a result, the corrosion rate can be controlled by the diffusion
of oxygen. The polarization curve in 28.5% phosphoric acid (Fig. 4.32) can be used as an
example. At higher potentials (>-0.14 V), the cathodic process proceeds at a small current

density where there is enough oxygen on its surface. The electrode reaction is:
O, +4H + 4e - 2H,0 4.1)

When the current density increases to a critical value (~7x106Acm’2) as the potential is
decreased to a certain value (-0.14 V), there is not enough oxygen on the cathode surface
for reaction. The slope of the polarization curve increases and the cathodic current
density does not increases as fast as before. Thus, the process is controlled by oxygen
diffusion. With a further decrease in potential (below —0.35 V), hydrogen reduction

occurs.

2H +2¢ - KT (4.2)

The cathodic behavior is then due to both hydrogen evolution and oxygen
reduction. Since the reaction is in acid solution, there are sufficient hydrogen ions.
Therefore, the slope of polarization curve decreases; the current density increases rapidly

again. At this time, hydrogen gas is evolved in the reaction.
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Although the cathodic behavior can be due to either oxygen reduction or
hydrogen evolution, only oxygen reduction is expected for this work based on the portion

of the Au cathodic curve that intersects the GaAs anodic curves.

It is apparent from Fig. 4.32 that the galvanic current densities increase with
increasing C/A ratio only for lower C/A values, up to C/A =10 for 10'® cm™ and 2x10"
cm and C/A =100 for 5x10'%/cm®. For the lower C/A ratios (<100), the galvanic current
densities decrease with increasing doping density. The mixed potentials of the galvanic
couples are also lower at low C/A ratios. In this range, the galvanic current density is
lowest for the 5x10'® cm™ GaAs sample. When the C/A ratio is increased, the galvanic
current densities for the various doping densities are closer. Therefore, n-GaAs with
higher doping density is lightly corroded when in contact with a noble metal at low C/A
ratios. When the C/A ratio is increased above 10 (or 100 for the 5x10'® cm™ sample),
which is above a critical potential for each doping level, there is very little change in the

galvanic current density.

For p-type GaAs in phosphoric acid. as with n-GaAs. the open circuit potential
increases as the doping density increases (Fig. 4.33). Because their anodic polarization
curves are very similar, the galvanic current densities for the two doping levels are not
much different. In addition, there is also a range of potential, where the current density is
almost constant (above about 0.4 V SCE). The galvanic mixed potentials and current

densities, for both samples. increase with C/A ratio up to at least 100,000.

4.3.3. Comparison

In order to determine the validity of the galvanic corrosion results from the
superposition of polarization curves, galvanic current densities for 1x10"® ¢cm™ (n- and p-
type), and 4x10"° cm? (p-type) GaAs measured directly are compared with predicted or
indirect values (from polarization curves). Six points were selected, representing various

C/A area ratios from 0.1 to 10,000, by intersection of cathodic (Au) curves with each of
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the anodic curves (GaAs). Fig. 4.34 shows the direct and indirect measurement results
for n-GaAs (10" cm™). In both cases, the current densities increase at low area ratios and
then become constant when the ratio reaches about 5-10. indicating excellent agreement
between measured and predicted results. The p-GaAs comparisons are shown in Figs.
4.35 (10" cm™) and 4.36 (4x10" cm™). respectively. The agreement is quite good in
both, with both semiconductors exhibiting an increasing galvanic current density with

increasing C/A area ratio.

Galvanic current densities for GaAs in phosphoric acid in the dark were also
obtained through the superposition of polarization curves. Polarization curves for n-type
and p-type GaAs (10'® cm”) are shown in Fig. 4.7 along with their counterparts in
daylight. The polarization curves are similar for p-type GaAs in dark and daylight.
whereas they are different for n-type GaAs. The anodic current densities for n-type GaAs

are significantly lower for samples tested in the dark relative to daylight.

Galvanic current density plots for the p-GaAs and n-GaAs samples are shown in
Figs. 4.37 and 4.38 respectively. The corrosion rates for the p-type samples increase with
increasing C/A area ratios both in the dark and daylight (Fig. 4.37). For the 10'%cm™ (p-
type) GaAs sample, the corrosion rate in daylight is somewhat larger than in dark. but for
the 4x10”cm” sample, the difference between daylight and dark galvanic current
densities is quite small. The n-GaAs samples show a much larger difference between the
daylight and dark galvanic current density curves (Fig. 4.38), but the difference decreases

as the doping level increases.

4.3.4. Galvanic corrosion rates

Anodic current densities can be converted to corrosion rates expressed in the
standard way as millimeter penetration per year (mm/y) from the following equation
[Bradford, 2001]:
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corrosion rate (mm/y) = 3.27x10% icor W/ (n d) “4.3)

where
i= anodic current density, Acm’;
w= atomic or molecular weight, g/mole (144.64 g/mole for GaAs);
n=ionic charge associated with the electrode process (n=8 for GaAs dissolution);
d= density of the anode, g/em® (5.31 g/cm’ for GaAs).

Because of the small dimensions and time scales associated with
microelectronic/optoelectronic device processing, nanometer penetration per minute is

probably a more meaningful unit for corrosion rate. Thus. Eq. 4.3 can be rewritten as
corrosion rate (nm/min) = 6.22x10 icorr W/ (n d) “4.4)

The galvanic corrosion rates of GaAs in contact with Au in phosphoric acid at
various C/A area ratios are summarized in Table 4.5. In general. corrosion rates are
higher in daylight compared with in the dark and the rates increase with increasing C/A
area ratio. Also of interest. is the relative difference in corrosion rates for p-GaAs vs n-
GaAs. Corrosion rates are higher for n-GaAs at low C/A ratios. but the trend is reversed

at higher ratios.
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Table 4.5. Galvanic corrosion rate in phosphoric acid

Anode Condition | Cathode/Anode |Galvanic current density| Corrosion rate
area ratio (Alem?) (nm/min)

10'® (n-type) GaAs Light 1 7.86E-06 0.17
100 1.27E-05 0.27
10000 1.57E-05 0.33

Dark 1 4.58E-08 0.0010

100 2.04E-07 0.0043

10000 2.04E-07 0.0043
2x10'® (n-type) GaAs Light 1 6.68E-06 0.14
100 1.55E-05 0.33
10000 1.59E-05 0.34

Dark 1 1.08E-06 0.023

100 1.21E-06 0.026

10000 1.24E-06 0.026

5x10'® (n-type) GaAs Light 1 1.50E-06 0.032
100 1.26E-05 0.27
10000 1.63E-05 0.35

Dark 1 1.94E-07 0.0041

100 2.05E-06 0.043

10000 3.17E-06 0.067

10" (p-type) GaAs Light 1 1.13E-06 0.024
100 1.35E-05 0.29
10000 1.08E-04 2.29

Dark 1 3.21E-07 0.0068
100 4.60E-06 0.10
10000 2.31E-05 0.49

4x10'? (p-type) GaAs Light 1 9.83E-07 0.021
100 6.38E-06 0.14
10000 1.50E-04 3.18

Dark 1 4.03E-07 0.0085
100 5.81E-06 0.12
10000 2.92E-04 6.18
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4.4. Impedance measurements

As already mentioned, the flat band potential ¥, the position of the band edges at
the semiconductor surface, and the free charge carrier concentration at the surface at a
given voltage are important quantities in semiconductor electrochemistry. The common
method to determine flat band potential is by the measurement of the capacity of the

electric double layer. In this work, the Mott-Schottky equation

) 2 . -
C. =( w-v, - E) for n-type semiconductor (4.5a)
eNeg, e
22 2 kT . -
C. =~ Y -V, -—) forp-type semiconductor (4.5b)
eNeg, e

based upon the simplest equivalent circuit was used to obtain the flat band potential. On
the basis of this relationship. the value of kT/e is too small to be attributed to the

capacitance. It can be neglected and thus the flat band potential, Vs can be determined

from V), the point of intersection of a C_” with the abscissa

Ve =V, 4.6)

The surface doping density N can be obtained from the slope of the plot

2
N= - “.7
£-&, -e-slope
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Impedance techniques were applied to measure capacitance Ci. An ac.
generator/analyzer is used in impedance measurements to provide a voltage signal to
analyze current and voltage outputs. A small a.c. voltage of less than kT/e (<0.026) is
superimposed on the d.c. input voitage, since the absolute value of the interface
impedance can be obtained at a given frequency. The validity of the Mott-Schottky
analysis is based on the assumption that the capacitance of the space charge layer is much
less than that of the Helmholtz layer. Actually, the equivalent circuit for impedance
analysis of semiconductor electrodes is very complex since it consists of a space charge
layer inside the semiconductor and one in the electrolyte (Gouy layer) as well as a double
layer (Helmholtz layer). This results in an equivalent circuit with several capacitors and
resistors [Memming, 1964]. At high frequency, the contribution of Helmholtz and Gouy
capacitance can be negligible. Thus one constant resistor and one constant capacitor can
be assumed only when impedance measurements are made over a certain frequency
range. The equivalent circuit of the interface between the semiconductor and electrolyte

can be reduced to a simple one.

The potential for the impedance tests should be chosen in the range where there is
no or little product formed on the semiconductor surface. As described before, the
thickness of As formed on the surface of p-GaAs increased with increasing potential in
the anodic region. Therefore, the potentials selected for p-GaAs impedance tests were in
very small ranges just above corrosion potentials to eliminate the effects of products
formed on the surface. For n-GaAs this was not a problem. However, the potential ranges

for impedance tests were also small and not far from the corrosion potential.

The measured results are presented below and in Figs. 4.39-4.46 and Table 4.6.
The well-known linear relationship between C,” and the applied voltage V at given
frequency f (Mott-Schottky relationship) is evident.
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4.4.1. n-type GaAs

The Mott-Schottky plots for n-GaAs both in phosphoric acid and deionized water
are shown in Figs. 4.39-4.42. All test potentials were taken in the active region based on
the polarization curves. Results from samples tested in the dark and daylight were
superimposed together for comparison. A trend line was applied and the equation is
displayed on the chart. The flat band potentials obtained from the charts and the surface
doping densities calculated according to Eq. 4.7 are summarized in Table 4.5. It is clear
that all the plots are almost straight lines and slope upwards and to the right with
increasing potentials. Trend lines for samples tested in the dark are above those tested in
daylight. Since the slopes are close. the absolute value of the flat band potential is larger

for samples tested in the dark compared with those tested in daylight.

4.4.2. p-type GaAs

These plots were drawn as for n-GaAs and are shown in Figs. 4.43-4.46. The plots
slope downwards and to the right with increasing potentials. The plots for samples tested
in the dark are also above those in daylight at low potential, however, due to the large
differences in slopes, the flat band potential is smaller for samples tested in the dark than
in daylight. Unlike n-GaAs, whose flat band potentials were negative. the flat band
potentials for p-GaAs are positive. The flat band potentials and surface doping densities

are also summarized in Table 4.6.

The measured flat band potentials in the dark are more negative than those in
daylight; the values attained in deionized water are also smaller than those in phosphoric
acid. The flat band potential for GaAs with a higher doping density is more positive than

that with a lower doping density. For measured surface doping densities, all results are in
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good agreement with the original value except for p-GaAs (4x10'°cm™) in deionized

water; its density is lower than expected.

Table 4.6. Flat band potentials and surface doping densities for GaAs electrodes.

28.5% H;PO, Deionized Water

GaAs Doping Light Dark Light Dark

Level
eve Np/a Vi Npia Vm Np/a Vi Np/a Vi

.3
M Txoy| v |xon| v Jwon| v [«ohH] v

n-type 10'8 092 | -1.28 | 1.02 | -1.71 | 094 | -1.57 | 1.04 | -2.04

2x10'8 246 | -124 | 225 | -1.28 | 1.95 | -1.32 | 2.64 | -1.80

p-type 10'8 1.06 1.16 | 0.72 | 0.84 1.66 | 098 t 0.95 0.57

ax10® | 318 | 124 | 284 | 1.14 | 1741 | 117 | 1058 | 1.02

Note: Units for N are cm™.
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Figure 4.1. Polarization curves for GaAs in 1% HF (a and c) and 28.5% H;PO; (b and
d) under illumination: a) and b) n-GaAs, 10'%cm™; ¢) and d) p-GaAs, 10'%cm™.
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Figure 4.2. Polarization curves for n-type GaAs with various doping densities in 28.5%

H;PO, under illumination: a) 10'7cm™; b) 10'%em™; ¢) 2x10'%cm™ and d) 5x10"%cm™.
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Figure 4.3. Breakdown potential for n-GaAs as a function of doping density in

phosphoric acid under illumination.
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Figure 4.4. Polarization curves of p-type GaAs with various doping densities in 28.5%

H;PO; under illumination: a) 4x10"cm™ and b) 10'%cm™.
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© (d

Figure 4.5. AFM image from n-GaAs (2x10'%cm™) sample in phosphoric acid:
a) before testing; b) polarized to 1.5 V in daylight; c) roughness analysis from (b);

d) section analysis from (c).
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Figure 4.6. Polarization curves for n-GaAs ( 10""em™) in 28.5% H;PO; in the dark (a)
and daylight (b).
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Figure 4.7. Polarization curves for n- (a and b) and p-GaAs (¢ and d) (10'8 cm™) tested
in 28.5% H;PO; under illumination (b and d) and in the dark (a and c).
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Figure 4.8. Polarization curves for n-GaAs (2x10'8cm'3) in 28.5% H;PO; in the dark

(a) and daylight (b).
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Figure 4.9. Polarization curves for n-GaAs (5x10'® cm™) in 28.5% H;PO, in the dark
(a) and daylight (b).
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Figure 4.10. Polarization curves for p-GaAs (4x10'® cm™) in 28.5% H;PO; in daylight

(a) and dark (b).
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Figure 4.11. Polarization curves for n-type GaAs with various doping densities in
deionized water under illumination: a) 10"%cm™; b) 107em™; ¢) 2x10'%cm™ and d)

5%10%cm>.
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Figure 4.14. Polarization curves for n-type GaAs with various doping densities in
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Figure 4.15. Polarization curves for p-type GaAs with various doping densities in

deionized water in the dark: a) 4x10'°cm™ and b) 10%cm™.



87

1.5

[y
a /
o 05
>
> /
s a b
€ 0
3
Q
a
-0.5
. \
1.0E-08 1.0E-07 1.0E-06 1.0E-05 1.0E-04

Current Density (A/cm’)
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Figure 4.18. SEM micrographs of the surface morphology of n-GaAs, doping
1x10'”" em™: (a) immediately. (b) 4 days, (c) 7 days and (d) 17 days after
polarized at 0.75 V vs. SCE for 2 hours in 28.5% H;POs.
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Figure 4.19. (a) SEM image of the same sample shown in Fig. 4.18d, along with EDX
spectra of substrate (b) and one of the particles (c).
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Figure 4.20. Ga 3d spectra for an as-received specimen (a), immediately after being
polarized at 0.75V vs. SCE for 2 hours in 28.5% H3;POj (b) and after exposure to air for

one week (¢).
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Figure 4.21. As 3d spectra for an as-received specimen (a), immediately after being
polarized at 0.75V vs. SCE for 2 hours in 28.5% H;PO4 (b) and after exposure to air for

one week (c).
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Figure 4.22. (a) TEM bright field image from n-GaAs (2x10'3cm™) sample polarized
at -0.15V in daylight; (b) EDX spectrum from bulk GaAs (point A) in (a); (c) EDX
spectrum from surface region (point B)in (a).
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Figure 4.23. (a) TEM bright field image from an n-GaAs (2xlomcm'3 ) sample
polarized at 0.4V in daylight; (b) EDX spectrum from bulk GaAs (point A) in (a); (¢)
EDX spectrum from surface region in (a).
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Figure 4.24. (a) TEM bright field image from an n-GaAs (2x10mcm'3 ) sample
polarized at 0.75V in daylight; (b) EDX spectrum from bulk region in (a); (¢) EDX
spectrum from surface region in (a).
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Figure 4.25. Ga 3d spectra for an as-received specimen (a), immediately after being
polarized at 0.75V vs. SCE for 2 hours in deionized water (b) and after exposure to air

for one week (c).
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Figure 4.26. As 3d spectra for an as-received specimen (a), immediately after being
polarized at 0.75V vs. SCE for 2 hours in deionized water (b) and after exposure to

air for one week (c).
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Figure 4.27. a) SEM images (a, b) from n-GaAs polarized at 7V for 2 h in phosphoric
acid. Also shown is an EDX spectrum (c) from the faceted particle indicated in (b).
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Figure 4.28. (a) TEM bright field image from a p-GaAs (4x10'°cm) sample polarized
at 0.15V in daylight; (b) EDX spectrum from bulk GaAs in (a); (c) EDX spectrum from

surface layer in (a).
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Figure 4.29. (a) TEM bright field image from a p-GaAs (4x10'"°cm™) sample polarized
at 0.4V in daylight; (b) EDX spectrum from bulk GaAs in (a); (¢) EDX spectrum from

surface layer in (a).
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Figure 4.30. TEM bright field image from a p-GaAs (4x10'°cm™) sample polarized at
0.75V in daylight; (b) EDX spectrum from bulk GaAs in (a); (c) EDX spectrum from

surface layer in (a).
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Figure 4.33. Superposition of anodic polarization curves for p-GaAs with cathodic

polarization curves for Au: a) 10'%cm™ and 4x10"%cm™.
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Figure 4.38. Galvanic current densities measured by superposition of cathodic (Au) and
anodic (n-GaAs) polarization curves in 28.5% H;POs: A) 10'%cm™, daylight; &) 10*cm”,
dark; o) 2x10'%cm?, daylight; ) 2x10'%cm?, dark; =) 5x10'®cm™, daylight and e)
5x10'%cm™, dark.



105

2.2E+13
2.0E+13 y = 1.08E+13x + 1.85E+13
L
5 186413
Q
1.6E+13 y = 1.19E+13x + 1.52E+13
1.4E+13
-0.05 0 0.05 0.1 0.15 0.2 0.25

Bias (V vs. SCE)

Figure 4.39. Mott-Schottky plots for n-GaAs (10'*cm™) in phosphoric acid in the dark
(2) and daylight ().
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Figure 4.40. Mott-Schottky plots for n-GaAs (2x10"®cm™) in phosphoric acid in the
dark (») and daylight (T).
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Figure 4.41. Mott-Schottky plot for n-GaAs (10'8cm'3) in deionized water in the dark

(») and daylight (C).
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Figure 4.42. Mott-Schottky plots for n-GaAs (2x10'3cm™) in deionized water in the

dark (&) and daylight (O).
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Figure 4.43. Mott-Schottky plots for p-GaAs (10'*cm™) in phosphoric acid in the dark
(2) and daylight ().
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Figure 4.44. Mott-Schottky plots for P-GaAs (4x10"°cm™) in phosphoric acid in the
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Figure 4.45. Mott-Schottky plots for p-GaAs (10'3cm?) in deionized water in the dark
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Figure 4.46. Mott-Schottky plots for p-GaAs (4x10"%cm™) in deionized water in the
dark (2) and daylight (T).
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CHAPTERS

DISCUSSION

§.1. Formation of arsenic oxide

The XPS analysis clearly demonstrates that the as-received GaAs specimens were
covered with a surface oxide comprised of Ga;0;3, As:O; and As;Os. Polarization in acid
solutions dissolved the surface oxide. The small amount of As;O; detected on the surface
immediately after polarization was likely formed in air during rinsing and transfer to the
XPS spectrometer. The compositions shown in Table 4.2 indicate that there is preferential
dissoiution of Ga during polarization leaving a significantly higher As/Ga ratio on the
specimen surface. This was confirmed by ICP analysis. To compare the dissolution rate
of arsenic and gallium during electrochemical tests, the concentrations of arsenic and
gallium ions dissolved in the test solutions were determined with ICP after specimens
were polarized at 0.75 V (vs. SCE) for 2 hours. Selective dissolution of Ga was evident
for p-GaAs (both in dark and light) and n-GaAs (light), with the Ga concentration
exceeding that of As by more than one order of magnitude. For example, the n-GaAs
(10'® cm™) sample had 0.012 mg/L of Ga and <0.001 mg/L of As in the test solution.
This indicates that Ga dissolved faster than arsenic during polarization in phosphoric

acid.

Surface enrichment of As has also been reported for <l11> oriented GaAs
specimens (p-type, 9x10'® em™) exposed to acidic solutions (pH = 2.5) under both anodic
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and open circuit conditions [Lingier and Gomes, 1991]. The proposed reactions are as

follows:
Gads + 3k =Ga*" + As (anodic) (5.1a)
Gads +3H =Ga* +As + 312 H; (open circuit) (5.1b)

The anodic reaction (5.1a) is possible for low enough potentials (<0.1 V vs. SCE), but not
for the conditions experienced in this work. The following model is proposed for the
dissolution of GaAs and subsequent particle formation in this work. According to the
Pourbaix diagram for the GaAs-H,O system at 25°C, the stable species at 0.75 V and pH
values of —2~3 are Ga** and H3AsO; (aq), which are soluble (Fig. 2.10).

Gads + 4 H:O+8 h™ = Ga®* + HiAsOy (ag) + 5 H' (5.2)

Note, that holes are required for the above reaction to proceed to the right. Based on Eq.
(5.2), one would not expect to get As enrichment of the GaAs surface during anodic
dissolution, i.e.. GaAs dissolution results in both As and Ga going into solution.
However, the Pourbaix diagram only provides thermodynamic information as to probable
reactions and not reaction rates. It has been reported [Li and Peter, 1986] that Ga species
solubility exceeds that of the As species at pH values below 2. The pH of the phosphoric
acid solution utilized in the present work is 0.5, which is clearly in this range. Faster Ga
dissolution would result in the anodic surface segregation of a layer of arsenic (Fig.
4.23a). This thin layer of arsenic is first distributed uniformly over the entire surface.
Upon exposure to air, the arsenic oxidizes and agglomerates, forming crystalline particles
(Fig. 4.23c):

2 As + 3/2 O, > 45205 (5.3)

The driving force for both As;O; and As;Os formation is quite large, i.e., AGY
values at 298 K are —576 kJ/mol and —772 kJ/mol for As,O; and As;Os, respectively
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[Wicks et al, 1963]. As;Os formation is thermodynamically preferred; however, only
As;O; formed after anodic polarization. The formation of As;O; particles, as shown in
Figs. 4.18 and 4.19, leaves the underlying GaAs exposed to air. The sharp decrease in
the surface As/Ga ratio of GaAs after 7 days of exposure to air (Table 4.2) is due to
contribution from the GaAs substrate. The oxide layer formed on the specimen surface at
this stage consisted of As;O; particles combined with a mixture of Ga;O; and As;Os, due
to oxidation of the GaAs substrate.

Ishikawa and Ikoma also used XPS to analyze the oxides of GaAs. They found
that the oxidation of As bound in GaAs advanced as GaAs — As (As%) - As,O (As') >
AsO (As?) — As,0; (As’) = As:0s (As”"). Oxidation of Ga bound in GaAs proceeds
as GaAs — Ga,O (Ga'") — GaO (Ga*") - Ga,03 (Ga®") - Ga;0s (Ga’"). These results
indicate that elemental As is an oxidized form, while Ga is not the oxidized but a reduced
form of GaAs.

The absence of As;O; particle formation in all samples tested at the corrosion
potential and n-type samples tested in the dark can be explained by examining
potentiodynamic scans. These are shown for n- and p-GaAs (10'%cm™), tested in
phosphoric acid in both the dark and daylight, in Fig. 4.7. At the corrosion potential, the
dissolution rate of n- and p-GaAs is very low, leaving the surface intact with little or no
As enrichment at the surface. For n-GaAs polarized in the dark, the anodic current
density in the vicinity of 0.75 V is several orders of magnitude lower than that for p-
GaAes, in either daylight or the dark, and 1 order of magnitude lower than n-GaAs tested
in daylight. The low anodic current density translates into a low dissolution rate for
GaAs and therefore little or no As surface enrichment. Actually, As;O; and Ga;Os are the
main native oxides on as received GaAs, with a small amount of element arsenic present.
According to Bertrand [1981], most of the oxide is removed after etching and As remains
unetched. However, no arsenic oxides were found on the surface of n-GaAs tested in the
dark after exposure to air for several days in this work, indicating that As enrichment on

the surface is minimal.
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It has been identified in this work that, after polarization within a certain potential
range, an As rich layer was formed on the surface and was oxidized when exposed to air.
The oxide particles grew with increasing exposure time (Fig. 4.18), indicating As
oxidation takes time. This phenomenon has been continually observed for several
months. One sample (n-GaAs, 10'%cm™ tested in phosphoric at 0.75 V vs. SCE for 5
hours in daylight) was examined again after exposure to air for 100 days. It was found the
particle size on the surface was much larger than for 2 weeks. growing from 2 pm to 10
um. The particles were identified using thin film x-ray diffraction (XRD). A

representative spectrum is shown in Fig. 5.1.

The Bragg angles (20) for the two peaks (indicated by dashed lines) were
measured as 52.7° and 53.6°. respectively. The spacings (d) can be calculated with

following equation:

2dsin@ = A 54

where 4=0.1541nm. Only two peaks were detected with the d spacings being 0.1735 nm
and 0.1709 nm, respectively. The lack of peaks can be attributed to the relatively small
particle size and incomplete coverage . The d spacings were compared with standard
powder diffraction files (PDF) for As oxide (Table 5.1A). Two of the peaks of standard
PDF file for As,O; with d spacings of 0.1736 nm and 0.1716nm are very close to the
experimetal XRD results. thus the particles can be tentatively assigned as As>Os. This is
in agreement with the result from XPS (Fig. 4.21).

In the work by Bohn et al [2000] and Lockwood et al [2000], As:O3 was reported
to form during anodic polarization, whereas the results of this work clearly showed that
As enrichment occurs during polarization but particle formation occurs after testing.
There are 2 possible explanations for this discrepancy. Both Bohn and Lockwood used
significantly higher potentials (up to 7 V), which produced a porous surface and possibly
a different particle formation mechanism. Perhaps more significant, however, is the

timing of their characterization. EDX, AES (Auger electron spectroscopy) and XPS were
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used to examine the processed surfaces, but no indication was given as to when the
analyses were done. Unless the characterization was done immediately after anodic
processing, one can only speculate as to when particle formation occurred. To test the
second hypothesis, n-GaAs (10'® cm™) samples were potentiostatically polarized in the
dark in phosphoric acid at 7 V for 2 hours and then examined immediately after testing.
SEM images from one such sample are shown in Fig. 4.27. It appears, therefore, that the
particle formation process is different at higher potentials; the excess As produced during
anodic polarization oxidizes in the solution. XRD was also used to examine this surface
structure immediately after polarization test. The spectrum is shown in Fig. 5.2, with
peaks listed in Table 5.1B. Compared with the standard powder diffraction file (Table
5.1), not only do the d spacings of main peaks (No. 1. 2 and 9) detected from the particles
match very well with standard PDF file for As,Os but the d spacing of other weak peaks
from particle are also very close to that of stand PDF file. Thus the particles on the
surface were deemed to be As,O;. It can be concluded the anodic dissolution of GaAs in

acid at higher potential results in the formation of oxide.

Comparing the peaks in Sample A with those in Sample B, it is apparent that peak
No. 1 and 2 for Sample A are very close to No. 9 and 10 for Sample B, respectively.
Since peak No. 9 is one of the strongest peaks in Sample B, this provides confirmation

that the particles on Sample A are likely the same as those on Sample B.

It has been shown that rates of oxide growth and oxide dissolution were identical
and entirely controlled by the pH of the solution [Gerard et al, 1997]. Oxide can be grown
locally on the n-GaAs surface at higher pH values [Gerard et al, 1999]. In their work,
gallium oxide was formed on the surface at pH=9 and photodissolution of n-GaAs was

entirely controlled by the oxide dissolution.



Table 5.1. XRD results for surface layers at polarized n-GaAs (10"%cm™)

Experimental XRD Results Standard PDF File of As;O3
Sample | Peak | 2-Theta [d(nm) | 1% |(d(m) | [% | h | k 1
A 1 52,697 [0.1735|100 |0.1752 | 1 6 |20
2 53.599 |0.1709 | 12.3 | 0.1689 | 1 51313

1 13.752 | 0.6434 | 100 [0.6399| 44 | | 1 1

2 27.803 | 0.3206 | 34.5 (03199100 2 | 2 | 2

3 32.163 |[0.2781 | 13.8 |02770| 26 | 4 | 0 | O

4 35214 {02547 276 02542 34 | -1 | 2 | O

5 35288 [0.2541 | 276 |02542| 34 | -1 ]| 2 {0

6 39.770 [ 0.2265| 13.8 {02262 6 | 4 | 2 | 2

B 7 | 42310 |02135] 13.8 [02133| 12| 5 | 1 | 1
8 46.261 | 0.1961 | 276 |0.1959| 22 | 4 | 4 | O

9 52.607 | 0.1738 | 93.1 {0.1752| 1 6 | 210

10 | 53.450 [0.1713 | 13.8 10.1689 | 1 513 |3

11 | 54952 [0.1670| 103 [0.1670| 14 | 6 | 2 | 2

12 | 59419 [0.1554| 17.2 |0.1552| 14 | 5 | 5 1

13 | 59.675 [ 0.1548 | 17.2 {0.1552| 14 | 5 | 5 1

14 | 64461 [0.1445| 13.8 |0.1442| 7 | 7 | 3 1

15 | 69.498 |0.1352| 13.8 |0.1353| 7 | 7 | 3 | 3
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§.2. Localized corrosion

Potentiodynamic polarization curves for n-GaAs clearly show that the current
density remains low over a wide potential range. A steep increase in the current density
occurs as soon as a critical potential is reached (Fig. 4.2). This phenomenon can be
explained by the initiation of localized corrosion. If the localized corrosion takes the form
of pitting, the critical potential is defined as the pitting potential. Fig. 4.24 provides
evidence for the occurrence of localized corrosion. The sample (n-GaAs, 2x10'%cm™) was
polarized in phosphoric acid in daylight for 5 hours at 0.75 V. which is above the critical
potential. Under these conditions, pores are formed across the surface. Comparison with
the same sample polarized at -0.15 V. which is below the pitting potential. shows that the
surface of the lower potential sample is relatively smooth with some As-enrichment on
the surface (Fig. 4.22). Other evidence for localized corrosion occurring when the
potential reaches a critical potential (pitting potential) was obtained through AFM studies
(Fig. 4.5).

EDX investigation was also done to compare any differences in composition
between the porous region and bulk GaAs (Fig. 4.24). Similar compositions were
obtained. The EDX analysis performed on the porous area resulted in a As/Ga intensity
ratio close to that for the bulk. In order to obtain information on the composition of the
porous structure, particularly to determine if selective dissolution took place. Schmuki et
al [1996] acquired AES sputter profiles on a heavily attacked region of a n-GaAs
(10"e¢m™) sample in 0.1 M HCL. The sample had undergone localized corrosion and the
profiles were compared with an AES profile of a clean GaAs sample. They found that
most areas of the porous structure showed a As/Ga ratio close to 1, except for a region at
the outer surface. In this region As enrichment was observed. Tromans et al [1995] also
found that the underlying porous structure (in 1M NaNOs) consisted of stoichiometric
GaAs. These results indicate no selective dissolution of one of the components occurs

and therefore the remaining structure is also expected to consist mainly of GaAs.
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The initiation of pitting attack can be caused by the defects on the surface.
Schmuki and co-workers [1997] postulated that pore formation on anodically etched
GaAs originates at extended GaAs surface defects, such as dislocations. This assertion
was supported by the work done by Ross et al [1997] who formed pitted GaAs surfaces in
49% HF and concluded that pit formation begins at defect sites. However, pore formation
may also be initiated at point defects. It was found that for n-GaAs, the total number of
point defects increased with increasing doping density, resulting in a large number of
smaller pits [Finnie et al, 1999]. This indicates that pit formation may be dependent on
the number of point defects.

Pitting initiation from defects can be explained by the following factors. One is
that microroughness may cause a geometric configuration where a buildup of highly
concentrated solution is caused by mass transport conditions (the dissolution of Ga’*
and/or As’") [Schmuki et al, 1993]. Thus localized corrosion occurs. Another factor is
that different crystal planes become exposed to the electrolyte solution at defect
positions. Because of the different number of back bonds attaching a surface atom to the
lattice, reactivity is variable for different planes, which can cause pitting [Schmuki et al,
1995]. In order to elucidate the possibility that reaction rate is variable at different lattice
planes, Schmuki and co-workers cleaved a GaAs sample along the (110) direction and
(011) direction, and then the sample was exposed to pitting conditions in NH;H>PO4 +
IM CI” at 4V for 5 minutes. It was observed that the susceptibility of the planes to the
electrolyte solution in this experiment increased in the following order: (100) << (011) <
(110).

For p-type GaAs in phosphoric acid (Fig. 4.4), the current in the anodic direction
increases markedly to very high values compared with that for n-GaAs. The current then
decreases to slightly lower values when the potential reaches a critical value and remains
constant, indicating passivation has taken place. However, TEM investigation of a sample
(p-GaAs, 4x10'°cm™) after the experiments, in which the sample was polarized at three
potentials (0.15V, 0.4V and 0.75V, respectively) for 2 hours, clearly shows that the
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sample surface is covered with a As-rich layer and the thickness increases with increasing

potential (Figs. 4.28-4.30). This surface layer is amorphous and uniform.

The surface change for both n-GaAs and p-GaAs polarized at different potentials
are schematically shown in Fig. 5.3. The left hand side is n-type with p-type on the right
hand side. The polarization curves for the two samples are shown below. For n-GaAs, the
surface As-rich layer increased in thickness with increasing potential. At low anodic
potentials (Fig. 5.3a), the thickness of As-rich layer is less than 2 nm, indicating the
anodic reaction rate is very small. As discussed before, holes are required for the
dissolution of GaAs. For n-GaAs, holes are minority carriers, so only a limited number of
holes are available to take part in the process of anodic dissolution. As the potential is
increased, the band bending is also increased; more holes are able to reach the surface
and increasing the dissolution rate of GaAs. At a critical potential the anodic current
becomes saturated. In this case all the available holes are involved in the anodic reaction,
and the surface layer reaches a thickness of ~30 nm (Fig. 5.3b). When the potential
reached the breakdown potential (which depends on doping level), the semiconductor
surface is inverted to p-type. Thus, sufficient holes are available to participate anodic

dissolution. Pitting is initiated and the surface becomes porous (Fig. 5.3c).

Because holes in p-GaAs are the majority carriers, anodic dissolution was relative
fast compared with n-GaAs and the As-rich layer is thicker even at lower potentials (Fig.
5.3d). There was not a saturated current density for p-GaAs since there are huge holes
available on the surface; however, when it reached a particular potential, the current
density remained constant as the potential increased (Fig. 5.3f). This behaviour appears to
be similar to that for n-GaAs. Since the substrate for p-GaAs is 1x10'® cm™ n-GaAs with
a 500 nm epitaxial p-GaAs layers grown on the top, there was concern as to whether the
top layer dissolved away during polarization, leaving an n-GaAs sample. The dissolution

of GaAs in phosphoric acid can be calculated from the following equation:

d=
S nF

(5.3)
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where
d = thickness of dissolution, cm;
V = molar volume, cm*/mol;
S = area, cm’;
I = current, A;
t =time, S;
n = ionic charge associated with the electrode process (n=8 for GaAs dissolution);
F = Faraday constant, 96500 C/mol.
The molecular weight of GaAs is (67.9+74.91) g/mol=144.6 g/mol and the density is 5.32

g/cm’. Thus we have

y - 148.6g/mol _ g5 5 1 mol (5.6)

~ 5.32g/cm’

Substitution of the values in Fig. 4.4 and Eq. 5.6 into Eq. 5.5, produced a dissolution
thickness for p-GaAs (10'%cm™ and 4x10'%cm™) for the potentials encountered in this
work of 52.2nm and 50.4nm. respectively. Thus it is clear that the top layer is not

dissolved away and the corrosion behaviour should not be the same as n-GaAs.

In fact, the constant current density for p-GaAs was attributed to the thick surface
layer (~140 nm) (Fig. 5.3e), which limited diffusion of the semiconductor ions. This
result is in good agreement with the work performed by Schmuki and co-workers [1995],
who did similar experiments in acidic solutions and a uniformly smooth surface was
observed after dissolving the surface layer. It is clear that for the p-GaAs in phosphoric
acid no passivation takes place and electropolishing takes place without any local

preferential attack.
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5.3. Corrosion in deionized water

The dissolution processes for oxides on the GaAs surface during polarization in
deionized water were different from those in acid. Polarization in deionized water did
not remove the surface film, instead the oxide film thickened (Figs. 4.25.and 4.26).
Selective dissolution of As oxide caused a minor decrease in the As/Ga ratio of the
surface oxide (Table 4.3). XPS analyses for n-GaAs following potentiostatic testing in
deionized water (Table 4.3 and Figs. 4.25 and 4.26) show that the amount of oxide on the
GaAs surface did not change significantly upon exposure to air. Ga;O; was much more
stable than As;O; in water when no external potential was applied to the specimen
[Hirota and Sugii 1991]. As;O; started to dissolve when the specimen was rinsed in
water for 1 minute. Rinsing for 15 minutes resulted in strong dissolution of As>O3; XPS
spectra indicated only a weak oxide peak for As>Os, while a considerable contribution

from Ga,O; was still detected.

The experimental observations agree with the Pourbaix diagram for the GaAs-
H,O system (Fig. 2.10) [Tromans et al, 1993], where the stable species for potentials
greater than -0.1 V SCE are expected to be Ga;O; and H.AsO;. As with acidic solutions,

dissolution of GaAs requires holes.
Gads + 1172 H:O + 8 h™ = Ga:05 (s) + HadsOy +9 H' 5.7

Only one of the semiconductor species is aqueous (H2AsOy), unlike polarization in

acidic solutions.

The characteristic difference between polarization curves of n- and p-type GaAs
in acid solutions was not detected in deionized water. Because of the presence of the
stable oxide film, the anodic current densities were mainly due to the slow dissolution of
the oxide and anodic dissolution was not dependent on the availability of holes.
Therefore, the anodic current densities for n-GaAs were almost the same when the

potential was between 0 and 0.5V, as shown in Fig. 4.11. For lower doped n-GaAs (10l7
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and 10'%cm™), the current density remained constant when the potential was above 0.5 V
and can be attributed to the thick oxide, which prevented contact between the
semiconductor and solution. For higher doped n-GaAs (2x10'%cm™ and 5x10'%cm™), the
oxide was formed and inhibited the anodic dissolution when the potential was lower than

0.5 V. However, with increasing potential, breakdown occurred.

The anodic process for p-GaAs is very similar to higher doped n-GaAs and the

current densities are very close (Fig. 4.12), indicating that breakdown also occurred.

5.4. Corrosion mechanisms

As discussed above. the dissolution of GaAs depends on the availability of holes
in the valence band (Egs. 5.2 and 5.7). Several mechanisms for generating the necessary
holes will be proposed in the following paragraphs. These are shown schematically in
Fig. 5.4, which shows the energy positions of the band edges vs distance from the

semiconductor/solution interface.

For n-GaAs, holes are minority carriers. Figs. 5.4a and b give 2 possible ways of
producing holes in the valence band. In the first mechanism (Fig. 5.4a), holes are
produced by internal field emission of electrons. when the applied field is high enough,
from the valence band edge at the surface into the conduction band [Pettinger et al, 1974;
Gerischer, 1990]. This phenomenon occurs in acid solutions when n-GaAs (107, 10",
2x10'® and 5x10'%cm™) is polarized at potentials greater than = 1.0, 0.9, 0.6, and 0.4 V,
respectively (Fig. 4.2). The breakdown potential decreased with increasing doping
density. This can be explained by the relationship between Schottky barrier and doping
density. The width of the Schotiky barrier (w) is proportional to the reciprocal of square
root of the doping density Np. Therefore, tunneling barrier width decreases as the doping

density increase allowing tunneling to occur at lower potentials. If surface states exist, the
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hole generation process by internal field emission begins on the surface. Surface states
can mediate charge transfer of both majority and minority carriers, control surface charge

and band bending and catalyze recombination of photo-generated charge carriers.

A second mechanism for hole generation in n-GaAs is light absorption. Photons
with sufficient energy (greater than the band gap energy) can excite electrons from the
valence band into the conduction band, producing holes in the valence band (Fig. 5.4b).
When the anodic potential produces enough band bending at the GaAs surface, holes are
able to reach the surface and anodic dissolution can take place. The photon-induced
phenomenon is a contributing factor in this work; the results in Fig. 4.7 clearly indicate
acceleration of anodic dissolution for n-GaAs by photon absorption. The smaller
difference between anodic current densities for n-GaAs and p-GaAs in daylight compared
with the dark (Fig. 4.7) is also an indication that injection of holes into the GaAs surface
by photo-excitation enhances the anodic dissolution of n-GaAs. The effect of light is
much less pronounced for n-GaAs doped to a level of 5x10'® cm” (Fig. 4.9). which may
be attributable to a high density of surface states in this material (first mechanism) and

also due to the lower breakdown potential.

Light has very little effect on the polarization behaviour of p-GaAs. as there are
already a significant number of holes.

5.5. Measurement of flat band potential

The flat band potential is a measure of the position of the Fermi level for both n-
and p-type semiconductors. Thus the distance between the two flat band potentials
corresponds to the difference in energy between the two Fermi levels. This difference
approximately equals the band gap, which is 1.43 eV for GaAs. In this work, the distance
between the two intersections for n- and p-type GaAs (10'3cm™) in the dark or daylight,
phosphoric acid or deionized water, are very close (2.44 eV ~ 2.61 eV) (Table. 4.6).
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However, this range of values is much higher than the band gap of GaAs. This can be
explained as follows. In certain cases, an insulating layer such as an oxide layer is present
between the semiconductor and electrolyte phases; the interface always includes the outer
Helmholtz layer. An As-rich layer formed on the surface in this work (Fig. 4.28). If the
capacitance of such an additional layer Cy is voltage-independent, the total capacitance C
and the potential difference can be calculated from the following relationship [Gryse, et
al, 1975]:

2 3 2 . -
C*=C +(—)¥v -V, - k—T) for n-type semiconductors (5.8a)
eNeg, e
-2 - 2 kT . -
C~=Cy —( W=V, -—) for p-type semiconductors (5.8b)
eNeg, e

It is clear that the relationship between C and V is still linear and has the same slope as

in Eq. 4.5. However, instead of Eq. 4.6, the flat band potential is determined by the

following equation:
I £,eN, . 59
b=V +—7(—:—l— for n-type semiconductors (5.9a)
“>H
£-£.eN, . <
Ve =Vo - S for p-type semiconductors (5.9b)
-~H

An jonic adsorption layer established at the semiconductor/electrolyte interface
also contributes to the total capacitance [Cardon and Gomes, 1978]. In this case, the
surface charge is often assumed to be voltage-independent. Eq. 5.9 still holds, Cx has a
significant effect due to the outer Helmholtz layer capacitance, and Vp includes the
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potential drop due to the surface charge and its counterpart in the outer Helmholtz layer.
It seems necessary, therefore, to make a correction for the Helmholtz layer capacitance in

order to obtain the true value of the space charge layer capacitance.

The shift of flat band potential in this work may be explained by the surface
states. Reichman [1980] discussed the influence of surface states on the potential
distribution at the semiconductor/electrolyte interface. A shift of 200 mV in the Mott-
Schottky plots requires a surface state density of about 10"*cm™. Another possible
explanation is that shift in flat band potential reflects changes in the surface dipole
potential resulting from a chemical transformation of the surface. The shift in flat band
potential under illumination based on that the transformation involves an oxidation

process.

The difference in flat band potential between phosphoric acid and deionized water
is attributed to the pH difference. The flat band potential shifts by —55 mV per unit pH
increase [Finklea, 1988]. This is usually attributed to an acid-base equilibrium leading to
a charge on the electrode surface, i.e., reaction involving adsorbed H" or OH ions.
[Cardon and Gomes, 1978]. The results from Table 4.6 do match the above very well
with some exceptions. However, the flat band potential shifts negative with increasing
pH.

It has been summarized that the determination of the dopant concentration from
the slope of the Mott-Schottky plot is based on a Faradaic process, the presence of
surface states and a rough surface area on the electrode [Randin, 1974]. The accepter
concentration for p-GaAs (4x10"°cm™) from the Mott-Schottky in this work is much
lower than the original value and may be due to the factors described above; however the

specific mechanism is unclear.
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Figure 5.1. XRD spectrum for n-GaAs (10'3cm) exposed to air for 100 days after
testing at 0.75 V vs. SCE for 5 hours in phosphoric acid in daylight.

Figure 5.2. XRD spectrum for n-GaAs (10'%cm) polarized at 7V vs. SCE for 2 hours
in phosphoric acid in the dark.
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Figure 5.3. Schematic of the surface change for n-GaAs (a-c) and p-GaAs (d-f)

polarized at different anodic potentials in phosphoric acid.
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Figure 5.4. Band diagrams for the semiconductor/electrolyte interface showing

potential corrosion mechanisms of n-GaAs.
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CHAPTER6

CONCLUSIONS AND FUTURE WORK

6.1. Conclusions

Below the critical potential, anodic polarization in phosphoric acid resulted in the
surface enrichment of As due to selective dissolution of Ga. Subsequent exposure to air
resulted in gradual agglomeration of the As layer to As;Os. For n-GaAs polarized in the
dark, dissolution rates were significantly lower and As enrichment on the surface did not
occur. Above the critical potential, localized corrosion occurred. The composition of

porous region was the same as the bulk GaAs.

Polarization in deionized water only resulted in the thickening of the surface
oxide formed on the GaAs surface and a slight decrease in the As/Ga ratio in the oxide

layer. This layer prevented further oxidation of GaAs in air.

The anodic dissolution of GaAs in acids depends on the availability of holes.
Illumination increases the tendency of n-GaAs towards active dissolution because of
photo-generated holes. The anodic current densities for p-GaAs and highly doped n-GaAs
are much higher than those for n-GaAs with low doping densities, because of the
presence of holes in p-GaAs or surface states in highly doped n-GaAs. Therefore,
illumination has less effect on anodic current densities for p-GaAs and highly doped n-
GaAs.
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Increasing the cathode/anode area ratio increases the galvanic corrosion rate for p-
type and n-type GaAs. For n-GaAs, however, the galvanic corrosion rate reaches a

saturation value (at a C/A ratio of about 10) due to the limited concentration of holes.

Superposition of anodic (GaAs) and cathodic (Au) polarization curves provides a

good prediction of the galvanic corrosion rates.

For n-type GaAs, the galvanic current densities in phosphoric acid are higher in
daylight than those in the dark, although this difference decrease as the doping level

increases.

The flat band potentials determined in this work were not reasonable due to the

incomplete equivalent circuit.

6.2. Future work

The corrosion behavior of GaAs and other III-V semiconductors should be
studied in other electrolyte solutions with various illumination densities because the wide
application of III-V semiconductors and semiconductors are etched with different acids

and the density of illumination has significant effect on the reactions.

Open circuit potential and breakdown potential have been found related to the
doping density and corrosion behavior of GaAs. however, the reasons are still not clear. It
is necessary to determine how the open circuit potential and breakdown change with the

doping density of GaAs and what effects on the corrosion.
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An accurate equivalent circuit for impedance analysis of semiconductor electrode
should be established for the determination of reasonable flat band potentials. The
frequency should also be considered because at higher frequencies, the circuit may be

reduced to a simple one.
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