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Abstract

DLTS was used to study the effect of resistive physical vapour deposition of Pd Schottky contacts
on the defects observed in an n-type Si substrate that was irradiated before deposition (“pre-
irradiated”) and compared to defects in a diode that was irradiated after deposition (“post-
irradiated”). In the post-irradiated samples, the familiar radiation-induced defects were observed.
However, in the pre-irradiated samples, 13 new defects were observed, with DLTS signatures
differing from those of the defects in the post-irradiated diodes.

Out of the 13 newly observed defects, four defects, with activation energy of 0.180, 0.220, 0.360
and 0.607 eV, had DLTS signatures corresponding to defects previously observed in Pt-containing
Si, while no match was found for other defects.

The effect (referred to as the Pd Effect) was carefully studied, and it was found that the effect was
only observed with Pd, and not when other metals including Au, Ni, Al, Ag were used. Careful
experiments ruled out annealing during evaporation of the contact as a possible cause. Different
sources of Pd were used in un-used crucibles in an attempt to avoid contamination, but the effect
was observed in all cases.

It was found that this phenomenon was inhibited by the presence of a thin intermediate layer,
irrespective of the layer being Pd or Au. We therefore conclude that the effect is only observed
when Pd is deposited directly on the irradiated Si surface.

We believe that these defects are produced by defect-enhanced diffusion of Pd.

Overall, the study enhances our understanding of defect behaviour in silicon-based devices,
particularly under irradiation and metal deposition conditions, and reveals the unique properties and
effects of Pd.
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1 Introduction

Silicon (Si), atomic number 14 forming part of the group IV elements on the periodic table, is seen
as the most important material in the semiconductor industry. Germanium (Ge), was known as the
grandfather material paving the road to integrated circuit development and semiconductor
transistors. The first contact transistor was made by wedging a gold foil into a slab of Ge using
plastic wedges. Since then the fabrication of transistors has drastically improved with Si taking over
the semiconductor industry. This takeover was mainly caused by the ease of availability and the
materials ability to form stable oxide layers. Imperfections in the regular geometrical arrangement
of atoms within the crystal (defects), change the electrical behaviour of semiconductors. This
includes the carrier lifetime, the conductivity, the mechanical strength and finally, the quality of the
electrical device (Schottky diode, diode, laser diode, photocell, etc.) produced.

1.1 Motivation

Si is the most used semiconductor material, with an annual semiconductor gross sale of over 481
billion USD as of 2018. Being the second most abundant element in the earth’s crust, the low cost of
using the material and all the well-established processing techniques makes the material one of the
strongest competitors within the market. Si has a large band gap of around 1.12 eV which allows it
to absorb wavelengths within the visible spectrum. Due to the hardness of this material, large wafers
can safely be handled without any damage. The material allows for easy formation of high quality
oxide layers (SiO) and is thermally stable up to 1100 °C. However, the material is far from perfect
and does come with its own disadvantages. The material is brittle, some of the processing stages are
very wasteful, the life cycle can be considered short and pure Si crystals are expensive to produce.

Since the development of the first Si semiconductor in 1906, industry has shown very little
digression from using this material to develop new technology. Looking towards the future, the
limitations of this material will not be reached for many more years to come and the general
industry will not likely use alternative materials. GaAs, GaN and most other semiconductor
substrates are currently only used for unique applications. However, recently, the second space race
has started and companies are looking towards terra-forming other planets and building equipment
in space. Up until now, technology has been developed within safe and controlled environments
before being sent into space. Within the next couple of years, companies will look into building
integrated circuits on other planets (e.g. Mars) and even in the dead of space for space stations.
These environments are much more hazardous and contains high energy radiation which can alter
the properties of the material during fabrication.

It has always been a safe assumption within the semiconductor community that exposing substrates
to radiation before deposition of metals will not alter the results. In fact, the final device should
have the same properties as a device that was fabricated and exposed to exactly the same irradiation
conditions. In this thesis, this theory will be tested against palladium (Pd), with a high level study of
how the electrical properties of Si based Schottky diodes can be changed by depositing Pd after the
substrate has been exposed to irradiation.
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1.2 Approach

The aim of this thesis is to show the effect of depositing Pd before and after Si has been exposed to
irradiation. In this, multiple issues and limitations were explored and discussed. The main
experimental techniques used were conventional deep-level transient spectroscopy (DLTS) and
Laplace transform DLTS.

Multiple sources of Si were used to control the concentration of traps introduced by irradiation from
an °Sr radio nuclide. Similarly, these were used to control the introduction of the new traps caused
by the deposition of Pd on Si samples already exposed to irradiation. By varying the temperature
during irradiation, control over the concentration of traps was further enhanced. Multiple metals
were investigated to see if the effect was limited to only Pd, with Pd taken from multiple sources to
rule out contamination.

Depth profiling was used to determine if the new traps were limited to the surface or penetrated
deeply into the samples. Deposition profiles were done to determine if the effect is limited to only
Pd making contact with the surface of the Si or if the affect can persist through metal already
deposited on the surface. Finally, deep energy level profiles were done to aid in the identification of
the complexes observed.

1.3 Dissertation layout

o Chapter 2 covers the general background theory for ideal Schottky diodes, relevant theory
for characterization of electrical properties of traps near the Schottky diode junctions and
experimental practices.

e Chapter 3 discusses the common radiation-induced defects observed in phosphorous-doped
(P-doped) Si exposed to irradiation. This includes previously measured electrical properties
and proposed defect structures.

e Chapter 4 discusses the properties of Pd, hydrogen adsorption and Pd-related defects
previously investigated in Si.

e Chapter 5 summarizes the experimental techniques used to prepare samples and measure
their electrical properties.

e Chapter 6 presents and gives a discussion of the results obtained in this study.

e Chapter 7 presents the summary of results, general conclusions and suggests future work.
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2 Semiconductors and the Schottky diode

2.1 Semiconductors

Semiconductors have electrical conductivity values which fall between that of a conductor and an
insulator. Unlike metals, the resistivity of a semiconductor falls with rising temperature. The
conduction properties are altered significantly by doping the crystal structure with relatively small
amounts of impurities. Semiconductor junctions are created by doping two regions in the same
crystal differently. The basis of modern day technology — diodes and transistors — are controlled by
the behaviour of the electrons, ions and holes at these junctions (Streetman, 2016).

The semiconductors Si, Ge and GaAs are some of the most commonly used materials for the
fabrication of modern day electronics. Semiconductors are typically formed from pure Group 1V
elements or binary compounds made from the combination of Group Il and V elements or Group Il
and VI elements (Sze, Ng and Li, 2006).

The most common material Si forms part if the Group 1V elements of the periodic table. With the
atomic weight of 28.086, the material has a melting point around 1410 °C. While many other
materials (Ge, GaAs, GaN, etc.) are considered for the fabrication of electronic devices, Si is still
widely used in the multi-billion-dollar industry (Streetman, 2016).

In this chapter, the discussion given will be based on n-type material. A similar approach is valid for
p-type material.

2.1.1 Crystal growth

Bulk semiconductor-grade material is commonly produced by cooling molten Si material. However,
by simply cooling down the material, undesirable poly-crystalline material will be produced. The
two methods, Czochralski and Bridgeman are instead used to produce high purity single bulk
crystals.

Czochralski crystals are produced by melting high purity Si in a crucible. Impurities such as P, Sb
or As are added during the molten phase as dopants. A seed crystal in a specific orientation is
attached to the end of a rod and dipped into the molten material. The rod is then slowly rotated
while being pulled up from the molten liquid. The size of the final crystal is controlled by the speed
the rod is rotated and pulled from the molten material and the temperature gradient of the crystal
(Kuech and Nishinaga, 2015).

Bridgeman-Stockbarger crystals are produced by placing the seed crystal at one end of a container
and filling the container with high purity molten Si. The material is then cooled from the seed
crystal’s location to the other side of the container. During this process the container is rotated to
stir the molten liquid (Capper, Rudolph and Scheel, n.d.).

2.1.2 Crystal structure of Si

Si crystallizes according to the diamond structure. It is composed of two interpenetrating face-
centred cubic (FCC) lattices displaced diagonally by a %(1,1,1) translation to form the tetrahedral

lattice. The lattice parameter ao for Si is 0.543 nm with the nearest atomic neighbours a distance
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0.235 nm apart. In industry the crystal is most commonly cut into wafers along the (100) plane
(Patterson and Bailey, 2019).

2.1.3 Band structure of Si

Bringing isolated atoms together to form a solid results in various interactions between
neighbouring atoms. At the proper interatomic spacing for crystal formation, the forces of repulsion
and attraction between atoms will balance out. Important changes in the electron energy level
configurations occur, leading to the formation of energy bands that determine many of the
material’s properties (Streetman and Banerjee, 2016).

Quantitative calculations are done to obtain the band structure properties, which uses the
assumption that a single electron travels through a perfect periodic lattice (i.e. crystal) in a single
direction (i.e. the x-direction) (Streetman and Banerjee, 2016). By solving and approximating the
one-electron Schrédinger equation, the energy — momentum relationship can be obtained for a
crystalline structure. According to Bloch’s theorem, if the potential energy V' (F) is periodic with the
periodicity of the lattice, the solutions ¢, () of

2 1
E ¢y (F) = [_;l_mvz + V()] ¢ (F) M)

is given in the form of
b = 57U (K o F), )

with Un(_lé . 7) the function modulating the wave function with accordance to the periodicity of the

crystal lattice and k the propagation constant (Sze, Ng and Li, 2006). From Bloch’s theorem, the
energy E; is shown to be periodic in the reciprocal lattice, which makes using only k’s in the

primitive cell of a reciprocal lattice sufficient to obtain the unique energy for a given band index
(Kittel and Fong, 2010).

When calculating the band structure one can plot the allowed energy values vs. the propagation
constant (75). For most lattices, the periodicity is different in various directions, which requires one
to plot the (E, 75) diagram in different directions to obtain the full relationship (Smith, 1987).

The Fermi-level of an undoped semiconductor lies in an energy region in which no allowed states
exist, which is known as the energy gap. The conduction band is the band above the energy gap and
the valance band is the band below the gap (Kittel, 2005). For Si, the lowest conduction-band
minimum is along the <100> axis (of which there are six equivalents) and the valance band
maximum is at the centre of the Brillouin zone (Sze, Ng and Li, 2006).

Under normal atmospheric pressure and at room temperature, the band gap for Si was found to be
1.12 eV for high purity materials. For highly doped materials, the band gaps become smaller. The
band gap was shown experimentally to decrease with increasing temperature for Si with the
relationship approximated by:

aT? (3)

Eo(T) = E0) = o —,

March 18, 2024

© University of Pretoria



TEIT VAN PRETO
ITY OF PRETO
ITHI YA PRETO

mn
«Z

where E,(0) = 1.1519 eV is the energy gap at T = 0 K, & = 4.730 X 10*eVKand p =636 K
material constants for Si (Sze, Ng and Li, 2006).

At room temperature it was found that the band gap of Si decreases with increasing pressure at a
rate of —2.4 x 107% eV kg™! cm™2 (Paul and Warschauer, 1963).

The electron and hole mobility, two important semiconductor properties, depend on the band
structure. For bulk grown Si, the hole mobility, 4, , is 450 cm” V s~! and the electron mobility, Ho s
is 1500 cm? V s~! (Sze, Ng and Li, 2006).

2.2 The Schottky diode

The Schottky barrier diode, named after Walter H. Schottky (Schottky, 1942), is a fast switching
device with a low forward voltage drop. The diode is formed by the junction of a metal and
semiconductor. This junction gives rise to two possible metal-semiconductor contacts, Schottky and
ohmic contacts. Schottky diodes are used for many types of electronics. Defect levels on and
beneath the interface of the metal-semiconductor contact influence the properties of the Schottky
diodes significantly and therefore Schottky diodes are also used for studying bulk defects in
research.

2.2.1 The ideal Schottky diode

The ideal Schottky diode model describes the potential barrier formation at the metal -semiconductor
interface in the absence of surface states. For the case of a uniformly doped n-type material, the
Fermi level of the semiconductor is positioned higher than the Fermi level of the metal. The
minimum energy required to remove an electron from the respective material is defined as the work
function of the material and is calculated as the difference between the vacuum level and the Fermi
level. In isolation, the work function of the semiconductor (¢s) is less than the work function of the
metal (#m). The difference between these work functions is called the built-in voltage (Vui). The
electron affinity (ys) is defined as the difference between the bottom of the conduction band and the
vacuum level. The doping concentration of the semiconductor does not influence the electron
affinity (Streetman, 2016).

When the two materials are in perfect contact, the difference in the work functions causes electrons
to flow from the semiconductor to the metal. (See Figure 2.1.) The transfer of electrons builds up a
negative charge on the metal surface equal to the positive charge on the semiconductor surface.
Since the positive charge in the semiconductor is provided by ionized donors, which are present in a
relatively low concentration, the positive charge in the semiconductor extends to a significant
distance beneath the interface. This creates an electric field repelling electrons in the conduction
band of the semiconductor forming the depletion region of width w, where there are no electrons in
the conduction band. Due to this electric field, the Fermi level of the semiconductor will be lowered
relative to the Fermi level of the metal until they coincide preventing further flow of electrons. The
Fermi level is lowered by an amount equal to the built in voltage (Streetman, 2016). The
electrostatic potential due to the field is usually included in the energy diagram and leads to the
parabolic bending of the bands in the depletion region.
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Figure 2.1: Energy diagram showing the formation of the ideal Schottky barrier. Metal and semiconductor are
completely isolated (a) separated by a vacuum. Metal and semiconductor are in perfect contact (b) (Montanari, 2005).

Electrons deep in the semiconductor will experience a potential barrier (Vi) when moving towards
the metal caused by the bending of the bands. Electrons at the Fermi level of the metal will
experience a potential barrier (¢on) Wwhen moving towards the semiconductor, equal to the difference
between the semiconductor electron affinity and the metal work function (Streetman, 2016).

2.2.2 Zero, reverse and forward bias

When no bias is applied to the Schottky diode (see Figure 2.2), free electrons will transfer from the
n-type semiconductor to the metal until a dynamic equilibrium is established. The number of
electrons transferring from the metal to the semiconductor every second is equivalent to the number
of electrons transferring from the semiconductor to the metal (Sze, Ng and Li, 2006).

Placing the system under forward bias (connection terminals shown in Figure 2.2) shifts the Fermi
level of the semiconductor to a higher position relative to the metal. The barrier experienced by
electrons traveling from the metal to the semiconductor remains unaltered. However, the barrier
experienced by electrons from the semiconductor to the metal decreases with increasing forward
bias. This allows for a greater net flow of electrons into the metal, increasing with forward bias.
(Streetman, 2016).

Placing the system under reverse bias (connection terminals shown in Figure 2.2) lowers the Fermi
level of the semiconductor relative to the metal. This causes a further bending in the conduction
band, increasing the barrier height experienced by the electrons flowing from the semiconductor to
the metal. As previously, the barrier experienced by the electrons flowing from the metal to the
semiconductor remains unaltered with applied bias. This means the flow of electrons to the metal
steadily decreases with increasing reverse bias, causing a net flow of electrons from the metal to the
semiconductor, which increases asymptotically to a maximum, which is much less than the typical
forward-bias current. The dielectric breakdown voltage limits the magnitude of the applied reverse
bias. Breakdown occurs when surpassing the breakdown field within the semiconductor. The
voltage at which this occurs, is defined as the breakdown voltage, the maximum voltage that can be
applied in reverse bias before the system experiences an exponential increase in current flow. In
practice one avoids this voltage as it can lead to rapid degrading in the rectifying properties of the
barrier and cause irreversible damage to the Schottky diode (Streetman, 2016).
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Figure 2.2: Diagram showing the effect of placing an unbiased Schottky diode (Left) under forward (Middle) and reverse
(Right) bias.

2.3 Semiconductor defects

Real crystals (Si wafers) are finite; the surface atoms are incompletely bonded, containing multiple
defects which influence the mechanical, optical and electrical properties of the semiconductor. In an
ideal crystal lattice, defects are described as imperfections such as missing, foreign, misplaced or
additional atoms causing discontinuity in the lattice repetition. These imperfections are introduced
either during fabrication of electrical devices or during the growth of the semiconductor substrate,
although some may also be introduced by radiation (Lannoo, 2012). They can be categorized into
four categories: volume, area, line and point defects.

Crystal defects play the dominant role during processing and are the basis of any technological
application. They may introduce energy states within the semiconductor band gaps as either shallow
or deeps levels.

2.3.1 Defects

Point defects are localized, only involving a few nearest neighbour atoms and do not expand within
any dimension of space. The simplest defects are shown in Figure 2.3 and are described as follows:

o Foreign interstitial: A foreign atom occupying a site between regular lattice sites.

o Self-interstitial: A crystal lattice atom occupying a site between regular lattice sites.
e Vacancy: A lattice site missing an atom.

e Substitutional: A foreign atom occupying a lattice site.

e Frenkel pair: Self-interstitial responsible for the vacancy near it.

(Foll, Gosele and Kolbesen, 1981).
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Figure 2.3: Simplified diagram representing point defects within crystals

Line defects are known as dislocations or one-dimensional defects. These are generally introduced
by applying stress on the crystal. They can be summarized into two main categories: edge and screw
dislocations.

e Edge dislocation: An extra half plane of atoms are inserted into a uniform crystal lattice.
e Screw dislocation: A portion of the crystal undergoes sheering and shifted relative to the
other portion of the crystal.
(Vogel, Pfann, Corey and Thomas, 1953).

Edge Dislocation Screw Dislocation

Figure 2.4: Simplified diagram representing dislocations within crystals

Area defects, also known as planar (2D) defects are large lattice discontinuities across a plane.
These typically appear during crystal growth and come in the form of grain boundaries and stacking

faults.
March 18, 2024

© University of Pretoria



TEIT VAN PRETO
Y OF PRETO
ITHI YA PRETO

mn
«Z

e Grain boundary: The interface between two boundaries from two crystallites. The crystal is
rotated about a specific axis categorizing it either as a tilt or twist boundary. Parallel
rotation around the boundary plane is categorized as a tilt boundary and a perpendicular
rotation around the boundary plane is categorized as a twist boundary.

e Stacking fault: The interruption of the stacking sequence of atomic layers (Figure 2.5).
Intrinsic stacking fault occurs when a part of a layer is missing. Extrinsic stacking faults
occurs when an extra plane is inserted between two layers.

These area defects are not usable for manufacturing of integrated circuits, thus, crystals containing
these defects are discarded.

C C

B —————— B

A— A ——————
¢ — e C _

B ——— B ~
A" A

C C

B B

A A

Intrinsic stacking fault Extrinsic stacking fault

Figure 2.5: Simplified diagram representing intrinsic and extrinsic stacking faults

Volume defects arise due to the inherent solubility of dopants or impurities in the lattice. The lattice
can accept a specific concentration of impurities in solid solution (McCluskey and Haller, 2018).

2.3.2 Radiation induced defects

High energy particles (radiation) introduce a variety of defects by inducing damage in the
semiconductor material. The incident particle interacts with the nuclei of the lattice atoms to cause
bulk damage which in most cases is irreversible.

The minimum required energy to remove a silicon atom from a lattice site (Eq) is approximately

25 eV. Electrons require at least 255 keV to provide recoil energy of that magnitude during
collision. Protons and neutrons require less energy, approximately 185 eV, due to their higher mass.
Single vacancy self-interstitial pairs are created when the recoil atom receives small amounts of
energy, e.g. from low-energy x-ray photons or electrons from electromagnetic radiation

(Van Lint et al., 1980).

The recoil atom can cause further damage if it receives enough energy during the collision with the
incident particle. A Si atom needs to receive at least 5 keV of energy during the collision to displace
another Si atom from its lattice site. One can deduct from this value that the threshold energy of
more than 35 keV is required for protons or neutrons, and a threshold energy of more than 8 MeV is
required for electrons. This results in the formation of dense agglomeration of defects since these
displacements are very closely positioned. These are usually referred to as defect clusters as they
have high defect density. These clusters have a greater effect on the properties of semiconductor
devices compared to point defects (Van Lint et al., 1980).

The following are important defects formed during irradiation and will be discussed in full detail in
Chapter 3:
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o Di-vacancy: Two neighbouring atoms removed from lattice sites. This can be created as
either a primary defect when the collision cascades are dense enough, or as a secondary
defect when two single vacancies pair up through diffusion.

e E-centre: Substitutional donor atom with a neighbouring vacancy. This can be created either
as a primary defect if the neighbouring atom is removed by collision or as a secondary
defect by capturing a mobile vacancy.

e A-centre: Oxygen atom with a neighbouring vacancy. Similar to the E-centre, this can be
created as a primary or secondary defect.

These complexes and other more complicated defects will be discussed in full detail later in this
study.
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Figure 2.6: Diagram representing the development of clusters due to an energetic particle entering the crystal from the
bottom of the figure. Insert image shows the displacement of atoms when exposing the substrate to electromagnetic (left)
and heavy particle (right) radiation.

2.3.3 Deep- and shallow-levels

Impurity atoms are introduced to semiconductors to change the conductivity (p-type or n-type) of
semiconductors. Relative to the conduction and valance band, these levels will be classified either
as shallow or deep levels.

Defects with energy levels close to the edges are classified as shallow level defects (see Figure 2.7).
The hydrogenic model usually describes these defects well and the associated wave functions are
not localized. Shallow levels will release carriers into the semiconductor due to their easily ionized
nature. If the material is doped with donor atoms, these atoms introduce electrons into the
conduction band forming a positively charged ionized donor. Group V atoms are commonly used as
donor atoms for Group IV semiconductors. In contrast, for p-type material, the material will be
doped with acceptor atoms introducing holes within the valance band, which are typically from
Group .

Defects categorized as deep levels have much more localised wave functions and typically give rise
to levels that are deeper in the band gap. These deep levels will bind with electrons or holes,
interfering with electrical transport and other electrical properties of the material. Furthermore, they
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decrease the minority carrier lifetime by acting as recombination centres, allowing electrons and
holes to recombine. In turn this increases the noise in photodiodes and transistors and decreases the
efficiency of solar cells (Poole, 2014).

AE
A
Deep Levels
Shallow Levels /

Figure 2.7: Simplified energy diagram showing the position of deep and shallow levels within the band gap. Ec and Ev
are the conduction band and valence band respectively. Deep levels here are shown to be more localized while shallow
levels have an extended nature.

2.4 Deep-level transient spectroscopy

Deep-level transient spectroscopy (DLTS) is a method introduced by D.V. Lang in 1974 for
characterizing and observing deep level impurities in semiconductors. DLTS measures the
capacitance of the diode at a high frequency (MHz) and observes the capacitance transient due to
emission of carriers in a p-n junction, Schottky diode or metal oxide semiconductor (MOS) as a
function of temperature.

DLTS is rapid, easy to analyse and sensitive enough to fulfil all the requirements for complete and
quick characterization of deep levels. It is able to distinguish between minority and majority carrier
traps and is spectroscopic, as it resolves signals produced by different kinds of traps (Sah and
Walker, 1973). There are many variants to the technique, all with the basis of filling the deep levels
with free carriers either optically or electrically and observing the carriers being emitted. The
technique is used to establish the capture rates, various energies, concentration and other
fundamental properties of defects. The properties are used in part to identify the structure of defects
and may be used to find various techniques for manipulating properties of electrical devices.

2.4.1 Capacitance signal

The DLTS technique can be applied to any device with a depletion region. This includes but is not
limited to the p-n junction diode, Schottky diode and MOS devices. Figure 2.8 shows a simplistic
circuit diagram for measuring these devices and where in the device the depletion region would be
found.
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When voltage across the metal-semiconductor junction is modified, there is a corresponding change
with the depletion region width. As the depletion width changes, the number of free charge carriers
changes on both sides of the junction, cause a change in the capacitance. The junction capacitance
and the diffusion capacitance both contribute to the change in capacitance. While the system is
under reverse bias, the junction capacitance would dominate, which is due to the change in the
depletion width. While the system is under forward bias, the diffusion capacitance would dominate,
which is caused by the change in concentration of minority carriers.

P-N Diode Schottky Diode MOS

P N Metal N Metal - N
o . > . “~> .
|7 | ‘ Depletion Region —‘ |7 | ‘ Depletion Region W |7 ‘ ‘ Depletion Region —‘
i i A
Figure 2.8: Diagram depicting the position of the depletion region for the p-n diode, Schottky diode and the MOS diode
connected in a circuit to generate a signal used in DLTS.

Oxide

Suppose, in a metal — n-type semiconductor junction, there are deep levels in the semiconductor and
they have an energy of Er relative to the conduction band. In the undisturbed state, there will be no

net flow of electrons across the junction. The hole and electron densities in the depletion region are
negligible. Shockley and Reed (1952) determined the relationship between the total density of deep

states (N1) and the density of filled traps (nt) with a hole emission rate of e, and an electron

emission rate of e, to be
e 4
I’lT = ( L )NT ( )
e,te,

Disturbing this system will cause a change in the nett charge of the depletion region, and with that a
corresponding change to the capacitance. To a first approximation, the charge due to the defects
may be added to that due to the ionised donors.

The full process of the DLTS cycle (Lang, 1974) for obtaining the capacitance transient is shown in
Figure 2.9. The system is kept under reverse bias (Vr) in a quiescent state (Figure 2.9 (a)). During
this step there are no free charge carriers available for the traps to capture, so the traps in the
depletion region are empty. During the second step (Figure 2.9 (b)) the applied bias is reduced to
zero by using a filling pulse. The depletion width decreases, giving rise to a sharp rise in
capacitance. At the same time, the decreased depletion width allows electrons to be captured by the
empty deep levels. If the system is at sufficiently low temperature, the re-emission of electrons can
be neglected. The rate of density of traps being filled with a capture time constant c, for electrons
can be represented by:

dn

d_tT = ¢,(Ng — nr) ®)
From this it can be seen that if a long enough filling pulse (t > c¢,?) is applied to the system, all the
traps will be filled (i.e. nt = Nry).

During the third step (Figure 9 (c)), the filling pulse is removed, restoring the system to the former
applied bias. The capacitance immediately drops to a value slightly lower than its earlier reverse-
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bias value due to electrons trapped in the depletion region. The system is kept in an undisturbed
state with a reverse bias in the fourth step (Figure 9 (d)). Here the trapped electrons are emitted
thermally, thereby reducing the concentration of filled traps, which in turn causes the capacitance to
decay to its quiescent reverse-bias value. The rate at which electrons are emitted from the density of
traps can be expressed as follows:

dny (6)
e e,Nr — (en + ep)nT.
This can be solved to give the following solution:
N 7
np = T (ep + ene_(e"+eﬂ)’) t>0 ()
e, +e, )
nT - NT < O

where t < 0 is the period before the filling pulse is removed and all the traps are assumed to still be
full. The solution thus shows that the density of filled traps will decay exponentially with the time
constant given by:

S——— (8)
e, +e,

For the case of an electron-emitting centre, the assumption e, > e, holds valid, reducing the
solution obtained in Equation (7) to:

I’lT - NTe_ent t Z O (9)

The amplitude of the transient will thus give a measure of the trap concentration while the time
constant will give the rate of electron emission:

1 (10)

The capacitance of a Shottky diode can be considered to be the same as that of a parallel plate
capacitor. For an n-type Shottky diode the capacitance can be written as follows:

C = % = —614 , (11)
@ 2e(V, - V)
g(Np —nr)

where A is the junction area with w the depletion width. Np is the donor concentration, Vy; is the
built-in voltage, V is the applied voltage, and ¢ is the permeability of the semiconductor.
Following a first order series expansion of Equation (8) about nr at a reverse bias of Vg, assuming

that nt < Nr, substitution of Equation (6) and taking into consideration of the time dependence in
Equation (7), one obtains:
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where Cy is the quiescent capacitance at a reverse bias of V. This equation shows that from the
change in capacitance observed due to the pulsing bias, one can determine the emission rates and
the concentration of deep levels in a Schottky junction (Kosyachenko, 2015).
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Figure 2.9: Basic process of a DLTS cycle and the capacitance transient obtained from the cycle (Lang, 1974).

2.4.2 Thermal DLTS signal processing

The isothermal capacitance transient described in Equation (11) can be obtained by applying a
single DLTS cycle described in Section 2.4.1 at a constant temperature. Analysing the resultant
transient will give the emission rate of the carriers for that temperature. Conventional DLTS, also
known as a rate window scan, measures the emission rate of carriers with changing temperature for
a set rate window. However, this is a time consuming technique to obtain a wide range of emission
rates and analysis becomes complicated if many deep levels are present (Lang, 1974). It is none the
less insightful to describe the process.

Setting up the rate window is one of the essential features for this technique to work. The rate
window needs to ensure that the measuring apparatus only gives an output when the transient has an
emission rate corresponding with the rate window. The amplitude of the transient is proportional to
the output, thus, by varying the temperature over a large interval, the signal will peak when the
emission rate is equal to the rate window and information relating to the thermal activation energies
and concentration of the deep levels can be obtained.
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Traditionally, the dual-gate boxcar integrator is one of the most widely used methods for obtaining
this time filter. The boxcar measures the capacitance at two gates set up at times t; and t,. The
DLTS signal S(T) is obtained from the calculated difference between these measured capacitances
(C(t1)-C(t2)). Substituting capacitance transient described in Equation (11) into this definition gives:

N t t
S(T) = AC(T) = ACy 7~ eT—e 7+, (13)

where ACy is the capacitance difference measured at t = 0.

The difference in measured capacitance as a function of temperature can be seen in Figure 2.10,
which shows the formation of a bell curve. From this we can see that for some time constant Tmax,
Equation (13) has a maximum S(T)max. T0 determine this maximum signal we first need to consider
that there is a high and low temperature for which there will be no measurable change in the
capacitance (S(T) = 0). When the temperature is high enough the transient will complete before
passing through the two gates, while at a low enough temperatures the change between the gates
become negligibly small. However, between these two extremes, there is a transient for some time
constant tmax, for which the signal is a maximum. By differentiation Equation (13) with respect to t,
we obtain Tmax.

I~ (14)

T
In 2
I

Tmax =

Further substituting this into Equation (13) we obtain S(T)max:
In 2 In 2 (15)

S(T) = AC(T) = ACOW e n —e no
D

This shows clearly that the peak height is dependent only on the ratio of the time gate positions and
that the defect concentration is proportional to S (Kosyachenko, 2015). The defect concentration Nt
can now be directly obtained from the DLTS peak height. Assuming all traps have been filled, it is
possible to obtain the concentration by rewriting Equation (12) as follows:

AC _ Nr (16)
C, 2N,

March 18, 2024

© University of Pretoria



10

08

0,6

C)/C, (pF)

04t
I

‘
02 / 0,25
100

|

0,0
0

L L L L L L L L
200 300 80 100 120 140 160 180 200 220
Time (ms) Temperature (K)

Figure 2.10: Simplified simulated graphs showing double-boxcar analysis of temperature-scanned DLTS measurements
of a single deep level. Capacitance transients (left) were generated for different temperatures. The difference in
capacitance at two times, t1 and tz, were calculated and plotted as a function of temperature on the right (Zurich
Instrument, 2017).

2.4.3 Laplace DLTS

Laplace DLTS (L-DLTS) overcomes the resolution problem seen with conventional DLTS. In
contrast to temperature scanned DLTS, this technique measures multiple transients at a set
temperature. It was proposed by Dobaczewski in 1994 that an observed transient is the result of
multiple transients measured at a set temperature. This is represented by:

@) = / wF(s)e_“ds, (17)
0

where F(s) is the spectral density function and f(t) is the observed transient. By averaging multiple
transients, the signal-to-noise ratio greatly improves allowing for advanced mathematical techniques
to be used on it. Performing an inverse Laplace transform on the function in Equation (17), the
spectrum of emission rates can be obtained. Great care has to be taken during the numerical
inversion of a Laplace transformation on a real life problem, as it is an “ill posed” problem
(Dobaczewski et al., 1994). The accuracy of the calculated emission rates is highly dependent on the
signal-to-noise ratio of the averaged transient. During experimentation, the equipment used, the
quality of the sample, the number of transients averaged and other external factors influence the
results of the calculation. In contrast to conventional DLTS, the defect concentration is directly
related to the area under each emission rate peak (Dobaczewski et al., 2004).

L-DLTS identifies and accurately calculates multiple emission rates observed under what appears to
be a single peak when observed with conventional DLTS. However, the technique does not come
without limitations, as accurate distinction between emission rates less than a factor 6 apart
becomes increasingly complicated (Dobaczewski et al., 2004).
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2.5 DLTS defect profiling techniques

The DLTS technique can be used to study different electrical properties of deep levels present in
semiconductors. This includes but is not limited to electron emission activation energy, capture
cross-section, depth profiling, electric field effect and annealing activation energy. Some of these
electrical properties and how to obtain them experimentally will be summarized in this section.

2.5.1 Electron emission activation energy

Activation energies are based off the Arrhenius law principle proposed by Svante Arrhenius (1889).
The result is the combination of Boltzmann distribution and the concept of activation energy. The
rate constant (k) and the activation energy (E,) relationship can be expressed as:

_E, 18
k=Ae k8T (18)

with A the frequency factor, T the absolute temperature and kg the Boltzmann constant.

The electron emission activation energy can be determined using both conventional and L-DLTS
techniques. It was calculated in Section 2.4.2 that for a set rate window, there is a maximum peak
height over a temperature region. By changing the t; and t, settings, different rate windows are
applied to obtain different temperatures at which the maximum is observed. Similarly, L-DLTS
measures and calculates the emission rate for a set temperature. Using the emission rates and their
corresponding temperatures, a linear plot should be obtained when plotting on a graph

of log(%) Vs % as seen in Figure 2.11. The activation energy is calculated from the gradient with the
apparent capture cross-section calculated from the y-intercept. (Lang, 1974)
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Figure 2.11: (a) Conventional DLTS signals (1-5) obtained over a temperature region for different rate windows,
leading to the Arrhenius plot (b) obtained from the temperature and emission rate of each defect. (After Lang, 1974)

2.5.2 True capture cross-section

In Section 2.5.1, the capture cross-section can be obtained by extrapolating the Arrhenius plot to
1/T = 0. This is referred to be the apparent capture cross-section as it may not correspond to the true
capture cross-section. Often, the extrapolation is over a larger distance than the measurements, so
small extrapolation errors would lead to significant errors. In the case of a capture barrier being
present, the capture cross-section will be temperature dependent invalidating this approach. Thus,
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the capture cross-section needs to be directly measured over a wide range of temperatures. (Lang,
1974.)

By measuring the concentration of filled defects as a function of filling pulse width, the true capture
cross-section can be obtained. Increasing the filling pulse width increases the fraction of filled
defects until a maximum is observed due to all traps being filled by the single, long pulse.
Figure 2.12 shows the peak height (S) increasing with filling pulse (tpuise), With their relationship
expressed as:

S _Tpulse (19)

—=1-e

S w

Here S, is the maximum peak height obtained after applying a filling pulse long enough to fill all
available traps. Substituting in Equation (15), this equation can be rewritten in terms capacitance
measurements for experimentation. The theoretical shape for the measured capacitance (AC) versus
log(tpuise) s that of a logistic curve with the slope giving 1/z.

Now the capture cross-section (or) for a set temperature (T) is described by the following equation:

1 W = 8Tkpq (20)
Tam{v, VT am,

or

In this case the carrier concentration n is approximately equal to Np which can be calculated from
capacitance-voltage measurements, (v;y) is the thermal velocity of electrons, q is the electron
charge and me is the effective mass of an electron in the semiconductor.
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Figure 2.12: Changing the filling pulse width and the effect on the peak obtained for capture cross-section
measurements. (After Lang, 1974)

2.5.3 Depth profiling

The defect concentration is directly proportional to the DLTS peak height. It can be calculated from
the measured change in capacitance using Equation (16). Only if AC <« C and if the pulse is large
and long enough to completely fill the defects does it hold. This was shown to only be an
approximation, resulting in serious errors when used inappropriately for determining the
concentrations of defects deep in the band gap at low reverse bias voltages. (Zohta and Watanabe,
1982.)
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A more accurate representation of the defect concentration can be obtained by considering the so-
called A effect. This effect considers the region a distance A shallower than the depletion region
where the defect level is still beneath the Fermi level. Here traps are occupied and do not contribute
to change in capacitance. The width is given by

1
 2e(Ep - Ep)2 (21)
4°Np ’
where Er is the Fermi level, Er is the energy of the deep-level trap, q is the electron charge, Np is
the ionized shallow impurity concentration and ¢ is the dielectric constant of the semiconductor.

The depth profiling technigque used in this study requires a variable filling pulse and a fixed reverse
bias. In this method the filling pulse (V) is changed by small increments while monitoring the
incremental change in capacitance 6(AC) as shown by Zohta and Watanabe (1982). This incremental
change due to the increment in the pulse can be expressed by

A_C:< E )NT<x> . (22)
C Np(x) P

qe*Np

where w is the depletion width and x is the depth below the junction. Capacitance-voltage
measurements will give the shallow impurity profile Np(x). Zohta and Watanabe (1982) calculated
the total signal due to the majority carrier pulse by applying a double integration of the Poisson
equation. The correct deep-level concentration was found to be expressed as

C2ACNp(x) x—4 2 (%= 4\’ -1 (23)
r— C X X ’

where x — A is the depletion width before applying a filling pulse, Xp — A, is after applying the filling
pulse, with A, the value of A, during the pulse.
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Figure 2.13: Changing the filling pulse height and the effect on the peak obtained for depth profiling.

2.5.4 Annealing kinetics

The annealing profile is the time dependent characteristic temperature at which a defect is reduced.
The two main processes according to which defects anneal are diffusion and dissociation. Diffusion
is the migration of defects within the semiconductor to either the surface or to the grain boundaries.
They may also be trapped by other defects or impurities through hydrogen passivation, complex

© University of Pretoria
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formation or direct recombination of the interstitial and vacancy. The charge state and the thermal
energy of the semiconductor crystal determines the migration ability of the defect. Dissociation is
the breaking up of defect complexes, which may also be charge-state dependent.

Isothermal and isochronal annealing are two main techniques used for profiling deep levels, with the
latter used as a guideline for the former. It was proposed by Svante Arrhenius in 1889 that the
temperature dependent reaction rate formula can be obtained by combining the concept of activation
energy and the Boltzmann distribution. This equation is known as Arrhenius’ Law which states that
the rate constant (k) can be written as follows:
_Ea 24

k = Ae kBT, (24)
with E, the activation energy, T the absolute temperature, A the frequency factor and kg the
Boltzmann constant.

Each annealing process is characterized by an activation energy (E,) with the reaction rate
increasing with temperature. With isothermal annealing, the decrease in defect concentration can be
monitored for a fixed temperature, T. Assume the concentration of defects to be N+, for any unit of
time, the concentration of defects annealed will be proportional to the concentration of defects f(Nr)
present at time t. This relationship is described as follows:

dNy (25)
— L = —kf(N
7 J(N7)
with k the annealing rate constant. The first and second order annealing kinetics would be described
by f(N1) = Nt and f(Nt) = Nt? respectively. The solution to Equation (25) for first order annealing
Kinetics is written relative to the initial defect concentration N+(0) as:

N(1) = Np(0)e™, (26)

with t the total annealing time. k is the temperature dependent annealing rate constant and can be
obtained from the Arrhenius equation
_E, (27)
k(T) = k(0)e k8T

with k(0) the pre-exponential constant which, in the case of a defect in a crystal, is related to the
vibrational frequency.

Experimentally, isothermal annealing profiles are measured and plotted as In(Nv) vs. t. The gradient
obtained from this linear plot is the annealing rate constant at the temperature at which the profile
was measured. After obtaining k values at different temperatures, these can be plotted as a function
In[k(T)] vs. TX. The activation energy can be calculated from the gradient of this linear plot, with
the y-intercept representing the frequency factor. The activation energy is related to the minimum
energy required to remove the defect from the crystal while the frequency factor can give additional
information on the mechanism according to which the defect is removed (i.e. dissociation,
recombination, diffusion, etc.).
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3 Radiation-induced defects within silicon

3.1 Reactions of carbon-interstitials (C;)

Carbon is naturally introduced during the growth phase of the Si substrate as Cs atoms. The carbon
is produced by the graphite components in the equipment, the poly-crystalline starting material or
from the gaseous contamination during growth (Kolbesen and Mihlbauer, 1982).

Carbon-related reactions play a vital role in radiation damage in Si. The reaction of interstitial
carbon atoms (C;) are based on three assumptions which are valid for low irradiation fluence. The
first is that in high resistivity silicon crystals, the substitution carbon (Cs) atoms are the main traps
for interstitial silicon (Si;) atoms. Secondly, the only source of mobile carbon species that are
responsible for the formation of carbon-related complexes which are stable at room temperature are
isolated carbon atoms in interstitial positions created by the Watkins replacement mechanism.
(Watkins, 1965). Finally, the kinetics of the formation of carbon-related complexes are controlled
by the C; diffusion coefficient and the capture radii of substitutional carbon, oxygen and doping
materials (Makarenko et al., 2007). The Watkins replacement mechanism for the formation of C; in
Si is described by the following reaction:

C, + Si; — C; + Si,. (28)

Sij atoms are introduced by exposing the material to an external source of high energy particles. The
Sij are mobile in the crystal and migrate to the position of a Cs, where the Si; replaces the Cs to form
the substitutional Si (Sis) and to release C; into the crystal. The mobile Ci will then react with other
impurities, with the most common reactions described as follow:

Ci + Oi - CiOi (29)
C +C, = CC, (30)
Ci+k - CGEK (31)

(Khirunenko et al., 2005).

In p-type material the mobility of Si; atoms is very low at room temperature which results in a slow
reaction rate for the formation of C; and other Ci-related complexes described above. However, this
can be stimulated by the injection of electrons allowing greater diffusion rates of self-interstitials
even at liquid nitrogen temperatures (Makarenko et al., 2009).
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3.1.1 Carbon-interstitial (Ci)

The sources of Ci atoms in Si were listed in Section 3.1. In an ideal substrate, absent of all dopants
except carbon, C; may only react with other carbon atoms or intrinsic defects (Chappell and
Newman, 1987). The first C; point defect was detected by infrared spectroscopy (IR) giving rise to
the 922 and 932 cm local-mode absorption bands (at 77K) (Stein and Vook, 1969). The
configuration of the point-group symmetry for the positive state (Si-G12) was later observed in EPR
spectroscopy by Watkins and Brower (1976). The symmetry was described as Dy, an interstitial
carbon atom which lies anywhere along the line between the substitution site and the interstitial
tetrahedral site (Song and Watkins, 1990). DLTS studies of the donor (Ey + 0.28 eV) and acceptor
levels (Ec — 0.12 eV) were identified using similarities in the formation and annealing behaviours
seen in EPR studies (Lee et al., 1977).

EPR studies by Song and Watkins (1990), identified the negative charged state of the C;-Sis pair to
correspond to the Si-L6 centre. The structural information obtained was in agreement with the
symmetry used to describe the positive charged state of the interstitial carbon. Zheng et al. (1994)
later obtained the structural information of the interstitial carbon in its neutral state from stress
effects on infrared (IR) bands which again was in agreement with the symmetry used to describe the
positive state.

Photoluminescence (PL) studies by Woolley et al. (1986) assigned the 0.856 eV line to the C;-Sis
complex. This conclusion was further re-enforced by Thonke et al. (1987) obtaining the hole
binding energy of 0.25 eV in perfect agreement with DLTS measurements.

The annealing of the C; has shown itself to be of a complicated nature depending on multiple
material characteristics, fabrication techniques and the charge state of the atom. While mobile at
room temperature, the C; tends to form complexes with dominant traps present in the substrate. The
rate of complex formation has previously been reported to be dependent on the concentration of
other traps present. Shinoda and Ohta (1992) measured the annealing rate constant of C; to increase
as a function of oxygen concentration. This can be described as C; atoms having less distance to
travel before encountering a trapping site.

Further studies have shown the migration energy to be dependent on the charge state of the atom. In
n-type material it was found that the C; was in a positive state while under a reverse bias in the
depletion region and the majority placed under a neutral state while the system was unbiased. While
under a neutral state, the migration energy was found to decrease, however, the annealing rate was
independent of the value of the reverse bias applied to the system (Lastovskii et al., 2017).
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Table 3.1 Summary of previous investigations of the Ci defect’s properties.

Property

Value

Reference

Emission activation energy
level / Trap level

DLTS peak identification

Apparent capture cross-
section
Annealing temperature
range (Unbiased n- type)
Annealing temperature
range (Reverse bias n- type)
Annealing activation energy

Migration energy

EPR signal
Point-group symmetry

PL spectroscopy
IR spectroscopy

C E.-012eV

C :E,+0.28eV
C; :EO
C’ 1 H1
C; :5.9x 10" cm?
C/ :5.6 x 10 cm?

260 — 300 K

280 - 330 K

280 -330 K
0.72 - 0.78 eV

0.88 £ 0.02 eV (Charged)
0.73 — 0.74 eV (Neutral)
0.72 eV (Neutral)

C/: GI2
C:L6
C : D
0.856 eV

C: (77 K) 922 cm!
C @ (77 K) 932 cm?

(Shinoda and Ohta, 1992)
(Makarenko et al., 2009)
(Lastovskii et al., 2017)

(Makarenko et al., 2009)

(Moll, 1999)
(Khirunenko et al., 2005)

(Khirunenko et al., 2005)
(Lastovskii et al., 2017)
(Lastovskii et al., 2017)

(Makarenko et al., 2007)
(Makarenko et al., 2009)
(Lastovskii et al., 2017)

(Makarenko et al., 2007)
(Watkins and Brower, 1976)
(Song and Watkins, 1990)

(Watkins and Brower, 1976)
(Song and Watkins, 1990)
(Woolley et al., 1986)
(Chappell and Newman, 1987)

3.1.2 Carbon-interstitial oxygen-interstitial (CiO;) complex

Interstitial oxygen (O;) is another common unintended impurity introduced during the growth phase
of Si substrates. C; species (see Section 3.1.1) which are highly mobile at room temperature in n-
type Si are introduced into the lattice after exposing the substrate to high energy particles. These
mobile species migrate to eventually bond with the O; impurities to form the interstitial-carbon

interstitial-oxygen (CiOi) complexes.

The introduction of the C;O; has been observed to be more complex in p-type material than in n-type
material. Due to the slow migration rates of the self-interstitial at room temperature, the CiO;
complexes are initially seen to form at a lower rate in p-type material compared to that observed in
n-type material. However, the self-interstitial migration rate can be stimulated by means of
injection. Furthermore, in n-type material, the CiO; was found to have only one configuration, while
in p-type material, it is observed to have two configurations namely CiO;" and CiO;. These two
configurations are formed in equal proportions, but the metastable C;O;" complex transforms into
the CiOi complex during annealing just above room temperatures. The reaction can be summarized

as follows:

Ci + Oi d CiOi

G +0; - GO 5 0

(32)

(33)
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It is believed that the configuration of the C;O; that forms depends on the direction from which the
Ci diffuses towards the Oi. Either directly towards the global minimum of the potential to form the
stable complex or towards a local minimum to form a metastable complex (Makarenko et al., 2009).

IR spectroscopy investigations by Newman and Bean (1971) observed the concentration of carbon
interstitials reducing at room temperature at the same time absorption bands 865 and 1116 cm™
appeared. These were labelled C(3) and attributed to carbon and oxygen. Zero-phonon
investigations (C-line 0.7894 eV) in photoluminescence (PL) spectra showed the associated defect
has a Cin sSymmetry while containing both carbon and oxygen (Thonke et al., 1985). Investigations
later by Davies et al. (1986) showed close correlation between the IR C(3) centre and the PL C-line,
while also demonstrating no vacancies to be involved, assigning them to the CiO; complex. Further
investigations by Trombetta and Watkins (1987) showed the EPR centre Si-G15 and the PL C-line
to arise from the same defect. The EPR signal was identified to arise from a positive state due to a
Ci-Sis pair near an interstitial oxygen atom (Lee, Corbett and Brower, 1977). Mukashev et al. (2000)
further suggested that the formation of the metastable Ci;O;* was similar but with the oxygen next to
the C;-Sis pair.

DLTS and electrical measurements have shown strong complimentary information. Based on
correlation with the EPR Si-G15 centre, the energy of the donor level was reported to be E, + 0.38
eV (Mooney et al., 1977). Asom et al. (1987) later attributed the value E, + 0.36 eV because of
correlation to the PL C-line to the C;O; pair. These two closely spaced energy levels were both
attributed to carbon—oxygen complexes but with different atomic arrangements of the CiO; complex
(Londos, 1990). Shinoda and Ohta (1992) found an acceptor level in electron-irradiation studies
with an energy level of Ec—0.06 eV. The combination of annealing (Svensson et al., 1986) and
formation kinetics gave strong evidence for this acceptor to be a metastable precursor of the Si-G15
EPR centre.

Table 3.2: Experimental properties of the CiOi complex obtained from literature.

Electrical Property

Value

Reference

Emission activation energy
level / Trap level

DLTS peak identification
Apparent capture cross-
section

Annealing temperature 1/e
Annealing activation energy
Formation activation energy

Formation frequency factor

Annealing frequency factor
EPR signal
Point-group symmetry
PL spectroscopy
IR spectroscopy

C,O; : Ec-0.06 eV
CiO 1 Ev+0.36 eV
C,01*: Ey+0.34 eV
CIO:- :H2
Ci0" 1 4.2 x 10" cm?
C0f :3.5x 10" cm?
15 min: ~325 K
1.99 eV
CO0 : 1.0-1.05 eV

CO;] : 6—9.5 x10%? s

RT:3x10°s*
C,O;" : G15 center
Cin

C;O0;" : C-line 0.7894 eV
C;O; : (10K) C(3)
865.2 and 115.5 cm™

(Shinoda and Ohta, 1992)
(Makarenko et al., 2009)
(Khirunenko et al., 2005)

(Makarenko et al., 2009)
(Khirunenko et al., 2005)

(Khirunenko et al., 2005)
(Svensson et al., 1986)
(Abdullin et al., 1992)

(Makarenko et al., 2009)
(Abdullin et al., 1992)

(Makarenko et al., 2009)

(Shinoda and Ohta, 1992)

(Shinoda and Ohta, 1992)

(Thonke et al., 1985)
(Thonke et al., 1985)

(Newman and Bean,1971)
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3.1.3 Carbon-interstitial carbon-substitutional (CiCs)

In sufficiently high concentrations, Cs atoms are natural reaction partners for C; atoms. Brower
(1974) reported the first successful identification of the carbon pair. The EPR signal Si—G11 centre
was attributed to the positive charge state of the CiCs pair. Optical detection of magnetic resonance
(ODMR) studies done by Lee et al. in 1982 led to the most widely studied zero-phonon 0.969 eV G-
line. It was identified to arise from two C, atoms with a Si; in between. Davis et al. (1983) re-
examined the vibronic sidebands, which indeed also gave indications of two carbon atoms. Unlike
the ODMT studies by Lee et al. (1982), it was suggested the carbon atoms occupy inequivalent
crystal sites.

Originally complementary DLTS investigations attributed the bi-stable electrical properties of the
CiCs to the OV pair, which was later rectified (Jellison, 1982). Song et al. (1986) combined the
results from a multitude of different measurements (IR, ODMR, EPR, DLTS) to give a full analysis
of the electrical properties of the defect. It was found to exist in two possible configurations due to
its bi-stability. The EPR centres Si—-G11 and Si—G17 correspond to the positive charge state of the
CiCs pair. Similarly, the corresponding DLTS donor and accepter levels were identified as E, + 0.09
and Ec—0.17 eV respectively. They all show a common stable configuration consisting of a Cs atom
directly adjacent to a C;Sis pair. The neutral state gives rise to the EPR signal Si—L7 centre, with the
configuration consisting of two C atoms with a Si; in-between. The corresponding DLTS
measurements found an acceptor level at Ec—0.11 eV with no signs of a donor level.

It was first reported by Jellison (1982) that the transient associated with the energy level Ec—0.17 eV
can be converted to a faster transient corresponding with an energy level at Ec—0.11 eV under
special pulsing conditions. However, not all of the traps associated with this energy level could be
converted, which led to the conclusion that this was due to the contribution of two traps. This was
later supported with annealing profiles with the stable component attributed to the O;V pair which
anneals out at higher temperatures. The transition from the positive state to the neutral state could
be achieved with a special pulsing condition. For the conversion associated with the conversion
from the neutral to the positive state, the pulse width had to be less than t,. For the conversion
associated with the conversion from the positive state to the neutral state, the reverse bias time
between pulses had to be greater than t,. These time constants are thermally active and are given by

0.174 eV
1,=73x10""e K | (7)
0.145 eV
7, =75%x10"8e kT ®)
Other methods were later developed to generate the neutral state, which include but are not limited
to minority carrier injection at less than 50 K (regardless of cooling conditions) and photo excitation
with Nd:YAG (1.16 eV) light. The full configurational-coordinate energy diagram measured by
Song (1988) and Jellison (1982) for the bi-stable CiCs pair can be seen in Figure 3.1.
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Table 3.3: Experimental properties of the CiCs complex obtained from literature.

Electrical Property Value Reference
A:C,C; 1 Ec—0.17 eV
Emission activation energy B: Ci(jg +e:E.—0.10 eV (Jellison, 1982)
level / Trap level A:C,CH:Ey+0.09 eV (Song et al., 1988)
B:C,C2+ h:E,—0.05eV
Annealing activation energy 1.7-1.9eV (Davies et al., 1991)
CC; :Gl11
EPR signal CCl: L7 (Song, Zhan et al., 1990)
C,C!: G17
PL spectroscopy G-line 0.969 eV (O'Donnell et al., 1983)
A:C,C, : (10 K)
594.6, 596.66, 722.4, 953 cm™! (Lavrov et al., 1999)
IR spectroscopy B: G,C, : (10 K)

540.4, 543.3, 579.8, 640.6,
730.4, 842.4 cm™!

016 ECiC,]°+e
\ T /
N fo.02
l:cics:l-
0.17 0.15 011
$o.04
0.16 (GiC,) "+h
"riCiCJ*
0.21 NS § 002
0.09 0.05
} ooz

Figure 3.1 Configurational-coordinate energy diagram (in eV) for the acceptor (top) and donor (bottom) state of the
CiCs complex. (After Song 1988.)
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3.2 Oxygen-Vacancy (O\V)

During the growth of CZ substrates, oxygen diffuses from the silica crucible during its molten phase
(Zulehner, 1983) with concentrations ranging between 10" and 10 cm3. Investigation of the
oxygen by Bond and Kaiser (1960) showed direct evidence by means of X-ray investigations of the
interstitial nature. This was further justified by IR measurements (Kaiser et al., 1956) suggesting
that oxygen forms a non-linear pseudo-molecule (Si-O-Si) consisting of an O; bonded with two Si
atoms (Wang et al., 2014).

After electron irradiation, the primary defect observed with EPR (Si-A) was first observed by
Bemski et al. (1959) and later labelled as Si-B1 by Watkins et al. (1959). The EPR centre Si-B1 was
well researched (ENDOR, IR, EPR, DLTS) and showed to arise from the negative charged state.
The configuration of this charged state was shown to have C,, symmetry. Often referred to as a
substitutional oxygen, the complex is that of O; in the off centre position in a vacancy between two
Sis (i.e. lattice) atoms. In the neutral state it would give rise to the EPR centre Si-S1 (Brower, 1971).

DLTS studies of the acceptor level found the complex to average an energy level of Ec— 0.16 eV to
0.18 eV (Brotherton et al., 1982). Further extensive EPR studies by Frens et al.(1993) assigned the
VO complex the donor level E; — 0.76 eV and showed it to be of amphoteric nature. Makarenko
(1991) re-evaluated the experiments based on gamma-ray irradiation experimentation and concluded
that the Si-A centre has an acceptor and donor level at Ec — 0.16 and Ec — 0.2 eV respectively. At

77 K the localization modes 835 and 884 cm™ which shift to 830 and 877 cm™ at room temperature,
were assigned to the neutral and negative charge states. Further studies showed these vibrational
lines correlating to the lines 1370 and 1430 cm™ at 10 K (Lindstrom et al., 1999; Murin et al.,
1999).

The Shockley-Read-Hall carrier lifetime was found to be determined at high levels of injection by
OV complexes introduced by either low mass MeV ion implantation or particle irradiation. This
lends it to the application to control the lifetime in power semiconductors (Mogro, Love, Chang and
Dyer, 1986), (Sawko and Bartko, 1983).

Table 3.4: Experimental properties of the OiV complex obtained from literature.

Electrical Property Value Reference
Emission activation energy VO™ : Ec—0.16 eV (Makarenko 1991)
level / Trap level VvO° : Ec.— 0.2 eV
Annealing activation energy 1.8eV (Londos et al., 1998)
Point-group symmetry Ca (Brower, 1971)
IR spectroscopy VO™ : (10 K)
1430 cm™ (Lindstrém et al., 1999),
vOo® : (10 K) (Murin et al., 1999)
1370 cm?
EPR signal VO™ : Si-Bl (Watkins et al., 1959)
vo° : Si-S1 (Brower, 1971)
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3.3 Di-vacancy (V)

Corbett and Watkins (1961) were the first to identify the EPR spectra Si-G6 (single positive) and Si-
G7 (single negative) centres (originally labelled Si-J and Si-C respectively) to be associated with
the di-vacancy in silicon. Observations were done after 20 K in situ irradiation, which suggests
formation does not involve annealing and that the di-vacancy is a primary defect. IR studies in
correlation to EPR, associates the absorption bands at 1.8, 3.3 and 3.9 um to the neutral, double
negative and positive charge states, respectively (Cheng et al., 1966). High-energy particle
irradiation results in the formation of vacancies. In the case of B-particle irradiation, the high energy
electron collides with the nuclei of the Sis (i.e. lattice atoms) transferring sufficient energy during
collision, displacing it from its lattice position as Si;. This Si; then collides with the nearest
neighbour atom, displacing it from its lattice position. The initial Si; atom must retain enough
energy to remain an interstitial atom, resulting in two adjacent vacancies being created.

In its undistorted state the configuration of the V; can be described by the Dsq point-group
symmetry, having high-symmetry axes along the four equivalent (111) directions. However,
degenerate and partially occupied orbitals appear in its charged states (V;+, V.2, V) allowing Jahn-
Teller distortion to take place lowering the symmetry to Czn. This symmetry was confirmed
experimentally by EPR measurements at temperatures lower than 20 K (Wit et al., 1976; Watkins
and Corbett, 1965).

The energy and the direction of scattering the initial Sis received from the high energy electron can
be determined by the Mott-Rutherford scattering formula (Rose, 1948). The production rate of V,
has been observed to be substantially anisotropic, which increases with decreasing bombardment
energy.

DLTS studies observed the acceptor energy levels Ec — 0.23 eV and E. — 0.42 eV both having one to
one proportional introduction rates during electron and gamma irradiation (Evwaraye and Sun,
1976). This relationship did not persist with other irradiation studies concerning protons, alpha
particles (Hallén et al., 1990), neutrons (Tokuda, Shimizu and Usami, 1979) or even ions within the
MeV range (Svensson et al., 1991). The donor level has been reported to be around E, + 0.18 to
+0.23 eV. It was found by Kuchinskii and Lomako (1987) to have introduction rates for gamma and
electron irradiation which agree with those observed for the acceptor levels.

Isochronal annealing studies showed the 1/e point to occur at 340 °C with no annealing being
observed below 280 °C. Isothermal annealing studies revealed a thermal activation energy of

1.47 eV and a frequency factor of 1.08 x10° s* which corresponds to dissociation of the VV
(Evwaraye and Sun, 1976). This was observed to be the same for both levels of the trap: V; and V5.

The true electron capture cross-sections (determined by varying the pulse length in DLTS studies)
was determined for V; and V- by Evwaraye and Sun in 1976 to be 6 x 10*® and 1.62 x 1071® ¢cm?
respectively. However, the capture rate for V; is controversial as it is 4 to 5 orders of magnitude
higher than expected for a highly localized and repulsive single negative charged state (107*°* —102!
cm?) (Svensson et al., 1991).
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Table 3.5 Experimental properties of the V2 reported in literature.

Electrical Property Value Reference
Emission activation energy V2+ :Ey+0.25 eV (Svensson et al., 1991)
level / Trap level V;, :Ec—0.23eV
V; 1Ec—0.42eV
Apparent capture cross- V', 1 7.9 x 10726 cm? (Khirunenko et al., 2005)
section
True capture cross-section at V, :6.00 x 10** cm? (Evwaraye and Sun, 1976)
T—o V, 1 1.62 x 107 cm?
Annealing temperature 1/e 340 °C (Evwaraye and Sun, 1976)
Annealing activation energy 147 £ 0.15eV (Evwaraye and Sun, 1976)
Annealing pre-factor 1.08 x 10° st (Evwaraye and Sun, 1976)
EPR signal V, 1 G6 (Corbett and Watkins, 1961)
Vv, 1 G7
Point-group symmetry Daqd (Wit, Sieverts and Ammerlaan,
Jahn-Teller distortion Czp 1976)

3.4 Phosphorus-substitutional vacancy (PsV)

Phosphorous, an intentional impurity introduced into the substrate by means of doping is by far the
fastest diffusing donor impurity in Si. This decreases its importance for microelectronics, however,
it still has great importance for power semiconductors. In high concentrations, phosphorous has the
ability to getter detrimental impurities. In substitutional sites in Si, the atoms easily emit an electron
to the conduction band. Hall-effect measurements have shown this donor level to average around E.
—0.045 eV (Samara et al., 1987; Pajot et al., 1979), agreeing with the theoretical expected values
0.0443 eV (Pantelides et al., 1974).

Exposing the substrate to external radiation sources which introduce vacancies results in the
formation of the phosphorous-vacancy (PV) donor vacancy complex. The first EPR spectrum was
reported by Watkins et al. (1959) labelling it Si-E. This EPR signal was later relabelled to Si-G8,
however, Si-E was still used and extended for other pairs of substitutional group-V vacancy
complexes. Electron-nuclear double resonance was later used to identify the complex as a vacancy
adjacent to a substitutional phosphorous atom in a neutral charge state (PV°) (Watkins et al., 1964).

EPR investigations by Watkins et al. (1959) show the acceptor level to be Ec — 0.44 eV. DLTS
measurements by Kimerling et al. (1975) and Chantre et al. (1983) estimate the acceptor level to be
Ec—0.45eV and E; — 0.44 eV respectively. L-DLTS showed the emission rate observed with DLTS
are indeed 2 centres with similar emission rates (Evans-Freeman et al., 2000).

Annealing studies have shown two annealing stages associated with the diffusion of the PV complex
with the first stage occurring from 120 to 180 °C (Hirata et al., 1966) and the second stage at
temperatures higher than 200 °C (Hirata et al., 1967). Kimerling et al. (1975) obtained the activation
energy 0.95 eV for the neutral charged state and 1.25 eV for the negative charged state. The
difference in activation energies was explained quantitatively by the double Coulomb attraction
between the double negative charged vacancy and the positively charged phosphorous atom which
increases the diffusion barrier.
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Table 3.6: Experimental properties of the PsV complex obtained from literature.

Electrical Property Value Reference
Emission activation energy E.— 0.458+0.005 eV (Auret et al., 2006)
level / Trap level

Annealing temperature PV": 120 — 180 °C (Hirata et al., 1966)
range PV - 5200 °C (Hirata et al., 1967)

Annealing activation energy PV’:0.95eV (Kimerling et al.,1975)

PV : 1.25eV
EPR signal PV’: Si-E / Si-G8§ Watkins et al. (1959)
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4 Palladium-related defects in Si

4.1 Palladium and hydrogen

Pd, the rare silver-white ductile metal, was discovered by an English chemist, William Hyde
Wollaston, in 1803 (McDonald and Hunt, 1982). Compared to other metals, when in the form of a
sponge or powder, it has the greatest affinity for hydrogen. At room temperature and atmospheric
pressure, it is able to adsorb up to 900 times its own volume forming palladium hydride. This
absorption process is reversible, which led to the investigation of its use in hydrogen storage.

The metal gets attacked more readily by oxidizing agents compared to other similar metals (e.g. Pt).
This allows it to dissolve in nitric acid or to be attacked by fluorine at red hot temperatures. At dull
red hot temperatures, Pd acquires a violet oxide film while exposed to air while Pt does not.
Furthermore, while heated, hydrogen and deuterium are able to diffuse through Pd.

Due to the material’s strong capability to combine with H, it is extensively used as a catalyst for
hydrogenation and dehydrogenation. Other uses include jewellery, catalytic convertors for harmful
automobile gases and the use as electrical contacts in connectors. More than half of the world's
supply of Pd and its congener Pt is used for catalytic converters converting approximately 90% of
harmful automobile gases.

4.1.1 Pure palladium

Pd can be found in placer deposits as a free metal alloyed with gold and other platinum-group
metals (Samson, Linnen and Martin, 2005). Pure Pd does not naturally occur on earth, however, it is
prepared via a series of reactions based on the mine and nature of the ore.

The common method uses converter matte (crude, non-ferrous sulphide), which is crushed into
small three-inch sized pieces, which is sent off to the smelting operations. The first step of this stage
is blast furnace treatment, separating practically all the nickel matte containing only platinum group
metals and the nickel matte containing small traces of copper. The nickel matte containing copper is
separated, refined and finally cast into copper anode moulds for the electro-refinery. The nickel
mattes containing the precious metals go through a grinding, oxidization and smelting process,
before being cast into anodes for the electro-refining operations (Gouldsmith, Wilson, 1963).

The copper anodes are dissolved electrolytically with the use of copper sulphuric acid as an
electrolyte. This produces pure copper cathodes and an anode slime which may contain small
guantities of platinum group metals or gold. Similarly, the nickel anodes are dissolved
electrolytically in a solution of nickel sulphate containing boric acid as a buffer. This results in a
pure nickel cathode and a slime anode. The quantity of slime produced by the nickel anodes is far
greater than that produced by the copper anodes (Gouldsmith, Wilson, 1963).

The slime is now subjected to chemical operations where it is completely chemically processed.
First an enriched slime is produced by subjecting the slime to roasting and leaching attacks. This
removes the last copper, iron, nickel and sulphur. The enriched slime contains approximately 65%
of the platinum group metals and gold. The next treatment uses aqua-regia to separate the gold,
platinum and palladium from the more insoluble metals ruthenium, rhodium, osmium and iridium.
This solution is then reduced by adding ammonium chloroplatinate to remove the gold. Amonium
chloride is then added during the filtration which precipitates impure ammonium chloroplatinate

March 18, 2024

© University of Pretoria



<
>
=
=
=

which is then calcined to produce a crude platinum sponge. This crude sponge is then re-disolved
and re-precipitated as a pure ammonium chloroplatinate before being calcined again to produce a
pure platinum sponge. The remaining filtrate from the ammonium chloroplatinate is then oxidized.
An excess of ammonium chloride is added to precipitate the palladium as a crude ammonium salt.
This is then re-dissolved in ammonia to form tetrammino palladium chloride which on acidification
precipitates palladium diammino dichloride. This salt is then calcined to a pure palladium sponge
(Gouldsmith, Wilson, 1963).

Brazlian Mint, uses the following steps: leeching with sulphuric acid, leeching with nitric acid,
removal of impurities, yellow salt precipitation, yellow salt reduction and finally smelting of the Pd
powder. This method proved purity greater than 99.9 % when produced at an industrial scale.
(Sobral and Granato, 1992).

The crystal structure of pure Pd is the face-centred cubic (FCC) lattice. The distance between two
corner lattice points within a single cell is 389.07 pm with the face-centre atom and the corner
lattice point a distance 275.1 pm apart (Arblaster, 2012).

4.1.2 Hydrogen adsorption at metal surfaces

For many decades, hydrogen in metals has attracted the interest of many scientists. One of the most
interesting properties related to the small size of hydrogen is the interstitial diffusion accompanied
by quantum tunneling transport. This results in a remarkable high mobility of H in the material with
thermodynamic equilibrium being reached in comparable short times at room temperature. (Oates
and Flanagan, 1981).

Hydrogen allows for dense packing in metal hosts with the hydrogen density in metal hydrides
being larger than liquid hydrogen. This packing is often accompanied by large negative heat of
solution for hydrogen (Latroche, 2004). This restores research interest in using metal hydrides as
potential energy storage materials (Zlttel et al., 2004).

When exposing the surface of pure Pd to H, molecules, the molecules split and are transferred into
the crystal lattice via surface adsorption, namely a combination of chemi- and physisorption
(Zangwill, 2001). Physisorption is responsible for the adsorption of hydrogen via van der Waals
forces, while chemical bonds between the metal and adsorbate are implied by chemisorption. The
latter is responsible for subsequent uptake of hydrogen in metals (Schlapbach, 1992).

Chemisorption and dissociation are responsible for the activation energy barrier the hydrogen
molecule has to overcome. Figure 4.1 illustrates the potential energy curve of hydrogen in the
vicinity of a metal surface with the curves derived using Lennard-Jones potentials. On the left side
of the graph (Gas), the potential energy of the gas phase of hydrogen and the metal (H, + M) is set
to zero. In the middle (Interface) the interaction between the metal-surface and the hydrogen is
visible). To the right (Metal), the potential energies of the hydrogen dissolved into the metal are
plotted. When the hydrogen atoms are far from the metals surface, the potentials between the
hydrogen molecule and that of two hydrogen atoms are separated by the energy required for
dissociation. The van der Waals force leading to the physisorbed state is the first attractive
interaction of the hydrogen molecule. When placed closer to the surface, the molecule has to
overcome the activation energy barrier for dissociation and the formation of the hydrogen-metal
bond. When the hydrogen on the surface of the metal shares an electron with the metal, they are in a
chemisorbed state. The chemisorbed hydrogen atom can jump in the surface layer and diffuse into

the interstitial sites of the host metal (ZUttel et al., 2010).
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With regards to the gas phase, dissolution of hydrogen in the metal can lower (exothermic reaction)
or increase (endothermic reaction) the potential energy of the system. When the systems potential
energy in the metal is lower than the potential energy of the hydrogen gas molecule and the metal,
hydrogen absorption will occur, resulting in an exothermal reaction (Zuttel et al., 2010).
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Figure 4.1 Potential energy of hydrogen approaching a metal surface based off the Lennard-Jones potential (Kirchheim
and Pundt, 2014) .

When the surface of pure Pd is exposed to H, molecules, the two atoms separate and each adsorbs
into an interstitial site. During the absorption of hydrogen, expansion of the crystal lattice has been
observed. This has shown an increase of as much as 5% in the lattice coefficient (Manchester, San-
Martin and Pitre, 1994).

Conrad et al. (1974) demonstrated that hydrogen adsorbs into Pd as an atom for Pd (110) and (111)
surfaces with Behm et al. (1980) demonstrating this for Pd (100) surfaces. The hydrogen atoms
bond to different positions in the lattice depending on the surface reconstruction and temperature.
Therefore, different surface coverages exists for different surface faces (Christmann, 1988).

The number of hydrogen atoms per Pd lattice atom gives the local adsorbate hydrogen concentration
(®). The surface phases are plotted in the surface phase diagrams (See, Foiles and Daw, 1985) where
the concentration axis of conventional bulk phase diagrams are replaced with surface coverage ©.
The equilibrium position of surface metal atoms can differ from the lattice periodicity given by the
bulk (Schlapbach, 1992).

Hydrogen adsorbates can induce reconstruction by changing the relaxation of metal surface atoms.
At low temperatures, hydrogen will have an extraordinary high coverage of ® = 1.5 H/Pd forming a
(1 x 2)H phase on Pd(110) (Rieder, Baumberger and Stocker, 1983). At higher temperatures,
approximately 0.5 H/Pd is released transforming the surface into the (2 x 1)H phase. This phase is
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maintained at room temperature being quite stable with about ® = 1.5 H/Pd for Pd(100) and Pd(111)
surfaces (Dong et al., 1998; Okuyama et al., 1998).

At a constant pressure, the absorbed quantity of H decreases as a function of increased temperature.
The electrical conductivity and the magnetic susceptibility was found to decrease with increased H
absorption. The shape of the pressure-concentration isothermal diagram suggests the existence of
hydrides below 300°C. While below this temperature, the isotherm exhibits a horizontal pressure-
invariant portion, suggesting the o and p phase hydrides to coexist (Khanuja et al., 2009).

Hydrogen absorption was suggested to form stoichiometric compounds Pd,H. However, it is now
accepted that the composition of the hydride phase varies with temperature with non-stoichiometric
ratio of Pd to H atoms in both a and B phases of hydrides (Kawae et al., 2020).

Due to the small size of hydrogen atoms, they are absorbed onto interstitial sites of the metal lattice.
For the simple lattice structure FCC, they commonly occupy sites with tetrahedral (T -site) and
octahedral (O-site) symmetry, as seen in Figure 4.2.

O-Site T-Site

Figure 4.2 Interstitial octahedral and tetrahedral sites within FCC crystal lattice.

The total energy of the system raises by the strain energy contributed by the distortion of the lattice
due to the occupation of an interstitial site. Thus the size of the interstitial site plays an important
role for hydrogen occupation. To simplify the calculations, one can assume ball-like atoms which
gives the relation between the lattice interstitial site and the hydrogen atom as ri/rn. The lattice
structure relations for FCC is 0.414 (O-site) and 0.255 (T-site). Thus, for FCC lattices, the O-sites
are predominantly filled (Fukai, 2005).

Sieverts (1929) studied many gases dissolving into metals and discovered Sievers’ law. That is, for
an environment containing low concentrations of hydrogen, the concentration of hydrogen (Cw)

within defect-free metals, has a square root relationship with the gas pressure, C, ~ 4 /PHQ.
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4.1.3 Removal of hydrogen from palladium-hydrogen

Differential thermal analysis performed on hydrogen-containing palladium in a nitrogen
environment revealed two dominant peaks. An endothermic peak with a maximum observed around
175 °C corresponding to the desorption of hydrogen and an exothermic peak observed around

280 °C which was attributed to the relaxation of the extended hydrogen-free lattice to its normal
lattice spacing. Ancillary evidence was later presented suggesting hydrogen may be removed from
palladium without exhibiting relaxation of the lattice (Gibb, MacMillan and Roy, 1966; Artman and
Flanagan, 1972).

Some researchers did not support this idea. The desorption investigations were later revisited and
accompanied with desorption of PdAg alloys, both of which showed no evidence of the exothermic
peak. Desorption of hydrogen for PdH.¢s was done within a helium environment to avoid the
hydrogen-oxygen reaction. The desorption commenced at 150 °C with the maximum occurring at
approximately 265 °C. Similarly, for PdHo g1 and PdHo g2 the endothermic maximums were
measured around 245 °C and 205 °C (Artman and Flanagan, 1972).

4.2 Noble metal diffusion in Si

In semiconductor technology, the carrier lifetime can be controlled through the diffusion of noble
metals (Au, Pd and Pt) which introduces recombination centres in the band gap (So et al., 1977).
Proton, helium and electron radiation offer better defect localization, reproducibility, “off-line”
application and several degrees of freedom for profiling. However, radiation defects have low
annealing temperatures (approximately 350 °C) and high concentrations cause parasitic doping and
high device leakage, making them un-ideal recombination centres. In contrast, Pd and Pt in
substitutional positions within the Si lattice are ideal recombination centres. However, it is difficult
to introduce them with exact spatial profiles. Using a combination of both approaches, it is possible
to use radiation damage to guide in-diffusion of noble metals to obtain arbitrary profiles of ideal
recombination centres (Vicente et al., 1993).

4.2.1 Palladium silicide

A considerable number of studies were done on the electrical properties of different silicide-Si
interfaces for use as contacts in semiconductor devices. These studies are important for
understanding the basics of Schottky barrier formation. Silicides are produced by evaporating
metals onto a single crystal Si substrate followed by heat treatment. They are widely used for
Schottky-barrier diodes and ohmic contacts in semiconductor devices. One of the most important
features which distinguishes silicide interfaces from other metal-semiconductor interfaces is the
strong chemical reactivity. Silicide formation alters the stoichiometry of the interface as well as the
atomic structure and chemical bonding. This gives rise to an interface with electrical properties
distinguishably different to non-interacting metal-semiconductor interfaces.

Ultraviolet photoemission and Auger spectroscopy studies showed the formation of Pd,Si-Si
formation on the interface of atomically cleaned Si. This silicide formation occurs at temperatures
below 300 °C and is stable up to 700 °C. The resistivity and barrier heights have been measured for
both n- and p-type materials for different doping concentrations. Pd,Si formation on <111>
orientated Si substrates showed epitaxial growth, whereas with <100> orientated Si, the growth was
polycrystalline. The crystal structure of Pd,Si was found to be hexagonal with the c-axis

perpendicular to the substrate.
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4.2.2 Palladium in silicon

Pd, Au, Pt, and other noble metals have been investigated over the years due to their properties of
being recombination centres. Diffusion of these metals within p-n junctions allows for the control of
the minority carrier lifetime. This leads to an increase in leakage current caused by the generation of
charge within the depletion region. Similar properties were obtained between Pd and Pt, but smaller
compared to those obtained with Au (Vicente et al., 1993).

Both Pd and Pt behave similarly in Si being able to occupy either substitutional or interstitial sites
with the latter configuration making up a small fraction of the solutes. It was found by Azimov et al.
(1973) that the concentration of electrically active palladium would strongly decrease as a
consequence of heat treatment.

4.2.3 Diffusion of metals

Before delving into the lifetime control and technological properties, a better understanding of the
diffusion process of palladium is required. Pd follows two mechanisms for interchanging from the
interstitial state to the substitutional state. The Frank-Turnbull (dissociative) mechanism assumes
the interstitial impurity (XX;) recombines with the lattice vacancy (V) to form the substitutional
impurity (Xs). The kick-out mechanism assumes an interstitial impurity displaces a Sis atom into a
self-interstitial (1) position then occupying the substitutional site (Huntley and Willoughby, 1970).

Frank — Turnbull : X; +V < X
(34)
Kick —out : X; < X, +1
The occurrence of these two reactions is affected by the number of lattice defects present in the
crystal, thus, Pd can be guided by irradiation.

There are a few distinct differences between the two mechanics during diffusion. With the kick-out
mechanism, the concentration of substitutional impurity in the middle of the wafer increases
according to the square root of in-diffusion time. With dissociative mechanism, the concentration
increases according to an exponential in-diffusion time.

On supersaturated wafers, during the annealing process, the concentration due to the kick-out
mechanism follows a first order approximation, annealing linearly with annealing time. However,
the dissociative mechanism follows an exponential approximation (Vicente et al., 1993).

Investigations regarding the diffusion of Pd at high temperatures showed that the Pd defects in Si
interact predominantly with self-interstitials. At low temperatures, however, they predominantly
interact with vacancies.

4.3 Pd and H related defects in Si

As with radiation-induced defects discussed in Chapter 3, other impurities such as noble metals or
gases can be introduced into Si crystal wafers producing electrically active defects. This section will
mainly focus on the introduction of hydrogen and Pd related electrically active complexes.
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4.3.1 Silicon hydride

During fabrication of solar cell devices, impurities are often deliberately introduced into the crystal.
Due to the unique possibility of depositing the antireflection coating with the surface and bulk
passivation in a single processing step, silicon nitride layers containing hydrogen have become
popular in the industrial solar cell processes. During deposition of the front-facing silicon nitride
anti-reflection layer, large quantities of fast-diffusing atomic hydrogen are introduced into the Si
(Duerinckx and Szlufcik, 2002). Important benefits include reduced surface recombination,
however, the side effects and the underlying mechanism of hydrogen injection is still not well
understood.

In Si, the isolated H is a bi-stable species with negative-U ordered donor and acceptor levels. The
positive (H*) and neutral (H°) charged states both have a donor level of Ec — 0.17 eV. H in its
positive state is most stable at the site of highest electron density, i.e. at the bond-centre site (Hg ).
In its neutral state (H3¢) the donor level is most stable in the bond-center site serving as the direct
transition between H3. and Hf + e states, resulting in a free electron in the conduction band.
However, in the negative charge state, H™ has an acceptor level at approximately E. — 0.5 eV and
avoids high electron density regions due to Coulomb repulsion. The H ion prefers to be located at a
tetrahedral site (Hy) while in this state. There is an indirect transition involving considerable lattice
relaxation energy for the acceptor which is the difference between the energy levels Hy and Hp¢
(Andersen et al., 2002)

4.3.2 Pdrelated energy levels

Diffusion of Pd in Si plays an important role in reducing carrier lifetime without simultaneously
increasing the leakage current. Pd has a significant advantage over Au or Pt, in the sense that
process control can be achieved with relative ease given the lifetime values (So et al., 1978). At the
same time, Pd-related defect centres can also function as lifetime carrier killers making it relevant
for use in fast integrated circuitry (Gill et al., 1993).

Studies related to Pd defects in Si can be traced back as far as 1962 by Woodbury and Ludwig
(1962) measuring an acceptor level of Ey + 0.34 eV using EPR. A few years later, the activation
energy levels Ec — 0.18 eV, Ey + 0.34 eV were measured by Azimov et al. (1973) using Hall effect
measurements. Similar energy levels (Ec — 0.22 eV, E, + 0.30 eV) were obtained by Pals (1974)
using the constant capacitance technique. Further investigations led by So and Ghandhi (1977)
showed the formation of two independent Pd centres which were labelled Pd, and Pdy. The Pd,
centre is similar to the previously discussed centres which showed an accepter level Ec — 0.22 eV
and a donor level E, + 0.33 eV. The Pdy, centre was found to be acceptor-like with an energy level
located at Ey + 0.32 eV. The concentration ratio (Pd,/Pdy) of these two centres varied from 40 to 5
for the diffusion temperature range of 900 — 1200 °C. Furthermore, for Pd, the solubility varied
from 4x10* to 4x10*° cm™ across the same temperature range, being less than that of Pt or Au
(Kleinhenz et al., 1981).

Recent studies by Gill et al. (1993) related to Pd-doped p*n Si diodes showed the existence of 5
deep levels related to the Pd impurity after exposure to a particle irradiation. It was found that the
concentration of Pd-related traps would increase at the expense of the o particle radiation induced
trap concentrations. Four acceptor levels, Ec — 0.18 eV, Ec — 0.22 eV, Ec — 0.37 eV and E¢ — 0.59 eV
where observed with one donor level, E, + 0.30 eV. These 5 energy levels were later confirmed by

Sudjadi et al. (1995) with deep-level transient Fourier spectroscopy (DLTFS).
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In the substitutional configuration, both atoms (Pd and Pt) show very similar electronic properties.
Within the Si band gap, Pds has an acceptor level at E; — 0.22 eV (Pds”°) and a donor level at E, +
0.33 eV (Pds"*) (Woodbury and Ludwig, 1962). Similarly, Pts has an acceptor level at E; — 0.22 eV
(Pt7°) and a donor level at Ey + 0.33 eV (Pt%*). The distinguishing property between the two metals
is the solid solubility of active Pd in Si being 20 — 50 times lower than that of Pt, with the Pd;
concentration increasing more gradually with diffusion temperature (Vicente et al., 1993). The
energy levels were associated with substitutional sites due to their high thermal stability.

The in-diffusion and annealing was investigated theoretically and experimentally by Vicente et al.
(1993). This was done by measuring the concentration of the electrically active centres associated
with the energy levels of Ec — 0.22 and E, + 0.33 eV. Within the temperature range of 880 — 1050 °C
they found a constant distribution of Pds within the central zone even for relatively low diffusion
times, suggesting high interstitial diffusivity of Pd. The concentration was found to depend highly
on the square root of diffusion time, suggesting the main in-diffusion mechanism is the kick-out
mechanism. In the super saturated samples, the annealing process at 550 °C showed an exponential
decay with annealing time, similar to what was shown with the dissociation model. This can be
summarized as follows: when the substitutional solubility is low for metal impurities, the generation
of vacancies is high enough so that the main diffusion mechanism is normal diffusion. At
temperatures of high solubility, the predominant mechanism would be the kick-out mechanism
(Vicente et al., 1993).

During the investigation of the production and annealing of the of the Pd levels in Pd-doped p*n Si
diodes an interesting interaction between the Si-A centre (VO: E¢ — 0.20 eV) and the Pd level at E; —
0.18 eV. At temperatures above 100 °C the Ec — 0.18 eV concentration increased sharply at the
expense of the Si-A centre. It was suggested that the vacancies dissociate from the Si-A centre and
attach to electrically inactive Pd atoms converting them into electrically active traps associated with
the Pd-vacancy complex in Si (Gill, Zafar et al., 1994).
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5 Experimental Techniques

5.1 Sample preparation and measurements

In these experiments, the order in which irradiation and deposition of Schottky contacts is
performed, is important. The term post-irradiated will be used to describe samples irradiated after
deposition of the Schottky contacts, and the term pre-irradiated will refer to samples exposed to
irradiation before deposition of the contact. Figure 5.1 shows the difference in the order of the steps
involved in making both types of samples. Each sample was prepared in accordance with these two
process types, with minor changes in the environment to suit each relevant experiment.

(1)

Figure 5.1 The two main sequences used for Schottky diode fabrication: post-irradiation (blue arrows) and pre-
irradiation (red arrows) samples. (1) Cleaning of sample, (2) deposition of metal for fabrication of Schottky contacts, (3)
exposure to electron irradiation and (4) sample ready for analysis.
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5.1.1 Cleaning process

The cleaning steps for Si samples were as follows:

e Degreasing/cleaning: Removal of general surface dust particles, grease and other organic
components in trichloroethylene (TCE), isopropanol and methanol for 5 minutes each in an
ultrasonic bath.

e Etching: Removal of the oxide layer using 40% HF by dipping the sample for 10 s.

o Blow dry: Samples are dried using a stream of N2 gas and are now ready for the
metallization step.

5.1.2 Schottky and ohmic contact fabrication

Schottky contacts were fabricated immediately after chemical cleaning. These contacts were
deposited by evaporating metals (Au, Pd, Ni, Al etc.) onto the polished side of the Si through a
metal contact mask consisting of 0.60 mm diameter circular holes. Deposition was done at a rate of
1 A/s under a vacuum of 10°® mbar. The metal layer thickness depended on the experiment and will
be mentioned in each case.

A schematic of the resistive evaporation deposition system is shown in Figure 5.2. The metal to be
evaporated was placed in a crucible coated with Al,O3. The aluminium barrier inhibits the evaporant
from wetting the tungsten wire and short-circuiting the crucible. The system was sealed and placed
under a high vacuum to prevent further oxidation of the substrate surface and to reduce the
interaction of metal vapour with the atmosphere. The substrate was shielded from the metal
evaporant while slowly increasing the current passing through the crucible. The crucible starts
melting the metal and releasing metal vapour into the system. The rate of deposition is measured
using the vibrating quartz crystal method. Once the desired deposition rate has been obtained, the
shield is removed from the substrate and the deposition commences while monitoring the thickness
of the deposition. The shield is placed between the substrate and the crucible once the desired
thickness was achieved, to prevent further deposition while the crucible is cooling.

,—— Glass bell jar
= < Substrate and holder
hAAA L
LU L Y ]
PRI Metal vapour
AT L )
AR I Y
v/
Yuerd
Evaporant
\‘\“’I/
\d‘\ Crucible
/ Vacuum pump
1
1 |
1
A\

Figure 5.2 Simple side view schematic of the resistive evaporation deposition system.
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Ohmic contacts were made using liquid gallium-indium eutectic on the back of the sample. A sheet
of carbon paper is placed on top of this liquid to prevent contamination to the cryostat mounting
surface.

5.1.3 Electron irradiation

Electron irradiation was carried out using a °°Sr radionuclide source. The half-life for the %Sr
radionuclide is 28.5 years decaying to yttrium (Y -90) releasing 0.5 MeV energy, and electron and an
anti-neutrino. The Y-90 has a half-life of 64.1 hours decaying into zirconium (Zr) by the emission
of a 2.27 MeV energy and another electron and anti-neutrino. Over 70% of the electrons emitted
from the nuclide have energies above the threshold (255 keV) required for producing defects by
elastic collision within Si. The continuous energy distribution of electrons emitted by the °Sr
radionuclide can be seen in Figure 5.3.

The sample was placed 1 mm away from the nuclide, below the centre of the circular *°Sr source
which measured 8.4 mm in diameter. The flux reaching the sample at this position can be assumed
to be that leaving the surface of the source. The °°Sr had an activity of 20 mCi which was used to
calculate the total flux of electrons emitted by the source. Due to the much shorter life-time of the Y
compared to the °°Sr, each decay of °°Sr leads to the emission of 2 electrons. The total dose is equal
to the area under the Sr + Y curve seen in Figure 5.3. The temperature of the sample was kept
constant using a Peltier cell running on a PID loop.

0.20

- - Strontium (Sr)
N Yttrium (Y)
a — Sr+Y

0.15

0.10

Intensity (a.u.)

0.05

0.00 k1 L e A
0.5 1.0 1.5 2.0 2.5
Energy (MeV)

Figure 5.3 Energy distribution of electrons emitted by a °°Sr radionuclide. The Sr + Y energy distribution has been
displaced by an amount indicated by the arrow for clarification (Auret, Goodman, Myburg and Meyer, 1993).
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5.1.4 Annealing

Annealing of samples was done as shown in Figure 5.4. Samples were directly placed on the silver
hot plate within the chamber, which was then closed and either placed under a vacuum or flushed
out with argon or nitrogen gas. When gas was used, the one-way valve was opened to allow a
constant flow of gas entering and leaving the chamber, but the valve was closed for vacuum
annealing. Once the desired environment was achieved, the hot plate was switched on. The
temperature of the hot plate was measured using a thermocouple sensor and controlled using a
Lakeshore 340 temperature controller. A rate of 5 K/s was used, controlled by a PID loop to ensure
it stabilizes at the desired temperature. Stabilization within 0.01 K was achieved within 10 seconds.
After the sample has annealed at the stabilized temperature for a set amount of time, the hot plate is
switched off and cooled down rapidly to room temperature. Once room temperature was achieved
the chamber was opened to remove the sample.

« Chamber Lid

One Way Air Valve

= Sample
e Silver plate
<«— Water Cooling Inlet
<«—  Thermocouple and Heater
«< Water Cooling Outlet

Figure 5.4 Annealing apparatus.

5.1.5 DLTS characterization

The schematic diagram in Figure 5.5 shows the system in which both conventional and Laplace
DLTS was done in. The system was comprised of the following:

o Closed cycle helium cryostat used for cooling the system down to as low as 15 K.

e Vacuum Pump to prevent condensation during cooling and provide thermal insulation.

e Insulating sapphire disk to insulate the sample electrically from the cold finger while
providing good thermal contact.

o Agilent 33220A Arbitrary Wave Form Generator applying the required filling pulse and
guiescent reverse bias.

o Lakeshore 340 temperature controller which is responsible for stabilizing the temperature of
the sample using a PID loop.

o Boonton Model 7200 Capacitance Meter which is a high speed instrument measuring

capacitance with high precision.
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e Offset box connected to the “diff” terminal of the Boonton to reduce the capacitance
observed for more sensitive scales.

o Laplace Card which triggers pulses for the wave generator and converts analogue signals
from the Boonton into digital data for processing in computers.

The sample is placed on indium foil directly on the surface of the sapphire. Two probes are used,
one placed on the Schottky diode and the second placed on the indium foil connected to the ohmic
contact of the sample.

Boonton 7200
Capacitance Meter

Agilent 3322A Agilent 3322A S

P » Pulse Generator Pulse Generator Cryostat

a L\

Q0

o]

<

L Lakeshore 332

e Temperature

Controller

Figure 5.5: Conventional and Laplace DLTS experimental block diagram setup.
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6 Results and discussion

6.1 Samples and baseline measurements

The samples used in this study came from wafers of phosphorous-doped n-type Si with doping
levels of between 3 x 10 and 2 x 10% cm™ and different concentrations of C and O, as listed in
Table 6.1. The wafers were provided by Fraunhofer Institute for Photonic Microsystems (IPMS),
Dresden, Germany. DLTS performed on diodes fabricated on these wafers did not show any defects.

Samples were taken from all 4 wafers and labelled 1 to 4 according to their corresponding wafer
number and 500 A Pd Schottky diodes were deposited on each sample after cleaning. For
irradiation, each sample was placed on a mounting plate, ensuring consistent positioning relative to
the °°Sr source. Each sample was exposed to irradiation from the °°Sr radionuclide at an ambient
temperature of 20 — 21 °C, with Samples 1 — 3 exposed for 18 hours and Sample 4 exposed for 2
hours, since it had a much lower carrier concentration. Typical 1V characteristics (Samples 1 — 3)
are shown in Figure 6.1. All diodes had series resistance much less than 1 kQ and leakage current of
less than 10 xA at —1V reverse bias, and therefore are suitable for DLTS measurements.

Conventional DLTS (C-DLTS) spectrum (Figure 6.2) and Arrhenius plots (Figure 6.3) were
measured directly after irradiation and again after the sample being left at room temperature (24 °C)
for 10 days. The properties of the defects are summarised in Table 6.2.

Table 6.1 Summary of the properties of the wafers used in this study (data supplied by the Fraunhofer IPMS).

Carbon Oxygen Charge carrier
Substrate Growth concentration concentration concentration
number  Description method (cm®) (cm®) (cm®)

1 Medium carbon and Czochralski 8 x 1016 3 x 10%7 2 x 10%
oxygen concentration.

2 Low carbonand Float Zone 5 x 1015 5 x 1015 2 x 10%
oxygen concentration.

Low carbon and high

; Czochralski 6 x 101 1 x 1018 2 x 101
oxygen concentration.

High carbon and
4 medium oxygen Czochralski 6 x 10%7 3 x 10Y 3x 104
concentration.

When dealing with Si samples containing C, exposure to irradiation is expected to result in the
formation of the C; defect which is highly mobile at room temperature and will migrate and form
complexes with the most dominant impurities in the system. In this case PsCi, CiOi, CiCs and CiO;"
are the most likely complexes to form. In n-type samples, the formation of the C;, CiO;" and the CiC;
electrically active defects are seen by C-DLTS measurements. When left at room temperature for a
few days, the CiOi" transforms from its metastable state into the more stable configuration CiO;
which is visible as a hole trap under minority carrier injection (or directly in p-type samples).
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Vacancies are expected to form the divacancy (presenting peaks in two charge states VV-, VV7),
OiV and PsV.

102

10°

—— Un-irradiated

104 —— Post-irradiated E
7o —— Pre-irradiated
£ 10% _
E .,
O

B ’

107

108 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Applied bias (V)

Figure 6.1 Typical IV characteristics of the un-irradiated, pre-irradiated and post-irradiated diodes. The straight lines
represent the fit used for the determination of their parameters.

6.1.1 Baseline results: Wafer 1 (Medium carbon and oxygen concentration)

Directly after exposure to irradiation, the common defects Ci, CiOi", VV-, VV=, OiV and PsV were
observed in the DLTS spectrum. The O;V was the dominant peak which was expected, since oxygen
was the dominant impurity. A very low concentration of C; defects was observed due to the majority
of them forming bonds with the oxygen present in the sample. C; defects are more likely to form
bonds with the most dominant impurity in the sample, which was observed with the CiO;i" complex
being the second most dominant peak.

After the sample was left at room temperature for 10 days, the CiOi" and C; peaks were no longer
visible in the conventional DLTS spectrum. The C;iO;" transformed to the more stable complex CiO;
which is not observable in n-type material. The C; defect migrated and formed complexes with other
impurities in the system. Capture-cross section measurements revealed a small portion
(approximately 5 %) of the peak observed around 90 K consisted of the C;Cs defect.

6.1.2 Baseline results: Wafer 2 (Low carbon and oxygen concentration)

Directly after exposure to irradiation, the same common defects observed in Sample 1 were present
in Sample 2. In this sample the concentration of C, O and P were roughly equal. The CiO;i" complex
was present in the sample, however, with its peak close to the freeze-out temperature of Si, the
concentration was too low to plot an accurate Arrhenius plot.

After leaving the sample at room temperature for 10 days, the peak observed around 35 K (CiO;i")
annealed out as expected. The C; annealed out by migrating to form the stable C;Cs complex. The
concentration of C; annealing was similar to the increase in the concentration of C;Cs in the sample.
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This shows that in a system with C, O, and P impurities of similar concentration, the C; is more
likely to form a complex with other carbon atoms.

6.1.3 Baseline results: Wafer 3 (Low carbon and high oxygen concentrations)

Directly after irradiation, only some of the defects present in Samples 1 and 2 were present in
Sample 3. Due to the extremely high concentration of oxygen, the concentration of the VV and the
PsV were almost negligible in comparison with the O;V. The C; peak was not observed after
irradiation, however, the carbon related complex CiO;* was observed. The oxygen concentration was
sufficiently high to allow the C; defects to bind with O; almost directly after introduction. The peak
observed directly to the left of the O;V was found to appear at around 80 K, 10 K higher compared
to the Ci peak and was not seen in the other samples. The peak had an activation energy of
E.—0.136 eV.

The only observable change in the sample after leaving it at room temperature for 10 days was the
CiOi" peak annealing out, probably by transforming into the CiOi. The new peak observed around 80
K and the O;V peak heights were unaffected, suggesting that no CiC;s was introduced and that the
peak around 80 K is not due to the C;.

6.1.4 Baseline results: Wafer 4 (High carbon and medium oxygen concentrations)

This sample had a much lower carrier concentration compared to the other samples which only
allowed for 2 hours of exposure to the *°Sr radiation nuclei. The sample had an unpolished surface
which introduced surface states which were visible on the DLTS measurements. Directly after
irradiation it was impossible to measure the sample above 150 K. Below this temperature the same
defects were observed (V2~, OiV, Ci, CiCs and CiO;") with an additional peak around 40 K which was
metastable, annealing out when a large bias (-5V) was applied to the sample.

After leaving the sample at room temperature for 10 days, the Ci and CiO;" peaks annealed out. It is
assumed that the CiO;" transformed into its more stable C;O; complex. The C; in this sample did not
transform into CiCs as seen in previous samples. Instead the peak at 90 K which contained C;C;
directly after irradiation now only consisted of O;V and a new peak observed around 110 K. It is
highly possible for this peak to be carbon related. It was not possible to do measurements above 125
K due to the interference of the surface states.

This sample was deemed unusable for the experiments which are to follow in this thesis. However,
this serves as a reminder, showing the importance of polishing samples for the fabrication of
electrical devices.

March 18, 2024

© University of Pretoria



Table 6.2 Table summarizing the defects observed in all 4 samples directly after irradiation by °°Sr and again after the
sample was left at room temperature for 10 days.

Temperature at which
peak was observed

Energy Level Directly

Energy Level After 10

Defect with rate window 200 | after irradiation (eV) Days At RT (eV)
st (K)
S1: E.—0.068
. S2: E.-0.074
Cioi 34 S3: E. - 0.068 B
S4: E.— 0.068
S1:E.-0.111
Ci 70 S2: E.-0.111 -
S4: Ec—0.110
Unidentified 80 S3: E.—0.136 S3: E.-0.131
S1: Ec-0.169 S1: Ec-0.170
S2: E.-0.170 S2: E.—-0.170
OV 0 S3: Ec— 0.169 S3: E. - 0.169
S4: E. - 0.169 S4: E. - 0.169
S1: Ec—-0.169
CiCs 90 - S2: E.—-0.170
S3: Ec—0.169
Unidentified 110 - S4: E.—0.188
S1: Ec-0.230 S1: Ec-0.230
VV= 125 S2: E.-0.230 S2: E.-0.231
S3: E. - 0.230 S3: Ec—0.230
~ S1: Ec-0.364 S1: E.-0.364
WV 225 S2: Ec—0.308 S2: Ec-0.360
S1: E. - 0.463 S1: E. - 0.460
PV 225 S2: E. - 0.463 S2: E. - 0.461
S3: Ec - 0.462 S3: Ec — 0.465
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Figure 6.2 DLTS spectra of Samples 1 — 4 directly after irradiation and after being left at room temperature for 10 days.
Measured at 1 K/min at 200 Hz under a reverse bias of —2 V and forward bias of 0 V of 1 ms pulse length.
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Figure 6.3 Arrhenius-plots comparing the defects observed in the 4 samples. For clarity, the defects measured in Sample
1 are shown in black and the additional defects observed are shown in red (Sample 2) and green (Sample 4).
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6.2 The effect of metal deposition

This section focuses on the effect Pd deposition has on radiation induced defects. Multiple species
of metals were deposited on the surface of pre- and post-irradiated samples and C-DLTS spectrums
were recorded to determine if there was any change to electrically active defects within Si.

6.2.1 Experimental setup

The effect of metal deposition on pre- and post-irradiated samples needed to be explored with
different metals. Pd, Au, Ag, Ni and Al were available for investigation. Unfortunately, Pt cannot be
used within resistive evaporation setups due to the high melting point of the material. Electron beam
deposition or other techniques like sputter deposition will need to be used to investigate this
material, however, these techniques usually bring in other defects which complicates the current
experiment.

The following experiment explored if other metals exhibited similar effects on irradiation induced
defects or if the effect was unique to Pd. The experiment aimed to establish whether the observed
effect only manifests after the samples undergo irradiation, or if it can also occur when Schottky
diodes are fabricated first and then subjected to radiation. Lastly, the experiment aimed to determine
if the Pd affects previously made Schottky diodes exposed to irradiation afterwards when deposited
nearby.

Five samples were cut from Wafer 1, large enough for each to accommodate two Schottky diodes.
Schottky diodes were fabricated (see Figure 6.4) and measured as follows:

e Sample was cleaned using the steps mentioned in Section 5.1.1.

e Asingle Schottky diode, 500 A thick, was deposited using the selected metal on one half of
the substrate surface.

e The Sample was exposed to *°Sr irradiation for 18 hours at an average room temperature of
20 to 21 °C.

e Conventional DLTS was performed on the Schottky diode.

e The sample was cleaned using the same cleaning process as previous used.

e The second Schottky diode 500 A thick, was deposited 0.2 mm from the previous Schottky
diode using the same metal.

e Conventional DLTS was performed on the second Schottky diode.

e Conventional DLTS was performed on the first Schottky diode.

It was important to re-measure the first Schottky diode, to see if the deposition of the second
Schottky diode had an effect on nearby pre-existing diodes already exposed to irradiation.

The samples were labelled with the chemical symbol of the metal deposited on it and prefixed with
“pre” or “post” depending on if the sample was irradiated before or after the metal was deposited
(i.e. 1-Pre-Pd, refers to a sample from Wafer 1 exposed to irradiation before deposition of Pd).
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Figure 6.4 Schematic diagram of the procedure showing the selected metal Schottky diode deposited on the first half of
the sample’s surface (1). The full sample was then exposed to electron irradiation from the °°Sr Source (2). A second
Schottky diode was deposited on other half of the sample’s surface (3). The resultant sample (4).

6.2.2 Results

The baseline results in Section 6.1 show the defects generally observed in Si devices made in
industry then exposed to irradiation. This serves as a baseline for understanding the effect metals
have on the substrate before or after exposure to radiation.

The C-DLTS spectrums of the samples irradiated after deposition (Figure 6.5) are similar as well as
to the baseline measurements discussed in Section 6.1. All the expected radiation-induced defects
were observed with no significant differences. Small variations in the Ci, CiO;" and CiCs
concentrations were most likely caused by small variations in the temperature as each sample was
irradiated on a different day.

The pre-irradiated contacts were deposited on the second half of the surface, already exposed to
irradiation earlier. This allows for the fabrication of pre-irradiated Schottky diodes to be comparable
to the post-irradiated samples measured earlier, as they were irradiated at the same time and
experienced the same temperatures during processing. The C-DLTS spectrums for Au, Ni and Al
were similar to their post-irradiated counterparts, with only some change in the Ci, CiOi" and CiCs
concentration due to thermal contact during deposition. Ag showed some signs of passivating
radiation induced defects, with no new electrically active defects being introduced within the n-type
material.

Pd had the most interesting effect on the C-DLTS spectrum of the pre-irradiated diodes. None of the
radiation induced defects observed in the post-irradiated diodes were seen in the C-DLTS spectrum
of the pre-irradiated diodes. Instead, 13 new defects were observed with most energy levels not
previously identified. We will refer to this unexpected change in the observed defects as the Pd-
effect. Identification of these defects will be discussed in greater detail later in this chapter.

Re-measuring the first (post-irradiated) Schottky diodes on each sample showed that they were
unaffected by the deposition of the second (pre-irradiated) Schottky diode next to them.

March 18, 2024 m

© University of Pretoria



TEIT VAN PRETO
Y OF PRETO
ITHI YA PRETO

mn
«Z

Vi
PV

e T Post-Au

T Post-Ni

T e Post-Al
et Post-Ag
©) T e Post-Pd

<

T —, Pre-Au

Sam IR Pre-Ni

T Pre-Al

L2 — Pre-Ag

/\v-/\—"/\*—-—/ M Pre-Pd

. . .

100 200 300 400

Temperature (K)

Figure 6.5 C-DLTS spectrums for Schottky diodes of different metals irradiated after deposition (post-irradiated) and
before deposition (pre-irradiated). Samples were taken from Wafer 1 and exposed to irradiation for 18 hours at room
temperature.

6.3 Effect of an intermediate Au or Pd layer and irradiation through a thick
Pd layer

Here the question “Does the deposition of Pd only passivate radiation-induced defects and introduce
new defects when making direct contact with the Si surface during deposition.” was investigated.
Two approaches were taken: firstly, depositing thin Schottky contacts of various thicknesses, then
irradiating the samples and then depositing Pd on the contacts of various thicknesses of Pd Schottky
diodes. Secondly, covering the surface with a 2 000 A thick layer of metal, then irradiating the
samples through the layer, before removing the metal and depositing Pd Schottky diodes.

6.3.1 Experimental setup

e Two samples large enough to accommodate 5 contacts each were taken from Wafer 1. Using
a movable shield, contacts with varying thickness were deposited on the sample. The
fabrication and measurement steps were as follows:

e Samples were cleaned using the steps mentioned in Section 5.1.1.

e Schottky diodes were deposited using the setup with a movable shield shown in Figure 6.6.
Initially, all contact holes were shielded off from the deposition material until the desired 1
AJs rate of deposition was achieved. The shield was then moved to expose only the first
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contact hole to allow deposition to occur for the first contact. After 20 A was deposited the
shield was again moved to reveal the next contact hole. This was repeated until 4 contacts
with thicknesses 20, 40, 60 and 80 A were on the sample. For the first sample Au was used
and for the second sample Pd was used.

e Both samples were exposed to *°Sr irradiation for 18 hours at an average room temperature
of 20 to 21 °C.

e Both samples were cleaned again using the steps mentioned in Section 5.1.1.

o Both samples were placed back on the mask with contacts aligned to the holes in the mask.

e 500 A of Pd was deposited (without the presence of the shield) on top of the four previously
created Schottky diodes of varying thickness as well as through a fith hole to form a new
Schottky diode. This created five Schottky diodes, one control and four diodes which have
had an intermediate layer deposited before irradiation.

e C-DLTS was performed on all the Schottky diodes.

Figure 6.7 shows a diagram of a section through the 5 Schottky diodes which were created.

Sample
¥

4’( Mask

Figure 6.6 The sample was placed on top of the mask with a moveable shield below the mask to selectively prevent metal
from being deposited through some of the holes. During the deposition the shield would be slid to the right revealing
more holes in the mask to allow more Schottky diodes to form on the surface of the sample. This allowed multiple
Schottky diodes with varying thicknesses to be deposited in a single deposition.

/ Second deposition Pd

First deposition Au/Pd

Si

A

Figure 6.7 Schematic section through the 5 Schottky diodes fabricated on each sample. The first deposition resulted in
Schottky diodes with thickness of 0, 20, 40, 60 and 80 A of Au/Pd deposited. The samples were then exposed to
irradiation before a thick layer of approximately 500 A of Pd was deposited over the previously deposited diodes.

e Another limitation was to see if the presence of metal prevents some kind of surface
deformation during irradiation. Another sample was taken from Wafer 1. with the Schottky
diodes fabricated as follows:

e Sample was cleaned using the steps mentioned in Section 5.1.1

e One half the sample surface had 2 000 A of Pd deposited on it.

e The full sample was exposed to “Sr irradiation for 18 hours at an average temperature of 20
- 21 °C.
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o The sample was placed in a solution of aqua regia to remove the Pd on the surface.
e The sample was then cleaned using the steps mentioned in Section 5.1.1.

e 500 A thick Pd Schottky diodes were deposited on both halves of the surface.

e C-DLTS spectrums were measured of Schottky diodes on both surfaces.

6.3.2 Results and discussion

The C-DLTS spectrums of five samples prepared as described in Section 6.3.1 using Au contacts of
various thicknesses are shown in Figure 6.8. The defects observed in Section 6.1 were used as a
baseline to determine if the new defects exist within each Schottky diode.

The Schottky diodes that had no Au deposited on the surface (0 A Au), went through the same
process as the pre-irradiated Pd sample in Section 6.2, as expected. The full passivation of radiation
induced defects was observed with the introduction of the full spectrum of new defects seen in the
previous experiment. This set the baseline that the effect of depositing Pd on pre-irradiated samples
did occur in the sample. With the second row of Schottky diodes, on which 20 A of Au was
deposited before exposing the sample to irradiation, the deposition of Pd on the sample still had a
strong influence on the radiation induced defects. Although it is not clearly visible with most of the
defects, the Ec — 0.17 eV peak observed in the post-irradiated samples was observed in the C-DLTS
spectrum. This suggests that the Pd has to be deposited directly onto the surface in order to fully
introduce the new defects and to passivate the radiation induced defects present within the sample.

Both sets of defects were observed in the Schottky diodes where 40 A of Au was deposited before
the irradiation and the deposition of Pd. The radiation induced defects were more visible, with the
Eo.17 clearly present in the spectrum. The Pd-effect was clearly reduced compared to the clean-
surface deposition (0 A Au).

The last two rows had 60 A and 80 A of Au deposited before exposure to irradiation and deposition
of Pd. Both of the samples showed no indication of the new defects within their C-DLTS spectrums
or any signs of passivation. Only radiation induced defects were present within the samples and
showed similar spectrums to those observed in Section 6.1 for the post-irradiated diodes.

Resistive evaporation deposition does not proceed in a completely uniform fashion. During
deposition, there is a short period where instead of the covering the full surface, small islands form,
exposing small gaps of the surface. It has been estimated within the community that a layer of
approximately 50 A would cover the whole surface to fabricate a single Schottky diode.

This experiment was repeated using Pd instead of Au and the C-DLTS spectrums were
indistinguishable from those in Figure 6.8. The passivation and introduction of the new defects
seems to be blocked by the presence of other metals, including Pd when depositing Pd on samples
previously exposed to irradiation.

In the second experiment, the deposition of a 2 000 A layer, which was removed before the Pd was
deposited, the full Pd-effect was observed (i.e. the spectrums were identical to the C-DLTS
spectrum observed in Figure 6.8 (0 A Au)).

With all this information, the effect is limited to only Pd making contact with the Si surface during
deposition. Having a metal on the surface, exposing it to irradiation, removing the metal and then
fabricating Pd Schottky diodes does not alter the effect at all. Which suggest two things, firstly the
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effect can be done multiple times on the same sample, by removing the metal and depositing it
again. This would allow for further passivation of radiation induced defects and enhance the
introduction of the new defects if the first attempt was not completely successful. Secondly, it is
unlikely that a surface deformation was caused by irradiation to allow for the observed effect to
occur. The presence of other metals on the Si during deposition prevents this effect from being
observed if the Pd was deposited over those metals.

This will give the user control over the fabrication of new devices, as they will be able to limit the
passivation of radiation induced defects and the introduction of the new defects. This control is
enhanced further as this can be done without affecting devices already present on the same wafer, as
the effect does not seem to occur within nearby devices fabricated before this process.

oV
CiCs

e e 8 nm Au

O ....»m
< 6 nm Au
— 4 nmAu
2 nm Au
—— O0nm Au

1 1 1 1
100 200 300 400

Temperature (K)

Figure 6.8 C-DLTS spectrums of contacts where different thicknesses of Au were deposited before exposing the Schottky
diodes to irradiation followed by depositing 500 A of Pd.

6.4 H, Pd and contamination

Before delving deeper into the identification and interaction of defects with each other, it is
important to eliminate the possibility of hydrogen diffusion or contamination within the Pd. Various
forms of Pd (ribbon, pellet, powder) from different sources were used to confirm the repeatability of
the Pd-effect. Additionally, the setup from Section 6.3 was used to eliminate the possibility of
hydrogen diffusion during deposition.
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6.4.1 Experimental setup

Four samples were taken from Wafer 1 and labelled accordingly. Each sample was exposed to Pd
from a different source:

e Sample 1: Schottky diodes made from Pd pellets with the crucible used in previous
experiments.

e Sample 2: Schottky diodes made from Pd pellets with a new crucible.

¢ Sample 3: Schottky diodes made from Pd powder with a new crucible.

o Sample 4: Schottky diodes made from Pd ribbon with a new crucible.

Sample 1 will be used as the baseline sample.

The resistive evaporation system underwent a complete cleaning process to ensure there was no
contamination from metals previously evaporated in system. The new crucibles were all baked out
to remove any contaminants. The Schottky diodes were then fabricated as follows:

e The full sample was exposed to 12 hours of °°Sr irradiation at approximately 20 to 21 °C.

e The sample was cleaned using the steps mentioned in Section 5.1.1.

e The shield used in Section 6.3 was used to control where the Schottky diodes got deposited
during the depositions.

o Two crucibles were loaded into the system and shielded off from each other. One crucible
had the relevant Pd mentioned earlier and the other crucible had pure Au.

e The sample was then placed under a vacuum of approximately 1 x 10" mbar

o While keeping the deposition shield (see Figure 5.3) and the second shield up, the Pd
crucible was slowly heated up until a molten state was achieved with a deposition rate of 1
AJs and kept there for 5 minutes.

o The system shield was completely removed and the sample shield was only partially
removed exposing half of the sample surface to the evaporant.

e 500 A Pd Schottky diodes were deposited during this time.

o Both shields were placed in front of the sample again and the Pd was allowed to cool to
close to room temperature.

o While under the same vacuum, the system was set to now use the Au crucible.

e The Au was heated up until melting point and deposition rate of approximately 1 A/s and
kept there for 5 minutes.

e The system shield was completely removed and the sample shield was partially removed
exposing the second half of the sample (not previously exposed) to the evaporant.

e 500 A Au Schottky diodes were deposited during this time.

e Both shields were applied and the Au was cooled down to room temperature.

e Both sets of Schottky diodes were measured using C-DLTS.

e This was repeated for the other 3 samples.

For additional clarification on contamination, Sample 1 was sent for EDX analysis in a scanning
electron microscope (SEM) to measure for the presence of contamination.

6.4.2 Results

Previous investigations with regards to de-hydrogenation of Pd showed the removal of the hydrogen
already occurring at temperatures below 300 °C (See Chapter 4). The melting point of Pd was found
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to be approximately 1550 °C. This is much higher (just over five-fold), which suggests that no
hydrogen should be present within the Pd when in a molten state.

Under powerful vacuums, the remainder gas floating around the system can safely be assumed to
consist mainly of hydrogen. This allows one to calculate an approximate mean free path for the
molecules within the vacuum of the system. The environment temperature measured an average of
25 °C during the experiments. Assuming only hydrogen remains under a vacuum of 1 x 10°" mbar,
the molecule in the form of H; has a kinetic diameter of 289 pm. This results in a mean free path of
1109.3 m, which suggests it is highly unlikely for the evaporant to interact with gasses present
within the system during deposition.

Sample 1 was selected as the baseline sample, using the pellet Pd and crucible used up into this
point of the experiments. By heating up the Pd to a molten state while keeping the shield up allows
any hydrogen trapped within the material to evaporate and be removed from the system by the
vacuum pumps without affecting the sample. After 5 minutes of evaporating with the shields up, the
shields were removed allowing fabrication of the Pd Schottky diodes. These Schottky diodes
represent pre-irradiated samples, which passivate radiation induced defects and introduce a new set
of defects within their place. Conventional DLTS measurements confirmed the presence of this
affect, showing almost identical results seen in previous experiments. The Au Schottky diodes
fabricated within the second half of the experiment showed the presence of all the well-known
radiation induced defects seen in post-irradiated samples.

Similarly, Samples 2, 3 and 4 all showed identical conventional DLTS spectrums seen within
sample 1. Since new crucibles were prepared and used for each material, with the whole evaporation
chamber cleaned specifically to eliminate the presence of previous depositions, the likelihood of
contamination is unlikely to be caused by the apparatus. The three Pd materials were provided in
different forms and came from different manufacturers, yet all produced identical results. The
likelihood of dealing with contaminated material can also be considered unlikely.

EDX measurements from the SEM system showed no traces of any other material besides Pd and Si
observed from Sample 1 (see Table 6.3). Combine this with the multiple different forms of Pd from
different manufacturers and with the environment set up for the experiment, the likelihood of
contamination can be safely ignored.

The passivation of radiation induced defects and introduction of the new series of defects were still
observed across multiple types of Pd. This was observed after the hydrogen was thermally removed
under a powerful vacuum before removing the shields for deposition. This effect was not observed
by the deposition of Au Schottky diodes under the same vacuum on the second half of the sample
surface. This suggests the evaporation of hydrogen does not cause the passivation of radiation
induced defects nor the introduction of the new series of defects. Secondly, from the calculated
mean path of the H, molecules within the vacuum, the likelihood of the Pd evaporant reacting with
H. before making contact with the surface of the silicon is highly unlikely.
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Table 6.3: SEM results for Pd Schottky Diodes on Sample 1.
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Element | Line Apparent k Ratio | Wt% | Wit% | Standard | Factory
Type | Concentration Sigma | Label | Standard

Si K 9.08 | 0.07194 | 56.96 0.17 | Si02 Yes
series

Pd L 4.47 | 0.04470 | 43.04 0.17 Pd Yes
series

Total: 100.00

6.5 Isochronal annealing

When confronted with new electrically active defects, one of the first focuses is to determine
methods to control their concentration within the samples. Earlier, control over the introduction of
these new defects was investigated giving new insight on how to prevent or control the
concentration of these defects within the samples. This section will focus on the isochronal
annealing profiles to determine the temperatures required to remove or transform the defects. One of
the most important features will be determining relationships between the simultaneous removal of
some defects, the removal and simultaneous introduction of other defects and defects with unique
removal properties. The experiment explored whether the effect appears post-irradiation or with pre-
fabricated Schottky diodes exposed to radiation, also using annealing to identify defects.

6.5.1 Experimental setup

Three types of samples were prepared for isochronal annealing profiles. All samples were exposed
to °°Sr irradiation for 48 hours at 275 K.

e Sample Al: Pd Schottky diodes were fabricated on a sample taken from Wafer 1 (medium
carbon and oxygen concentration), before irradiation. (Post irradiated.)

e Sample A2: Pd Schottky diodes were fabricated on a sample taken from Wafer 1 after
irradiation. (Pre-irradiated)

e Sample B1: Pd Schottky diodes were fabricated on a sample taken from Wafer 2 (low
carbon and oxygen concentration), before irradiation. (Post irradiated.)

e Sample B2: Pd Schottky diodes were fabricated on a sample taken from Wafer 2 after
irradiation. (Pre-irradiated)

The low temperature irradiation was to ensure that as little as possible C; annealed out during the
irradiation process.

All the samples underwent isochronal annealing. The samples were annealed at 5 K increments for
10 minutes per annealing phase. Careful setting of the temperature controller settings limited the
temperature overshoot to a mean of 0.6 K with a standard deviation of 0.4 K. Stabilization of each
temperature occurred within a mean of 9 seconds from initially reaching the set temperature with a
standard deviation of 3 seconds.

6.5.2 Results: Post-irradiated samples

Isochronal annealing profiles from samples Al and B1 (post-irradiated) focus on profiling the
already well-studied radiation induced defects within n-type Si. These profiles are important for
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comparison to previous studied profiles and to determine if some of these defects are still present
within pre-irradiated samples (Samples A2 and B2). The full isochronal annealing profiles can be
seen in Figure 6.9 with the logistic fitting values seen in Table 6.4 which summarizes all the
important information.

Table 6.4: Overview of Sample Al Isochronal Annealing Profiles: S-Curve Analysis with Midpoint Temperature, Annealing
Rate, and Defect Concentration Changes

Trap Introduced/Annealing Midpoint (K) Annealing rate (K?) ANt (cm™3)
CiOi 1: Annealing 316 -7.16 1.75 x 1013
Ci 1: Annealing 307 - 6.50 2.63 x 1013
CiCs VO 1: Introduction 308 +6.59 8.64 x 1012
2: Annealing 460 - 14.65 2.46 x 1013
3: Annealing 594 - 15.45 1.95 x 1013
VV= 1: Annealing - - -
PV VV- 1: Annealing 341 -9.90 3.03 x 1012
2: Annealing 431 -20.75 5.61 x 10'?
3: Annealing 569 -12.30 2.53 x 10%?
5x1013
O CiCs +VO
Ci
4x1013 b o Cioi*
PV + VV
—~  3x10®3
?
=
L
—
= 2x1018
1013 F
0
200 300 400 500 600 700

Temperature (K)

Figure 6.9 Isochronal annealing profiles of Sample Al with 5 K incremental annealing steps at 10 minutes intervals
measured 1 um beneath the surface junction. Reversed calculation of CiOi* concentration introduced into the sample
based on Ci and CiCs observed concentration change.
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6.5.2.1 GOy, C;, CiCs and O,V isochronal annealing relationship

In Figure 6.9 the transformation interactions between the C;, CiO; and CiC; peaks for Sample Al can
be observed. The peak observed around 90 K (previously assigned to the CiCs and O;V complexes)
was observed to grow before undergoing two separate annealing stages. During the growth phase a
complicated series of additional growths and annealing’s were observed with the peaks around 35 K
and 65 K. The first peak was assigned to the C;O;" complex with the second belonging to the C; trap.
An interesting series of events occurs, initially the CiO;” was not observable within the sample due
to the low temperature irradiation which slows down the migration of C; within Si. However, as the
concentration of the C; starts decreasing, the CiO;" and the concentration of the peak observed at

90 K increased. As the temperature increased isochronally, the C; annealed out logistically with the
critical annealing midpoint observed around 307 K. Similarly, the concentration of the peak
observed around 90 K showed a positive logistic observation with a growth midpoint seen around
313 K. In contrast the CiOi" complex showed a more bell curve like introduction which suggested
the annealing process started shortly after the introduction process started.

To determine the annealing rate of the CiO;", one can assume the following reactions to take place:

C, +C, - CC,
C,+0, - C0!
C,0f - C,0;

These can be understood as follows: during the annealing period of the C;, the trap migrates through
the sample and forms a complex either with Cs or O; impurities (first two reactions). The resultant
concentration ratio of the two complexes is highly dependent on the concentration of both
impurities. The CiOi” is the metastable form of the complex, which transforms into the more stable
complex CiO; at a higher temperature (third reaction). The stable complex is not measurable within
n-type material but can be observed within p-type material. Using this assumption, the introduction
rate of the CiO;" can be calculated by using the difference between the introduction rate of the CiCs
and the removal rate of Ci. The transformation of C;O;" to CiOi can be calculated using the
difference between the measured CiO;", and the introduction profile calculated for the CiO;". This
gave the CiO;" an introduction midpoint temperature of 308 K and an annealing midpoint around
316 K.

With Sample B1, the concentration of C impurities greatly outnumbered the concentration of O
within the sample. This resulted in an annealing profile of C; purely transforming into C;Cs, with no
signs of CiO;" being introduced during the profiling. The annealing midpoint for C; was found to be
305 K, similar to what was observed within Sample Al.

6.5.2.2 PV and VV isochronal annealing

The peak observed around 225 K was previously assigned to belong to the PV and the single
negative divacancy, VV™. The peak was observed to anneal out in 3 stages, which can be seen in
Figure 6.9. Previous investigations assign the second annealing stage to the PV with the 3™
annealing stage belonging to the VV. It is currently unknown what causes the first annealing stage
with some papers assigning this annealing stage as removal of “junk noise”. The peaks were
indistinguishable from each other in Laplace DLTS measurements.
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Isochronal annealing profiles from samples Al and B1 (pre-irradiated) focus on profiling the new
complexes introduced by the deposition of Pd on pre-irradiated n-type Si. Table 6.5 summarizes the
isochronal annealing profiles for the E1 to E14 traps, with Figure 6.10 showing a normalized view
of the annealing profiles. The L-DLTS spectrum showing peaks for each defect at critical
temperatures is shown in Figure 6.11.

Table 6.5: Sample B1 isochronal annealing profiles: Model fittings and sequence of concentration changes (1-4)
indicating multiple annealing profiles for some defects

Trap Introduced/Annealing Midpoint (K) Annealing rate (K?) ANt
E1 1: Annealing 321 -3.82 3.20 x 1012
2: Annealing 400 -7.07 1.52 x 1013
E2 1: Annealing 338 -7.24 3.14 x 1012
E3 1: Annealing 359 -7.50 1.60 x 102
E4 1: Annealing 337 -7.36 3.02 x 1012
2: Introduction 400 +7.11 1.46 x 1013
3: Annealing 485 -18.47 2.42 x 1013
4: Annealing 679 -30.51 2.19 x 10%3
E5 1: Introduction 385 +5.98 3.54 x 10%?
2: Annealing Above 720 K - -
E6 1: Annealing 349 -6.85 9.04 x 101!
E7 1: Annealing N/A N/A 9.50 x 1012
2: Introduction 458 +8.81 9.59 x 1012
3: Annealing 618 -13.08 9.59 x 10'?
E8 1: Annealing 530 -8.45 1.30 x 1013
E9 1: Annealing 337 -10.96 9.04 x 10'?
E10 1: Introduction 336 +6.53 8.61 x 1012
2: Annealing 466 -12.16 1.13 x 103
E11 1: Introduction 372 +3.66 5.47 x 1012
2: Annealing 497 -5.39 5.47 x 1012
E12 1: Annealing Disappeared? Disappeared? -
E13 1: Annealing Disappeared? Disappeared? -
E14 1: Annealing 388 -7.08 9.63 x 10%?
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Figure 6.10 Normalized isochronal annealing profiles for Sample A2 with 5 K incremental annealing steps at 10 minutes
intervals measured 1 um beneath the surface of the Si.
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Figure 6.11 L-DLTS signals observed at critical temperatures for Sample A2 throughout the isochronal annealing

process. These measurements were done under -2V reverse bias, 0 V filling pulse and a 1 ms filling pulse width.

6.53.1 E4

Probably one of the most prominent traps introduced by the deposition of Pd in pre-irradiated
samples would be the trap E4. This trap underwent 4 isochronal annealing or growth stages, as
shown in Figure 6.12. In the first annealing stage, the E4 concentration decreased by the same

amount and rate as that of the E2 (see Section 6.5.3.2), when it annealed out. The second stage was
a growth stage where it seemed that the annealing out of the E1 (Section 6.5.3.3) trap introduced
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more E4. Hereafter the E4 trap underwent two more annealing stages at higher temperatures. The
first of these (the second annealing stage) was observed to start occurring before the growth stage
had completed. It was observed to anneal to a constant concentration with a logistic decay constant
of —18.47 K™ ! and sigmoid midpoint of 485 K. The change in concentration was approximately 50
%. There were no observable changes in other trap concentrations which could relate to this trap
during this annealing stage. There are a few possible explanations for this annealing stage: The peak
could consist of multiple traps, or there might be a defect not observable in this sample which
consumes the E4. The logistic decay rate was much slower compared to other traps observed in the
system.

E4 underwent a third annealing phase, completely annealing out of the system during this stage. It
was observed to anneal with a logistic decay rate of -30.51 K and a sigmoid midpoint of 679 K.
This annealing phase annealed out at the slowest rate compared to all the annealing rates observed
so far, with the annealing occurring over a span of 250 K. Again, there was no apparent
relationships with other traps in the sample.

With this information at hand, it suggests a few possible scenarios which will require further
studies. During the growth and annealing of this peak, L-DLTS measurements were unable to split
the peak and the measured emission rate remained consistent throughout the experiment (Figure
6.11). The prominent scenario would suggest that the E4 complex is a single atom impurity, similar
in nature to that of the C; trap but not highly mobile. In this case, taking into consideration the
previous annealing relationships (annealing of the E1, E2 and possible unobservable trap), it is
possible that the E2 undergoes dissociation, releasing an impurity that is highly mobile which
combines with the E4. At the same time during the second annealing stage of the E1, it would
undergo dissociation which introduces more E4 impurities. Similarly, during the second annealing
stage, another impurity would combine with the E4 during its annealing making an electrically
inactive complex. If this is the case, it would make the E4 trap the most important trap introduced to
the system to help determine the complexes produced by the deposition of Pd.

6.5.3.2 E2

The E2 was observed in Sample A2 but not in Sample B2, As discussed earlier, the annealing of the
E2 seems closely related to the first annealing stage of the E4, as showed in Figure 6.12. The E2
was observed to anneal out with a logistic decay rate of -7.24 K and have a logistic midpoint
around 338 K. The first annealing stage observed with trap E4 measured a logistic decay rate

of -7.26 Kt and a sigmoid midpoint of 337 K. The concentration of E2 trap that annealed out was
3.14 x 102 cm™ while at the same time the E4 trap decreased approximately 3.02 x 10*2 cm=2 in
concentration. All three variables are within 1% discrepancy, suggesting there is some form of
relationship between annealing out the E2 trap and the effect it has on the concentration of E4 being
annealed out at the same time. There was no observable change with the emission rate of the E4
obtained using L-DLTS. It is possible that the E2 trap undergoes dissociation during annealing,
resulting in impurities being released into the system. These impurities diffuse and form complexes
with the E4 trap resulting in the decrease in E4 concentration. No new complexes were observed
and other trap concentrations were unaffected by the annealing of these two traps. This suggest that
the new complex might either be electrically inactive or was not observable unless special
requirements were met.

For Sample B2, after fabrication, the E2 peak did not show up. This was similar to the CiO;" not
appearing in the post-irradiated sample B1, indicating that the E2 defect might be related to the
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CiOi". During the annealing of Sample B2, the E4 peak did not have the first annealing stage which
was observed within Sample A2.

6.5.33 E1

One of the shallowest traps of the new series of Pd deposition induced traps observed would be the
E1 trap. L-DLTS measurements clearly showed this trap to have a lower emission rate when
measured alongside the CiOi* trap. The annealing of this trap was composed of two stages. During
the first stage, it rapidly annealed out just above room temperature with a logistic decay rate

of -3.82 K'* and with the sigmoid midpoint measuring at 321 K. After the first annealing stage, the
trap remains at a stable concentration before undergoing a second annealing stage with a logistic
decay rate of -7.07 K'* and a sigmoid midpoint of 400 K annealing out completely. During the first
annealing stage, no other trap was observed to undergo annealing or growth with similar annealing
kinetics. However, the second annealing stage shared similar annealing kinetics with the E4 trap.
During this annealing stage, the E4 undergoes a logistic growth rate of 7.11 K- with a sigmoid
midpoint around 400 K. During this time, the E4 concentration increased with 1.46 x 103 cm,
similar to the concentration of E1 removed from the system. There was no observable change to the
emission rate or any signs of a new peak being introduced to the system using L-DLTS. Since the
two traps share the same change in concentration, have the same sigmoid midpoints and have the
same logistic rates with one growing while the other decaying, highly suggests that the two traps
share some form of relationship with each other. Similar to what was experienced with E2, E1 might
undergo dissociation where either an impurity is released into the system to form the E4 complex, or
E1 was a more complicated complex variant of E4 that broke down into the E4 complex.
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Figure 6.12 Sample A2 isochronal annealing profiles showing the relationship between the E1, E2 and E4
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6.5.3.4 E3

The trap E3, had no unique properties showing any form of relationship with other complexes
already present within the system. It was observed to anneal out completely with a logistic decay
rate of -7.50 K and an annealing midpoint of 359 K. No new peaks were introduced to the system
during this annealing phase.

6.5.3.5 E6

The trap E6 always had the lowest concentration compared to all the other traps. The concentration
measured in A2 coincides with the concentration measured in Sample Al for the VV~=, indicating
that the E6 might be related to the divacancy. However, further experimentation is required to
produce concrete evidence of this relationship between these two traps. A suggested experiment
would be to use heavy particles (i.e. alpha-particles) which introduces larger concentrations of di-
vacancy complexes and compare if the concentrations are still similar before and after deposition of
Pd. Interestingly enough the complex has a logistic annealing midpoint around 349 K which is much
lower than the logistic midpoint of 569 K observed for the di-vacancy complex. There were also no
signs of the di-vacancy complex being reintroduced to the system as this trap was removed.

6.5.3.6 E7

The trap E7 had the most unique annealing property out of all the new traps observed due to the
deposition of Pd (See Figure 6.13). In Sample A2 the E7 initially annealed out completely between
320 K and 410 K with an annealing curve that did not follow the sigmoidal curve shape. Annealing
the sample 10 K higher (420 K) initiated the re-introduction of this trap before it started annealing
out again around 545 K with it finally being removed from the system around 680 K. During these
decay and growth phases, the L-DLTS measurements revealed a single distinct peak which had a
constant emission rate throughout the full annealing process (Figure 6.11).

For convenience sake the initial trap which was introduced due to deposition of Pd will be referred
to as E7a The shape of the annealing curve obtained for the E7a trap shows signs of consisting of
multiple sigmoidal curves. Proper modelling of this curve needs to be done in future research. This
may suggest that the removal is caused by multiple traps being removed from the system. Since the
trap gets re-introduced to the system at higher temperatures, this suggests that impurities dissociate
from another trap, migrate and combine with this trap to form the E7b, resulting in the trap being
electrically inactive. No other trap was observed to be introduced while this trap was removed. At
temperatures higher than 420 K, the E7a is re-introduced to the system at a logistic rate of 8.81 K
and annealing midpoint of 458 K. Further increasing the temperature results in the trap finally
annealing out with a logistic rate of -13.08 K'* and annealing midpoint of 618 K.
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Figure 6.13 Sample A2 isochronal annealing profiles showing the E7 annealing out completely before being re-
introduced to the system just to be annealed out at a higher temperature.

6.5.3.7 E8

The E8 trap had no observable unique properties regarding its annealing profile. The trap was
observed to anneal out with a sigmoid midpoint of 530 K and a logistic decay rate of -8.45 K1,
There were no observable interactions with other traps within the system during its annealing phase.

6.5.3.8 El1

E11 is a strange trap already present in the system directly after deposition of Pd Schottky diodes.
The concentration was observed to increase quite rapidly with a logistic growth rate of 3.66 K and
a logistic midpoint of 372 K. This trap then annealed out with a logistic decay rate of -5.39 K and
a logistic midpoint of 497 K. During both stages, the introduction and annealing, did not share any
similar annealing Kinetics with other traps that were observed in the system. L-DLTS measurements
(Figure 6.11) showed a single trap with its concentration undergoing growth and then fully being
removed with a single annealing profile at a higher temperature. It is currently unknown where the
initial concentration of E11 comes from as the sample did not anneal at temperatures higher than
320 K during deposition of Pd.

6.5.3.9 EI12

E12 was another defect with a unique property when compared to other traps. This trap was
introduced by the deposition of the Pd Schottky diodes after the sample was exposed to radiation.
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However, after the sample was exposed to a reverse bias while at temperatures above 340 K, the
trap would be completely removed from the sample. The exact temperature that triggers this event
will need to be investigated more thoroughly, however, applying a reverse bias at room temperature
and below has not shown any removal of this trap. Currently it does not seem to be reversible using
conventional methods, however, further studies are required.

6.5.3.10 E9 and E10

The formation of the E10 trap was observed to be the result of annealing the E9 trap. The E9
complex annealed out with a logistic decay rate of -10.96 K'* and a sigmoid midpoint of 337 K. E10
was introduced with a logistic growth rate of 6.53 K™* and a sigmoid midpoint of 336 K. The
concentration of E9 trap removed from the system was equivalent to the E10 introduced during this
removal. There are some important features to take note of. Due to the number of complexes
observed with L-DLTS, whenever a dominant trap was present, the analysis of the transient would
become more complicated. This would explain why the rates would be different but the annealing
midpoints would be of similar nature. Interestingly enough, there was already E10 present in the
system before annealing. Due to these low temperature annealing kinetics, during the deposition of
Pd, the sample would easily reach high enough temperatures where the transformation of E9 to E10
would occur.

The annealing characteristics of the E9 resembles those observed with the first annealing phase of
the PV complex seen in Sample Al (Table 6.4). The midpoint and logistic decay rate were measured
to be 341 K and -9.90 K respectively. This results in a difference of 4 K and -1.04 K for the
midpoint and logistic annealing decay rate. The differences between the two would most likely be
the result of the complexity of measuring the PV concentration with L-DLTS in Al. It is still
currently unknown what causes the first annealing phase of the trap observed at the PV complex.
Further studies need to be done of these two complexes which might one day give further insight of
the structure if a correlation is found.

It is possible that the E9 and E10 traps are the same complex but in different states. With the E10
being a more stable state. It would then result in E9 transforming into E10 when the samples are
exposed to temperatures slightly above room temperature.

At higher temperatures the E10 finally anneals out with a logistic decay rate of -12.16* K and a
sigmoid midpoint of 466 K. There were no observable signs to suggest the annealing of this trap
affected the concentrations of other traps that still remained within the sample.
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Figure 6.14 Sample A2 isochronal annealing profiles isochronal annealing profiles showing the relationship between the
E9 and E10.

6.5.3.11 E14

E14 is the deepest trap measured in Si within pre-irradiated samples, with DLTS measuring its
emission signals above room temperature. This trap only undergoes a single logistic annealing stage
with a logistic decay rate of -7.08 K* and a sigmoid midpoint around 388 K. As discussed earlier,
this trap shared similar annealing kinetics to trap E5, however, the correspondence was not exact
due to deviations in the annealing kinetics and trap concentrations. No other trap measured shared
similar annealing kinetic properties linking it to the E14.

6.5.3.12 E5

E5 is another trap that was introduced only after annealing. It grew logistically with a growth rate of
5.981 K and a sigmoid midpoint of 385 K during the isochronal annealing process. This trap was
not introduced in Sample Al or B1 during isochronal annealing, which suggests its introduction was
related to the new complexes introduced by the deposition of Pd after exposure to irradiation.
During its introduction, the only complex with annealing kinetics which were similar enough to it
was the E14 complex. The logistic midpoints differ by 3 K, with E14 having a midpoint of 388 K
and annealing out with a logistic decay rate of -7.08* K. Although the midpoints are similar, they
are different and the annealing rate was significantly different. Comparing the change in
concentration of the two traps, E5 increased with a concentration of 3.54 x 10%2 cm= while E14
decreased with a concentration of 9.63 x 102 cm™, which is approximately 3 times the change in
concentration E5 experienced. There still lies the possibility that 1/3 of the E14 released into the
system combines with something else that is inactive to form the E5. However, it is unlikely that
these two traps have a relationship within the system. It is more likely that there are electrically
inactive impurities/complexes or even traps that were not observed requiring different conditions to
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be measured that create this trap during annealing. It was not possible to observe the annealing
phase of E5, mainly due to the samples no longer functioning as intended once exposed to
temperatures as high as 725 K. However, this does suggest the trap requires temperatures higher
than 720 K to anneal out. This suggests that the trap is highly stable at high temperatures, which is
one step closer to identifying the structure.

6.5.3.13 E13

For the trap E13, there is not much information to be given except that it is the second trap that has
measurable emission rates above room temperature in Si with DLTS. The trap was only properly
visible with L-DLTS once the concentration of E14 was reduced by annealing. This trap seems to
exist in very small quantities and suddenly disappears from the system when taking the sample
above 420 K.

6.6 ldentification of Pd effect complexes

Phosphorous-doped Si was irradiated by electron irradiation from a %°Sr radionuclide source either
before (pre-) or after (post-irradiated) deposition of 400-nm thick Pd Schottky diodes. In the case of
post-irradiation, irradiation was performed through the Schottky diodes, which were thin enough to
allow most of the radiation to pass through unimpeded. The concentration of Ci, CiOi" and CiCs was
controlled by irradiating at different temperatures. The experiment was repeated a number of times
on samples with different carbon and oxygen concentrations with doping levels of about 2 x 10
cm3. The carbon, oxygen and charge carrier concentration of the samples are listed in Table 6.1.

6.6.1 Experimental

Multiple samples were taken from Wafer 1, 2 and 3. These samples were either exposed to
irradiation at different temperatures before (pre-) or after (post-irradiated) deposition of their
Schottky diodes. Schottky diodes were controlled to be 400 nm thick and deposited at a rate of 1 A/s
under a vacuum of approximately 1 x 10® mbar. From Wafer 1, the following 8 samples were
prepared:

a) post-irradiated sample irradiated at room temperature

b) post-irradiated sample irradiated at room temperature and left at this temperature for 1 week

c) post-irradiated sample irradiated at 275 K

d) post-irradiated sample irradiated at 303 K

e) pre-irradiated sample irradiated at room temperature

f) pre-irradiated sample irradiated at room temperature and left at this temperature for 1 week
before deposition

g) pre-irradiated sample irradiated at 275 K

h) pre-irradiated sample irradiated at 303 K

Wafers 2 and 3 only underwent methods a, b, e and f.

6.6.2 Results

The results of a series of experiments for Wafer 1 (with a relatively high carbon concentration) are
shown in Figure 6.15. Curves (1a) — (1d) were recorded for post-irradiated samples, while Curves
(1e) — (1h) were recorded from pre-irradiated samples (the labelling corresponds to that used in the
list above). In the post-irradiated samples (Curves (1a) — (1d)) the DLTS peaks due to the well-
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known radiation-induced complexes (Ci, CiCs, CiOi", OiV, VV-, VV~ and PsV) (Makarenko et al.,
2009), (Shinoda et al., 1992), (Auret et al.,2006), (Svensson et al., 1991) were observed. However,
in the pre-irradiated samples (Curves (1e) - (1h)), a different set of DLTS peaks were observed. By
comparing Curves (1a) and (1b), it is clear that the Ci and CiO;" annealed out when the sample was
left at room temperature. When comparing Curves (1e) and (1f), it is clear that the peaks at 55 K
(E2) and 80 K (E3) share this same property, therefore it is believed that the E2 and E3 peaks are
related to the Ci and CiOi". A more specific assignment may be made by comparing Curves (1c) and
(1g), where it is clear that the CiO;" (in Curve (1c)) and the E3 (in Curve (1g)) are not present, we
therefore conclude that Pd deposition converts the CiO;" to the E2. Further evidence for this
conclusion is found by comparing Curves (1d) and (1h).

The second experiment for Wafer 2 is shown below in Figure 6.16. Similarly, to what was observed
in Wafer 1, in the post-irradiated samples all well-known radiation induced complex DLTS peaks
were observed but the CiO;" (Curves (2a) & (2b)), while different peaks were observed in the pre-
irradiated samples (Curves (2e) & (2f)). The formation of C;O;" was most likely prevented by the
low concentration of carbon and oxygen, however, the formation of C;Cs was still observed. Wafers
(2a) and (2e) were irradiated at room temperature and immediately processed and measured, while
Wafers (2b) and (2f) were left at room temperature for a week before processing and measurement.
Here it was clear that the CiO;" peak observed in Wafer 1 was not present in Wafer 2, while
similarly the peak at 55 K (E2) was not present in the pre-irradiated samples. By comparing Curves
(2a) and (2b), it is clear that the C; peak anneals out when the sample is left at room temperature.
Similarly, when comparing Curves (2e) and (2f), it is clear that the peak at 80 K (E2) shares this
property. Due to the lack of CiO;" formation within Wafer 2, this allowed for the elimination of the
two additional steps done in Wafer 1.

The results of the third experiment involving Wafer 3 (with a high O concentration) are shown in
the lower half of Figure 6.16. Similarly, to what was observed in the previous samples, in the post-
irradiated samples all DLTS peaks relating to well-known radiation induced peaks were observed, in
this case, however with the exception of the C;, while different peaks were observed in the pre-
irradiated samples (Curves (3e) & (3f)). An additional peak was observed around 73 K in the post-
irradiated samples, likely due to the high concentration of oxygen present. Samples (3a) and (3e)
were irradiated at room temperature and immediately processed and measured, while Samples (3b)
and (3f) were left at room temperature for a week before fabrication of Schottky diodes and
measurements. Unlike in Wafers 1 and 2, it was clear that no Ci was observed in the post-irradiated
samples (Curves (3a & 3b)), however, the formation of CiO;" and CiCs was observed. Similarly, the
peak at 80 K (E3) was not observed in pre-irradiated samples (Curves (3e) & (3f)). By comparing
Curves (3a) and (3b), it is clear that the CiO;" peak anneals out when left at room temperature.
Similarly, by comparing Curves (3e) and (3f), it is clear that the peak at 55 K shares this property.
However, there are some additional peaks observed not seen in Wafers 1 and 2, which could be
related to the high concentration of oxygen. In addition to this, it must be noted that the freeze-out
temperature was observed around 25 K instead of the usual 30 K range, which allowed for the
observation of the very shallow trap.
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Figure 6.15 C-DLTS spectrums of the 8 samples (Wafer 1) prepared under different conditions. Samples 1a, 1b, 1c and
1d, Pd Schottky diodes were fabricated before irradiation and Samples 1e, 1f, 1g and 1h were fabricated after
irradiation. All DLTS spectrums were recorded with a -2 V reverse bias, zero filling pulse, 1 ms pulse length and at 200
Hz.
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Figure 6.16 C-DLTS spectrums of the 4 samples from Wafer 2 and Wafer 3 prepared under different conditions. Samples

(2a), (2b), (3a) and (3b), Pd Schottky diodes were fabricated before irradiation and Samples (2¢), (2f), (3e) and (3f)
were fabricated after irradiation. All DLTS spectrums were recorded with a -2 V reverse bias, zero filling pulse, 1 ms

pulse length and at 200 Hz.
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6.7 Arrhenius plots and defect identification

6.7.1 Experiment

The samples produced in Section 6.6 were used to measure the defect energy levels of both the pre-
and post-irradiated samples. Sample (1a) produced all the energy levels observed by the well -known
radiation-induced defects. This creates a reference for comparing the energy levels of the complexes
introduced by the deposition of Pd on pre-irradiated samples. Samples 1(e), 2(e) and 3(e) will be
referred to as pre-1, pre-2 and pre-3 which produced the new energy levels observed in pre-
irradiated samples. In order to minimise the field effect, the Arrhenius plots were obtained from
subtracting two transients obtained under different forward biases, each with a pulse width of 1 ms,
while the sample was placed under a quiescent reverse bias of -2 V.

6.7.2 Results and discussion

In the post-irradiated sample (refer to Figure 6.17), a total of seven traps were observed (E; — 0.068,
E.-0.111, Ec - 0.169, Ec — 0.169, E. — 0.230, E. — 0.355, Ec — 0.463 eV) with energy levels
matching the literature values of the C;O;, Ci, CiCs, OV, VV and PsV (E: — 0.06, Ec — 0.12, E. —
0.17, Ec - 0.170, Ec — 0.230, Ec — 0.360, Ec — 0.470 eV respectively) complexes. However, in the
pre-irradiated samples a total of 14 defects were observed, significantly more than in the post-
irradiated sample. The new energy levels observed were very different from the well-known
radiation-induced complexes.

The E12 and E13 could not be measured since the E12 annealed our rapidly under reverse bias at
330 K and the E13 was difficult to measure due to the interference of noise observed with L-DLTS.

6.7.2.1 Comparison with Pd-related defects reported in literature

Gill et al. investigated Pd doped samples, and observed four deep levels: E; — 0.180, E; — 0.220, E.
—0.370 and E: — 0.590 eV. These correspond closely to the E4, E5, E7 and E14, respectively,
observed in the present study, as shown in Table 6.6. In most previous as-diffused studies, only the
E4 (Ec — 0.180 eV) and E5 (Ec — 0.220 eV) were observed, while the E7 and E14 were only observed
in p™n junctions by Jie et al. and Gill et al. Interestingly, Jie et al. only observed the E4 and E5 traps
after annealing the p*n samples at elevated temperatures. The energy level reported for E14 by Jie et
al., was significantly higher (Ec — 0.620) compared to the value reported by Gill et al. This conflict
was later revised by Gill et al., who arrived at the value of E; — 0.590 + 0.01 eV for the E14 energy
level. The E7 and E14 traps were reported to be the dominant levels in the p*n samples with roughly
equal concentrations observed by Jie et al., while the E4 and E5 levels were dominant in the p™n
samples observed by Gill et al. In the three pre-irradiated samples investigated in this report, the
dominant peak would alternate between the E4, E7 and E14, depending on the sample history and
exposure time to radiation.

In the case of the E5 level, it was not identifiable in any of the three pre-irradiated samples until
they were subjected to annealing at temperatures exceeding 370 K. It's worth mentioning that once
introduced, the E5 level in pre-irradiated samples exhibited high stability, remaining intact even at
temperatures above 700 K. Previous studies suggested that the high thermal resilience of E5 could
link it to a Pd-substitutional trap.

On the other hand, the E4 level behaved differently. As per Gill and his team's findings, the E4 level
(Ec — 0.220) would manifest after the device fabrication process and remain stable up to roughly
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600 K. Beyond this temperature, its concentration would incrementally rise with the annealing
process. Interestingly, in pre-irradiated samples, the E4 level would anneal out while the E5 level
remained stable. Previous research proposed a correlation between E4 and the Pd-vacancy complex
due to these unique behaviours.

6.7.2.2 Comparison with H-related defects reported in literature

In a previous study, it was proposed that hydrogenation A-centers results in E4-complexes (OiV),
each containing two hydrogen atoms. The study further introduced the concept of an A-H1 complex,
a variant with a single hydrogen atom. The A-H1 complex was believed to be undetectable due to its
closely aligned energy level with the A-center. The complex measures an energy level of 0.32 eV
while observed to anneal out above 620 K. For comparison, the E7 was investigated, measuring an
energy level of 0.360 eV. This defect was observed to anneal out at temperatures above 600 K.
Earlier experimentations ruled out the possibility of hydrogenation contamination, however,
similarities do persist between these two defects.

Log[T*/e(K’s)]

1 -
0 -
4 /
0 20

1000/T (K

Figure 6.17 Arrhenius measurements of emission activation energy for the pre-irradiated samples directly after
deposition (red) and introduced during annealing (green).
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Table 6.6: Electrical properties of defects observed in Wafer 1.

Defect Activation Temperature Apparent Annealing Ref Assignment
enthalpy observed by capture cross
(meV) DLTS at 200 section (cm?)
Hz (K)
CiO; 68 37 3.2 x 101 CiOi
Cr 111 65 3.7 x 1015 Ci
CiCs 169 92 7.5 x 1015 CiCs
oV 169 92 7.5 x 1015 oV
VV= 230 133 1.7 x 1015 VV=
VvV~ 355 228 1.4 x 10716 VvV~
PV 463 228 2.0 x 10°14 PV
El 53 33 2.8 x 1071°
E2 92 54 3.4 x 10715 CiOi*-related
(H/Pd)
E3 140 75 2.6 x 1071 Ci-related
(H/Pd)
E4 182 102 2.2 x 10715 In: 400 K This
Out: 485 & 679
K
180 100 @ 229 Hz 8 x 10716 In 400 K Gill PdH,/PdV
Out: 600 K (1993)
E5 220 119 4.6 x 10°1° In: 385 K This
Out: stable.
220 120 @ 229 Hz 3.4 %1071 In unannealed Gill Pds
Small incr. 490 (1993)
K
Rapid incr. 620
K
Out: stable.
E6 261 140 3.8 x101®
E7 360 175 2.1 x 101 In unannealed This
Out: 380 K
175 2.4 x 1014 Back: 458 K
Out: 618 K
370 175 @ 229 Hz 6.6 x 107 In unannealed Gill Pd;
Out: 380 K (1993)
320 2.1 x 10 Out: >620 K Feklisova
(1999)
E8 423 195 1.5 x 101
E9 443 220 8.4 x 10715
E10 469 234 5.3 x 10715
E1ll 486 265 6.2 x 10716
E12 — 310 —
E13 — 315 —
E14 607 320 9.0 x 10'®  In: unannealed This Pdi-related
Out: 388 K
590 310 @ 229 Hz 2.3 x 101 In: unannealed Gill
Out: 410 K (1993)
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6.8 Depth profiling

Control over the charge carrier life time requires a deeper understanding of the distribution of
defects beneath the junction of the metal-semiconductor surface. The distribution of these defects
will determine if the defects produced are limited to the surface, penetrate deeper uniformly or
penetrate deeper and form concentrated areas. Depth profiles were measured for defects found in
both pre- and post-irradiated sample.

6.8.1 Experiment

Two types of samples were prepared from Wafer 1 for depth profiles. Both samples were exposed to
Sr¥% irradiation for 48 hours at 297 K.

e Sample Al: Pd Schottky diodes were fabricated on a sample taken from Wafer 1, before
irradiation. (Post irradiated.)

e Sample A2: Pd Schottky diodes were fabricated on a sample taken from Wafer 1 after
irradiation. (Pre-irradiated)

Depth profiles were measured under a reverse bias of V, = -5V, a pulse width of 1 ms and a double
filling pulse. The measured change in capacitance for both pulses were subtracted from each other

after each measurement before being averaged for the inverse Laplace calculations. The difference

between the pulses remained 0.1 V, with the applied voltage decrementing by 0.1 V for both pulses
for each measurement.

6.8.2 Results

Sample Al showed uniform depth profiling below the metallurgical junction for all the observed
traps. The traps observed were the result of exposing a Si based Schottky diode to a °*Sr source. Due
to the high energy of the electrons penetrating through the sample, the traps were created well below
the depth ranges that can be probed. The profiles showed that the sample was uniformly doped with
P during fabrication, with the contamination of O and C also introduced uniformly.

Depth profiling for Sample A2 showed their concentrations to be uniform below the metallurgical
junction in the depth ranges that could be probed. The depth profiles of E1, E2, E3, E4, E5, E7, and
E14 are shown in Figure 6.18. The sample was then isochronally annealed for 15 minute intervals in
10 K increments to introduce the E5 for depth profiling.

Depth profiling was too complicated to distinguish between the E8, E9, E10 and E11 point defects.
The emission rates were too similar for L-DLTS to properly determine the correct concentration of
each impurity. However, it is important to note that the combined concentration of the E9 and E10
was seemingly uniform. The trap E12 was removed from the system as soon as the sample was
placed under a reverse bias at 320 K.

Depth profiling observed by Gill et al., had notable features which were not observed in Sample A2.
The E¢ — 0.180 and E¢ — 0.220 (E4 and E5) in this study were observed to be uniformly distributed
below the metallurgical junction, however, the E. — 0.370 (E7) and E; — 0.590 eV (E14) in the study
by Gill et al. were found to be concentrated in the region close to the junction while rapidly
decreasing when moving slightly away from junction. It was observed in Sample A2 that all four
deep levels were uniformly distributed up to 2 um below the junction, similar to what was observed

with the radiation induced traps in the post-irradiated sample (Al).
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Figure 6.18 The depth profiles of E1, E2, E3, E4, E7 and E14 recorded in Cz Si after a Pd Schottky diode was resistively

evaporated onto a pre-irradiated Sample 1 (See Figure 6.2). The depth profile of E5 was recorded after the sample was
annealed at 400 K.
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7 Discussion and Conclusion

The upcoming section offers a concise summary of the results outlined in Chapter 6, aiming to
enhance the clarity of the discussion. It delves into possible structures and transformations of the
traps identified in pre-irradiated samples during the annealing process. Lastly, this section serves to
conclude the thesis and encapsulate the research findings.

7.1 Summary overview

Exposing Schottky diodes to electron irradiation from a °°Sr radiation source resulted in the
formation of the well-known radiation-induced traps in Si. The experiments showed the formation
of CiOi", Ci, CiCs, OiV, VV and PsV within P-doped Si wafers. In addition, their isochronal
annealing profiles agreed with those reported in literature. However, exposing the Si substrate to
electron irradiation before the fabrication of Pd Schottky diodes resulted in a new series of traps. Of
these, the majority were stable directly after fabrication, a few were removed when the diode was
placed under reverse bias at temperatures above room temperature and others were introduced once
the device was annealed at higher temperatures.

This phenomenon was shown to be limited to Pd. In contrast, Ni, Al and Au gave the same range of
electrical active traps irrespective of the substrate being exposed to irradiation before or after
fabrication of the relevant Schottky diodes. Ag showed some passivation of peaks, but did not
introduce any new peaks in the pre-irradiated samples. The effect was observed with Pd from
different sources and different forms (ribbon, pellet, powder).

The observed effect was constrained to the initial 60 A of Pd deposited on the surface of pre-
irradiated Si samples. When fabricating Au or Pd Schottky diodes with a thickness of at least 60 A,
subjecting them to irradiation, and then adding Pd on top, there was no passivation of the radiation-
induced traps or the emergence of new ones.

The risk of contamination was thoroughly dismissed after a complete maintenance and cleaning of
the deposition chamber, complemented by the usage of brand new crucibles for deposition. This was
later corroborated by Energy-Dispersive X-ray Analysis (EDXA) measurements in a Scanning
Electron Microscope (SEM), verifying the purity of Pd and Si. The influence of hydrogen was ruled
out by fully shielding the substrate prior to deposition. Furthermore, none of the newly observed
peaks corresponed to peaks attributed to hydrogen in literature.

The new range of traps that emerged from pre-irradiated samples, exhibited a diverse array of
unique annealing profiles, with a number indicating interaction between defects. These profiles can
be succinctly summarized in the subsequent points:

e EI1,E2andE4:

o During isochronal annealing, the concentration of the E1 trap showed a decrease in
concentration that was identical to the rate and concentration decrease of the E4 trap.
It's important to note that the E4 only reduced in concentration within this
temperature range in samples where E1 was concurrently present during the
annealing process.

o The E2 trap underwent two phases of annealing, with a reduction in its concentration
evident in both phases. Interestingly, during the second phase, as the concentration
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of E2 diminished, the concentration of the E4 trap increased at an equivalent rate.
This implies that the rate at which E2 was eliminated from the system was exactly
matched by the rate at which E4 was introduced.

o The E4 trap was found to undergo a total of four annealing stages. The first two
stages, already detailed in the previous points, saw the trap's concentration decrease
and then increase. In the following two stages, the E4 trap also showed a reduction
in concentration. The initial phase of these last two stages was marked by a swift
decrease, while the second phase was characterized by a slower, yet steady reduction
over a broader temperature range.

e The E3, E6, and ES8 traps each displayed a single annealing phase, and they did not share
any observable interrelation with other traps during their removal from the system.

e The ES5 trap did not appear immediately following device fabrication. However, upon raising
the temperature above 350 K, the E5 manifested, as indicated by the observed introduction
profile. Concurrently, E14 underwent a singular annealing phase, leading to its total
elimination from the system. Despite identical temperature ranges for these processes, there
was a significant difference in the rates. The concentration decrease of the E14 removed
from the system was three times the concentration of the E5 introduced. Hereafter, the E5
concentration maintained stability at elevated temperatures, even beyond 720 K.

e The E7 trap underwent three annealing phases. In the initial phase, the trap was entirely
eliminated from the system. Subsequently, with a minor temperature increase of 20 K, the
trap was reintroduced, restoring its concentration to the initial value as the temperature
increased. This concentration persisted until a final annealing phase at an increased
temperature where the trap was completely annealed out at around 680 K.

e E9and E10: Around 366 K, both E9 and E10 exhibited an annealing phase. E9 was
completely annealed out while E10’s concentration increased. The removal of E9 from the
system corresponded to the introduction of E10, indicating equal concentrations. Given their
similar energy levels, interference between the two traps during Laplace-DLTS
measurements was plausible, leading to variances in annealing rates.

e The E11 trap was present at relatively low concentrations directly after sample fabrication
and went through two distinct annealing phases. In the initial phase, the trap’s concentration
rose sharply, whereas in the second phase, the concentration dropped to zero. No observable
characteristics were shared between these annealing profiles and those of other traps within
the system.

e The E12 trap was present immediately post-fabrication but was entirely removed from the
system upon applying a reverse bias at 340 K. This process was irreversible.

e The E13 trap was observed in small concentration immediately after fabrication. However,
once the sample reached temperatures near 420 K, the trap vanished from the system.

The concentration of Ci, CiOi", and CiCs in samples could be manipulated by varying the irradiation
temperature or letting the sample rest at room temperature post-exposure. This allowed for
correlation between known radiation-induced traps and traps found in pre-irradiated samples. The
correlations were as follows:

e If CiOi" existed in post-irradiated samples, then the E2 trap would be present in the
corresponding pre-irradiated samples.
e If Cj was present in post-irradiated samples, then the E3 trap would be found in

corresponding pre-irradiated samples.
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Additionally, depth profiling showed that both the well-known radiation-induced traps and those
found in pre-irradiated samples remained constant beneath the measurable distance below the
Schottky junction.

7.2 Discussion of possible complex structure

Five energy levels associated with Pd traps were previously identified in the literature: a single
acceptor level at E, + 0.34 eV, which is thought to potentially comprise two distinct levels, and four
donor levels at Ec — 0.180, Ec — 0.220, Ec — 0.370, and E. — 0.590 eV. These donor energy levels
mirrored the E4, E5, E7, and E14 levels in pre-irradiated samples. It’s hypothesized that the Ec —
0.220 eV correlates with the Pds, given its high thermal stability, while the Ec — 0.180 eV is thought
to relate to the Pd-vacancy complex due to its interaction with the O;V complex. With these
assumptions, it’s inferred that the E5 corresponds to the Pds and E4 to the Pd;V.

The E5 (having a similar signature as the Ec — 0.220 eV, identified as the Pds) was not detected
immediately after fabrication, but only emerged after annealing at higher temperatures. In the
introduction phase of the E5, the E14 annealed out, and the E5 concentration increased to a third of
the E14’s initial concentration. After its introduction, the E5’s concentration remained stable, even
at high temperatures (720 K), in agreement with the results by Gill et al. (1993). Given the
assumption that the E5 correlates to the Pds, as suggested in the literature, and given that the E14
was also previously linked to a Pd complex by Gill et al., it’s plausible that E14 is a complex defect
that dissociates during annealing, with a third subsequently forming the electrically active Pds trap
and the rest forming an unobserved defect. It’s important to note, however, that the rate of E5
introduction differed from the E14 annealing rate, but this could be attributed to a more complex
annealing process.

In contrast to the results in this study, earlier investigations reported that the E; — 0.220 was present
in unannealed samples and would increase in concentration when annealed above 360°C (~633 K),
but in this study, the E5 was observed only once the isochronal annealing reached around 370 K.
This disparity could be attributed to different types of radiation exposure, such as alpha-particle
irradiation, known for its short stopping distance and cluster formation in the substrate. Another
possibility is the method of metal introduction into the system, which may require less energy to
migrate or form this trap.

Examination of the isochronal annealing profile of the E4 trap (having a similar DLTS signature as
a defect identified as the PdiV) revealed multiple annealing stages within the system. The first stage
was clearly linked to the annealing of the E2 trap. When E2 was present, the E2 and the E4
experienced an identical decrease in concentration during the annealing of the E2. In samples
without traces of the E2, the E4 did not exhibit this initial annealing stage. To explain this, we need
to consider a process that would explain why the concentration of both defects reduced by exactly
the same amount, with that of E2 going to zero and that of E4 remaining finite. Since we only
observed the effect on the E4 when the E2 is present, we know the E2 has to be actively involved.
We consider two possibilities:

1) The defect responsible for the E2 has another level that happens to correspond exactly to
that of the E4. This sounds very unlikely, but might be a possibility.

2) The E2 in pre-irradiated samples was identified to be related to the CiO;" in post-irradiated
samples. Taking this into consideration, the most likely complex formation would be the
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CiOiPd;. As for the CiO;j part, it is currently uncertain if it is still in the unstable state (CiOi")
or transforms into the stable formation afterwards. What is certain is that the Pd seems to
react with the unstable complex to produce the E2. This was seen in Section 6.6, when
transforming the CiO;" to the stable CiO; (not observable in n-type Si without injection)
before the deposition of Pd would result in no formation of the E2 after deposition. During
the annealing of the E2, the E4 decreased in concentration at the same rate and
concentration. Assuming the E4 relates to the literature Pd;V, this suggests that the complex
would dissociate with an impurity filling the vacancy site of the E4. It is however, not clear
how 100% of these defects would be captured by the Pd;V site.

During the E1’s second annealing stage, the E4 increased in sync in both rate and concentration.
The E4 would subsequently anneal out in two stages. Throughout these annealing stages, L-DLTS
measurements were incapable of dividing the peak into multiple peaks, with the emission rate and
measured energy level remaining consistent after each annealing stage. Literature assigns the energy
level of the E4 to the Pd;V. If we assume only the literature trap Pd;V was observed at this energy
level, the E1 can be interpreted as a Pd; substitutional impurity complex (Pdils) where | presents the
impurity. The complex dissociates, causing the impurity to diffuse away, thereby forming the newly
increased Pd;VV complex, and thus increasing the E4 concentration.

PdiIS - PdIV + Ii

The dominant impurity atoms that are expected to be present within this system are O, P, and C.
Oxygen can be excluded as a possibility since it is known to occupy the interstitial site within Si.
Both carbon and phosphorus can occupy the substitutional site, however, phosphorus in silicon is
only mobile at extremely high temperatures. Carbon, on the other hand, exhibits high mobility in
Silicon even at room temperature.

Given that this process takes place just 30 K above room temperature, it’s plausible that carbon
forms a complex with oxygen interstitials (O;) almost immediately after dissociating, resulting in the
formation of a carbon-oxygen interstitial complex (C;O;), which then stabilizes (See Section 3.1 for
additional information).

This transformation hypothesis can be verified in future experiments, possibly within materials
where an acceptor level of this defect may be observed. Theoretical modelling of the defects could
also lend further credence to this theory. Such experiments and theoretical studies would provide a
more concrete understanding of the processes and interactions at play in this system.

The first possibility is that the C; dissociates from the complex, migrates and occupies the vacancy
to form the PdiCs complex. The PdiO; complex would then be electrically inactive which would
explain why no other peaks are introduced. If this was the case, it would contradict the suggestion
of the possible PdiCs complex explained for E1, as this would show a rise in concentration.
Additionally, the temperature would be high enough where the C would dissociate from the complex
after formation, in agreement with the suggested theory for E1. This would mean that either the E1
is the formation of an unknown impurity within the system, or the C does not dissociate from the
E2.

Pdl(jl():< + PdIV - PdiOi + Cl(moblle) + PdIV - PdiOi + PdiCS

The second possibility is that the Pd; dissociates from the complex, migrates and occupies the
vacancy of the Pd;VV complex to form the PdiPds. The CiO;" then stabilizes into the CiOi complex due
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to the high temperature. The annealing midpoint for the stabilization of the CiO;" was found to be
316 K with the midpoint of the E2 annealing out to be around 328 K, which re-enforces this
possibility.

PdICIO: + PdIV - CIOT + Pdl(moblle) + PdIV - CiOi + PdIPdS

The latter suggestion is most likely, however, CiO; peak is not visible in n-type material when in the
stable formation. This theory can be investigated by using a p*n substrate to investigate if the CiO;
complex gets introduced as the E2 (E, + 0.36 eV) anneals out.

The E3 in pre-irradiated samples was identified to be related to the C; in post-irradiated samples.
Taking this into consideration, the most likely complex formation would be the Pd;C;. The
isochronal annealing profile didn’t show any interaction with other visible electrical active traps.
The E3 anneals out at a much higher temperature (midpoint 359 K) compared to the annealing
profile of C; (midpoint (307 K). There are two possible models that comes to mind. The first is that
the Pd;C; dissociates into Pd; and C;, then migrating before forming complexes with other
impurities.

Pd.C, - Pd, + C,

Considering the nature of the C; to readily interact with other impurities within the system to form
new complexes (i.e. CiOj, CiCs, PsCi, etc), one would expect to see these peaks introduced to the
system. Unfortunately, none of these well-known peaks were introduced during its annealing phase,
making this model highly unlikely.

The second model assumes that the PdiC; is in an unstable state (i.e. PdiCi") and stabilizes during
this annealing phase into an electrically inactive trap in n-type material.

Pd,C’ - Pd,C,

Further investigation of this trap is required to clarify the model. It is suggested to investigate if an
acceptor level gets introduced to the system during the annealing phase of the E3.

Previous investigations of Pd related traps assigned the E7 and E14 to be Pd-related as well.
Currently there is not enough literature to help identify the possible complex structure of these
traps.

The E6, E8, E9, E10, E11, E12 and E13 are all new traps that get introduced by diffusing Pd at a
temperature where radiation induced defects don’t anneal out of the system. This suggests that the
complex formations of these traps point towards the combination of radiation damage and Pd.

7.3 Conclusion

This dissertation makes significant strides in our understanding of radiation damage and recovery
processes in Schottky diodes, with a particular emphasis on those constructed on P-doped silicon
(Si) substrates. The research addresses the intricate events following electron irradiation before
fabrication, specifically when palladium (Pd) is used as a contact.

First, the study provides empirical validation for established knowledge about known radiation-
induced traps, such as CiO;, Ci, CiCs, OiV, VV, and PV, formed in Si wafers after °°Sr radiation
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exposure. The isochronal annealing profiles presented align well with previous research, solidifying
our understanding of these fundamental processes.

The study's crux lies in the revelation of new series of traps that emerge from pre-irradiation of the
Si substrate. These unique traps display distinct annealing characteristics and interactions. For
instance, the interconnected concentration changes of E2 and E4 traps during annealing imply
complex defect interactions. Similarly, joint reductions of E1 and E4 traps, as well as the emergence
of the E5 trap concurrent with the decrease of E4, underscore the intricate dynamics of these
systems. While some traps, like E3, E6, and E8, displayed unique annealing phases, others like E7
demonstrated multiple phases, highlighting the richness of these interactions.

Interestingly, the research revealed that these new traps are localized within the first 60 A of Pd
deposited on pre-irradiated Si samples. The finding is unique to Pd contacts, unlike other metals like
nickel (Ni), aluminum (Al), and gold (Au), where no new traps were found irrespective of
irradiation timing. Silver (Ag) demonstrated some trap passivation but did not form new traps.

Rigorous steps were taken to ensure sample and deposition process purity, confirming the findings'
credibility. Hydrogen influence was ruled out by shielding during substrate deposition, further
strengthening the results. Additionally, the study illuminated how manipulating irradiation
temperature or allowing the sample to rest post-irradiation can influence the concentration of known
radiation-induced traps.

In-depth analysis of the E4 and ES5 traps revealed complex interactions and possible scenarios of
complex formations involving Pd, carbon interstitials, and oxygen interstitials. The study further
explored the roles of highly mobile carbon and oxygen interstitials in complex formations and
stability transformations. The study also hypothesizes two potential models for the behavior of the
E2 and E3 traps, each with unique dissociation or stabilization pathways.

However, despite the extensive research, the study does not provide definitive answers to all
guestions, and certain discrepancies persist. There is a clear call for further investigations,
particularly with different substrates and a closer look at certain complex stabilizations. The
emergence of new traps introduced by diffusing Pd at specific temperatures underlines the necessity
of future research to fully understand the interplay between radiation damage and Pd in these
systems.

In conclusion, this study has substantially broadened our knowledge of radiation damage and
recovery in semiconductor devices. It provides an intricate understanding of defect formation,
behavior, and interactions within pre-irradiated Schottky diodes, particularly when Pd is used as a
contact. Yet, the dynamic nature of these systems, characterized by multiple energy levels, defect
complexes, and complex interactions, necessitates continued research. This research forms a robust
foundation for further investigations in the field, guiding future efforts toward the development of
advanced mitigation strategies against radiation damage in semiconductor devices.

7.4 Future work

In both the theoretical and experimental fields there is still a lot of work that needs to be done on
these traps. Below is a summary of some of the work that needs to be done:

e True capture cross sectional measurements of all 14 traps seen in pre-irradiated samples.
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o Field effect measurements for all 14 traps seen in pre-irradiated samples.

e Reproducibility of the effect in p-type Si samples.

e The effect on other dopants in n-doped samples (i.e. As, Sb etc).

e Theoretical modelling for each trap, specifically PdiOiCi", to investigate stability and
dissociation, Pd;V to investigate stability and dissociation.

e The effect Pt has on pre-irradiated samples as this is another metal very similar to Pd.

e Attempt to observe the C;O; after annealing of the E2 to confirm the nature of the E2

e Investigations on the shift of the freeze out temperature of Si due to the Pd-effect
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