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ABSTRACT

Defects in semiconductors have been studied extensively over the past few decades.
The advent of highly sensitive techniques such as deep-level transient spectroscopy
(DLTS) and Laplace DLTS (LDLTS) has resulted in more accurate measurements
of the electrical properties of defects, as well as contributed towards identification
of new ones. However, the bulk of the research efforts on this topic is concentrated
on the electrical properties and not the physical structure of defects. While numer-
ous characterization techniques, such as EPR and IR spectroscopy can be used to
study the structure of defects, application of uniaxial stress with DLTS has been
shown to be a superior technique with regards to determining the symmetry of
defects observed by DLTS. However, in practice, it is a difficult and time consum-

ing technique to perform, and therefore is not a popular research tool. There are
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only a few such systems that are operational in the world. The difficulties arise
from preparation and mounting of the samples as well as stability of the system

and survival of the samples during and after each measurement.

The aim of this work is to undertake the design of a stress-dependent LDLTS
system that is user friendly and can provide reproducible results. The speed with
which samples can be mounted and dismounted was another point of interest
during the design process and the higher resolution of LDLTS compared to con-
ventional DLTS makes it possible to perform measurements with lower amounts

of pressure, thus increasing the survive ability of the samples.

Furthermore, proper functioning of the system was investigated by attempting to
reproduce a stress-dependent study on the E2 defect in GaAs that was done using
a similar instrument that utilized a conventional DLTS system. The results clearly
confirm the superiority of LDLTS for this type of measurements. Where in the
previous study only a broadening of the DLTS peak is observed under 0.4 GPa,
in our measurements there is a clear splitting of the emission rate spectrum from
one into two separate components when stressed along the (110) axis at only 0.18
GPa and the results numerically agree with the aforementioned study. The most

important shortcoming of the system is temperature stability at low temperatures.
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Chapter 1

Introduction

One of the interesting topics in the field of solid state physics is the study of semi-
conductor materials. The semi-conducting phenomenon was first observed by M.
Faraday in 1833 when he observed that unlike metals, the electrical conductivity
of AgsS was increased as the temperature was raised. Later on, in 1851 J. Hittorf
presented a more conclusive study of the temperature dependence of electrical con-
ductivity for AgsS and CusS (Lukasiak and Jakubowski, 2010). Further studies by
K. F. Braun and A. E. Becquerel led to the discovery and analysis of the current
rectification and photovoltaic effect associated with these materials (Sarkar et al.,

2006) (Smith and Taylor, 2008).

There is no doubt that semiconductors are one of the pillars of modern technol-
ogy. Various electronic and electromechanical components that are in use today
are partially or entirely made out of semiconducting materials. Considering the

significant impact that these devices have had on the advancement of technology,
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it is only logical to assume that better understanding of the properties of semi-

conducting materials, would ultimately contribute towards further advancements.

One method to describe the electrical properties of a solid is to utilize what is
known as energy band model. According to this model, solids can be categorized
into three different types, namely, conductors, insulators and semiconductors de-
pending on the properties of the two prominent energy bands (Conduction and
Valence) and the band gap. The band gap is the difference in energy of the lowest
conduction state and the highest valence state is a region within the electronic
energy structure of a solid where no energy states are available for charge carriers
to occupy. This band gap is one of the main contributing factors towards electrical
properties of materials. In general, the band structure of a solid is the result of
quantum interactions among electron levels of individual atoms with one another
and therefore it is a byproduct of the atomic structure of the solid. Hence, if this
atomic structure is perturbed in any way, the effects might be observed in the

band structure.

Even though semiconductors can be manufactured with very high purity, there
are often still some detectable imperfections contained within their crystalline
structure. These imperfections, whether structural or impurity related, are mostly
created unintentionally during crystal growth and device processing procedures
and are called defects. Defects come in a variety of different types and they perturb
the atomic structure of the solid. There are extended and point defects, each
with their own unique characteristics and effects. Some defects cause discrete

energy levels within the band gap where no expected states exist. Furthermore,
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depending on their respective energy levels within the band gap, defects can be
categorized into shallow-levels and deep-levels. Shallow-levels produce bound states
close to either the conduction band or the valence band whereas bound states

corresponding to deep-levels are usually closer to the center of the band gap.

Defects play a significant role in device performance as they might act to alter
the electrical properties of the material. While in most cases, the presence of
defects has negative consequences regarding performance (through a variety of
different dynamics such as decreasing carrier mobility and lifetime), there are
cases where these defects are beneficial and therefore are intentionally introduced

into semiconductors.

To elaborate on the previous statements, one can consider the case of semiconduc-
tor doping. Dopant atoms belong to the category of shallow-level defects. When
specific elements such as phosphorous or boron are diffused into a semiconductor
substrate such as Si, in precise concentrations, they introduce one electron more,
or one electron less than a semiconductor atom would, and are referred to as
donors or acceptors respectively (note: there is no charge imbalance!). Depending
on whether they add or remove electrons from the semiconductor, dopants create
n-type or p-type semiconductors required for almost all of the modern electronic
components. However, merely adding any foreign atoms into the semiconductor
lattice would not result in such beneficial creations. More often than not the
existence of foreign atoms in high concentrations leads to suppression, alteration
or degradation of some of the essential properties of the host semiconductor and

therefore can render a device unsuitable for its intended application. Another
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beneficial use for deep-level defects is gold implantation to produce recombination

centers that increase the switching speed of p-n diodes.

Contamination with transition metals such as iron, nickel, gold and so forth during
device processing, is one of the unintentional methods of introducing deep-levels
in semiconductors. This type of defect can also be introduced if the semiconductor
is subjected to nuclear radiation. These deep-level defects create what is known
as generation and recombination centers that act as traps for charge carriers. By
creating discrete energy levels within the band gap, these defects influence the
movement of charge carriers that can potentially interfere with proper operation
of various semiconductor-based devices such as transistors, solar cells and light

emitting diodes.

Since some of the most important properties of semiconductors are dependent on
the existence of defects or lack thereof, any research that leads to improvements in
our understanding of the underlying dynamics involved with these imperfections
would be immensely valuable and worthwhile. Such efforts can lead to design
and construction of more efficient, faster and optimized devices, hence positively

affecting properties such as efficiency and speed of a device.

To study semiconductor defects, one can make use of methods such as electron
paramagnetic resonance (EPR), infrared absorption spectroscopy (IR) and deep-
level transient spectroscopy (DLTS). Each technique provides a unique insight
into the electrical and structural characteristics of a defect. However, each one
also has its limitations. Difficulties arise when the sensitivity of a technique can-

not be improved beyond an absolute limit or when, due to the primary mechanism

4
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of operation of a technique, specific information cannot be derived from measure-

ments.

As an example, a possible method to obtain structural information about a deep-
level defect is by comparing the data acquired from generation and annealing
processes of a defect and those obtained from either IR or EPR measurements.
However, in practice, for the latter technique to yield accurate results, the net den-
sity of the defects within the substrate has to be so high that it interferes with the
accuracy of the former technique. On the other hand, the highly sensitive DLTS
technique operates based on the interactions between defects and charge carriers
to identify and characterize these bound states and their ionization enthalpy Er.
However, since these interactions are purely electronic, they fail to provide any
information regarding the physical structure and composition of the defects in the
lattice. Therefore, DLTS as the sole characterization technique can only be used

as an electrical characterization method (Dobaczewski et al., 2004).

In a semiconductor with a crystalline structure, energy bands occur due to over-
lapping of all the discrete atomic orbitals of all the individual atoms which result
in the formation of a large number of closely spaced orbitals which when viewed
together can be seen as a band. The rest of the range of energies that electrons
are not allowed to occupy leads to the formation of the band gap. For an ideal
crystal, energy bands are uniform and the band gap is devoid of any permissible
atomic orbitals for electrons to occupy. This uniformity is due to the periodicity
and identicality of the constituent atoms. However, in the presence of defects, pos-

sible permissible orbitals might exist that does not belong to any energy bands,
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thus creating discrete energy levels within the band gap. The position of these
discrete levels within the band gap depends on the electronic nature as well as
the position and composition of the defect within the crystal lattice. Therefore, if
an external influence were to perturb the positioning or the geometry of a defect,
the corresponding energy level Ep of the defect’s bound state would change. This
external influence can be an applied uniaxial stress. By determining the correla-
tion between the applied stress and the change in a defect’s ionization enthalpy, it
is possible to derive information regarding its structure and positioning (Sze and

Ng, 2006).

Another interesting property of deep-level defects is the orientational degeneracy of
their bound states. DLTS measurements reveal that under constant and controlled
circumstances, the bound state corresponding to a defect always occupies the
same energy level Ep regardless of its orientational positioning within the crystal
structure. However, as uniaxial stress is applied to the sample this degeneracy
may be lifted and identical defects positioned at different crystal orientations be
perturbed differently, thus splitting the Ep into multiple components, thereby

revealing the density of the defect in different orientations.

The objective of this study is to use the concepts and theories above to design and

build a device capable of performing stress-dependent LDLTS measurements.



Chapter 2

Semiconductors

This chapter aims to briefly discuss topics which lay the foundation of semicon-

ductor science. This chapter includes:

e An overview of crystallography and energy band configurations.

A general description of semiconductor defects, their properties and how

they are categorized.

The physics of metal-semiconductor contacts and Schottky barrier diodes.

Principles of DLTS measurements and the integration of uniaxial stress into

the technique.

The methodology for determining the structure of a defect based on uniaxial-

stress studies.
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2.1 Theory of solids

Solids are a group of materials commonly identified by their rigidity and tendency
to keep their form under stress. However, to scientifically define the term “solid”
one must shift one’s attention to the atomic structures and not to the macroscopic
behaviors and properties. Ordinary glass, for instance, demonstrates nearly all
the properties expected from a solid material, but in reality, glass is a liquid with

very high viscosity.

Different solids have different atomic structures in terms of geometry, which can
be defined as the order with which their atoms are positioned relative to each
other. In this regard, solids can be categorized into crystalline and non-crystalline
types. Figure 2.1 is an illustration of two arbitrary solids. Non-crystalline solids,
also called amorphous Solids, are made up of atoms or molecules arranged in a
random patterned without any order or periodicity to their placements.(Zallen,
2008). In contrast, crystalline solids are solids with regular geometrical atomic
structures. As it is evident from Figure 2.1 (b), crystals are made up of identical

building blocks that are positioned in a highly ordered and periodic pattern.

Crystal structure

The periodic nature of a crystalline structure provides a suitable basis for appli-
cation of mathematical descriptions (Kittel, 2004). Here a brief introduction to
these mathematical descriptions are presented to familiarize the reader with some
of the basic and essential concepts in crystallography such as cell geometry, crystal

plains and crystal orientations which are central to this study. Should the reader
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FiGure 2.1: The Difference between the atomic structure of two arbitrary
crystalline (a) and amorphous (b) solids.

require a more detailed view, they are encouraged to refer to respected textbooks
such as Solid State Physics by Neil W. Ashcroft and N. David Mermin or the
internationally recognized Introduction to Solid State Physics by Charles Kittel

2004.

In general, crystalline structures can be defined in terms of a lattice where every
lattice point is occupied by a building block. In this case, a building block may be
a single atom or a group of atoms. A simplistic, two dimensional representation

is illustrated in Figure 2.2.

A three dimensional crystal lattice can be described mathematically by three trans-

lational vectors; d1, do, d3 so that:
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‘ Arbitrary Atom

FIGURE 2.2: A 2D illustration of a crystal lattice.

F =7+ 1@ + vads + v3d3 (2.1)
Where # and 1 are points of view from which the atomic arrangement within the
lattice is being observed and vy, v9, v3 are arbitrary integers. The mathematical set
that contains all the points r given by every combination of vy, vs, v3 defines the
lattice. Given that the atomic arrangement is identical when viewed from either of
points r or 7, the translational vectors a7, d3, a3 are referred to as primitive vectors
with a = 1,4 = 2,a = 3 being the lattice constants pertaining to the distance
between individual lattice points. It must be noted that the previous statement
is only true for cubic lattices. For the case of non-cubic lattices, a; # as # ag

(Kittel, 2004).

Furthermore, a translational operation can be defined as moving every point in
the primitive cell from one lattice point to another while the atomic composition

of the cell is kept constant. Such an operation can be expressed as:

T = via] + v9as + V303 (2.2)
10
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where T is a translational vector which for different values of vy, vy, v3, connects

any two different lattice points (Kittel, 2004).

Therefore, a crystal is nothing more than billions of identical units joined together
to form a macroscopic construct. This concept simplifies the study of crystals
significantly since in ideal cases the results of studying a single unit can be math-

ematically expanded to describe the entire crystal.

Different crystals have different primitive cell geometries. The most basic cell
structure is the simple cubic structure that constitutes in total of one building
block in a cubic configuration (Figure 2.3). However, there is a variety of different
configurations in nature known as Bravais lattices. Some of the more common

ones are depicted in Figure 2.3.

Tetragonal

$

Rhombohedral Hexagonal

Monoclinic Triclinic

FIGURE 2.3: Various Bravais lattices. Image reproduced under the GNU Free
Documentation License from Wikipedia.org

11
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Furthermore, certain hybrid geometries are also possible. Two interpenetrating
FCC lattices create a diamond or zinc blende structure. Well known Semicon-
ductors, having this structure, including silicon, germanium, and gallium-arsenide

belong to these two categories (Sze and Ng, 2006).

Carbon Gallium  Arsenic

FIGURE 2.4: Diamond and Zinc blende lattices

Miller indices

The study of the volumetric structure of a crystal provides insight into the prop-
erties of the solid. For instance, certain physical or electrical attributes of many
solids are orientation dependent. This is due to the fact that not all unit cell ge-
ometries are symmetrical under all transformation operations. Therefore, it is also
important to introduce a method for describing the surfaces, planes, and crystal

orientations in mathematical terms (Kittel, 2004).

To describe planes and orientations using the “Miller indices”, one must follow a

set of steps as follows:

12
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e Find the intercepts of the plane with the primitive axes as a multiple of the

lattice constant.

e Find the reciprocal of these numbers and multiplying them by a suitable

number to produce three integers.

e Finally, reduce these numbers to the smallest integers h, k, [ with the same

ratio.

To report the indices corresponding to a plane, the values are enclosed in paren-
thesis to indicate a group of parallel planes (Kittel, 2004) (Sze and Ng, 2006).

Figure 2.5 Demonstrates a number of important planes within a cubic structure.

x(001) (100) (010)

N\

(101) (110) (011)
\
(111) (171) (111)

FIGURE 2.5: Crystal planes and their associated Miller indices.

13
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Energy bands in solids

According to quantum theory, electrons in a single atom can occupy discrete energy
levels called orbitals (Zettili, 2009). The same concept also applies to electrons in
a group of atoms that form a solid. In this case, since electrons are not bound
to a single atom but are influenced by multiple ones at the same time, the wave
functions corresponding to these electrons overlap, shifting the energy orbitals
or states into continuous energy bands since the wave functions are due to the
symmetrical potential presented by the atoms, the wave functions should reflect
the symmetry of the lattice. Bloch’s theorem states that the energy eigenfunctions

of electrons in such a periodic potential are given by a function of the form:

Yi(r) = exp(ik - 7)ug(r) (2.3)

Where ¢ is the Bloch wave, 7' is the position, u is a periodic function and k is the
crystal wave function. This equation is a solution to Schrodinger’s wave equation
and defines the potential energy in a crystal lattice(Ashcroft and Mermin, 1976)

(Kittel, 2004).

Figure 2.6 shows a plot of potential energy versus the Bloch’s wave function for
an arbitrary pure crystal lattice consisting of only one type of atom. Regions
in the plot where solutions for the wave function exist, represent energy bands,
whereas, the area depicted in red is where mathematically, no solution for the
wave function exists. This region where no energy levels exist creates a gap that

divides the continuity of permissible states into two regions or two separate bands;

14
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one constituting of lower energy states (valence band) while the other contains the
higher energy levels (conduction band). The width of this “forbidden” region can
be determined by measuring the difference in energy levels of the highest valence
state and the lowest conduction state and is called the “band gap” energy of the

solid (Kittel, 2004).

Conduction
Band

Valance
Band 3

FIGURE 2.6: Plot of potential energy as a function of wave vector k for an
arbitrary crystal lattice (After Kittel (2004))
In the presence of impurities or defects in the crystal lattice, certain discrete energy
levels appear within the band gap which charge carriers can occupy. These discrete
energy levels become fundamentally important when studying semiconductors and

the performance of semiconductor-based devices.

The specific configuration of energy bands and band gaps in solids determine their
unique electrical characteristics including their electrical conductivity. This can

be used to categorize solids into conductors, semiconductors and insulators.

Two defining parameters for determining electrical conductivity of materials are

the width of the band gap and the existence of de-localized states that extend
15
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Conduction
EQ
Conduction Conduction
Valence
EQ
Conduction

Insulator Semiconductor Metal

FIGURE 2.7: Energy band configuration of Insulators, Semiconductors, and
conductors at 0 K

throughout the material. These states are responsible for transportation of elec-
trons through the lattice but can only do so if they are in a band that is partially
filled. If all the states in a band are occupied, there is no net current flow and

therefore no conductivity. (Kittel, 2004) (Cutler and Mott, 1969).

2.1.1 Semiconductors

If the band gap of a material is small enough that electrons might be excited
across it by thermal energy, it is called a semiconductor. Semiconductors are
differentiated from other crystalline materials is their energy band structures and
the properties stemming from this difference. The band gap energies associated
with semiconductors, have values closer to 1.0 eV compared to band gap energy

of insulators which can be relatively high (8.9 eV for SiO,)(Kittel, 2004).

16
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As mentioned in the previous section and is illustrated in Figure 2.7, in solids, con-
ductivity is dependent upon fulfillment of two requirements, the value of intrinsic
charge carrier concentration (n;) and the availability of enough empty states for
charge carriers to move through. Considering the case of negative charge carriers
(electrons), in semiconductors, the valence band is filled and the only available
empty states reside in the conduction band. For conduction to occur, electrons
first need to acquire enough energy (usually through thermal or optical excitation)
to overcome the band gap. As temperature rises from absolute zero (T" > 0 K),
the likelihood that electrons are able to undergo this transition increases. This
constitutes that the conductivity of an ideal semiconductor increases with tem-
perature. Figure 2.8 illustrates this phenomenon for some of the more important

semiconductor materials.

500
T
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2x10"%cm?
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n ,(cm?)

2x 10"

1070

Gals

108_

2x10°

106 1 1 1 1 1 1 N 1 1
2 3

1000/7 (K)!

IN

FIGURE 2.8: Temperature dependence of intrinsic carrier concentration in Si,
Ge and GaAs. After Streetman (1994).
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The carrier concentration is an important characteristic of semiconductors. The
case described in the previous paragraph is valid only when dealing with a pure
semiconductor free of any impurities or imperfections. In this case, the material
is called an intrinsic semiconductor. When foreign atoms are added to a semi-
conductor, they act to alter the carrier concentration by promoting predominance
of either negative or positive charge carriers. In this case, the material becomes
an extrinsic semiconductor. The negative type or n-type semiconductors have
an excess of electrons due to the existence of donors while in positive or p-type

semiconductors holes are the dominant charge carriers created by acceptor atoms.

For extrinsic semiconductors, the carrier concentration is not only a function of
temperature but also depends on the type of the added dopant and its correspond-
ing concentration (N4 p) in the crystal. Figure 2.9 demonstrates this relationship

for p-type and n-type GaAs.

1.0 I I I | |
08 £ Conduction band |

0.6
0.4
0.2
0
-0.2

Eg~E, (eV)

-0.4
0.6

-0.8

-1.0

0 100 200 300 400 500 600
T(K)

FIGURE 2.9: Carrier concentration dependence on temperature for n-type and
p-type GaAs. After Grove (1967)
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Semiconductors are also categorized in terms of the alignment of energy bands
in momentum space. Referring back to Equation 2.3 it is possible to associate
a wave vector }?C,V in momentum space with both the minimum energy level
in the conduction band and the maximum energy state in the valence band. If
K} = Kv, the band gap of the semiconductor is said to be Direct. On the
other hand, if K¢ # Ky the band gap would be indirect (Figure 2.10). In the
case of a direct bandgap semiconductor, an electron is able to move from the
conduction band minima to the valence band maxima by losing energy £, in the
form of emitting a photon. However, in an indirect band gap semiconductor, the
same transition requires a change in the momentum of the electron (that is done
through an intermediate state) which involves energy and therefore if a photon is
emitted in this transition, it would have energy slightly different from £, (Sze and

Ng, 2006).

2.1.2 Semiconductor defects

By stepping away from the picture of an ideal crystalline structure, one realizes
that even though these materials can be made very pure, there are always im-
perfections present in their crystalline structures. These imperfections are called
defects. Defects can have a variety of different origins, physical and electrical
characteristics. Some are point defects that perturb the periodicity of the crystal
in a localized manner, such as antisites, interstitials and di-vacancies. Others are
called extended or planar defects, affecting a plane or a region within the crystal,

examples of which are dislocations and stacking faults. Furthermore, defects can

19
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Conduction band

» k > Kk

Valence hand

FIGURE 2.10: Direct and indirect carrier transport between the conduction and
the valence bands

be categorized into two groups: Native defects are those that involve only the con-
stituent atoms of the crystal while extrinsic defects are the result of introducing

foreign atoms into the lattice.

As a result of the perturbation of the crystalline structure due to the presence of
defects, the energy band structure of the material is also influenced. The presence
of new states that can be of lower or higher energies compared to those belonging to
the intrinsic atoms of the crystal affects the eigenvalues of the Schrodinger’s equa-
tion used to describe the band structure of the solid. This results in appearance

of discrete bound states within the forbidden zone, or the band gap (Streetman,

1994).
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Depending on the localization of the defect state, they are classified into “shallow-

levels” and “deep levels”.

Also, in an intrinsic semiconductor, the Fermi level is situated approximately in
the middle of the band gap, doping acts to alter the position of this level. This
energy difference is called the ionization energy of the defect. Conventionally, the
ionization energy of a donor level, E,; is measured relative to the conduction band
while for an acceptor, F, relates to the valence band. Since these energy states are
very close to bands edges, the values corresponding to E; and F, are very small
relative to the band gap energy and are referred to as shallow levels. A donor level
with an excess electron bound to it is neutral, however, as soon as the electron
is released and the level becomes positive. This transition is usually denoted as

(0/4). Similarly, different charge states of acceptor levels are denoted as (0/-).

142

GaAs (0/+)

Energy (eV)

(—=/2-) ﬂ +)

o)

Be C Si Mg Zn Cd Mn Ni Cu Cr Si S Ge Se Sn

FIGURE 2.11: Shallow-level and deep level defects in n-type GaAs

Generally, the corresponding energy difference of a deep level from band edges

is greater than that of a shallow-level. Deep levels are responsible for creating

21
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localized states, where charge carriers are tightly bound. (McCluskey and Haller,

2012)

Figure 2.11 illustrates some of the defects and their charge states in GaAs at room

temperature.

Generation-recombination centers and trapping

Generation and recombination processes act to create or destroy electron-hole
pairs. Depending on the Fermi level, deep levels in semiconductors act to capture
or emit charge carriers and hence promote either the generation or recombination
processes to take place. There are only four possible events that can happen
between the conduction band, the valence bands, and the trap, all of which are

shown in Figure 2.12.

C,
E
. g
Py
Ec

FIGURE 2.12: Generation-Recombination and Trapping events in semiconduc-

tors. In the figure: n refers to electrons while P refers to holes. ), and Cp

refer to capture events, e, and e, are emission events and Pr and nr refer to
trapped charged carriers.
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From left to right; the deep level having energy Er captures an electron from the
conduction band. Now the deep level can either emit the electron back to the
conduction band (electron emission) or capture a hole from the valence band. In
both cases, the center is now occupied by a hole. It can either emit the hole to or
capture an electron from the valence band. If after the initial electron capture by
the deep level, it also captures a hole from the valence band, this event is called
a recombination event. However, if the captured electron is emitted back to the
conduction band and a hole is emitted to (or an electron is captured from) the
valence band, this event is called a generation event. In a diode, under forward
bias conditions, the dominant process is recombination which destroys an electron-
hole pair, whereas, under reverse bias, generation process takes the lead. When
the captured charge carrier is emitted back to the energy band that it was initially
captured from, the event is neither recombination nor generation. Thus, it is called

a trapping event (Schroder, 2006).

The general expressions describing the probability of capture or emission of a

charge carrier are given by (Sze and Ng, 2006).

Ec — Er

—) (2.4)

€n = O-nvth,n’YNC eXp<_

for electrons and :

Upvth,pNV ox _ET — EV

( k—T) (2.5)

ep:

for holes.
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Here o, and o, are the carrier capture cross sections associated with the defect
level, Nc and Ny the density of states in the conduction and the valence bands.
vy, the thermal velocity of the charge carrier and ~ the degeneracy factor. Fur-

thermore, 7" is temperature and k is the Boltzmann constant.

2.1.3 Gallium arsenide

Physical structure and properties

Gallium arsenide (GaAs) is a prominent member of a group of semiconductors
commonly known as group III-V compounds. As is shown in Figure 2.13, it is
made up of gallium and arsenic atoms covalently bound together to form a zinc-
blend structure. Each gallium atom makes bonds with four arsenic atoms (four

nearest neighbors) to form a tetrahedron (Seebauer and Kratzer, 2008).

FiGURE 2.13: A GaAs unit cell. It consists of two inter-penetrating FCC
structures that form a zinc-blende lattice. Image used under the Public domain
license from Wikipedia.org
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Electrical Properties

As a semiconductor GaAs is the subject of much attention from both industry
and academia, due to its desirable and in some cases unique electrical properties.
GaAs is a direct band gap semiconductor with band gap energy equivalent to 1.33

eV at 273 K which makes GaAs a wide band gap semiconductor.

2.1.4 The E2 defect in GaAs

The E2 is an Alpha or Beta irradiation induced defect in GaAs that is stable
at room temperature. It is observable in DLTS spectra within the temperature
range of 65-85 K, with the DLTS peak point located at Tpeq; = 78 K and has an
effective activation energy of E7 = 0.139 eV and an apparent capture cross section

of 0pa = 9.3 x 1071 cm? (Auret et al., 1993).

In an experiment by Hartnett and Palmer (1997), several of the irradiation in-
duced defects in n-GaAs, including the E2 defect, were investigated by application
of uniaxial stress and conventional DLTS. The aim of the study was to obtain
information that would be used to determine the symmetry and structure of these

defects. The other two defects under study were the E1 and the E3.

The substrate for their samples was epitaxially-grown silicon-doped GaAs with

3. These substrates were of 2.0 mm X

a carrier concentration of 4.5 x 10%° em~
2.0 mm X 6.0 mm dimensions with the longest side being parallel to the targeted

axis. After the substrates were properly cut, an Ohmic contact was made on them
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by tin alloying and two Schottky contacts were formed on the other side of the

substrate. The Schottky contacts were made of aluminum and were 1.0 mm wide.

The DLTS system was a double-boxcar system mounted onto a beam-line of a Van
de Graaff Ton Accelerator. The samples were irradiated over a temperature range of
10-450 K and the DLTS measurements were carried out over the same temperature
range. These measurements were performed with and without applying stress to

the samples.

To analyze the data, the researchers calculated theoretical DLTS spectra (for both
the 0.0 GPa measurements and 0.4 GPa measurements) for a quantitative compar-
ison with the experimental results (Hartnett and Palmer, 1997). Figure 2.14 shows
the results of this experiment. The solid lines represent the calculated spectra ,
while the dots are actual experimental points. The figure demonstrates that the
experimental results are in agreement with theoretical calculations. The broad-
ening of the peak under uniaxial stress, applied along (110) orientation is clearly

visible.
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FIGURE 2.14: Conventional DLTS sccan showing broadening of the E2 peak
under uniaxial stress along (110) orientation (Hartnett and Palmer, 1997). The

Image was reproduced from hard copy version.
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2.2 Electronic devices

Numerous electronic devices make use of unique electrical properties of semicon-
ductors for their operation. These semiconductor devices rely on the electronic
dynamics present at p — n or metal-semiconductor junctions. The simplest form
of a semiconductor device is made from a p — n junction which forms a diode.
As the electrons closest to the junction migrate from the n-type to the p-type
semiconductor and recombine with the positively charged holes in the latter, a
“depletion region” devoid of any charge carriers forms. This depletion region
widens or shrinks depending on the direction of the applied potential and acts to
either promote or block the flow of current. The same principle also applies to the
metal-semiconductor junctions, whereas, in this case, either an n-type or p-type
materials is used. Point contact rectifiers and Schottky diodes are examples of

devices exploiting this principle.

While principles of operation of all these devices are the same, the type of junction
used in each device determines its specific characteristics such as the value of
forward voltage drop and switching speed capabilities. For further information on
the subject, the reader is encouraged to refer to textbooks e.g by Schroder (2006)

and Sze and Ng (2006).

In this study, Schottky diodes are used as the primary semiconductor device for
the purpose of characterizing semiconductor defects. Therefore, it is essential that

the reader is exposed to a brief description of the underlying electronic dynamics in
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metal-semiconductor junctions as it forms the basis for the operation of Schottky

diodes.

2.2.1 Metal-semiconductor junction

In 1938, German physicist Walter H. Schottky, following previous research by K.
F. Braun, A. H. Wilson, and others, proposed that at the interface where a metal
and a semiconductor connect, a potential barrier with possible rectifying properties
forms. In the discussion below, a contact to an n-type semiconductor is considered.
For p-type material a similar argument holds. The rectifying properties of this
potential barrier, also known as the Schottky barrier, depend on the difference
between the work function ¢,, of the metal and that of the semiconductor ¢;.
The work function is the minimum energy required to remove an electron from a
metal or a semiconductor; or the energy difference between the Fermi level and
the vacuum level. Figure 2.15 (a,b and c) illustrate ideal cases where ¢, < ¢s,
Om = s, Om > @5 respectively and the metal and semiconductor are in intimate
contact with each other . This leads to the formation of different types of metal-
semiconductor contacts. Here, y is the energy difference between the conduction
band maximum and the vacuum level, i.e. the energy released when an electron is
added to the semiconductor, and is called the electron affinity of the semiconductor

(Schroder, 2006) (Sze and Ng, 2006).

If ¢, > ¢, due to the bending of the semiconductor energy bands, electrons
migrate from the semiconductor into the metal and accumulate on the surface of

the metal, leaving a region of the semiconductor called the space-charge region,
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FIGURE 2.15: Metal-Semiconductor Contacts. After Schroder (2006).

devoid of any charge carriers. The accumulation of electrons on the surface of
the metal creates a potential barrier at the junction that blocks the passage of
electrons from the metal into the semiconductor. This phenomenon is responsible
for the rectifying properties observed in metal-semiconductor contact and thus
makes the depletion type contact the most important one. The parameter ¢p

denotes the height of this barrier and can be written as:

When the junction is biased in the forward direction, the Fermi level, Er, of the
metal rises thus lowering the barrier from the point of view of an electron travelling
from the semiconductor to the metal. The exact opposite of this phenomena
happens under reverse bias conditions, resulting in electrons flowing from the
semiconductor to the metal and encountering a higher barrier. It should also be

noted that from the perspective of an electron in the metal, the barrier height
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remains constant under either condition.

Even though Equation 2.6 describes an ideal case where there are no separating
layers between the metal and the semiconductor, in practice, the formation of an
oxide layer is inevitable. The existence of this layer results in the formation of
an electrostatic potential difference between the surfaces of the metal and semi-
conductor that creates an additional potential barrier. However, if this layer is
narrow enough, the electrons will have the ability to tunnel through it. Therefore,

the effects can be neglected, and Equation 2.6 remains a valid approximation.

Aside from the barrier height, another important parameter in depletion type
contacts is the width of the depletion region (indicated by W in Figure 2.4 (c)).
This region is the space-charge region created due to the migration of the electrons
from the semiconductor to the metal. In the zero bias condition, the width of
the depletion region depends on the doping density Np in such a way that it
becomes narrower as the doping density increases and vice versa. At very high
doping levels, the barrier becomes narrower and quantum tunneling becomes more
probable. Therefore, electrons can tunnel through the barrier instead of having to

overcome the potential barrier (Schroder, 2006).

As it was stated earlier, the depletion region is devoid of any charge carriers.
However, there are states occupied by electrons at the edge of this region. When
the voltage applied to the semiconductor changes, these charges are redistributed.
This makes it possible to think of the depletion region and the two charged surfaces
as forming a parallel plates capacitor. In this scenario, the capacitance would

change depending on the width of the depletion region. By applying forward and

31



&

Chapter 2. Semiconductors ﬁ AN

reverse bias pulses, it is possible to increase or decrease the width of this region

and change the internal capacitance of the contact.

The capacitance of a parallel plates capacitor can be written as:

KegA

C’:W,

(2.7)

where k, €9 and A respectively denote the dielectric constant, permittivity constant

and the area of the junction. W is the width of the insulator. If W is written as:

W) = \/21{80 (V- -0, (2.8)

and substituted into Equation 2.7; the result will be:

1 Vi —V =
= 1 (2.9)
C? qregA2Ny

where Vj; is the built-in potential-illustrated in Figure 2.15 (c)- and V' is the
applied bias. Equation 2.9 describes the relationship between the capacitance
of the contact and the applied voltage. If the doping density Np is constant,
the plot of 1/C? against V' will take the form of a straight line with the slope
—2/(qreg A% Ny). However, if Np is not constant, plotting 1/C? with respect to
V' and analyzing the slope of the resultant curve is used to determine the doping

profile of the contact (Schroder, 2006).

32



&

Chapter 2. Semiconductors ﬁ AN

The capacitance of the junction is also sensitive to carriers trapped by deep levels
within the depletion region. The relationship between the density of filled deep-

states and the total density of deep states is given by:

epnr = (en +€,) Ny (2.10)

Where np is the density of filled deep-states and Ny is the total density of deep
states. Equation 2.10 can be rewritten as:

en +€p

—)Ny (2.11)

nr = (

Any perturbation that results in changing np, contributes towards changing the

total charge of the depletion region, thus changing its capacitance.

When a quiescent bias Vg is applied across the junction is momentarily decreased,
the width of the depletion region decreases. This allows for previously unoccupied

states to start filling at a rate of:

dn
d_tT = ¢u(Nr — nr) (2.12)

where ¢, is the capture rate of defects for electrons. If the duration of the second
pulse is long enough, it results in complete filling of the deep level, i.e. ny = Nrp.
The additional negative charge reduces the capacitance of the junction. After the
bias is returned to its quiescent Vg, the captured electrons are thermally emitted

over a period resulting in restoration of the original steady state capacitance.
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During the emission process, the number of filled states decay exponentially, lead-

ing to an emission transient that is given by:

nT(t) = NTQ(_Ent) (213)

with the emission time constant being:

T=— (2.14)

The magnitude of the transient is used to determine the concentration of the deep

states.

2.3 Deep level transient spectroscopy (DLTS)

DLTS, in its conventional form introduced by D.V. Lang in 1974, is one of the
most sensitive and flexible techniques available for characterizing the electrical
properties of deep-level defects in semiconductors. Conventional DLT'S is used as

a method for identifying deep levels in semiconductors.

Assuming that ny < Np, the region of defects emitting, does not change sig-
nificantly. Therefore, the change in capacitance is described by a decay function

as:

C(t)=Cx +ACe™! (2.15)
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Using Equations 2.9 and 2.13, the capacitance as a function of time can be written

as:
Ct) = Cy(1 — —L) (2.16)
Y 9N, ‘
Then:
NT _t
C(t) = Co(1 = 53re %) (2.17)

where C(t) is the capacitance as a function of time, Cy is the steady state capaci-

tance at V.

It becomes evident that the decay rate of C'(t) is dependent on the time constant

T. which, using Equations 2.4 and 2.14, is shown to be temperature dependent:

_ exp((Fc — E7)/KT)
YnOnT?

(2.18)

Te

and at higher temperatures, electrons are more easily excited which increases the
emission rate. At lower temperatures, the opposite is true. This concept forms

the basis for DLTS measurements.

The DLTS spectrum is generated by applying an emission rate filter to the capac-
itance signal, which defines a rate window and generates a signal only when the
emission time constant is within the rate window. The sample is then repeatedly

pulsed while measuring the capacitance of the junction and the temperature is
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scanned over a temperature range. This leads to a temperature dependent graph
with one or more peaks. The peaks in this graph correspond to deep levels and

the temperature at which they emit within the rate window is easily measurable.

Figure 2.16 demonstrates the DLTS cycle and how the change in capacitance of

the junction corresponds to the generation of a transient.

e (A) This is the steady-state under the quiescent bias Vz. The deep-level state
in the depletion region are empty as there are no charge carriers present to

occupy them.

e (B) A filling pulse narrows the depletion region and allows the previously

empty deep levels to capture electrons.

e (C) After the filling pulse has ended, the depletion region widens so that it
re-encompasses the now occupied states. Since there is more negative charge
present in the depletion region, the capacitance of the junction drops to a

minimum value.

e (D) The capacitance begins to increase as the electrons are thermally emitted
from the deep levels. This process continues until all the occupied states

become empty and the capacitance stabilizes near the initial stable state.

This cycle is repeated multiple times and the values averaged to reduce noise. The
DLTS temperature scan is repeated with different rate windows, thereby deter-
mining the emission rate (emission time constant 7.) as a function of temperature.

Hence, the activation energy E7r, capture cross section ¢, and the density of deep
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FIGURE 2.16: Schematic illustration of the DLTS cycle. After Miller et al.
(1977).

states can be determined. The concentration of deep level may be determined

from The change in capacitance (AC).

Early DLTS systems made use of analog electronics and data acquisition systems
that significantly limited the resolution and capabilities of the technique. However,
as more and more advances in computational power and mathematical techniques
were made, analog electronics were replaced by digital signal processing. Data
acquisition hardware associated with DLTS systems also underwent a significant
upgrade which gave rise to digital DLTS systems with higher resolution and faster

acquisition speed (Dobaczewski et al., 2004) (Meyer, 2006)(Schroder, 2006).
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2.3.1 Laplace DLTS

DLTS transients are raw electrical signals recorded by the hardware and require
processing before they can be used as manageable data. These raw signals consist
of the capacitance transients engulfed in noise and, therefore, appropriate filters
must be used to separate the two. In a conventional DLTS system, such as the
one introduced by Lang (Lang, 1974), a double boxcar integrator was used as the

linear signal filter.

Later on, the boxcar filter was replaced by lock-in-amplifier which poses a more
favorable signal to noise ratio than that of a boxcar integrator, resulting in higher
resolution and more accurate measurements. However, both of these techniques
have resolution limits due to their analog nature. To address this shortcoming,
various digital techniques were proposed where the analog input signal is digitized
before the averaging step, therefore reducing the signal to noise ratio significantly.
These digital techniques are referred to as computer DLTS. Since an in-depth
discussion regarding the methodology behind these techniques is not directly rele-
vant to this dissertation, readers are urged to refer to references (Schroder, 2006)

(Meyer, 2006) (Dobaczewski et al., 2004).

Among the computerized or digital DLTS techniques, the highest resolution can
be attributed to inverse Laplace transform DLTS, commonly referred to as Laplace
DLTS or LDLTS. While most digital DLTS systems utilize the previously men-

tioned correlation technique as their primary signal processing method, in LDLTS

38



&

Chapter 2. Semiconductors ﬁ AN

a different approach is taken which, if implemented properly, results in significantly

improved resolution.

The main problem regarding processing the input signals arises from the fact that
transients are essentially exponential decays, separating closely spaced exponential
signals, while filtering out measurement noise, thus requires proper deconvolution
algorithms. As mentioned earlier, every signal processing method results in sacri-
ficing either resolution for better signal to noise ratio or vice versa. For instance,
the Inverse Laplace transform provides high-resolution output signals suitable for
observing fine structures within the spectrum but is very susceptible to noise.
However, given the fact that modern instruments and digital data acquisition sys-
tems, are capable of reducing the level of measurement noise significantly, the
higher resolution achieved by utilizing this algorithm, provides a suitable basis
for structural analysis of defects. (Dobaczewski et al., 1994) (Dobaczewski et al.,

2004) (Meyer, 2006) (Schroder, 2006).

The technique is based on the assumption that the observed transient consists of
the summation of a spectrum of emission rates so that the capacitance transient,

C(t), can be written as:

) = /0 " F(s)etds, (2.19)

where, F(s) is called the spectral density function. Equation 2.19 is the classic
definition of Laplace transform of the function F(s). However, in this case, C(t)

is a known parameter while F'(s) is unknown. Therefore, the aim is to determine
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the function F'(s) corresponding to the transient C'(¢) by employing an inverse
Laplace transform operation. Since the Laplace transform of every function is
unique to that function, this algorithm would effectively provide the means for
distinguishing between different transients (different e=** functions) corresponding
to different defects within the input signal. In the ideal case, the inverse Laplace
transform of the sum of a number of exponential decays will be a number of sharp
peaks located at the emission rate constants of the individual exponential decay

functions (Dobaczewski et al., 2004).

2.4 Integration of uniaxial stress into Laplace

DLTS

So far into the discussion, it has been established that the operation of DLTS as a
characterization technique relies on the emission processes involved with a defect
under various temperature-related conditions. However, as it was explained in
sections 2.1.2, electrical properties of defects fundamentally stem from parameters
directly related to their physical structure within the crystal lattice. Therefore,
disturbing these parameters and studying the resultant effects on emission rates of
defects would lead to further insight into the structure of the defect (Dobaczewski
et al., 2004) (Dobaczewski et al., 1995). There are several internal and external
methods that can be employed for this purpose, e.g. the introduction of localized

internal environments, lattice strain, and external hydrostatic or uniaxial stress.
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In the present study, the focus is exclusively on uniaxial stress and its integration

into a LDLTS system.

As a result of this integration, LDLTS becomes a structure sensitive technique
capable of providing previously unavailable information regarding semiconductor
defects. On a case by case basis, this information could lead to determination of
symmetry, piezospectroscopic parameters, defect reorientation dynamics and also
orientational degeneracy. However, the process of deducing this information from

measurements is somewhat complicated.

While the perturbation caused by external stress is only aimed at the defect center,
it inevitably affects the entire energy structure of the semiconductor, resulting in
observable changes in the positioning of band edges and the width of the band
gap. The change in energy level of the bound state corresponding to a deep center

with respect to band edges can be written as:

AEC,U = E(F, QF) + E<€c,v) - E<[7 QI): (220)

relative to either the conduction band or the valence band. Here, E(F,Qr) and
E(I,Qr) are the total energies of the initial and final states of the defect. E(e.,),
depending on the subscript, is the energy of an electron at the bottom of the
conduction band or a hole at the top of the valance band (Dobaczewski et al.,

2004).

In the absence of stress or strain on the defect, the energy level AE is determined

by equations 2.4 and 2.5. However, a more general formula describing emission
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rates is:

enp = OnpUinNe exp(—AG/ET) (2.21)

The term AG is the change in Gibbs free energy of the emission which can be

expanded according to the thermodynamic relation:

G=H-TS (2.22)
to give Equation 2.21 the form:
enp = OnpUinNoyexp(—AH/ET), (2.23)
where 7 is equal to:
v = exp(AS/k), (2.24)

and is called the degeneracy factor. Furthermore, AH which is the change in

enthalpy can be rewritten as (Dobaczewski et al., 2004):

AH = AE + pAV, (2.25)

where AF is the change in energy of the deep level from the initial to the final

state, and pAV denotes the change in the volume of the defect due to pressure.

When there is no pressure on the defect (p — 0), the term pAV is negligible
and therefore equation 2.21 can be reduced to the form of equations 2.4 and 2.5.

However, in the presence of high pressure due to external stress, the change in
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volume influences the change in the energy of the bound state. In this case, AV

contains structural information about the defect.

In order to acquire structural information from AV, the change in volume must
first be expressed in terms of stress induced deformation. This is achieved by
expressing the effects of the applied stress in terms of partial derivatives of the ac-
tivation energy with respect to the stress tensor, o;; of the defect as (Dobaczewski

et al., 2004)

0 0 0 0
—AF = E(F —F —

E(1,Qr) (2.26)

aO'Z'j

Therefore, while effects of external stress on the defect levels and energy band
structures can be understood from equation 2.26, it would be impossible to isolate

the effects on a specific portion of the term using this approach.

Another approach that would potentially overcome this limitation is the study of
the orientational degeneracy of deep levels. Anisotropic defects with low symmetry
can often exist at various orientations within a crystal lattice. However, due to
the symmetry of the crystal, the defects exhibit the same activation energy FEr
regardless of their orientational placement. Hence, they are called orientationally
degenerate defects. To lift this degeneracy, an external influence, such as uniaxial
stress, that would have differential effects on the defect based on the orientation
it is residing in, could be employed. In the context of DLTS studies, the results of
this perturbation can be observed as a splitting of the emission rate spectra into

separate components. These components, in turn, could provide the necessary
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information for determining the point group symmetry that the defect belongs to.
Figure 2.17, taken from Coutinho et al. (2003) demonstrates this phenomena for

VOH (-/0) defect in silicon.

2.4.1 Determination of symmetry

In physics, symmetry is defined as a property of a physical system that is
unaffected by certain mathematical transformations. Mathematically, the
symmetry associated with a physical system is described using groups. These
groups are organized based on the type and the number of symmetry transforma-
tions that they encompass. In crystallography, lattice symmetries are represented

by space groups, while, point groups are used to define symmetry of unit cells and

160K
<111> VOH (-/0)

-0.40 GPa /\/\

<110>
-0.65 GPa

1
<100>
-0.45 GPa ’\

Zero stress

Laplace DLTS amplitude (arb.units)

I I
10° 10t 10? 10

Emission rate (s)
FIGURE 2.17: LDLTS spectra of VOH(2/0) defect at 160 K measured both
at zero stress and under uniaxial stress along the three major crystallographic

directions. From the splitting pattern, symmetry of the defect was determined
to be orthorhombic-I, C-2v. After Coutinho et al. (2003).
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point defects. Using the Shoenflies notation, these point groups include: (Mec-

Cluskey and Haller, 2012) (Giacovazzo, 2002).

e Triclinic (Cy,C; = S3)

e Monoclinic (Cy, Cs = Cyp,, Cap)

e Orthorhombic (Dy =V, Cop, Doy = V3,)

o Tetragonal (Cy, Su, Cap, Dy, Cav, Dag = Vi, Dap,)

e Trigonal (C3, S = Cs;, D3, Cs,, D3g)

o HeXagOHal (067 C3h7 Céh, DG; CGU; D3h7 DGh)

e Cubic (T,T,,0,Ty, Oy,)

The number of non-cubic symmetry groups that can be associated with defects
in a crystal is limited by the symmetry of the bravais lattice corresponding to
that crystal. For instance, hexagonal systems cannot exist in cubic lattices. The
possibilities are limited even more, due to the fact that even though certain sym-
metric systems can theoretically exist in a specific lattice, they are never realized
in nature due to energetic stability considerations involved with their generation

processes.
Most widely used semiconductors have cubic lattices. Non-cubic defects in these

semiconductors can possess any of the following symmetries:

e Tetrahedral (7y)
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e Tetragonal (Dyy)

Trigonal (Cs,)

Rhombic I (Cy,)

Rhombic I (D,)

Monoclinic T (Ciy)

Monoclinic IT (Cs)

Triclinic (C})

When uniaxial stress is applied to a specific center, the effects uniquely depend
on its initial symmetry. This information is obtained through observation of shifts
and splits in the emission rate spectra, and they include the number of split com-
ponents, the relative intensity of every component and the rate of shift in emission
rate with respect to the magnitude of the stress for every component. To interpret
this information, a proper approach is to employ a piezospectroscopic analysis of
the stress data. However, the following analysis applies to cases where the defect

is assumed to be of low symmetry and have no electronic degeneracy.

The number of split components points to the various orientationally degenerate
states that can be associated with the center under study. As was implied above,
in a cubic lattice, there are some symmetry operations under which the defect
center remains invariant and, therefore, degenerate. However, this only applies as
long as the cubic symmetry of the lattice is conserved. Mathematically speaking,

when a cubic structure is subjected to stress, it deforms and, therefore, assumes a
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different structure (with lower symmetry). Under this new structure, the validity
of some or all symmetry operations becomes compromised. In this regard, when
a cubic lattice is perturbed by external stress, the symmetry operations that were
responsible for the orientational degeneracy of defects may no longer have the
same effects and therefore, some or all of the orientational placement for a defect
will be revealed as a splitting of the emission rate spectra. Now, depending on the
number of splits under stress applied along various axes, it would become possible
to associate the defect with one of the aforementioned point groups (Dobaczewski

et al., 2004) (McGuigan et al., 2000) (Kaplyanskii, 1967).

As was mentioned earlier, the effects of stress on a system can be mathematically
described in terms of a stress deformation potential, U,. For a non-cubic defect in

a cubic lattice, this deformation potential can be expressed as:

Ua = ZAijo-ija (227)
Y]

where A;; is the piezospectroscopic stress tensor values, which are unique for every
defect and can in principle be obtained from the slope of In(e,,) vs pressure

(Dobaczewski et al., 2004) (McGuigan et al., 2000) (Kaplyanskii, 1967).

The bulk stress tensor with respect to the direction of the applied stress and the

orientation of the defect is written as:

0;j = dcos(d,i)cos(d, j), (2.28)
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where 7,7 € h,k, [, and the cos (sz') is the cosine of the angle between the stress
vector ¢ and the defect axis 7. Assuming that the applied stress is along the arbi-
trary orientation of <XYZ>, for different values associated with these variables,
the product of Equation 2.27 determines the rate at which the emission rate spec-
tra of the defect shifts as a result of the applied stress (McGuigan et al., 2000).
The number of piezospectroscopic terms determines the number of expected split
components, and, therefore, the corresponding level of degeneracy that can be

associated with a defect of a specific symmetry.

The stress potential associated with non-cubic centers in a cubic crystal are given

in Table 2.1.

TABLE 2.1: Stress potential for non-cubic centers. After McGuigan et al. (2000)

Group Stress potential
Ta A1(Oxx T Oyyt Gz2)
D2q A1 G2z + A2(0xx T Gyy)
Csv A1(Cxx + Oyy T G2z) T 2A2(0xy T Gyz + Oxx)
Cov A162z + Ax(Gxx + Gyy) + 2A30xy
D> A16xx + AsGyyT AsGz
Cin A162; + Ax(Gxx T Oyy) T 2A30xy + 2A4(0yz - Oz)
G A162; + A20xx + AsOyy + 2A40xy
Ci A162; + Ao + Asoyy + 2A406x + 2A6y, + 2A604

Table 2.2 demonstrates how the initial symmetry of the center can be determined
based on the number of components the emission rate split into as a result of

uniaxially applied stress along (100), (110) and (111) directions.
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TABLE 2.2: Number of split components expected from application of uniax-
ial stress for the three major crystallographic orientations. After Kaplyanskii

(1967)
<100> <111> <110>

Tetragonal 2 1 2
Trigonal 1 2 2
Rhombic / 2 2 3
Rhombic 7/ 3 1 3
Monoclinic / 2 3 4
Monoclinic 1/ 3 2 4
Triclinic 3 4 6
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Design of the stress-dependent

DLTS system

As it was explained in Section 2.4, application of uniaxial stress with LDLTS
can be greatly beneficial in the study of semiconductor defects from a structural
perspective. However, in practice, developing such a system is accompanied by

certain difficulties that must first be addressed properly.

While a LDLTS system could be assembled using commercially available com-
ponents based on designs previously developed and implemented by researchers
such as Dobaczewski et al. (2004), the same approach cannot easily be applied
to the assembly of the necessary stress inducing mechanical components. Even
though there is a wealth of information available in the literature regarding design

and successful integration of uniaxial stress with various defect characterization
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techniques, the uniqueness of each experimental technique demands that these

mechanical components be designed, machined and constructed in situ.

During a stress dependence study, the sample has to be put under external stress
for the duration of the DLTS measurement. Therefore, during this time the setup
can be thought of as a static system and as it is characteristic of such a system,
equilibrium of forces, proper alignment and lack of static friction between different
parts become important points to be considered if the samples are to survive the

measurements.

With the previous points in mind, the first step in the design process was to
make sure that all the custom components are compatible with the existing com-
ponents in the system such as the cryostat. This is especially important since,
due to the delicate nature of this type of experiment, incompatibilities that could
lead to destabilization of the system, would inevitably influence the accuracy and

reliability of the results.

Furthermore, the external stress that must be applied to the sample is relatively
high and, if not applied correctly, could either interfere with measurements or
damage the sample or other parts of the system. Therefore, proper mechanisms
for transferring and directing the force onto the sample have to be devised. This
can be achieved by making sure that firstly, all the force is maintained within
the system and is not applied to the frame or other components as this could
be a cause of destabilization. Secondly, all the moving parts have to be properly
enclosed to ensure proper alignment. Thirdly, the movement of these parts must

be restricted in every direction except along the direction of the applied stress.
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Lastly, the interfaces between all the moving parts must be machined completely
flat to prevent the creation of stress components along undesired directions. Also,
to prevent stress-induced deformation, the type and dimensions of the materials
used for each part of the setup has to be appropriate to manage the maximum

amount of stress needed during measurements.

In case the applied force causes the sample to slip or break, the system will expe-
rience a noticeable shock. If not handled properly, this shock can damage certain
components of the system. Therefore, necessary precautions must be taken to

prevent this.

Sample preparation is also critical. Conventionally, the samples used in DLTS
studies are made out of small and very thin (3 mm x 5 mm x 0.5 mm) square
pieces of the semiconductor material with appropriate Schottky and ohmic con-
tacts deposited on their front and back surfaces, respectively. Since these mea-
surements are purely electronic characterizations, the physical dimensions should
not influence the final results. However, for stress-dependent studies, the sample
itself is part of the static system and its dimensions become an important factor.
When a thin piece of material is subjected to external stress, it becomes prone
to stress deformations such as buckling which results in the introduction of shear
stress. In this study, the external stress has to be applied uniaxially to the sample
and shear stress must be prevented. While it would be impossible to address this
problem in an absolute fashion, one method of reducing the effects of shear stress

is by using thicker and shorter samples, i.e. with a greater height to width ratio.
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However, in doing so, other challenges arise, including difficulty in handling the

samples and sample preparation which will be explained in due time.

3.1 Laplace DLTS setup

3.1.1 Hardware

The main electronic components for a LDLTS system, include a cryostat, a signal
generator, a high precision, high-speed capacitance meter, a temperature controller

and the necessary means for computerized data acquisition.
Cryostat

The cryostat used in this setup, shown in Figure 3.1, is an OptistatDN2, man-
ufactured byOzford Instruments. This cryostat relies on liquid nitrogen as the
cooling agent and can operate over a temperature range from 77 to 500 K. While
OptistatDN2 was designed mostly for optical measurements, the fact that it is a
top loading cryostat (the samples are loaded into a probe and then inserted into
the device), which makes it ideally suited for this application. The top loading
feature allows the user to design and use custom-built probes that best suit their

application.
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FiGURE 3.1: The OptistatDN from Oxford Instruments Inc.
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Capacitance meter

The capacitance meter used in this setup is a Boonton 7200, a model specifically
recommended by the manufacturer for DLTS measurements due to its high reso-
lution of 0.01 pF, fast response and fast recovery after overload. It is also one of
the few models that is completely supported by the Transient Processor Software
(discussed in Section 3.1.2). The existence of an IEEE-488 digital port makes this

model suitable for computerized DLTS systems.

% Boonton 7200 Capacitance Meter

FIGURE 3.2: Boonton 7200 capacitance meter

Temperature controller

As it was discussed in Section 2.2.1, the emission rate of deep-levels is temperature
dependent, therefore the ability to accurately record, control and stabilize the tem-
perature of the sample is critical for the accuracy and repeatability of experiments.
Equation 2.4 and 2.5 demonstrate that the relationship between the emission rate
and temperature is exponential. Therefore, slight variations in temperature can

interfere significantly with the results.

For the temperature controller to be able to provide the level of accuracy required
by stress measurements, certain parameters must be considered. Firstly, the tem-

perature sensor must be able to provide accurate and reliable readings. Secondly,
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the temperature controller must have an analog output that changes in smallest
possible increments. Thirdly, the control loop associated with the temperature

controller must be fine-tuned and optimized to ensure temperature stability.

Commercially available temperature controllers that are marked as scientific in-
struments, generally meet the last two requirements to a satisfying level. However,
the choice of temperature sensor has to be made by the user depending on their

intended application.

Considering the above mentioned criteria, a Model 336 temperature controller by
Lakeshore Cryotronics was used (Figure 3.3). This device is specifically designed
for scientific and cryogenic applications and is also compatible with the Transient
Processor Software. Just as the case of the capacitance meter, the existence of an

[EEE-488 connector makes this device suitable for digital DLTS applications.

rrrrrrrrrrrrr OUTPUT2 (HEATER)

B okoShoegse cole s OO OO
05 o4 e . Q.

Input Option

FiGURE 3.3: Lakeshore 336 temperature controller

The temperature sensor should preferably be mounted as close to the sample as
possible, and must therefore be housed within the sample holder. However, as it
will be demonstrated later on, the space available within this component is very
limited and would not allow the use of any sensor that is dimensionally more than
a few millimeters wide. This limitation can be overcome by using thermocouples.
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Aside from their form factor, thermocouples are also able to operate over a wide
range of temperatures. However, thermocouples are generally less accurate than
other temperature sensors available, and this lack of accuracy directly affects the
overall performance of the temperature controller to accurately measure and man-
age the temperature according to the set preferences. For this reason, thermo-
couples have to be properly calibrated before use. Otherwise, temperature inac-
curacies can become one of the major sources of error in measurements. If not
calibrated correctly, even a highly sensitive thermocouple can produce errors in

excess of 10 K.

The thermocouple used in this setup is of the type chromel-Au/Fe (0.07 %) which is
the preferred type for cryogenic applications due to the wide range of temperatures
it can operate at (1.2 K to 610 K) thanks to its relatively high thermoelectric
sensitivity at low temperatures. Furthermore, most temperature controllers such
as Lakeshore 336 have built-in calibration curves for this type of thermocouple
which drastically reduces the time needed for calibration and optimization and

can help reduce the margin of error in measurements.

Force measurements

To measure the applied stress, a compression load cell was used. The unit is a
model LMC302-2K made by Omega Engineering Inc. that was connected to a
model DP25B-S DIN process meter controller. Figure 3.4 shows the load cell and

the process meter controller.

Table 3.1 presents a summary of the characteristics of the two units.

57



Chapter 3. Design of the uniaxial stress DLTS system

&

4

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

TABLE 3.1: Features and specifications of the compression load cell and the
Information taken from Omega Engineering Inc.

Process meter controller.

(LMC320 and DP25B-S)

LMC302-2K
Compression load cell

DP25B-S
Process meter controller

Excitation: 5 V dc, 15 V dc max

Output: 1 mV/V (nominal)

repeatability combined)

Zero Balance: +2% FSO
Deflection: 0.025 to 0.075 mm
Max Load: 2000 N

Thermal Effects: Zero: 0.009% FSO/°C Span:
0.036% FSO/°C

Safe Overload: 150% of Capacity
Ultimate Overload: 300% of Capacity
Bridge Resistance: 350 Ohms minimum
Construction: Stainless Steel

Electrical: 1.5 m 4 Conductor Shielded Cable

Accuracy: +0.5% FSO (linearity, hysteresis and

Input Ranges: 0-100 mV, 50 mV, 0-10 V, £5 V,
0-20 mA, 4-20 mA

Isolation: Dielectric strength to 2500V transient
per 3mm spacing based on EN 61010 for 260
Vrms or DC working voltage

Input Protection: Voltage Input = 120 Vrms max;
Current Input = 100 mA max

Input Impedance: 100 Meg ohms for 100 mV or

+50 mV input range; 1 Meg ohm for 10 V or £5 V

input range; 5 ohms for 20 mA current input range
Internal resolution: 15 bits

Read rate: 3/sec

Max error process: +0.03% of reading, £ 1 count
Step response: 1 sec

Warm-up to rated accuracy: 30 min

Load Regulation: 1.1%

Line Regulation: 0.02% per Vac

Analogue output (optional): 0-10 V, 4-20 mA or
0-20 mA; may be assigned to a display range or

to setpoint #1, when used as a proportional
control output

SETPTS  AINTIGRS PITARE

FIGURE 3.4: Model DP25B-S DIN process meter controller (left) and Model
LMC302-2K force meter (right). Images taken from Omega Engineering Inc.
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(LMC320 and DP25B-S)
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Data acquisition

A digital data acquisition system is responsible for collection and transfer of data
from measurement instruments to the computer in charge of data processing. The
solution used in this setup is based on the multi-functional DAQ system, designed
and manufactured by National Instruments . The system is comprised of one NI
PCI 6251 internal card, one GPIB-USB connector, one 64-pin I/O cable and a
connector block that provides the interface for connecting analog ports to digital

ones.

-
7 MATIONAL
INSTRUMENTS

@ (b) ©

FIGURE 3.5: Various parts of the DAQ system: a) the NI PCI 6251, b) the
GPIB-USB and c) the connector block.

The NI PCI 6251 is the heart of the digital DAQ system. It is responsible for
converting the analog output of the capacitance meter into digital signals that can
be processed using a computer. According to the manufacturer, the conversion
process employed by this device increases the resolution of the signal by up to four
times. The NI PCI 6251 is capable of high-speed sampling rates of 1.25 MS/s when
only a single channel is used. This allows transients with shorter time constants

(100 ps)tobemeasured.Additionally, NI PC16251alsoful filstheroleo fthepulsegeneratorinthis.
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The GPIB-USB connector is used as the means for connecting different instru-
ments to the computer for the purposes of automation and instrument control.
The connector converts the I/0 signals of IEEE-488 ports on devices into USB
compatible signals and vice versa, allowing for manual and automatic control of

each connected instrument through a computer software.

3.1.2 Software

The software package used in this study for the purposes of hardware control
and data analysis was developed at the Institute of Physics, Polish Academy of
Sciences in Warsaw and the Microelectronics and Nanostructure Group, School
of FElectrical and Electronic Engineering at the University of Manchester. At the
core of the package is the Transient Processor Software which is responsible for
recording and running the specified signal processing algorithms on the input sig-
nals. This package was designed to allow for a wide variety of measurements to
take place, including conventional and LDLTS, and also C-V and I-V measure-
ments. Other convenient features of the package include a measurement database
program, a defect database which is editable by each user and the stand-alone

transient processor utility which can be used to process pre-existing raw data.

There are also shortcomings in the operation and capabilities of the software pack-
age, the most important being that the choice of capacitance meters and tempera-
ture controllers in any experimental setup are limited to certain makes and models
that are supported by the software and most of which are not always readily avail-

able.
60



&

Chapter 3. Design of the uniaxial stress DLTS system ﬁ VOAISELIT 5 Phéroid

All in all, the existence of such a well-developed software package, positively con-
tributes towards accuracy and repeatability of defects characterization processes
and therefore the efforts of all the scientists and software developers involved must

be acknowledged to the fullest.

3.2 Apparatus and setup

The mechanical parts of the setup can be separated into various modules: the
probe, stress module and the frame. The probe is based on a previous design by
the late Professor L. Dobaczewski, Polish Academy of Sciences. The design was

improved upon and adjusted to work with our existing cryostat.

3.2.1 The probe

As mentioned previously, the top loading feature of the OptistatDN2 allows for the
use of specialized probes and inserts. Taking advantage of this feature, a special
probe compatible with stress measurements was designed and built. As with any
other part of the system, a modular design approach was adopted in developing
the probe to ensure easy maintenance and upgradability of the components at
later stages. Figure 3.6 demonstrates different parts of the probe and how they

are assembled.

Sample holder and enclosure
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FIGURE 3.6: Various components of the stress probe: a) Force sensor housing.
b) Bellows. ¢) Connector block. d) Body of the probe. e) sample holder housing.
f) Anvil. g) Hammer (electrical components are not shown).

The sample holder resides at the bottom of the probe. In more ways than one, the
sample holder can be considered the most important part of the design. Not only
is it responsible for stabilizing the sample before and during measurements, but it
is also part of the mechanism that transfers the external stress to it. Furthermore,
since there are electrical connections going to and around the sample, the sample
holder and its enclosure must be big enough to house those connections yet small
enough to fit into the cryostat. The ease and the speed with which samples are
mounted and dismounted are also among the important factors that influenced
the design process. The sample holder and its enclosure as illustrated in Figures

3.7 and 3.8 were designed and built with all the aforementioned criteria in mind.

The sample holder itself consists of a hammer and an anvil that, while holding the

sample in place, they also act to transfer the external stress to the sample. While
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FIGURE 3.7: Sample holder. a) Nuts. b) Hammer. c¢) guide rods. d) Sample.
e) Anvil.

the sample is mounted, the guide rods on the anvil and the accompanying nuts,
act to restrict the movement of the hammer to only downward vertical direction.
This ensures the stability of the sample when stress is applied. As can be seen in
Figure 3.9, when a sample is mounted and the hammer is secured in place, the

sample holder can easily be inserted into the enclosure.

The sample holder enclosure houses the sample holder, the internal heater and
thermocouple that are respectively responsible for heating and measuring the tem-
perature of the sample in real time and also the coaxial wires that connect the

sample to BNC connectors at the top of the probe.
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FIGURE 3.8: Sample holder enclosure. a) Body of the enclosure. b) heater
wires. ¢) Thermocouple wires. d) Coaxial wires. e) Heater strip.

64



&

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Chapter 3. Design of the uniazial stress DLTS system i

FIGURE 3.9: A demonstration of how samples are mounted into the sample
holder and electrical connections are made.
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Neck of the probe

The neck of the probe is made out of a hollow stainless steel tube that is con-
nected to the sample holder housing at one end and the connector housing at the
other. A stainless steel rod runs through the middle of this hollow tube and is the
medium through which mechanical stress is transferred from the stress module to
the hammer and then the sample. On the outer surface of the tube, there are four
lengthwise grooves, illustrated in Figure 3.10, which house the wires that connect
the sample, the thermocouple and the heater to the connectors in the connector
block. These grooves are made not only to make the design tidier but also to
prevent wires from fraying over time due to friction as the probe is taken in and
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