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Abstract

Devices for operation in aerospace, manufacturing industries, defence and radiation-
harsh environments need to be manufactured from materials that are resistant to the
frequent damage caused by irradiation and high-temperature environments. Silicon
carbide (SiC) is a wide-bandgap semiconductor material that promises to provide
solutions to these problems based on its capability to operate under extreme conditions
of temperature and radiation. These conditions introduce defects in the materials. Such
defects play an important role in determining the properties of devices, albeit beneficial
or detrimental. Therefore it is very important to characterize the defects present in as-

grown material as well as defects introduced during processing and irradiation.

In this research, resistive evaporation (RE) as well as electron-beam deposition was
employed for the fabrication of ohmic and Schottky barrier contacts on nitrogen-doped,
n-type 4H-SiC substrate. The quality of the Schottky barrier diodes (SBDs) deposited
was confirmed by current-voltage (I-V) and capacitance-voltage (C-V) measurements.
Deep level transient spectroscopy (DLTS) and high-resolution Laplace DLTS were
successfully used to characterize the electrically active defects present in the 4H-SiC
SBDs before and after bombarding them with high-energy electrons and alpha-particles

as well as after exposing the sample to electron beam deposition conditions.
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[-V and C-V measurements showed that the SBDs deposited by RE were of good quality
with an ideality factor close to unity, a low series resistance and low reverse leakage
current. After irradiation, the electrical properties deviated significantly based on the
irradiation types and fluences. Thermionic emission dominated at high temperatures
close to room temperature, while other current transport mechanisms became
dominant at lower temperatures. The ideality factor increased and Schottky barrier
heights decreased with decreasing temperature, which has been attributed to barrier
inhomogeneities at the metal-4H-SiC interface. Irradiation by high-energy particles had
no effect on mean barrier height, but influenced the modified Richardson constant of the

devices.

Results obtained from the DLTS and LDLTS measurements revealed the presence of
four electrically active deep levels in the as-grown 4H-SiC, and the presence of two and
three extra defects after bombardment with alpha-particle and high-energy electron
(HEE) irradiation, respectively. The irradiation by both alpha-particle and HEE caused
an increase in concentration of electrically active defects attributed to nitrogen
impurities as well as the Zi/Z: intrinsic defect attributed to the carbon vacancy.
However, the structure of two of the defects observed with energies Ec - 0.22 and Ec -

0.76 eV were unknown.

Electron-beam deposition as well as exposure to electron-beam deposition conditions
introduced two additional electrically active defects in 4H-SiC These two defects were
close to the metal-semiconductor junction, but the process did not cause any noticeable
increase in the concentration of defects previously observed in the as-grown 4H-SiC
SBDs deposited by resistive evaporation technique. These electrically active defects
with energies Ec - 0.42 and Ec - ~0.70 eV were probably caused by the product of
elastic collisions between 10 keV electrons and residual vacuum gases which were

ionized around the filament and accelerated by the electric field towards the substrate.
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Chapter 1

Introduction

In 1824 the existence of the silicon-carbon chemical bond was suggested and
synthesized first by J]. ]J. Berzelius |[1]. Berzelius discovered this outstanding
semiconductor material when he was trying to synthesize diamonds. E. G. Acheson
discovered a commercial process of manufacturing large quantities of silicon carbide
(SiC) which was patented in 1893 [2], and named this new material, consisting of dark
SiC crystals, carborundum |[3]. Naturally occurring SiC is very rare and was first
discovered by Henri Moissan in 1905, who found small hexagonal platelets in a
meteorite [4]. This mineral is named Moissanite, and this has become the name of
commercial gemstones made from SiC. Because of SiC’s extraordinary abrasive
properties, the material was marketed mainly for cutting and grinding purposes; though
the quality of the SiC was low in hardness when compared to diamond. Various growth
methods have been employed in synthesizing SiC in large and high-quality crystals. In
1950s, research in solid-state electronic devices started and SiC was one of the
semiconductors investigated. A technique to grow high-quality single crystal SiC was
developed by Lely in 1955, but the production of large-area single crystal was prone to
defects [5]. Since then, many techniques have been implemented to grow high-quality
SiC. Among the growth techniques are physical vapour transport and chemical vapour

deposition.

1.1 Motivation

The challenge that still has to be addressed in the production of semiconductor material
is how to grow defect-free semiconductor crystals. Introduction of defects in the
semiconductor lattice may occur during processing steps including semiconductor
growth, particle irradiation, plasma etching and metallization. The presence of defects
influences the substrate’s properties and thereby modifies the performance of the
devices fabricated on the substrate. These defects may have a detrimental effect on the
performance of semiconductor devices such as in solar-cell applications, where they act

as efficient recombination centres and affect the carrier lifetime [6]. On the other hand,

1
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these defects may also enhance the performance of semiconductor devices such as fast-

switching power devices |7, 8].

Wide bandgap semiconductors such as SiC, zinc oxide (ZnO) and gallium nitride (GaN)
have received attention as outstanding device materials that are capable of operating at
high-voltage, frequency and temperature. Wide bandgap semiconductors, which allow
high-power electrical devices to be built are relatively cheap and more energy-efficient
compared to conventional semiconductor materials. Among all the wide bandgap
semiconductors, GaN provides better high frequency and high-voltage performance, but
lack of good quality bulk substrates needed for power devices and lower thermal
conductivity are a disadvantage. SiC overcomes both these shortcomings. Consequently,
SiC is often seen as the best wide bandgap semiconductor for high- voltage devices. High
quality SiC power devices grown on good quality substrates with high thermal
conductivity have been manufactured and sold commercially [9]. SiC has displayed the
capability to operate under extreme conditions of temperature and radiation [10, 11].
SiC-based electronics can be used in low-noise capacity and optoelectronic operation. In
addition, the advantages of SiC devices in the area of cost cannot be overemphasized.
The cost has dropped over the decades and the outstanding performance has proven
itself superior to Si and GaAs devices. SiC is a key material for next-generation
photonics, and has the ability to outperform current Si power devices [12, 13]. Among
the SiC polytypes, 4H-SiC is the most promising polytype for vertical type high-voltage

devices due to its higher bulk mobility and smaller anisotropy [14].

Furthermore, it is worth considering that the understanding of how defects affect the
performance of devices is the basis for fabricating improved 4H-SiC devices. Although
many impressive findings have been reported, characterization of defects induced by
processing and irradiation of 4H-SiC Schottky barrier-diodes (SBDs) is still a very active

field of study and many aspects of defects in SiC are not yet well understood.

Defects in semiconductors have been characterized by different techniques, such as
positron annihilation spectroscopy, admittance spectroscopy, cathodoluminescence,
photoluminescence, Hall effect, Rutherford backscattering spectroscopy, X-ray
diffraction, scanning electron microscopy and deep-level transient spectroscopy. In this

study, deep-level transient spectroscopy was employed.
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Deep-level transient spectroscopy (DLTS) is a powerful electrical technique that
provides details about the signature (the activation energy and capture cross-section) of
an electrically active defect with one or more levels in the bandgap of a semiconductor.
DLTS can characterize defects using different kinds of space-charge based devices such
as Schottky barrier diodes, p-n junctions and metal oxide semiconductor structures |15,
16]. The invention of high-resolution Laplace DLTS increased the utility of this
technique significantly. Laplace DLTS makes separation of the closely spaced energy

levels that appear as single broad defect in conventional DLTS possible [17, 18].
1.2 Aims and objectives
The aims and objectives of this research are as follows:

» To fabricate high quality ohmic and Schottky contacts on 4H-SiC by employing

the best cleaning methods and optimizing the metal deposition technique.

» To characterize the electrically active defects present in Schottky barrier diodes

manufactured on as-grown 4H-SiC.

» To fabricate contact systems for operation at extreme temperature and in
radiation harsh environments, such as aerospace, nuclear and satellite

applications.
» To investigate the radiation response of 4H-SiC devices at different fluences.

» To determine the effect of irradiating n-type 4H-SiC devices at high fluence and

investigate the annealing of the induced electrically active defects.

» To ascertain if process induces defects in SiC, a wide bandgap and radiation hard

material.

1.3 Thesis layout

This thesis is divided into five (5) chapters:

Chapter 1 is an introduction that contains the motivations, aims and objectives as well

as the outline of the thesis.

© University of Pretoria



Chapter 2 presents the theoretical background of semiconductors with special reference
to SiC, on which this study is based. The chapter briefly describes Schottky contacts,
defects in 4H-SiC and characterization of defects by convectional DLTS and high-

resolution Laplace DLTS.

Chapter 3 describes the experimental techniques employed to fabricate Schottky and
ohmic contacts. The introduction of deep-level defects by high-energy particles and

electron-beam deposition will also be discussed.

Chapter 4 presents and discusses the results obtained during the course of this study.
Most of the results have been published in peer reviewed journals. The results are
summarised in a number of sections, with references to the full papers for detail. The

relevant papers are included at the end of Chapter 4.

Chapter 5 summarizes the conclusions drawn from the study and proposes further

research to be performed.
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Chapter 2

Theoretical aspects

2.1 Introduction

Theoretical aspects of semiconductor, with particular reference to SiC, are presented in

this chapter.

Section 2.2 briefly presents the crystal structure of SiC as a binary semiconductor with
chemical formula of SiC. This section also describes SiC as an indirect wide bandgap

semiconductor that varies from 2.36 to 3.26 eV at room temperature, depending on the

polytypes.

Properties and applications as well as crystal growth techniques of SiC are presented in
Sections 2.3 and 2.4. The application of SiC for high temperature, high frequency, high
saturation carrier velocity, high mechanical strength and high power device
applications are due to its high critical field for breakdown, high thermal conductivity

and large bandgap properties.

In Section 2.5, the importance and the influence of Schottky contacts in the fabrication
of semiconductor devices is briefly described. It is also clearly stated in this section that
the reliability, the performance and the stability of devices depend on the contacts or

interface properties for their optimum operations.

The classification of states into shallow and deep-level defects according to their
positions within the energy bandgap of SiC is briefly introduced in Section 2.6. The roles

and the common types of point defects in SiC are also emphasized.

Section 2.7 briefly describes the characterization of defects by the standard DLTS and
high-resolution Laplace DLTS. Advantage of Laplace DLTS over the conventional DLTS

in separating traps or states with similar emission rates is also described.
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2.2 SiC crystal structure

A crystal structure is formed when atoms are uniquely arranged in a crystal. In the case
of SiC structure, an atom of carbon is tetrahedrally bonded to four neighbouring atoms
of silicon that are placed in the corner and vice-versa as shown in Figure 2.1. The bond
between silicon and carbon is very strong because of the short bond length and
hybridization of sp3. The bond between them is nearly covalent with ~12% ionic
bonding. There are about ~250 crystalline forms of SiC, however, only a small number
of these are frequently observed [1]. The frequently observed structures are all close-
packed structures and show a 1-dimensional polymorphism called polytypism |2, 3]. The
term polytypism is a special case of polymorphism that takes place when two
polymorphs differ only in the stacking of identical, 2-dimensional sheets or layers [4].
The orientation sequences by which layers of tetrahedral are arranged are the only
differences among the polytypes. The differences of the same chemical compound are
identical in two but differ in the third dimensions. Therefore, they can be observed as
layers arranged in a definite sequence |2, 5|. The most common SiC polytypes are
grouped into four: the cubic (3C-SiC), the hexagonal (4H-SiC and 6H-SiC), the
rhombohedral (15R-SiC) and Tetragonal (T). The different crystalline polytypes can be
described by allocating a number corresponding to the number of layers in the unit cell
followed by the crystal symmetry. For instance, in 4H-SiC and 6H-SiC, four and six
different layers are repeated in the material and the structure is hexagonal. Figure 2.2

shows the stacking sequence of the 2H-, 3C-, 4H- and 6H-SiC polytypes.

The o- and the B-SiC are the most common polymorphs. The «a-SiC occurred at
temperature above 1700°C, and has a crystal structure of hexagonal. It is mainly 2H-,
4H-, and 6H-SiC which has Wurtzite structure. The 2H-SiC is purely hexagonal, while
4H-SiC is 50% of hexagonal (and 50% cubic) and 6H-SiC is 33% hexagonal (and 67%
cubic) [2, 6, 7].

The B-SiC formed at temperature below 1700°C, and has the zinc-blende crystal
structure. The cubic 3C polytype is mainly referred to as (-SiC with structure similar to
diamond. Also, the B-SiC is 100% cubic. The bonding between Si and C atoms in

neighbouring bilayer plane is of cubic (zinc blend) or hexagonal (wurtzite) in nature.

For more details about crystallography of SiC, the readers should consult ref. [8].
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(i)

Figure 2.1: The tetragonal bonding of a (i) silicon atom with the four nearest carbon
neighbours, and (ii) carbon atom with the four nearest silicon neighbours. The distances a

and C-Si are approximately 3.08 and 1.89 4, respectively.

Figure 2.2: Stacking sequence of the 2ZH-, 3C-, 4H- and 6H-SiC polytypes [9].
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2.3 Properties and applications of SiC

SiC is an indirect wide bandgap semiconductor material that is notable due to its high
saturation carrier velocity, high mechanical strength, high electrical breakdown field
and high thermal conductivity compared to conventional semiconductor materials such
as Ge, Si and GaAs [10-12]. The physical properties of SiC polytypes are compared to

conventional semiconductor materials in Table 2.1.

The bandgap of SiC is approximately three times that of Si. Depending on the polytypes,
its bandgap varies from 2.36 to 3.26 eV, as shown in Table 2.1. The wide bandgap means
that electron is not easily thermally excited from the valence band to the conduction
band. The number of electrons in the conduction band or the number of holes in valence
band of an intrinsic semiconductor (a semiconductor without impurities or defects) is
called the intrinsic carrier concentration. The number of electrons or holes present
depends on the band gap and the temperature of the material. SiC has a very low
intrinsic carrier concentration at ambient conditions compared to Si. This makes it
possible to control conduction through the doping of impurities at higher temperatures.
Its larger bandgap and low intrinsic carrier concentration, makes SiC an appropriate
material for high temperature devices. This would include devices operating in harsh
environments (e.g. automotive and aerospace applications) as well as high power
devices that generate large amount of heat. SiC can withstand thermal temperature
~1000°C compare to Si that can deteriorate at temperature ~250°C [13]. Also, the wide

bandgap makes SiC suitable for the emission and detection of short wavelength light.

SiC has a very high dielectric breakdown field strength that is ten times that of Si.
Therefore devices made from SiC can perform without breakdown at larger power

densities, again making the material ideal for high power applications.

10
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Table 2.1: Comparison of properties of common SiC polytypes with various conventional

semiconductors [10].

Eqy n; Ebp Ue Un Vs K

(eV) (cm3) (MVcm1) (cm2V-1s-1) (cm?V-1s-1) (cms1) (Wcem-1K-1)
4H-SiC 3.26 =107 2.0-3.0 720 120 2.0x107 3-5
6H-SiC 3.02 =10-5 2.5 370 80 2.0x107 3-5
3C-SiC 236 =10 >1.5 900 40 2.0x107 3-5
Si 1.12 1010 0.6 1350 480 1.0x107 1.5
GaAs 142 2x10¢ 0.6 8500 400 2.0x107 0.5
GaN 340 10-10 2-3 1000 30 2.5x107 1.3

NOTE: Energy bandgap, Eg; intrinsic carrier concentration, ni breakdown voltage, Ep;
electron mobility, ue; hole mobility, un ; saturation electron velocity, vs; and thermal

conductivity, k.

2.4 SiC growth techniques

Naturally, SiC occurs as the rare mineral moissanite. Industrially, SiC is available as a
bulk crystal as well as an epitaxial crystal. Because of the high melting point of
stoichiometric SiC (> 3200°C) [14], the common methods of growing bulk
semiconductor crystals such as Czochralski, liquid-encapsulated Czochralski, Bridgman,
and gradient freeze, cannot be used for the manufacture of SiC, however, the physical
vapour transport process known as a modified Lely, and high temperature chemical

vapour deposition may be used.

2.4.1 Physical vapour transport

This method allows a large variation in crystal quality, for uses ranging from abrasives
to semiconductor wafers for electronic components. According to this method, solid SiC
(referred to as the source) is placed at the bottom of a furnace, which is either
evaculated or filled with argon or helium. The source is heated to high temperature
(1600° < t < 2700°C) until vaporisation takes place. The vapour rises and migrates to
cooler, upper portions of the furnace, where it comes into contact with a
monocrystalline seed of SiC and is deposited thereby increasing the size of the crystal.

The Acheson process, the Lely process, and the modified Lely process are techniques

11
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considered versions of physical vapour transport method. More details on this section

could be found in refs [14, 15].

2.4.2 High temperature chemical vapour deposition

This is an alternative method of growing bulk SiC crystals. This method uses gas phase
precursors instead of SiC powder in physical vapour transport method. The source
materials are constantly served into the reactor. This method is free from problems
associated with the use of closed systems (such as a lack of the source powder during
productions). The production of high quality bulk SiC crystal is possible using this

method, and that makes it a better substitute to physical vapour transport [16].

In addition, the uses of two sources, SiH4 for the Si source and CHs or C3Hs, for the C
source are possible with this crystal growth method [16]. It is advantageous over the
physical vapour transport because the stoichiometry of the deposits can be easily

controlled. More details on this section could be found in refs [14, 16, 17|

2.4.3 Chemical vapour deposition

This method is used for growing thin crystalline layers right from the gas phase [18].
With this method, a mixture of source gases for Si (Silane is the common Si source) and
C (a hydrocarbon is used for C), and a carrier gas (high purity Hz2) is injected into the
growth chamber with substrate at temperatures greater than 1300°C. The high purity
H2 as a carrier gas is also acts as a co-reactant. Multi-source (conventional Si and C) and
single-source precursors have been successfully used and reproducible chemical vapour
deposition epitaxial films have been produced. The single-source precursor can be
grown at temperature lower than 1100°C. This process is used to manufacture high
quality, high-performance, solid materials. More details on this section could be found

in refs. [14, 19].
2.5 Metal-Semiconductor interface

2.5.1 Introduction

A metal-semiconductor (M-S) interface is a junction in which metal is in contact with
semiconductor material. This junction can be rectifying (Schottky barrier) or non-
rectifying (ohmic contact) [20]. Schottky contacts can be used in device applications

such as rectifiers, mixers, microwave receiver detectors and field effect transistors [21,

12
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22]. The Schottky contacts can also be used to form a space charge region that can be
used to investigate the semiconductor energy bandgap and measure the properties of
the deep-level defects present at and below the M-S interface. The reliability, the
performance and the stability of devices is highly dependent on the interface properties.
The quality of the M-S junction is determined by the difference between the Fermi
energies of the metal and semiconductor, the processing of the semiconductor before
fabrication of the contact and the techniques used in the fabrication of devices [21, 23,

24].

This section is very important and too broad to be discussed in detail in this thesis.

More details can be found in refs [21, 25].

2.5.2 Schottky contacts

Schottky contacts are metal-semiconductor contacts that can rectify signal device in
forward bias and not allowing current to flow in reverse bias. The mechanism according
to which a Schottky diode is formed for an ideal case (i.e. without surface effects,
interface states and other anomalies) was described by Schottky [26], the barrier height
between a metal (say Ni) and an n-type semiconductor (say 4H-SiC) is equal to
difference between the work function of metal and the electron affinity of

semiconductor [27-29], which can be written as Equation 2.1

bp = bm—x 2.1

As a typical example for Ni/n-type 4H-SiC, the barrier height, ¢, = 2.05 eV, the work
function of Ni, ¢, = 5.15 eV, and the electron affinity of n-type 4H-SiC of orientation
(0001), x = 3.1 eV [30]. The principle of Schottky contact according to Schottky-Mott
theory is shown schematically in Figure 2.3. In Figure 2.3a shows the metal and
semiconductor isolated and electrically neutral with the ¢,, > ¢,. In Figure 2.3b, the
metal is brought into thermodynamic contact with the semiconductor by means of a
thin wire, electrons flow from semiconductor to metal due to the difference in work
function. The flow of electrons from the semiconductor to the metal takes place until the
thermal equilibrium occurs. At equilibrium, the Fermi level of the metal coincides with
the Fermi level of semiconductor as shown in Figure 2.3b. Due to the redistribution of

electrons, there is an accumulation of negative surface charges around the metal side
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that is compensated by the positive charges in the semiconductor in the vicinity of the
surface. Consequently, an electric field exists within the gap between the metal and the
semiconductor. As stated by Rhoderick [25], the negative charge on metal’s surface
consists of extra electrons confined within the Thomas-Fermi screening distance of
approximately 0.5 A. In n-type semiconductor, the positive charge will be provided by
electrons withdrawing from the surface and leave uncompensated positive donor ions
in an area depleted of electrons. Due to the fact that the concentration of electrons in the
metal is much greater than the concentration of donors, the uncompensated donors
occupy a layer of appreciable depth w. There is a change in potential due to the charge
distribution in the depletion region and thereby results in band bending upward in the
semiconductor as shown in Figure 2.3b. The difference between the electrostatic

potentials at the surface of the metal and semiconductor is given by Equation 2.2

VL' = 6El 22

where V; is the difference in electrostatic potentials, ¢ is their separation between metal
and semiconductor and E; is the electric field in the gap. As the gap between the metal
and the semiconductor is decreased, the electric field remains finite (Figure 2.3c), and V;
tends to zero as the gap vanishes. Figure 2.3d shows an ideal M-S contact in which the
barrier as a result of vacuum disappears wholly, and the only barrier seen by electrons,

is due to band bending in the semiconductor.

As seen in Figure 2.3d, the height of barrier relative to the conduction band'’s position in
the neutral region of the semiconductor is referred to as the diffusion potential (built-in
potential or voltage), represented by Vj;. The built-in voltage can be expressed as

Equation 2.3

Vi =¢p —¢ 2.3

where ¢ is the energy difference between the Fermi level and the conduction band
(referred to as Fermi or chemical potential of semiconductor). For charge neutrality

according ref. [21], the chemical potential is given as

— KT Ine 24
5_ nNd -
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where N, is the density of states in the conduction band of the semiconductor and Ny is

the doping density.
S
(@) } T (b) P
¢l | X
¢m * EC w
o EF' :\"?? _ _leoocoosssosnse:
EF R R R R
By o
(c) j X (d)
bm | |L¥
\5\___
Metal Semiconductor Metal Semiconductor

Figure 2.3: The formation of a Schottky contact (a) between a metal and semiconductor in
their isolated states, (b) electrically connected, (c) separated by a narrow gap, and (d) in a

perfect contact. Redrawn from ref [25].

In reality, Figure 2.3d is not achievable in the fabrication of Schottky contacts by
vacuum deposition. A thin insulating oxide layer of about 10 - 20 A thick usually forms
on the surface of semiconductor. This insulating layer is frequently referred to as an
interfacial layer. A practical Schottky contact is represented by Figure 2.3c. The barrier
presented to the electrons by the interfacial oxide layer is very thin so that electrons can
tunnel effortlessly and cause the case not to be distinguishable from the ideal one. In
addition, the potential drop V; is too small that Equation 2.1 still remains reasonable

approximation.

2.5.3 The depletion region
Bringing a metal into close contact with a semiconductor during the formation of a

Schottky diode, the conduction band and the valence bands of the semiconductor at the
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surface are brought into a definite energy relationship with the metal’s Fermi level [21].
This causes charge carriers to flow between the metal and the semiconductor until the
Fermi level on both sides of the junction is equal. In the metal, all charges accumulate
close to the interface, however in the semiconductor the charge is provided by ionized
donors or acceptors, which have a much lower concentration than electrons in the
metal. The result is that a region devoid of charge carriers, called the depletion region is

formed next to the interface.

Mathematically, the electric field, potential and carrier concentration in the depletion
region may be calculated by Poisson equation in the semiconductor (4H-SiC). The
boundary conditions are obtained from the barrier height at the interface, and taking

the electric field in the bulk of the semiconductor to be zero.

Taking x = 0 at the interface, the boundary conditions can be written as
V(0) =V,;and E(0) =0

where V is the potential, V,; is the built-in potential and E is the electric field.
The solution to Poisson’s one-dimension equation can be written as

v p(x)

dx? &

2.5

where p(x) is the charge density at a depth, x, and & is the permittivity of the

semiconductor.

In general, the charge density at a depth x should include contributions from the valence
and the conduction band, ionized donors and acceptors, and deep-levels in the bandgap.
This leads to a complicated equation which can be solved numerically. The abrupt or
depletion region approximation is used to simplify the complicated equation. According

to this approximation, the semiconductor is divided into two regions:

(i) depletion region, directly below the metal which contains only ionized
dopants and no free carriers, and
(ii)  the bulk semiconductor, which is electrically neutral and in which there is no

electric field (i.e. electric field is zero).
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Now, for contacts on n-type 4H-SiC semiconductor, under the abrupt approximation
that the total charge density, p(x) in the depletion region where there is no electron in
the conduction band is given by [21, 31]

_ (qNg4 xX<w
p(X)—{O s w 2.6

where N, is the density of dopants at a depth x from the interface, respectively, g is the
electron charge and w is the depletion width.
By integrating Equation 2.5 and applying the boundary conditions, the electric field and

electrostatic potential in the semiconductor are given below

N,
E(x)=—q d(w—x) 2.7
gS
and
qNg x?
V(x) = =Vyi +—(wx — =) 2.8
& 2

p(x), E(x) and V(x) for a Schottky barrier can be graphically represented as shown in

Figure 2.4.

Solving the Equation 2.5 by integrating it twice and applying the boundary conditions,
the depletion width is

w = _Vbi' 2.9

When an external bias V is applied to the contact, the depletion width is given as

| 2& (V v kT) 210
YT JaNg q/)’ '

where kT /q arises from the contribution of the majority carrier distribution tail, k is the

Boltzmann constant and T is the temperature in Kelvin. From Equation 2.10, the
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depletion width varies as the square root of the applied voltage V and as the reciprocal

of the square root of the semiconductor’s dopant density.

(a)

L

Y

(b)

A 4

(c)

Figure 2.4: Graphs of the charge density p(x), electric field E(x), and electrostatic potential
V(x) in the Schottky barrier diode’s depletion region. The results according to depletion
approximation and the effects of non-zero Debye length are represented by solid line and

dashed line, respectively. [32]

The space charge Q; per unit area of the semiconductor and the depletion layer

capacitance C per unit area are given by Equations 2.11 and 2.12, respectively [21, 27]

Q5(V) = qNaw = jZesqu (Vi -V - %T) 2.11
and
- _load =J &qNa & S0
av 2y =V —=kT/q) w
The Equation 2.12 can be written in the form below;
18
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1 _ 20y =V = kT/q)

2.13

CZ SSQNd
from which it follows that
2 1

Nq

A plot of 1/C? versus V yields a straight line and

“ass|dll /v

] 2.14

the doping density, Na can be

calculated from the slope (—2/(qesNy)) if Na is constant throughout the depletion

region, otherwise the doping profile can be calculated from Equation 2.14 by using the

differential capacitance technique [27].

By using voltage axis intercept, the Schottky barrier height ¢, is given by

kT
¢b=Vbi+‘f+7_A¢ 2.15

where V},; is the voltage axis intercept (known as built-i

the image force barrier lowering and is given as

0= (1)

4reg

1/2

where E,,is the maximum electric field, given by

m

_ (ZquVbi>”z
SS

Figure 2.5 shows a measured graph of 1/C? versus V.

© University of Pretoria
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Figure 2.5: Graph of 1/C? as a function of voltage V as measured for a SBD of Ni/4H-SiC

at room temperature (300 K).

2.5.4 Current transport mechanisms

This section is extracted from refs.[21, 25, 33| and details can be read in the texts.

In metal-semiconductor junctions, majority carriers are primarily responsible for the
current transport, unlike p-n junctions, where minority carriers are responsible for the
flow of current. These majority carriers can either be electrons (for n-type
semiconductors) or holes (for p-type semiconductors) [21]. There are four main
processes by which carrier transport can occur in Schottky barriers in forward biased

direction [21]. These mechanisms or processes are

(i) thermionic emission (TE) over the Schottky potential barrier from
semiconductor into the metal,

(i)  quantum-mechanical tunnelling through the barrier, which is important for
highly doped semiconductors and accountable for most ohmic contacts,

(iii)  carrier recombination and generation in the depletion region, and
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(iv)  hole injection from the metal to the semiconductor (recombination in the
neutral ).

These transport mechanisms are illustrated schematically in Figure 2.6.

Metal Semiconductor
<« —0(i)

a9 - o(iii) |
(iv)
I g e e

[\ Ey

A 4

Figure 2.6: Basic current mechanisms across a forward biased barrier, redrawn from ref.

[21, 25, 27].

2.5.4.1 Thermionic emission
Thermionic emission is dominant for Schottky barrier diodes on lightly doped
semiconductors, and operates at moderate temperatures [21]. The TE theory was

derived by Bethe [34], and assumes that

(i) the Schottky barrier height is much greater than characteristic energy
(i.e. q@p, > kT);
(ii)  thermal equilibrium is established at the plane that determines emission, and
(iii)  this thermal equilibrium is not affected by the existence of the net current
flow, therefore the two current fluxes can superimpose (i.e. from metal to
semiconductor, and vice-versa, each with a different quasi Fermi level [21].
It can be deduced from these assumptions that the flow of current from semiconductor

to metal is solely dependent on the Schottky barrier height and independent on the
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shape of barrier profile. Therefore, the shape of the barrier profile can be ignored. The
current density from semiconductor to metal (denoted as Js_,j,), which is determined by
the number of electrons that have sufficient energy to overcome the barrier, is given by

Jsom = f evydn 2.18
E

Fnte®Ppn

where v, is the component of the carrier velocity in the direction of current flow, and
Epp, + e®y, is the minimum energy necessary for TE into metal. To consider the

electron density in an incremental energy range, we have Equation 2.19

dn = N(E)F(E)dE

2.19
4w (2m*)’/z2

E—-E +qW
) ey (- B 0 g

where N(E) is the density of states, F(E) is the distribution function, m* is the effective
mass of semiconductor, qV;, is (Ec - Er) and E is the electrons’ energy. Let postulate that
all the energy associated with electrons in the conduction band is kinetic energy, and is

given as
1
E=E;+ Em*vz 2.20

From Equation 2.20, dE = m*vdv, and Equation 2.19 can be written as [21, 27]

* .2

m*\* ed, m*v
dn = 2 (T) exp (— —) exp| —

2 2.21
T ST ) (4nv*dv)

This equation gives the number of electron per unit volume with speeds between v and
v + dv that are distributed in all directions and h is the Planck’s constant. Resolving the
velocity into components along the axes in such a way that x-axis parallel to the

direction of transport, we have

v? =12 +v,% +v,° 2.22
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Using the transformation 4nv2dv=dvxdvydvz, we obtain current density from

Equations 2.18, 2.21 and 2.22

Arqm*k? qV, mM*v,y,2

where v, is the minimum velocity required in the x-direction to overcome the barrier

and is given by

1
Em*vgx =q(Vp; — V) 2.24

where V}; is the built-potential at zero bias. Let substitute Equations 2.24 into 2.23, we

have

Joor = 4qm’*k? 72 oy (_ q(V, + Vbi)) ox (_ ﬂ)
SoM = T3 P kT PAT kT

=t (=57 ()
=A'T exp( T exp T

2.25

where ¢, is the Schottky barrier height and is equal to the sum of 1}, and V};, and A™ is

the effective Richardson constant for thermionic emission, which is given as

Amqm*k?
= T

*

2.26

Since the barrier height for electrons moving from the metal into the semiconductor
remains constant, the current flowing from the metal is not affected by the applied
voltage [21]. At thermal equilibrium and 0 V bias, the current through the diode has to
be zero, therefore the current flowing from the metal to the semiconductor should be
equal to the current flowing from the semiconductor to the metal. Therefore,

independent of bias, it follows that

ﬂ) 2.27

-, =A*T2 (—
Jv-s e€xp kT

The resultant current density is therefore
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Jn = [A"‘T2 exp (— %)] [exp (%) - 1] 2.28

and can also be written as
qV
In=Js [eXp (k—T) - 1] 2.29

where J; is the saturation current density of thermionic emission and is given by

Js = [A*T2 exp (— %)] 2.30

Equation 2.29 gives the current density of an ideal diode. This equation can be re-
written for the non-ideal case, in which series resistance and ideality factor will be
included. The expression now becomes

qV — IRS) [ (qV - IRS)]
— — pLR— 2.31
]n ]S exp( nkT 1 eXp kT

The ideality factor n is calculated from the gradient of the linear region of the semi-

logarithmic I-V plot, and is given as

_a 4 2.32
kT d(nD) '

The series resistance is obtained from the deviation of the semi-logarithmic /-V plot

from linearity at high currents [33], is given as

Rg = — 2.33

2.5.4.2 Generation-recombination (G-R) current

This mechanism is due to the generation and recombination of carriers within the space
charge region, and is usually observed at low temperature [25]. The recombination in
the depletion region normally takes place via localized (defect) states. The most

effective G-R centres are those with energies lying near the centre of the bandgap [25].
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The theory describing such a recombination centre is the same for both Schottky diodes
and p-n junctions |35, 36]. The current density under forward bias is given by

Jr = Jro€Xp (%) [1 —exp (— Z—Z)] 2.34

where ., = qn;w/2t,, and n; is the intrinsic electron concentration, that is
proportional to exp(—qu/ZkT), where w is the depletion width and 7, is the lifetime of
carriers within the depletion region. This equation is derived by assuming that the
energy levels of the centres coincide with intrinsic Fermi-level, that the capture cross
sections for holes and electrons are the same and that the centres are distributed
uniformly through the depletion region [25]. Recombination occurs in two processes

(i.e. direct and indirect recombination) [37].

(i) Direct recombination process: In this process, an electron falls from the
conduction band and then recombines directly with a hole in the valence
band. This is also referred to as band to band recombination. It is common as
radiative transitions in direct bandgap semiconductors. The conservation of
energy for this process is ensured since electrons and holes recombining are
located close to the semiconductor’s band edge.

(ii)  Indirect recombination process: In this case, an electron falls into a trap where
it can recombine to a hole later. It can also be referred to as trap-assisted
recombination. Since generation or recombination processes require
conservation of energy and momentum, this event requires a lattice defect
that will allow the conservation of momentum. This lattice defect is generally
impurity atom with an energy state deeper in the bandgap. When electrons
undergo transitions from the conduction band to the valence band, they
collapse into the trap until the trap is filled up such that the acceptance of
electrons is no more possible. Once this occurs, the electron that occupies the
trap can in a second step fall into the valence band, therefore completing the
recombination process. It can be deduced from the aforementioned that
recombination can be determined by deep states and not intrinsic or doping

dependent property.
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2.5.4.3 Quantum-mechanical tunnelling

This is the dominant transport mechanism in a Schottky diode on a highly doped
semiconductor at low temperatures [21]. This takes place when electrons don’t have
sufficient energy for thermionic emission to take place, and the depletion region is
narrow enough to allow quantum mechanical tunnelling through the barrier. According
to ref. [25], the thermionic emission process is modified into the field and thermionic
field emission when carriers tunnel in highly doped semiconductor at low

temperatures.

(i) Field emission: This occurs when the current flow in the forward bias is as a
result of tunneling of electrons with energies close to the Fermi level in the
semiconductor.

(i)  Thermionic field emission: This occurs when the temperature is raised such
that electrons are excited to higher energies where the barrier is adequately
thin for tunneling to take place [25, 27, 33]. Although the number of excited
electrons reduces very rapidly with increasing energy, there is maximum
contribution to the current from electrons which have energy well above the
bottom of conduction band.

Details discussions about quantum-mechanical tunnelling can be read in refs. [21, 27,

38, 39].

2.5.5 Schottky barrier height

The material used for illustration in this section is n-type 4H-SiC. Figure 2.7 shows the
band diagram of a SBD on an n-type 4H-SiC substrate. In the ideal case, the barrier
height of ¢bo occurs when the Schottky diode is strongly forward biased. Usually, the
image force barrier lowering, interface states and some other factors are responsible for

the difference between the actual barrier height of ¢ and the ideal barrier height.
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Figure 2.7: Energy band diagram of Schottky barrier potential showing lowering of the

barrier due to image charges in the metal.

2.5.5.1 Current-Voltage (I-V) characteristics

This is a common technique to determine the quality of Schottky contacts in the
semiconductor industry and laboratories. The technique involves measuring the
forward and the reverse current through the device under different bias conditions.
From these measurements, the Schottky barrier height, ideality factor and series

resistance can be determined which in their turn indicate the quality of the diodes.

Neglecting the series and shunt resistance, thermionic emission predicts the I-V
characteristics of a Schottky barrier diode to be [33]

- anrep (-2 [ow () - 1] =t [ew(r) -] 2
[ = AA'T exp( T exp KT 1| = I |exp KT 1 :

where I is the saturation current, A is the area of diode, A* = 146 Acm™?K~? is the
Richardson constant for n-type 4H-SiC, ¢, is the effective barrier height, V is the applied
voltage, and n is the ideality factor. Figure 2.8 shows experimental results where the
logarithm of the current was plotted versus voltage. The Schottky barrier height and the

ideality factor can be calculated from the plot.

27

© University of Pretoria



10 = T T T 107

107 L NP, ] 10'§ F ““‘A‘AAA 4
102 | ]
10% ] 104 | ]
) 104 | ]
< 107 ¢ = 3 < 10°} i
s & T
S o1 a s 107k ]
: . E vl ~
O 10 . 3 10sf
16 A 10"
& 10-". -
Fa .
103} ] 1012
ooty 1072
104l : : . 14
10 1 1 1 1
80 60 40 20 0 0.0 05 1.0 15 20
Voltage (V) Voltage (V)

Figure 2.8: A semi-logarithmic forward and reverse I-V plots of Ni/n-type 4H-SiC device
obtained at room temperature. The parameters n, Is and ¢, were determined to be 1.04,

15.5x10-8 A and 1.25 eV, respectively [40]

The ideality factor obtained from the slope of the linear region of the plot according to

Equation 2.36

B q . q
- d(Inl) T 23kT X s 2.36
2.3kT | /v

n

where s is the slope obtained from the straight line. The saturation current Is can be

calculated from the intercept of the plot (i.e. Inl axisatV = 0) as

Iy = AA*TZeXp(—qk;i;b 2.37

The Schottky barrier height can be determined from Equation 2.38 as

) 2.38

It follows that the barrier height ¢, depends on the value of the Richardson constant A"
Therefore any uncertainty in the value of A” translates to an inaccuracy in the barrier

height [33].
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2.5.5.2 Capacitance-Voltage (C-V) characteristics

C-V measurements rely on the change of the width of the space charge region of a
reverse-biased Schottky diode and provide an understanding of the dopant and defect
distribution beneath the contact, an important parameter for the semiconductor
industry. The capacitance of a 4H-SiC diode was measured and plotted as a function of

voltage in Figure 2.9
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Figure 2.9: C-V characteristic obtained from a Ni/n-type 4H-SiC device at room

temperature.

The C-V barrier height and doping density profile of the diode may be obtained as
described in Section 2.5.3.

2.5.5.3 Current-Temperature (I-T)
ForV » kT/q, Equation 2.35 becomes
I . q %4
In (ﬁ) ~ In(AA4") — —(d)b - —> 2.39

kT n
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A plot of In(1/T?) versus 1/T for a fixed bias voltage V = V; is known as a Richardson
plot. If the ideality factor n is known independently, the slope —q(¢, — V;/n)/k and
intercept In(AA*) of this plot may be used to determine the Schottky barrier height ¢,
and the Richardson constant A", respectively. The Richardson constant A™ is often prone

to error due to the extrapolation over a long distance.

As mentioned earlier, at the intercept of the extrapolated InI vs V characteristics of a
diode, I = I; and V = 0. If the I-V characteristics of a diode is measured as a function of

temperature, it follows by substitution into Equation 2.39, that

Is Q¢b
—_ = AAY) — —= 2.40
111T2 111( ) kT

Figure 2.10 shows the plot of In(I;/T?) versus 1/T. The Schottky barrier height ¢, is
now obtained from the slope equal to —q¢,/kT. The ideal behaviour of a diode and

deviation of n-type 4H-SiC was obtained and explained by refs. [40, 41].
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Figure 2.10: The plot of In(I;/T?) versus 1/T obtained from a Ni/n-type 4H-SiC device

before irradiation.
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2.5.6 The Richardson constant

Assuming pure thermionic emission (i.e. absence of series resistance), the
determination of barrier height in M-S contacts is dependent on the saturation current
Is and the Richardson constant A™ (Equation 2.37). There is always an inaccuracy in the
value of the barrier height due to uncertainty in the value of the Richardson constant
[33]. Theoretically, the Richardson constant is dependent on the effective mass of the
electron, m* which is in turn depends on the temperature. It has been reported by
Constantinescu and Nan showed that the variation of m" with temperature is found to
be a few per cent and is mostly determined by the temperature variation of the bandgap

[42].

Experimentally, the Richardson constant may be determined as described in Section
2.5.5.1. The intercept of the extrapolated linear plot of InI;/T? versus 1/T of Figure

2.10 were used to determine the Richardson constant. That is

exp Cy
A" = 2.41
A

where ¢, is an intercept at y-axis and A is the area of the diode.

Many researchers have reported different values of the Richardson constant over
different temperature ranges [43-45]. The A" is not only depends on the effective mass
of the electron, but also depends on the quality of the contact (in turn depends on the
cleaning of the surface during preparation), metal thickness and method of metal
deposition (such as thermal/resistive evaporation, sputter deposition and electron
beam deposition method) [46]. Also, as suggested by ref. [25], the value of the A" can be
affected by an oxide layer formed between the metal and the semiconductor during the
deposition of the contact. The aforementioned effects influence the saturation current
leading to the modification of the barrier, and therefore affect the value of the
Richardson constant [47]. Another effect causing deviation of the Richardson constant

from the theoretical value is contact barrier inhomogeneity [43].

2.5.6.1 Barrier height inhomogeneities
The effect of barrier height inhomogeneity was investigated by assuming that the

barrier height varies across the area of the interface [48, 49]. The different barrier
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heights are attributed to the formation of an interface (oxide) layer between the metal
and the semiconductor. The current flowing through the Schottky barrier diode will
flow preferentially through the lower barriers in the potential distribution because of
these potential instabilities at the interface [50, 51]|. Corrections for the
inhomogeneities have been reported in the literature [43, 50, 51|. Assuming a Gaussian
distribution of the Schottky barrier height with a mean value of ¢, and the standard
deviation o, the proportion of the diode with a barrier height ¢,, is given by [51-53]

— $.)2
Xp <_ M) 2.42

202

1
P(¢yp) = Gsme

where 1/0,V2m is the normalization constant of the Gaussian barrier height

distribution. The total current, I(V) flowing across a diode is given by [43]

+co

1) = f 1y, V)P () deb 243

— 00

where (¢, V) is the current at bias V for a barrier height based on the ideal thermionic

emission diffusion.

After integrating Equation 2.43 and substitution, the I(V) becomes

qPap qv qV
) exp T ) €XP <nap> exp |~ o 2.44
with
\ qo
Iy = A*AT? exp (— k—Y‘f”) 2.45

where I is the saturation current, ¢4, and ng,, are the apparent barrier height and

apparent ideality factor at bias equal to zero, respectively, and given by

2
- q0so
¢ap = ¢b0(T=0) - _ZkST 2.46

and
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1 qp3
—1)=p, — —= :
<na,, > P2 = kT e

Assuming ¢, and o, are linearly bias-dependent on Gaussian parameters, such that
mean value of the Schottky barrier height, ¢, = ¢, + p,V, and the standard deviation,
os = 05+ p3V, where p, and p; are voltage coefficients that may depend on
temperature that quantify the voltage deformation of the Schottky barrier height
distribution [54-56]. Since the temperature dependence of o, is small, it has little or no
effect, therefore it can be neglected [57]. It is apparent that the decrease of zero-bias
barrier height is caused by the existence of the Gaussian distribution and the extent of
its influence is determined by its standard deviation. The effect becomes very significant

at low temperature [43, 50].

It may be noted that, at low temperatures, tunnelling becomes significant. and it is
expected that enhanced tunnelling through the low barrier regions may further

influence the measured Schottky barrier height [58].

By fitting the experimental results to Equation 2.45, this gives ¢, and ng, which should
obey Equations 2.46 and 2.47. Therefore, the plot of ¢, against 1000/T should give a

linear plot, where ¢,, and oy, can be determined from the intercept and slope,
respectively. In addition, a fit for the different values of the apparent ideality factor as a
function of temperature, which should obey Equation 2.47, should be straight line and
the voltage coefficients, p, and p; can be determined as the intercept and gradient,
respectively. The standard deviation is a measure of the barrier homogeneity [50]. A
lower value of oy, corresponds to a more homogeneous Schottky barrier and better

diode rectifying performance.

The Richardson constant can be modified to take barrier height inhomogeneities into

account by combining Equations 2.45 and 2.46

Is qZO.SZO sk qd_)ap
In (ﬁ) - <W =In 44" — KT 2.48
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where A* is the modified Richardson constant. A plot of In(Il;/T?) — (q%0%/2k?*T?)
against 1000/T should give a straight line with slope giving the mean barrier height and

the intercept gives the modified Richardson constant, as shown in Figure 2.18.
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Figure 2.11: The plot of In(I;/T?) — (q*6Z2,/2k?T?) versus 1000/T obtained from a Ni/n-
type 4H-SiC device before irradiation.

2.5.7 Ohmic contacts

An ohmic contact is a non-rectifying junction. It is defined as a metal-semiconductor
contact that has an insignificant junction resistance compared to the total resistance of
the semiconductor device [21]. For an ideal ohmic contact, charge carriers can freely
flow in both directions across the metal-semiconductor junction with low or no
resistance. The specific junction or contact resistance can be defined as the reciprocal of
the current density with respect to voltage. The contact resistance, R- can be expressed

by Equation 2.49 when evaluated at zero volts applied bias

-1
R, = (a_]) 2.49
oV/v=o

where J is the current density of M-S contact that depends on
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0
(i)

(iii)

the applied voltage,
the barrier height, and
the doping density [33].

In order to achieve an ohmic contact to n- and p-type semiconductor, the following

approaches can be used:

()

(i)

The metal work function ¢m can be chosen to be below that of semiconductor
(¢pm < ¢bs) in n-type semiconductor as shown in Figure 2.12a and b, and vice-
versa for p-type, for an ideal ohmic contact. A low resistance contact to a
semiconductor will be obtained if the barrier height is relatively small
compared to kT. In this case, carriers can easily flow across the barrier in
both directions with little or no resistance Figure 2.12¢ [21, 59]. Equation

2.50 mathematically relates the contact resistance to the barrier height

k qdp
R = qA*TeXp( kT) 2.50

If a metal does not exist with low enough work function to produce low
barrier height; the tunnel contact is an alternative Figure 2.12d. The contacts
should have a high enough doping in the semiconductor so that the layer
separating the metal from the semiconductor interface is very thin. According
to Sze, the recommended doping density required for the contact is at least

1019 cm-3 [21].

The two cases are illustrated schematically in Figure 2.12.
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Figure 2.12: Electron energy diagrams between a metal and n-type semiconductor with
(Pdm < &s), (a) materials neutral and isolated from each other, (b) thermal equilibrium
situation of ideal ohmic contact formation is made, redrawn after ref. [37]. (c) Ohmic
contact formation by low Schottky barrier height, and (d) ohmic contact formation by

high doping contacts, redrawn after [21].

2.6 Defects in semiconductors

2.6.1 Introduction

A perfect crystal can be defined as a regular arrangement of atoms at particular crystal
lattice sites. It contains no point, line, volume or planar imperfections. Even in the most
ideal situations, a perfect crystal is impossible to attain. This is due to many reasons
including growth methods, subsequent cooling and device processing. Imperfections in
semiconductors generally occur as a result of impurities or thermal excitation at finite
temperature above 0 K [60]. These imperfections, which may be in different
dimensions, are called defects. Defects can be introduced intentionally e.g. by impurity
doping into semiconductor to enhance the conductivity of the devices or irradiation to

reduce carrier lifetime and increase switching speeds.

Many defects induce electronic states in the bandgaps of semiconductor materials.
These states can be classified as shallow and deep-levels. The classification of levels as

deep or shallow depends on their location with respect to valence or conduction band
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edge. The defects are classified as shallow level defects if their states are located near
the valence band for acceptors and near the conduction band for the donors. Deep-level
defects have levels found deeper in the bandgap, usually deeper than the dopant levels.
Depending on their electron and hole capture cross section, these deep-levels can act as
recombination centres or traps. Defects can either be beneficial or detrimental to device
operations, depending on their applications. Defects can also be categorised into point
and extended defects. In this section, the discussion will be more focus on point defects

in SiC.

2.6.2 Point defects

Point defects are zero dimensional defects. They are isolated atoms in confined areas of
a host crystal. Figure 2.13 shows the schematic diagram of point defects in a

semiconductor such as SiC. Common point defects include:

i) Vacancy: An atom missing from its original lattice position. The vacancy in
SiC can either be silicon vacancy, Vsi (there is no atom on a silicon lattice site)
or carbon vacancy, Vc (there is no atom on a carbon lattice site).

ii) Interstitial: An atom that inhabits a position different from its normal site.
Interstitials can be classified as self-interstitials (i.e. if the atom is the same as
one of the species of the host lattice), or an interstitial impurity (i.e. if the
interstitial atom is different species from the host atoms). In SiC, a self-
interstitial can either be silicon, Sii or carbon, Ci. Often, an interstitial may
occupy different lattice sites, e.g. in SiC cubic and hexagonal sites are possible.

iii) Frenkel pair: A self-interstitial atom is located close to a vacancy.

iv) Antisite: In compound semiconductors, an atom of one sub-lattice is
positioned in a lattice site of the other element. E.g. in SiC, when Si takes the
lattice position of C (a silicon antisite, Csi) or C is on a Si lattice point (a silicon
antisite, Sic).

V) Substitutional impurity: A foreign atom that occupies a lattice site e.g. a
nitrogen atom on a C site (Nc).

In addition, combinations of defects may occur, e.g. a vacancy next to a dopant atom.
This section is writing after refs. [61, 62]. Point defects can also be classified as intrinsic

and extrinsic lattice defects.
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Figure 2.13: The schematic diagram of point defects in semiconductor [63].

2.6.2.1Intrinsic point defects

Defects that occur as a result of re-arrangement of the host atoms in the lattice site are
called intrinsic lattice defects. Intrinsic defects are vacancies, interstitials and antisites.
Their properties are dependent on the site. Defects have different energy levels in the
bandgap when occupying either cubic (k) or hexagonal (h) sites. These differences can
be observed by optical and electron paramagnetic resonance (EPR) techniques [64] as
well as DLTS. The discussion in this sub-section will mainly focus on the well-known

defect known as the Z1/Z2 in 4H-SiC.

The Z1/Z2 has been widely studied and is present in both the as-grown and irradiated n-
type 4H-SiC [65, 66]. The defect is known for its unusual thermal stability (1700 °C) [67]
and has two closely spaced electrical levels. For 6H-SiC polytypes, it was reported that
defects E1 and E2 have properties similar to Z1/Z2 [68-70]. The deep-levels for 4H-SiC
and 6H-SiC show negative-U behaviour, i.e. they have inverted donor (0/+) and acceptor
(-/0) levels [66, 71]. The reported energy levels associated with donor and acceptor
levels of Z1/Z2 for 4H-SiC range from Ec - 390 to Ec - 460 meV and Ec - 620 to Ec - 710
meV, respectively. In 6H-SiC, the E1 and E2 also range from deep-levels from Ec - 190 to
Ec - 290 meV and Ec - 380 to Ec - 440 meV [70]. Although it has been confirmed that
these defects have intrinsic nature [72], the structure of these defects has long been

debated. Researchers have suggested that the Z1/Z: defect is a silicon vacancy [73], a
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carbon vacancy [74], a complex of nitrogen with the carbon interstitial [75], a silicon
antisite-silicon vacancy complex [76] or a silicon carbon antisite pair [76]. Asghar et al
carried out a study on 4H-SiC before and after alpha-particle irradiation and suggested
that the of Z1/Z2 centres involved silicon and carbon vacancies [77]. Hemmingsson et al
studied the dependence of the deep-level defects in electron irradiated 4H-SiC on the
energy of the electrons. He concluded that the structure of the defects could be linked to
the Si vacancy since C is lighter than Si and can therefore be displaced by lower energy
electrons [66]. After years of argument, the SiC community recently concluded that the

Z1/Z2 traps are due to the C vacancy [78].

2.6.2.2Extrinsic point defects

Defects that arise in semiconductors through the presence of foreign atoms such as
doping impurities are called extrinsic defects. These defects can alter the electrical
conductivity of semiconductor materials. They can be classified further into solutes (if
the foreign atom intentionally added during growth by diffusion or ion implantation
after growth) and impurities (if added in error or unintentionally during the growth of
crystal). The foreign atom may either occupy a lattice site, and be called a substitutional
solute, or fill an interstitial position and be called an interstitial solute. The position
preferred by a specific solute is determined by the size of the foreign atoms. Since

nitrogen, carbon and hydrogen are small in size, they occupy interstitial sites.
(a) Acceptors in SiC

To obtain p-type conductivity in SiC, the SiC is doped with group IIl atoms, commonly
boron, aluminium and gallium. Group III elements have one less valence electron than
group IV atoms (such as Si and C), therefore one electron is needed to complete the

bond, and the defect behaves as an acceptor.

Aluminium is the most preferable p-type dopant in SiC because of the group III
elements, it has the highest solubility (~1021 cm-3) and forms the shallowest acceptor
levels [79-81]. The ionization energy of Al decreases from 270 to 100 meV as the
concentration increases from 1018 to 1021 cm-3 [80]. Also, the ionization energy of Al in
4H-SiC has been described to be E, + 240 meV, which does not depend on its
concentration up to 5 X 10%° cm-3, provided the degree of compensation of the epitaxial

layers, k is less than 1%.
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The boron impurity in SiC is also of interest because of its high solubility (~102° cm-3),
and rapid diffusion [82]. It has been reported that B has a shallow acceptor impurity in

4H-SiC with ionization energy of E,, + 350 meV as obtained from Hall measurements.
(b) Donors in SiC

Undoped SiC has n-type conductivity [82]. For additional doping group V and VI atoms
are donors that contribute extra electrons to the valence band of the semiconductor.
The most common dopant of SiC is nitrogen, because of its fairly high solubility (1021
cm-3) and lowest ionization energy compared to all impurity donors in SiC such as

oxygen, phosphorus, indium and arsenic [83, 84].

The N atoms appear to substitute C atoms in the SiC lattice and act as a shallow donors
[85, 86]. Nitrogen atoms also occupy non-equivalent lattice positions: cubic (¢) and
hexagonal (h) lattice site [82]. This influences the energy position of deep-levels related
to N atoms [87, 88]. The energy levels associated with N donor are estimated to be 45-
65 meV and 90-100 meV below the conduction band for hexagonal and cubic sites,

respectively [40, 89-91].

Phosphorus forms shallow levels in SiC with an ionisation energy of 53.9 meV and has a
lower solubility compared to N [84]. It has been reported by Capano et al that P causes
two related energy levels at 53 meV and 93 meV below the conduction band in 4H-SiC

after implantation and which are associated with hexagonal and cubic lattice sites [92].
(c) Transition metal impurities in SiC

Due to their incomplete d-orbitals, transition metal impurities affect the properties of
semiconductors strongly even at low concentrations. The transition metal impurities
form electrically active deep-level defects within the bandgap of semiconductors which
can capture electrons. The most common transition metal impurities in SiC are titanium,
vanadium, chromium and iron [93, 94]. SiC is mostly contaminated with these
impurities during high-temperature growth such as the Lely-process [95]. This is
mainly due to transition metal contaminants in the graphite parts of the reactor.
Consequently, the SiC powder used for SiC crystal growth always contains minute
amounts of transition metals. Generally, transition metal defects are detrimental to SiC

devices [96].
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Titanium impurities have a large effect on the electrical properties of SiC. The existence
of centres associated with the presence of Ti impurity has been demonstrated in 4H-SiC
by Dalibor et al and Maier et al using electron spin resonance [97-99]. Two deep-levels
related to Ti have been observed in n-type 4H-SiC using DLTS [98]. The two energy
levels are attributed to attribute ionized titanium acceptors that reside at hexagonal and
cubic Si lattice positions and have DLTS ionization energy of Ec — 0.12 eV and Ec - 0.16
eV, respectively. Similar values were obtained by Achtziger et al al [100], but within
experimental significant error. The structure of these defects was confirmed by electron
spin resonance (ESR) and optically detected magnetic resonance (ODMR) [97, 101].
According to the Langer-Heinrich (L-H) rule, the position of the energy levels of
transition metals in isovalent semiconducting materials remains constant. For example,
the position of Ti levels in SiC does not change with the parameters of the polytypes.
Also, the detectability of these centres by different methods depends on the magnitude
of the bandgap of individual polytypes. The ground state of Ti observed for 4H-SiC from
DLTS will be different for 6H-SiC because of its narrower bandgap [82].

Hobgood et al and Mitchel et al have reported that doping SiC with vanadium leads to
the formation of semi-insulating layers of SiC [94, 102]. Their findings led to the study of
properties of vanadium in SiC by many researchers. From the literature, it has been
reported that vanadium has amphoteric characteristics in SiC, which leads to creation of
acceptor and donor levels [97, 103, 104]. The DLTS results from Dalibor et al revealed
that vanadium introduce an acceptor-like defect at Ec - 0.88 to 0.97 eV in 4H-SiC
polytype [105]. Achtziger et al also reported the same results for the energy position of
V in n-type 4H-SiC [100]. The energy position reported for V in 6H-SiC is Ec - 0.60 to Ec
-0.75eV [105].

A chromium impurity is another common impurity in SiC. The level associated with Cr
in SiC has not been yet been established. Three deep-levels, 0.15, 0.18 and 0.74 eV
below the conduction band, have been reported by Achtziger et al after the implantation
of 51Cr in 4H-SiC also containing stable vanadium. The deep-level defect at Ec - 0.74 eV
vanished shortly after implantation [106]. The other two defects disappeared at a rate
consistent with the decay of 51Cr [100] and are therefore believed to relate to a

chromium in non-equivalent cubic and hexagonal lattice positions [105].
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2.7 Defect characterization

2.7.1 Introduction

The electrical characteristics of semiconductors can be affected by even low levels of
defect concentrations. Defects in semiconductors can be detrimental or beneficial to the
operation of devices. For instance, defects are beneficial to devices in enhancing their
operation by increasing the switching speeds by acting as recombination centres [107],
but reduce the minority carrier lifetime in photovoltaic applications [108], which is
detrimental to the device. Therefore, it is important to have a reliable and accurate

technique to characterize the electrical properties of defects in semiconductors.

DLTS is a powerful technique for characterizing electrically active defects in 4H-SiC, and

will be described briefly in this section.

2.7.2 Shallow level defects and deep-level defects

Metals, semiconductors and insulators are different from one another by the energy gap
between the conduction and valence bands. This gap is the energy region that is free of
electronic levels. Defects and dopants add states within the bandgap and thereby
modify the semiconductor’s electrical conductivity. Electrically active defects have
levels in the band gap that can capture or emit charge carriers to the valence and
conduction bands. The behaviour of these defects is influenced by the position of the
states in the band gap [109]. Electrically active defects can be classified into shallow and

deep-level defects.

2.7.2.1 Shallow level defects

Shallow level defects have energy levels within a few tens of milli-electron volts from
the semiconductor band edges (i.e. either the conduction band or the valence band)
[109]. The shallow defects can be described using the effective mass approximation
according to which the potential due to the defect is approximated by a coulomb
potential leading to extended wave functions. Experimentally shallow level defects are
often characterized by Hall effect measurements. For more details about this section,

seerefs.[27,110].
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2.7.2.2 Deep-level defects

Deep-level defects are defects with highly localised wave functions. Their binding
energies cannot be determined by the effective mass approximation [109]. Other
techniques such as Green’s functions and density functional theory are used to
determine the energy levels of deep-level defects [110]. Generally, these levels lie
deeper in the semiconductor’s bandgap, however in some cases electronic levels are
close to the band edges [27]. Despite these states lying close to the band edges, these
defects are classified as shallow levels due to their localised wave functions. Therefore,
deep-level defects can be broadly defined as any levels that cannot be classified as

shallow level defects [110].

2.7.3 Emission and capture of carriers by trapping centres

Deep-level defects that influences the electrical properties of a semiconductor can be
described as an electron trap, a hole trap, a recombination centre or a generation centre,
based on the nature of the interactions with charge carriers that are transferred
between the defect and the conduction and valence bands. A hole trap is a deep-level
defect that is full of electrons, and capable of having a trapped electron recombining
with a hole [111]. Whereas, an electron trap is a defect level that has deficit of electrons,
capable of capturing the electron from the conduction band. In neutral semiconductor,
an electron trap is a defect for which the electron capture rate from the conduction
band is much greater than the hole capture rate from the valence band (i.e. ¢, > ¢p).
For a hole trap, the reverse is the case (¢, > ¢,). In contrast with the previous cases, a
recombination centre has cn almost equal to ¢p [33, 107]. Figure 2.14 shows the four
possible processes that can take place when deep-level interacts with the conduction

and valence band. The four processes are represented by (1) to (4):

(1) Here the deep-level defect captures an electron from the conduction band. The

process is characterised by electron capture rate cn.

(2) After electron capture, the deep-level defect can either emit the electron back to

the conduction band (called electron emission en)

(3) or it can capture a hole from the valence band (hole capture rate, cp)
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(4) After hole capture, the hole can be emitted to the valence band (or (1) may

occur).

From Figure 2.14, a recombination event is the combination processes (1) and (3), and a
generation event is (2) and (4). A defect where these processes occur is called a

generation-recombination centre. The detail description can be found in ref. [33].

The kinetics of charge transfer between deep-level defects and the conduction or
valence band is extensively discussed in refs.[33, 35, 36]. The capture cross section g,

and the electron capture rate ¢, are related according to Equation 2.51 [107]

Cn = ap{vpIn 2.51

where n is the electron concentration in the conduction band and (v,) is the average

thermal velocity of free electrons, which is given by

3kT
me

v, = 2.52

where k is the Boltzmann constant, T is the temperature in Kelvin and m;, is the effective

mass of the electron.

A similar expression applicable to the hole capture rate ¢, in terms of the hole capture

cross section g, and the thermal velocity of holes in the valence band v,.

By applying the principle of detailed balance and considering carrier concentrations at
thermal equilibrium, the thermal emission rate of electron deep-level defect to the

conduction band as a function of temperature e, (T) can be derived [107, 112, 113].

Yo Ec—Er
en(T) = Ean(vn)NCexp (— k—T> 2.53

where g,/9; is the degeneracy between empty and filled energy levels, E; — E is the
activation energy of the deep-level defect and N is the effective density of states in the

conduction band
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where M; and h represent the number of conduction band minima and Planck’s

constant, respectively.
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Figure 2.14: The schematic diagram of different carrier transitions between deep-levels
and the energy bands. (1) electron capture, (2) electron emission, (3) hole capture, and (4)
hole emission. (Redrawn from ref. [33]).

From Equation 2.54, the product of quantities N¢ and (v,) has a T? dependency. If en is
measured as a function of temperature, an Arrhenius plot of In(e, /T?) as a function of
1/T gives a straight line from which the apparent capture cross section of the
defect, 0,,,, can be calculated from the intercept (T~! = 0) and the activation energy of
electron emission from the deep-level defect, E; — ET, is determined from the slope. The
capture cross section determined is an apparent capture cross section. The true capture
cross section is determined by measuring capture rates directly and may be

temperature dependent [114].

If capture cross section is temperature dependent due to a capture barrier, the capture

cross section at temperature T [33, 107, 114]
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2.55

where o0, is the capture cross section as the temperature tends to infinity and AEj; is the
thermal activation energy of the capture process, which is also called the capture
barrier. The likely cause of temperature dependence of the capture cross section for
many deep-level defects may be as a result of multiphonon emission due to lattice
relaxation [111, 115]. The temperature dependence of the true electron capture cross
section can be calculated from the plot of In ¢(T) as a function of 1/T, where the AE,

can be determined from the slope and o, can be obtained after extrapolation to T = oo.

The activation energy of a deep-level defect whose capture cross section is dependent

on temperature is given by

AE, = (E; — E;) + AE, 2.56

From Equation 2.56, the thermal emission rate of electrons can now be re-written as

2.57

(Ec —Er) + AEO.>

9
en(T) = g_(l)o-n<vn)NC exp <_ kT

The parameter, AE,, is the energy required to excite an electron from the trap level to

the conduction band, which is called the Gibbs free energy, given by [116]

AE, = AH, — TAS, 2.58

where AH is the change in enthalpy, AS is the change in entropy and the temperature is

T. Re-writing Equation 2.57 and substituting into Equation 2.58, it follows that

Jo AS AH,
e,(T) = Z“n(”n)Nc exp (7) exp (— T ) 2.59

Therefore, the slope of an Arrhenius plot gives the activation enthalpy of the deep-level
defect, and not the free energy. The free energy can be calculated from optical

measurements [107].
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The apparent capture cross section and the activation energy are referred to as the
defects “signature”. One of the techniques that can be used to determine the signature of
a defect from thermal activation of charge carriers is DLTS. This technique will be

considered briefly in the following Section.

2.7.4 Deep-level transient spectroscopy

DLTS is a powerful technique that can be used to investigate and characterize the
electrically deep-level defects in the space charge region (depletion region) of a
semiconductor. This technique was invented by D. V. Lang in 1974 [111], and involves
probing the depletion region of a Schottky barrier diode, a p-n junction, MIS or MOS
device structure. DLTS plots a graph, usually a series of peaks, showing the emission of
carriers from defects as a function of temperature. The peak’s sign indicates whether
the deep-level trap is due to minority- or majority-carriers, and the peak’s position is
determined by the rate window of the instrument and the temperature dependent
thermal emission of the corresponding deep-level trap [111]. This technique is fast,
sensitive and not difficult to analyse [111]. This powerful tool can be used to determine
the signature (the activation energy and the capture cross-section) and concentration of

deep-level traps.

According to Equation 2.10, the depletion width of the depletion region of a Schottky
barrier diode or p-n junction varies with the applied bias voltage. The depletion width
decreases if a forward bias is applied (V > 0), and vice-versa. According to Equation
2.12, the relationship between the capacitance of a reverse-biased Schottky diode and
the depletion width of the space charge region depends on the charge in the space
charge region. This charge is due to the ionized deep-level defects and the dopants [107,
117, 118]. The capacitance from Equation 2.12 is inversely proportional to the depletion

width.

Figure 2.15 depicts a SBD on an n-type semiconductor with a low concentration of deep-
level defects that introduces a deep trap with energy ET. At equilibrium, the defect level
below the Fermi level is filled with electrons, but empty when above the Fermi level,
which is in agreement with a step-function approximation of the Fermi distribution

function. The shaded circles represent filled traps and the un-shaded circles represent
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empty traps in Figure 2.15. The DLTS measurement involves a cyclical process which

can be broken into 4 stages.

Stage (a): Applying a steady-state reverse bias voltage, Vs, as shown in Figure 2.15
(a), leads to an increase in the depletion width, which affects the occupation of defects

in the space charge region. An increase in the depletion width causes a decrease in

capacitance.
w
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Figure 2.15: The variation of the depletion region width and trap occupation of an
electron trap in an n-type semiconductor due to voltage bias and filling pulse during a

DLTS measurement.[107].

Stage (b): Reducing the applied reverse bias by applying a majority carrier filling
pulse, decreases the depletion width, causing an increase in the capacitance and allows
electrons to be trapped by deep-levels. The pulse width at the stage (b) is assumed to be

long enough to allow some of the empty levels to be filled.

Stage (c): Removing the applied filling pulse immediately leads to restoration of
quiescent reverse bias. Since the electrons remain trapped in the deep-levels, the charge
density in the depletion region is decreased compared to that in stage (a), this leads to a

widening of the depletion region and a decrease in the capacitance.
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Stage (d): At this stage, the filled deep-levels above the Fermi level in the depletion
region begin to emit trapped electrons with a characteristic rate into the conduction
band. The emitted carriers are removed immediately by the electric field in the
depletion region [119]. This increases the charge density in the depletion region and
causes the depletion width to decrease and the capacitance to increase. This change in

capacitance is usually seen as an exponential decay.

As discussed earlier from ref. [107], the emission rate for the electron can be
determined experimentally from the time dependence of the capacitance transient. The
density of the occupied traps, N(t) at time t after removing the filling pulse is given in

Equation 2.60

N(t) = Ny exp(—e,t) 2.60

where e, is the thermal emission rate and Ny is the concentration of traps filled by the
filling pulse. If Nt < Np, the depletion width will not change significantly during the
emission of carriers, therefore an exponential decay may be used to describe the
emission of carriers from the depletion region. The junction capacitance, C(t), of the

Schottky diode is given by Equation 2.61

C(t) = Cy — ACy exp(—eyt) 2.61
where C, is the capacitance at quiescent reverse bias voltage and AC, is the change in
capacitance immediately after filling pulse was removed.
The trap concentration, Nt, can be calculated from the change in capacitance by

applying Equation 2.12

AC

For the above derivation it has been assumed that the defect level is full in the bulk and
empty in the depletion region. Figure 2.16 shows a more realistic model, where the
deep-level defect intersects the Fermi level at a distance A shallower than the depletion

region edge, since the deep-level defect is much deeper in the bandgap than the dopant
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level. Assuming constant dopant concentration, the region A is independent of the

2¢e(Ep — E
1= (Ep r) 2.63
qNp

where ¢ is the dielectric constant of the semiconductor, g is the electron charge, Er is

depletion width and given by

the Fermi level and Eris the trap level. The DLTS measurement can only probe the

region up to a distance A before the depletion region edge. This condition should be
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Figure 2.16: Filling (top) and subsequent emission (bottom) of electrons from a deep-level
in the depletion region, assuming a constant Fermi level. In the top sketch, the filling of
the defect during the filling pulse is shown. Note that because of band bending and the
depth of the defect level, the deep-level is filled to a depth A shallower than the depletion
region edge. The depletion region changes by an amount Aw when the filling pulse is

removed and the quiescent reverse bias is applied. (redrawn from ref [32].).
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taken into consideration when using DLTS to determine the depth profile of deep-level
defects or the electric field experienced by the deep-level defect. Refs [107, 111, 120]
provide more details about DLTS depth profiling.

2.7.3.1 Convectional DLTS

It is important to understand how the DLTS transient signals are converted to a DLTS
quasi-spectrum as a function of temperature [121]. According to the method described
by Lang, the capacitance transient can be measured at two fixed instants (t1 and t2) after
the filling pulse, and the signal C(t1)-C(t2) is plotted as a function of temperature (see
Figure 2.17) [111, 114]. The emission process from individual deep-level defects is very
slow at low temperatures and increases as the temperature increases. Therefore, the
capacitance difference is small at low temperature, which corresponds to slow
transients as well as at high temperature, which corresponds to fast transients. As
shown in Figure 2.17, the peak in the spectrum corresponds to a time constant (Tmax)

defined by the selected times, t1 and ¢z, is given by:

Tmax = @ 2.64

where T,,4x = €max 1S the emission rate window.

Since the emission rate is highly dependent on temperature, a thermal scan shows the
presence of different traps at a particular temperature when the corresponding
emission rates coincide with the rate window. Thermal scanning at different rate
windows gives output that can be used to plot an Arrhenius plot and obtain the DLTS
signature of a defect, which helps to identify DLTS peaks as well as the temperature at

which they occur (see Figure 2.18).

2.7.3.2 Laplace DLTS

The outputs of early DLTS system that made use of double boxcar were prone to low
signal-to-noise ratio transient. This double boxcar in standard DLTS was later replaced
by lock-in amplifiers which led to reduction in noise, but the time constant resolution
was still poor for the study of fine structure. The conventional DLTS technique
inherently produces broad and it is not easy to separate different traps that have closely

spaced emission rates.
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Time DLTS = C(t;) — C(ty)

Figure 2.17: The change in the shape of a DLTS transient with increasing temperature
from bottom to top (left) and the DLTS signal obtained from the transients plotted versus

sample temperature (right). Redrawn from ref. [111].
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Figure 2.18: DLTS spectra obtained from a measured Ni/4H-SiC SBD from 240 to 350 K.
The spectra were obtained using reverse bias of -5 V, pulse width of -1 V and at rate

windows 2.5 to 200 s [90].
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In summary, the standard DLTS discovered in 1974 by Lang has a poor time constant
resolution and cannot separate two or more defects with closely spaced emission rates.
Because of these shortcomings in standard DLTS, there is a need for a more powerful
technique that will yield output with good time constant resolution and that can
separate the closely spaced defects. In 1994, these shortcomings were overcome by
high-resolution version of DLTS which was developed by Dobaczewski et al [119, 122].
The technique relies on digital signal processing of the output of the analog capacitance
meter which is averaged over many transients in order to minimize the noise level. In

contrast with traditional DLTS, this is done at fixed temperature.

To quantitatively describe the multi-exponential nature of the capacitance transients
due to a number of defect levels, assuming that the transient is composed of a spectrum

of emission rates and is given by [116, 123]

o

f( =j; F(s)e Stds 2.65

where F(s) is the spectral density function. The Laplace transform of the true spectral
function F(s) represents the mathematical expression for the capacitance transient as
given in Equation 2.65. To determine an actual spectrum of the emission rates in the
transient, an algorithm that calculates an inverse Laplace transform of the function f(t)
is required. This produces a spectrum of delta-like peaks for multiple, mono-
exponential transients or broad spectrum with no fine structure for a continuous

distribution [33].

Laplace DLTS produces intensity versus emission rate graph. The area beneath each
delta-like peak is directly proportional to the concentration of the corresponding trap.
Compared to conventional DLTS technique, Laplace DLTS gives an order of magnitude

better energy resolution and has a good signal-to-noise ratio [33].

In conclusion, Laplace DLTS is the best technique so far that can separate traps or states

with similar emission rates.
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Chapter 3

Experimental techniques

3.1 Introduction

This chapter describes all the procedures and instrumentation used in this study.
Section 3.2 describes the sample preparation procedures such as cleaning, etching,
ohmic and Schottky diode fabrication. Some methods by which deep-level defects could
be introduced into devices and the annealing set-up are outlined in Sections 3.3 and 3.4,
respectively. Also, Section 3.5 outlines the Schottky barrier diodes and defect
characterization by current-voltage, capacitance-voltage, DLTS and high-resolution

Laplace DLTS.

3.2 Sample preparation

The samples used for this study were cut from homoepitaxially grown, nitrogen-doped,
n-type 4H-SiC wafers supplied by Cree Research Inc. The epilayer was grown by
chemical vapour deposition (CVD) on the Si-face of the SiC substrate, which had a net
doping density of 1x1018 cm=3 and resistivity of approximately 0.020 Q-cm. Epilayers
with fixed doping densities in the range of 4.0x1014 to 1.9x1016 cm-3 were grown on

separate substrate wafers.

3.2.1 SiC cleaning and etching

Prior to the fabrication of ohmic and Schottky contacts on the samples, cleaning and
etching were carried out. Chemical cleaning and etching of samples play major roles in
the performance and the efficiency of microelectronic devices [1]. The cleaning and

etching of SiC was carried out in the following steps:

(i) Degreasing: the samples were degreased by boiling for 5 minutes each in
trichloroethylene, acetone and methanol, followed by rinsing in de-ionized
(DI) water. This was carried out so as to remove the dirt and dust particles.

(ii)  Etching: the samples were etched in 40% hydrofluoric acid for 30 seconds, so

as to the get rid the native oxide layer that might present.
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(iii) The samples were rinsed in DI water, and followed by blow drying with

nitrogen gas before thermal fabrication of the ohmic contact.

3.2.2 Ohmic contact fabrication

Figure 3.1 shows a schematic diagram of a resistive evaporation system. The resistive
evaporation system is used to evaporate metals that have a melting point below
1600 °C. The whole system was under vacuum, and the sample was mounted about 0.3
m above the crucible. Current was passed through the crucible which heats the metal
(e.g. Ni) to be evaporated to its melting point (e.g. 1445 °C in the case of Ni). The molten
metal evaporated and deposited onto the sample. The deposition rate was controlled by

adjusting the current and monitored by a crystal monitor.

Immediately after the cleaning and etching, the samples were loaded into the resistive
evaporation system, which was pumped down to a pressure of ~10-¢ mbar. The nickel
ohmic contacts with the thickness of 3000 A were deposited at rate in the range of 0.4 to
1.0 A:s-1 onto the highly doped (1x1018 cm-3) back surface of the samples. Thereafter,
the ohmic contacts were annealed in a tube furnace under the flowing argon at 950 °C
for 10 minutes to form nickel silicides [2]. The annealing after evaporation of the ohmic
contacts helps to improve the contacts by reducing the barrier height, hence lowering
the resistivity [3]. The argon ambient was chosen for the annealing to prevent the
oxidation of the nickel, and thereby reduced the interfacial layer between the SiC and

the nickel.

3.2.3 Schottky barrier diode fabrication

Prior to the fabrication of Schottky contacts, the samples with annealed ohmic contacts
were cleaned again by the cleaning procedure described in Section 3.2.1, but the
samples were rinsed in an ultrasonic bath for 3 minutes in each chemical. The Schottky
contacts used in this study were either fabricated by resistive evaporation or electron

beam deposition techniques.

The schematic diagram of the electron beam deposition is shown Figure 3.2. During
electron beam deposition, a beam of electrons emitted from a hot filament was focussed
on the metal to be evaporated, which is placed in a crucible. These electrons were
accelerated by a high voltage and bent toward the metal by a magnetic field. The rate of

metal deposition onto the samples depends on the current supplied to the filament and
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the melting point of the metal. This technique can deposit metal with either low or high

melting point, but its disadvantage is in the introduction of defect(s) into the fabricated

devices.

Ni contacts of thickness of 1000 A were deposited through a metal contact mask with

holes of diameter ~0.6 mm onto the epitaxially grown side of the samples. The resistive

evaporation technique was employed mainly because it does not introduce defects in

measurable quantities.

N
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Figure 3.1: Schematic diagram of the resistive deposition system that was used for ohmic

and Schottky contact fabrication [4].
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Figure 3.2: Schematic diagram for electron-beam evaporation system[5].

3.3 Introduction of defects

Defects can be introduced into the devices in many ways. In this study, an americium-
241 source, a strontium-90 source and an electron beam deposition system (with and

without actual deposition of material) were used.

3.3.1 Alpha particles from Americium-241 (Am-241)

Some of the samples used were irradiated with alpha-particle with energy of 5.4 MeV
from an Am-241 radionuclide source. An Am-241 radionuclide foil was placed on top of
the Schottky barrier diodes in such a way that the emitted alpha-particles were directed
towards the diodes as shown in Figure 3.3b. The fluence rate of the alpha-particle
source used was 7.1x 10 cm-2.s-1. The irradiation was performed at room temperature

(~300 K).
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4——— QOhmic contact

(b) Sample during irradiation

Figure 3.3: Schematic diagram of the samples before (a) and during (b) irradiation with
high-energy particles.

3.3.2 High-energy electrons from Strontium-90 (Sr-90)

The strontium radionuclide source was used to bombard some of the samples used in
this research. The Sr electron source used was disc-shaped with a diameter of 8.4 mm
and an activity of 20 mCi. The Sr-90 radionuclide (half-life of 28.5 years) decays first to
yttrium (half-life of 64.1 hours) with the emission of a 0.5 MeV electron. The yttrium
then decays by the emission of a 2.27 MeV electron to zirconium. The energy
distribution of the electrons emitted from the Sr-90 source is shown in Figure 3.4. From
this figure, it is clear that ~70% of the total number of emitted electrons have energies
above 0.25 MeV, the threshold energy for electrons to produce defects by elastic
collisions [6]. The samples were placed ~1 mm below the surface of the radioactive disc
during the irradiation in order to ensure that the particle flux reaching the sample at
this position is the same as the flux that leaves the source’s surface. The total electron
flux emitted was determined from the activity of the Sr-90 source. Because the half-life
of strontium is much longer than that of yttrium, each Sr-90 decay results in the
emission of two electrons. This total fluence is equal to the area below the curve (Sr +Y)
in Figure 3.4. The irradiation was done at room temperature (~300 K) at a flux of 7x10°

electrons-cm-2.s-1,
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Figure 3.4: Energy distribution of electrons emitted by a Sr-90 radionuclide. The strontium
and yttrium contribution has been displaced by an amount indicated by the arrow, for

clarification [6].

3.3.3 Electron-beam deposition and exposure

Metallization is a very important processing step in microelectronics and photovoltaic
industries. Electron-beam deposition (EBD) is one of the popular techniques for
fabrication of ohmic and Schottky barrier contacts, as described in Section 3.23. Auret et
al [7] and Coelho et al [8] have reported that metallization procedures such as EBD and
sputtering deposition, induce defects at and close to the metal-semiconductor junction
of Si and Ge [9]. These defects influence the performance of the devices and alter the

contacts’ Schottky barrier heights [10].

Tungsten Schottky contacts were fabricated onto 4H-SiC using electron beam
deposition. After cleaning, the samples were quickly transferred into the vacuum
chamber which was pumped down to pressure of ~10-¢ mbar. The samples were first
shielded from the source until W in the crucible had melted and started evaporating.
The W SBDs fabricated were 0.6 mm in diameter and 400 A in thickness and evaporated
at a rate of ~0.2 A.s-1. The electron beam deposition of W was achieved using a 10 kV
source (MDC model e-Vap 10CVS) at ~240 mA, with samples placed 0.50 m away from

the crucible. The relatively high beam current was required due to the high melting
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point of W (3422 K). Upon heating, the vacuum dropped to ~1.2 x 10-> mbar and was

maintained at this pressure during the deposition.

For electron beam exposure (EBE), i.e. exposure to electron beam deposition conditions
without any actual deposition taking place, SBDs were fabricated in two stages: nickel
Schottky contacts of thickness 100 A were first deposited by resistive evaporation
before the samples were quickly transferred to the electron beam deposition chamber.
EBE of the samples was achieved also by using the same system described earlier (see
also Auret et al [7] and Coelho et al [8]). The samples were exposed to EBE conditions
for 50 minutes by heating tungsten in a crucible using a beam current of 100 mA [8].
This current was not enough to evaporate tungsten, but would have been sufficient to
evaporate most other metals. During the entire procedure, the vacuum in the deposition
chamber was reduced to 10-* mbar by leaking in forming gas H15 (N2:Hz of 85%:15%
by volume) [8]. Hereafter, the samples were removed and returned quickly to the
resistive deposition chamber where additional Ni was deposited resulting in thickness
of 1000 A Schottky diodes at ~5 x 10-¢ mbar by means of resistive evaporation, a

process known not to introduce defects measurable by DLTS [8].

3.4 Annealing procedure

As mentioned in Section 3.2.2, the annealing of ohmic contacts prior to fabrication of
Schottky barrier diodes was carried out in quartz tube heated by Lindberg Hevi-Duty
furnace. In some cases, the SBDs were also annealed before or after irradiation to know

which defects anneal out or are introduced during the process.

The furnace used in this study has a minimum and maximum temperature of 200 and
1200 °C, respectively. The quartz tube was connected via a regulator to a cylinder
containing the relevant gas. The temperature was monitored by a thermocouple placed
in the tube at the same position as the sample and fine adjustments to the temperature

were made by adjusting the position of the sample along the quartz tube.

3.5 Electrical characterization

Electrical characterization was carried out immediately after metallization. Current-

voltage (I-V) and capacitance-voltage (C-V) measurements were performed before and
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after irradiation. Also, DLTS and Laplace DLTS were used to characterize the electrically

active defects in the semiconductor before and after irradiation or annealing [11-13].

3.5.1 Room temperature current-voltage and capacitance-voltage

measurements

The I-V measurements were made using an HP 4140 B pA Meter/DC Voltage Source
that has ability to measure current with a sensitivity as low as 10-1% A. The C-V
measurements were performed using an HP 4192A LF Impedance Analyzer using a
frequency of 1 MHz over a bias voltage ranging from -12 V to 1 V. During
measurements, the sample was mounted in a light tight metal enclosure to eliminate
light and electrical noise. Figure 3.5 shows the schematic diagram of I-V and C-V

measurements.

The ideality factor, Schottky barrier height (for I-V and C-V), series resistance, net donor
concentration, built-in voltage and reverse leakage current were deduced from the I-V
and C-V measurements so as to determine the quality of the SBDs and the dominant
current transport mechanism. The results obtained determined whether the SBDs are

suitable for DLTS measurement or not. For SBDs to be suitable for DLTS measurement:

(i) The Schottky barrier height should be high (greater than 1 eV).
(ii)  The ideality factor should be close to 1 (less than 2.0).
(iii)  The leakage current and series resistance should be low (less than 1 x 10-¢ A
and 100 (), respectively).
(iv)  The dissipation factor should be low (less than 0.1).
These measurements were used to monitor the properties of SBDs after DLTS
measurements, since SBDs tend to degrade during DLTS measurements due to

mechanical stress and vibrations.

3.5.2 Temperature dependent I-V and C-V measurements
Room temperature I-V and C-V measurements were performed to confirm that the SBDs

were of good quality before proceeding to temperature dependent measurements.

The sample was placed under vacuum in a closed cycle helium cryostat and cooled

down to 40 K. The I-V and C-V measurements were carried out in the temperature range
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of 40 - 300 K under control of a program written in Labview™. The same parameters

mentioned earlier were extracted at each measurement temperature.

The temperature dependent I-V and C-V measurements were repeated after irradiating
the SBDs with alpha-particle and high-energy electron of fluence 5.1x101% and 6.0x1014

cm-2, respectively.

HP4140 B
pA meter
Probe
station
HP 4192 A
Impedance
Analyzer
Computer
GPIB

Figure 3.5: A block diagram of the I-V and C-V station for determining the electrical
properties of SBDs [14].

3.5.2 Deep-level transient spectroscopy and high-resolution Laplace

DLTS

Conventional- and high-resolution Laplace DLTS measurements were performed by the
same system, as shown schematically in Figure 3.6. This system was used to
characterize deep-level defects present in the as-grown and irradiated samples in this

study. The set-up is made up of the following instrumentation (details can be read in ref.

[15]):

(1)A closed cycle helium cryostat, on which the sample is mounted. The
temperature was measured close to the sample using a GaAs diode and

controlled by a Lakeshore 332 temperature controller driving a heater in the tip
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of the cryostat. Using this system, a temperature range of 20 - 380 K could be
achieved.

(2) A Boonton 7200 capacitance meter with 100 mV, 1 MHz test signal is used to
monitor the change in capacitance due to thermal emission after the excitation
from the pulse generator. A capacitor decade box was connected to the “diff”
terminals of the capacitance meter to offset the capacitance of the diode, thus
allowing a more sensitive scale to be used.

(3) A dedicated Laplace DLTS card manufactured by UMIST with an internal pulse
generator and analogue to digital converter was used to perform the
measurements. The desired quiescent reverse bias voltage and pulses [13] are
applied by the Laplace DLTS card via the “DC Bias” input of the capacitance
meter. The card is also used to record current-temperature and capacitance-
temperature measurements.

(4) An HP 33120A 15 MHz arbitrary waveform generator replaced the built in pulse
generator when shorter filling pulses were required. This pulse generator was
triggered from the pulse generator on the Laplace DLTS card and provided
pulses with rounded rising edges to avoid overshoot due to the inductors in the
input filter of the capacitance meter [15].

(5) A national instruments GPIB interface card was used to control the temperature

controller, capacitance meter and HP 33120A arbitrary waveform generator.

In order to reduce noise, the sample was electrically insulated from earth by mounting
it on a circular sapphire disk soldered to the top of the cold finger of the cryostat. Thin
indium foil, placed between the sapphire and the sample, provided thermal contact. The
indium foil also acted as an electrical contact to the ohmic contact of the sample. Probes
made from beryllium-copper wire connected the Schottky barrier diode and on the

indium foil to the rest of the circuit.

All measurement parameters for both conventional and Laplace DLTS were set
programmatically. This includes measurement temperature, bias conditions, and
capacitance transient acquisition conditions. For conventional, temperature scanned
DLTS, the capacitance transients measured by the capacitance meter were captured by
the Laplace card and analysed using software-based boxcar averagers. Different rate

windows (for multi-rate window scans) or two rate windows (for trap view scans) can
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be used to produce the DLTS spectra. Throughout the measurements in this study, the

samples were kept in dark and a good vacuum was maintained.

For Laplace DLTS mode, the sample was kept at fixed temperature and multiple
capacitance transients were recorded and averaged by the Laplace DLTS card to
improve the signal to noise ratio. Hereafter a numerical inverse Laplace transform was
used to analyse the exponential decay and provide an emission rate spectrum. Three
different software routines; CONTIN, FTIKREG and FLOG [13], were available, but only

CONTIN was used for measurements in this study.

IEEE-488-Bus
CPU
Laplace card
Cathode External Pulse generator =
Ray
Oscilloscope
—
< Cryostat + heater
ZE‘ Diode
= Capacitance meter —
| I
Capacitance
€——  offset
bridge
Temperature
controller

Figure 3.6: Schematic diagram of the DLTS and Laplace DLTS set-up used in this study [4].
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Chapter 4

Results and discussion

4.1 Introduction

This chapter contains the results that have been published in various journals as well as
manuscript to be submitted for publication. An article may be relevant to one or more

sections or sub-sections in this chapter.

The results and discussion chapter is divided into six major sections. Section 4.2 briefly
describes the investigation of defects observed in as-grown n-type 4H-SiC and their

assignment to specific structures.

The deep-level defects induced into 4H-SiC after irradiation with high-energy particles,
such as high-energy electron and alpha-particle irradiation, were reported in Section
4.3. Also in Section 4.3, the effect of irradiation on the electrical properties of devices

explained in detail.

Section 4.4 reports on metallization induced defects in n-type 4H-SiC and compare them

to defects in as-grown and high-energy particle irradiated material.
The annealing of radiation induced defects in Ni/4H-SiC SBDs is reported in Section 4.5.

Lastly, Section 4.6 presents temperature dependent current-voltage (/-V) and

capacitance-voltage (C-V) measurements of Ni/4H-SiC SBDs.

4.2 Defects in as-grown n-type 4H-SiC

To carry out a meaningful and accurate study in characterizing the defects introduced
intentionally by radionuclides or metallization, such as electron beam deposition or
exposure, it is imperative to have knowledge of the defects present in the material prior
to irradiation of the material. This study investigates the defects present in the material
before irradiation and will serve as a baseline for the study of radiation- and process-

induced defects.
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The study in this section was carried out on nitrogen-doped, n-type 4H-SiC of different
doping densities (~4x101* to 1.9x101¢ cm-3) grown by chemical vapour deposition.
However, the report will focus on the material with doping density of 7.1x101> cm-3.
The sample was characterized by current-voltage (I-V), capacitance-voltage (C-V) and
deep-level transient spectroscopy (DLTS) after resistively depositing Ni for both ohmic
and Schottky contacts. The thickness of the Ni ohmic contact and the Schottky barrier
diodes was 3000 and 1000 A, respectively, and the fabrication was done according to

the experimental procedure described in Section 3.2.

4.2.1 Current-voltage (I-V) and capacitance-voltage (C-V)

characteristics

The quality of the contacts was confirmed by I-V and C-V measurements at room
temperature (300 °C). These properties were quantified in terms of ideality factor (n),
Schottky barrier height (¢,_y ¢c_y), saturation current (Is), series resistance (Rs), net

donor concentration (Nd) and built-in voltage (Vbi).

Figure 4.1 shows the forward semi-logarithmic I-V characteristics of a Schottky barrier
diode on as-grown 4H-SiC. A linear forward I-V relationship was obtained and fitted
using the thermionic emission model to determine the electrical parameters, which are
tabulated in Table 4.1. The ideality factor obtained was close to one, which shows that
the thermionic emission process was the dominant current transport mechanism in the
Schottky barrier diodes. The Schottky barrier height for I-V characteristics, 1.25 eV, was
slightly lower than predicted value by the Schottky model (2.05 eV) [1], which indicates

the presence of interface states.

A plot of 1/C? versus V for as-grown 4H-SiC SBD is shown in Figure 4.2. The most linear
part was fitted with a straight line and extrapolated to the axis, and Ngq, ¢pc-v and Vvi were

determined as tabulated in Table 4.1.

The values of Schottky barrier heights determined from /-V and C-V measurements did
not agree. This is in confirmation with what has been reported earlier by refs. [2-4]. This
discrepancy may be attributed to inhomogeneous doping, deep impurity levels, surface

inhomogeneity, interfacial layer and state and image force lowering [5].
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Figure 4.1: The forward semi-logarithmic I-V characteristics of an as-grown Ni/4H-SiC
Schottky diode measured at room temperature (300 K).
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Figure 4.2: 1/C? as a function of voltage characteristics of as-grown Ni/4H-SiC measured

at room temperature (300 K).

Table 4.1: Some electrical parameters of an as-grown Ni/4H-SiC Schottky barrier diode.

n Is (A) Rs (Q) Na (cm-3) Vi (V) ¢rv (eV) ¢cv (eV)
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vvvvvvvvvvvvvvvvvvvvv

1.04 ~2x10-17 48 7.8x1015 1.07 1.25 1.36

4.2.2 Deep-level transient spectroscopy (DLTS) measurements

The device used in this section was fabricated by resistive deposition of Ni for both
ohmic and Schottky contacts on 4H-SiC sample. This technique does not introduce
defects in measurable quantity to the devices. After the electrical characterization by I-V
and C-V measurements, the results obtained indicated that the diodes were of excellent
quality, therefore DLTS measurements can be used with confidence to characterize the

deep-level defects present in the devices.

Figure 4.3 shows the DLTS spectrum of the as-grown Ni/4H-SiC diode. The spectrum
revealed the presence of four electrically active defects which have been labelled Eo.09,
Eo.11, Eoi6 and Eoes. The signature and attribute of the defects obtained in as-grown
Ni/4H-SiC were described in detail in Papers | and VII. It should be noted that the
energy and capture cross-section of the same defect may differ between different

papers in this chapter; however, the differences were within experimental error.
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Figure 4.3: DLTS spectrum obtained from as-grown Ni/4H-SiC SBD. The spectrum in the
temperature range 52-350 K is scaled up by factor of 10.
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4.2.3 Concluding remarks

In this section, the electrically active defects present in the material prior to the

intentionally introduction of defects have described.

Resistive evaporation was used successfully for the fabrication of Ni ohmic and Schottky
contacts on nitrogen-doped, n-type 4H-SiC. The diodes fabricated by this technique
were of good quality with ideality factor very close to one (1.04). In as-grown devices,
four electrically active defects with energies 0.06 - 0.10 eV, 0.11 - 0.12 eV, 0.16 - 0.18 eV
and 0.65 - 0.70 eV were present in all the samples used in this study. These four defects

were also observed after electron-beam deposition.

4.3 Irradiation induced defects in 4H-SiC

This section contains results relating to defects introduced in nitrogen-doped, n-type
4H-SiC after bombardment with high-energy particles, viz. high-energy electron and
alpha-particle irradiation, as well as the changes in electrical properties of the devices
after the irradiation. Irradiation by high-energy electrons was performed by using a ?°Sr
radionuclide source, and the alpha-particle irradiation was carried out by an 241Am

radionuclide source.

4.3.1 High-energy electron (HEE) irradiation

A 20Sr radionuclide source was used to intentionally introduce electrically active defects
into n-type 4H-SiC after Ni ohmic and Schottky contacts had been deposited by means of
resistive evaporation. Seven major electron defects (labelled Eo.10, Eo.12, Eo.16, E0.22, Eo.40,
Eoes and Eo71) were detected by DLTS after bombardment with HEE irradiation.
According to their DLTS signatures, three of these defects (Eo.22, Eo.40, and Eo.71) were
related to HEE irradiation while the other four defects (Eo.10, Eo.12, Eo16 and Eoes)
corresponded to previously observed defects in as-grown Ni/4H-SiC SBDs, as described
in Section 4.2. Of the defects in the as-grown material, the concentration of defect
attributed to nitrogen impurities (Eo.10) increased significantly and the defect labelled
Eo.65 attributed to carbon vacancy increased by ~18% in concentration after irradiation.
Therefore, it was concluded that these defects were also introduced by electron
irradiation. In Paper II, the influence of HEE irradiation on /I-V and C-V properties of M-S

devices has been reported. The carrier removal rate of HEE irradiation was also
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calculated to be 1.67 cm-1, which was ~4670 times lower than what has been reported

after 5.4 MeV alpha-particles on the devices fabricated on the same material.

A detailed about the influence of HEE irradiation on electrical properties of Ni/4H-SiC

device is presented in Paper IL.

4.3.2 Alpha-particle irradiation induced defects in 4H-SiC

After alpha-particle irradiation of n-type Ni/4H-SiC SBDs, six electron defects were
observed by DLTS measurements in the temperature range 22 - 350 K. Two of these
electrically active defects (Eo39 and Eo.s2) were introduced during bombardment, and
the remaining four defects were related to defects observed before irradiation. In Paper
I, defect labelled Eo.09 that was attributed to nitrogen impurities occupy the cubic site in
4H-SiC, significantly increased in concentration and transformed to Eo.os defect that
occupy the hexagonal site after alpha-particle irradiation. In addition, the defect labelled
Eo.6s with energy 0.65 eV before irradiation increased by ~9% in concentration and had

energy 0.67 eV after alpha-particle irradiation.

The behaviour of the devices after irradiation was investigated at different fluences and
reported in this study. An unexpected result was that an increase in fluence resulted in a
decrease in leakage current which was attributed to a reduction in the electric field
within the depletion region due to the removal of carriers. In addition, the carrier
removal rate of 4H-SiC was calculated to be 6480 cm-1, after alpha-particle irradiation
from fluences that ranged from 2.6x1010 - 9.2x101! cm~2, which is much less than that of
carrier removal rate of Si, 4x105 cm-! [6]. This supported radiation hardness of SiC.
Moreover, at higher fluence the devices were still of good quality. It was also observed
that two of the shallow defects present in the as-grown material disappeared after
irradiation even at low fluence (4.1x1011 cm-2). The defects reappeared after annealing

in flowing argon at 300 °C for 20 minutes.

Detailed discussions of these results are presented in Papers I, I1], [V and VII.

4.3.3 Concluding remarks

Electrically active defects introduced during the irradiation by high-energy particles
have been reported. The high-energy electron irradiation introduced three electron

defects with lower carrier removal rate compared to the alpha-particle irradiation. HEE
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irradiation also influenced two of the electrically active defects observed in the as-
grown. Two electron deep-level defects were introduced by alpha-particle irradiation
with MeV energy from a 241Am radionuclide source. Two of the defects observed (Eo.09
and Eoss) in the as-grown material also increased significantly in concentration after
irradiation. From the results obtained, it was deduced that, due to its radiation
hardness, SiC promises to provide solutions to radiation damage of devices in

aerospace, manufacturing industries, defence and radiation harsh environments.

4.4 Electron-beam deposition and exposure

It has been reported that metallization, such as electron beam deposition and sputtering
deposition, do introduced electrically active defects in measurable quantities at and
close to the metal-semiconductor junction in conventional semiconductors such as Si,
Ge and GaAs [7-11]. These defects influence the performance of Schottky contacts on
these materials. In this section, the research question is: Are process induced defects

possible in wide bandgap and radiation hard materials such as SiC?

4.4.1 Electron-beam (e-beam) deposition

The e-beam deposition technique was used to deposit high melting point metals, such as
Pt, W, Ir and Ru. In this section, defects induced by e-beam deposition will be compared
to alpha and electron irradiation induced defects discussed in the previous sections.
Understanding the nature of the process induced defects in SiC will help to develop

procedures to control the defects based on their harmful or beneficial properties.

The Paper V gives the details of process induced defects in W/4H-SiC Schottky barrier

diodes and their electronic properties.

4.4.2 Electron-beam exposure

The term ‘electron beam exposure’ refers to the procedure when a sample is exposed to
electron beam conditions without actual metal deposition. This technique was
introduced with the aim of providing an answer to the question stated in Section 4.4.
The electronic properties of defects induced by electron beam exposure during the
manufacture of Ni/4H-SiC diodes by resistive evaporation of were reported. The defects

induced in this process were compared to defects in as-grown Ni/4H-SiC diodes and
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diodes bombardment with alpha-particles and high-energy electrons from an 241Am and

a %Sr source, respectively.

The experimental procedure used for this section has been described in Chapter 3 of
this thesis. Paper VI gives the details of the procedure before characterization of the

electrically active defects induced during the process.

Since the -V and C-V characteristics of these samples were not presented in the Paper

VI, they will be discussed below.

Figure 4.4 shows the plots of forward semi-logarithmic I-V characteristics of Ni/4H-SiC
SBDs for as-grown, after bombardment with alpha-particle and high-energy electron
irradiation and electron-beam exposure conditions. These [-V characteristics were
analysed by fitting a pure thermionic emission model to the linear region of the curves
as shown in Figure 4.4. From the results obtained, the ideality factor obtained for the as-
grown diodes was close to one. The ideality factor increased after irradiation with
electrons, irradiation with alpha particles and exposure to electron beam conditions, in
this sequence. Thermionic emission was the dominant current transport mechanism in
all cases with only slight deviations induced as a result of defects caused by the
irradiation and exposure process. This deviation is probably due to interface states. At
higher voltages, the curves show that series resistance dominated. The effect was
greater for alpha-particle irradiated sample and least for the e-beam exposed sample, as

shown in Table 4.2.

Table 4.2: SBDs parameters obtained from I-V and C-V measurements on Ni/4H-SiC
Schottky contacts as-grown, and after alpha-particle and high-energy electron irradiation

and electron-beam exposure.

Samples n Is Rs Na ¢p1-v dcv

(x10-184) (Q) (x1015 cm-3) (eV) (eV)

As-grown 1.04 16 48 7.2 1.24 1.26

a-particle irradiation ~ 1.07 3 70 6.7 1.29 1.36

HEE irradiation 1.13 0.1 60 7.3 1.38 1.60

E-beam exposure 1.26 66 13 7.7 1.21 1.38
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The plots of 1/C? as a function of reverse voltage are shown in Figure 4.5. The linearity
of the plots indicated the formation of Schottky diodes [12].
It can be deduced from the results of I-V and C-V measurements that e-beam exposure,

without metal deposition, resulted in degradation of Schottky contacts.
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Figure 4.4: A forward semi-logarithmic I-V characteristics of Ni/4H-SiC Schottky contacts
for as-grown, alpha-particle and HEE irradiated and electron beam exposed sample,

measured at 300 K.

Figure 4.6 shows the DLTS spectra obtained for as-grown, alpha-particle and high-
energy electron irradiated and electron beam exposed Ni/4H-SiC SBDs. All the samples
revealed the presence of four electrically active defects with energies varying slightly
for different processes, but within experimental error. The properties of these defects
are reported in Papers [, II, Il and VII. Alpha-particle irradiation introduced two defects
labelled Eo.39 and Eo.70, and HEE irradiation introduced three defects labelled Eo.22, Eo.40
and Eo.70. The electrically active defects have been assigned and described in this study
and in Paper VI. The defect labelled Eo22 has not been observed before. E-beam
exposure induced two defects in Ni/4H-SiC SBD, Eo.42 and Eo.71, which have similar
attributes to the defects introduced by high-energy particles, but in lower

concentration. Furthermore, it is worth noting that it was concluded in the silicon
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carbide community that the electron trap with energy that varies from 0.61 to 0.71 eV
below the conduction band minimum, (popularly known as Z1/Z2) has intrinsic nature

and has been linked to the carbon vacancy [13].
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Figure 4.5: 1/C? as a function of voltage for Ni/4H-SiC Schottky contacts for as-grown,

alpha-particle and HEE irradiated and e-beam exposure, measured at 300 K.
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Figure 4.6: Conventional DLTS spectra of Ni/4H-SiC for as-grown, alpha-particle and HEE

irradiated and e-beam exposed samples.

4.4.3 Concluding remarks

The results obtained have provided the answer to the question posed at the beginning
of Section 4.4. It was demonstrated that electron beam deposition and exposure
introduce defects in Ni/4H-SiC SBDs. Some of these defects are similar to those
introduced by high-energy particle irradiation. The source of these electrically active
defects is possibly due to the residual vacuum gases which were ionized around the
filament and accelerated by the electric and magnetic field towards the 4H-SiC
substrate. Due to the mass of the residual ions, their speed is much less than that of the
electrons. In addition, their mass is also much greater than that of the electrons, so these
ions are not deflected significantly by the magnetic field. Due to their heavier mass,
these ions are able to induce damage when they collide with the sample. Other possible
mechanisms have also been considered by Coelho et al [11]. Also, the exposure of
samples to electron beam, without metal deposition, could be another mechanism of

introducing defects Eo.42 and Eo.70/0.71 without high-energy particle irradiation.
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4.5 Defect annealing

Annealing at a specific temperature for a specific period may reduce the concentration
or completely remove some defects introduced intentionally by irradiation or by
processing. Furthermore, defect reactions during annealing in which some defect levels
are removed and new levels appear may help in assigning the defect levels to specific
structures. Also, annealing may modify a defect with no observable deep-levels to a new

defect that is observable using DLTS.

This paragraph highlights some salient points about the annealing of defects as
observed and reported in Paper [V of this study. The dominance of series resistance
observed in the I-V characteristics of Ni/4H-SiC SBDs after bombardment with 5.4 MeV
alpha-particles with fluence of 8.9x1011 cm-3 was reduced after annealing at 300 °C for
20 minutes. Also, the ideality factor of Schottky barrier diodes improved after annealing
(i.e. from 1.77 to 1.15). In addition to our observation, annealing of severely irradiated
samples for 20 minutes at 300 °C led to re-appearance of some shallow defects (labelled
Eo.11/012 and Eo.16/0.17). It was observed in the un-irradiated and irradiated silicon

carbide device. Details are discussed in Paper IV.

Paper VII described annealing studies done to determine the thermal dynamics of both
the as-grown and the irradiation induced defects in low doping density 4H-SiC. The
SBDs were annealed after irradiation at temperatures ranging from 100 °C to 600 °C in
steps of 100 °C under flowing argon gas. We observed that annealing of irradiated SBDs
at 200 °C led to the recovery of net donor concentration, and no noticeable recovery
was observed when the annealing extended to 600 °C. Also, three defects with energies
of 0.42, 0.62 and 0.76 eV below the conduction band were clearly and distinctly
appeared after the annealing at 200 °C. However, the levels annealed out at 400 °C.

Details are in Paper VII.

4.5.1 Concluding remarks

Annealing of irradiated samples at 300 °C improved the electrical properties of Ni/4H-
SiC devices after severe radiation damage. Also, the irradiation induced defects in low

doping density SiC were annealed out at temperatures below 600 °C.
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4.6 Temperature dependent I-Vand C-V

measurements on 4H-SiC Schottky barrier diodes

The interest of this section lies in the applications of wide bandgap materials (e.g. SiC)
in low and high temperature environments (such as satellites and power electronics) as
well as radiation fields. The in-depth study of electrical characteristics of silicon carbide
devices at different temperatures and radiation conditions is technologically paramount
for radiation sensing applications as well as manufacturing processes and high
temperature and high power applications. Also, this study investigated the extent to
which the performance and reliability of an M-S (say nickel-4H-SiC) device is affected by
the quality of the junction between the nickel and the 4H-SiC. The barrier height of an
M-S device is determined by the interface states as well as the difference between the

energy levels of the majority carriers on either side junction [14].

In this section, I-V and C-V measurements were carried out at temperatures ranging
from 40 to 300 K for as-grown, alpha-particle irradiated (fluence 5.1x101% cm-2) and

high-energy electron irradiated (fluence 6.0x1014 cm-2) samples.

The samples used for this study were first characterized at room temperature (300 K).
The electrical properties were extracted from a semi-logarithmic plot of the forward I-V
and the 1/C?-V plots obtained as shown in Papers I and 1], and tabulated in Table 4.2.
These values were estimated according to the equations derived in Chapter 2 of this
study. From these results, conclusions could be drawn that the devices were of good
quality for the temperature dependent measurements, even though there was
degradation of the SBDs due to the irradiation by alpha-particle and high-energy

electron of the devices.

In order to understand the ideal diode behaviour of the SBDs, analysis of experimental I-
V characteristics was performed using the thermionic emission model as described in
Chapter 2. The typical forward I-V characteristics of the Ni/4H-SiC SBDs as quoted in
Papers | and Il indicate very strong temperature dependence at lower temperatures.
The characteristics deviated from ideality at lower temperatures (below 120 K) for as-

grown and irradiated devices. Below 120 K, there was a gradual deviation from
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thermionic emission theory. These deviations were due to the presence of

inhomogeneity at the interface.

The C-V characteristics as reported in Paper Il showed that the Schottky barrier diodes
fabricated were of good quality for both the as-grown and irradiated devices. In the
temperature range 80-300 K, the C-V characteristics for both devices changed only
slowly with decreasing temperature, however the changes occurred much faster at
temperatures below 80 K. It was also deduced from the study that the net donor
concentrations decreased with irradiation and temperature which is due to defects

introduced by irradiation.

4.6.1 Concluding remarks

The ideality factor as well as Schottky barrier height of Ni/4H-SiC devices had strong
temperature dependence at lower temperature. The deviation of the Richardson
constants from theoretical value may be as result of barrier inhomogeneity at the metal-
semiconductor interface and some other factors such as crystal defects and potential
fluctuation and the deviation has been described by a modified Richardson plot. In
addition, the unreasonable large Schottky barrier heights obtained from C-V
measurements at lower temperatures was because of the carrier freeze out that
influenced the electric field, thereby affecting the depletion capacitance and the value of
the built-in voltage on the voltage intercept. Furthermore, irradiation by alpha-particle
and high-energy electron did not influence the mean barrier height, but influenced the

modified Richardson constant.

89

© University of Pretoria



PAPER I: Effects of 5.4 MeV alpha-particle irradiation
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Current-voltage, capacitance-voltage and conventional deep level transient spectroscopy at temperature
ranges from 40 to 300 K have been employed to study the influence of alpha-particle irradiation from an
*1am source on Ni/4H-SiC Schottky contacts. The nickel Schottky barrier diodes were resistively evap-
orated on n-type 4H-SiC samples of doping density of 7.1 x 10’ cm ®, It was observed that radiation
damage caused an increase in ideality factors of the samples from 1.04 to 1.07, an increase in Schottky
barrier height from 1.25 to 1.31 €V, an increase in series resistance from 48 to 270 Q but a decrease in
saturation current density from 55 to 9 x 10 '>*Am 2 from I-V plots at 300 K. The free carrier concentra-
tion of the sample decreased slightly after irradiation. Conventional DLTS showed peaks due to four deep
levels for as-grown and five deep levels after irradiation. The Richardson constant, as determined from a
modified Richardson plot assuming a Gaussian distribution of barrier heights for the as-grown and irra-
diated samples were 133 and 151 Acm 2K 2, respectively. These values are similar to literature values.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

SiC is a promising semiconductor with a wide band-gap of
3.26 eV [1]. Because of its wide band-gap, SiC is a suitable substrate
for developing devices that are capable of operating at high tem-
perature as well as in harsh radiation fields [2,3]. The electrical
and thermal properties of SiC make it suitable devices in the
electronics operating at high power, high temperature and high
frequency |4]. Irradiation is used to introduce defects in semicon-
ductors in order to investigate the defects’ properties by means
of deep-level transient spectroscopy (DLTS) on Schottky diodes.
Effects of radiation and temperature on semiconductors are
technologically important for radiation to sensing applications as
well as manufacturing processes and high temperature and high
power applications [5].

It has been reported by many researchers that some wide
band-gap semiconductors such as SiC and GaN are radiation hard
which make them suitable for use in harsh radiation environments
|3]. Effects of electron, proton, fast electron and fast neutron
irradiation on SiC have been investigated by different researchers

* Corresponding author at: Department of Physics, University of Pretoria, Private
Bag X20, Hatfield 0028, South Africa.

http:ffdx.doi.org/10.1016/j.nimb.2015.07.019
0168-583X/© 2015 Elsevier B.V. All rights reserved.

[3,6-8]. To the best of our knowledge, the effect of
alpha-particles irradiation on Ni/4H-SiC has not been reported.

In this work, the change in electrical properties of Nif4H-SiC
due to alpha-particle irradiation has been investigated by means
of current-voltage (/-V), capacitance-voltage (C-V) and DLTS
measurements. The major aim was to determine the effect of
5.4 MeV alpha-particles irradiation on the electrical properties
and diode performance of n-type 4H-SiC.

2. Experimental procedure

The Schottky diodes were fabricated on the Si face of chips
cut from an n-type (nitrogen doped) 4H-SiC wafer, double
polished with resistivity of 0.02 Q-cm and doping density of
7.1 x 10" ecm 3, supplied by CREE Res. Inc. Samples were
degreased by boiling for 5 min each in trichloroethylene, acetone
and methanol, followed by a 1 min rinse in de-ionised water.
They were etched in 40% hydrogen fluoride for 30s, then rinsed
in de-ionised water and followed by blowing dry with nitrogen
gas prior to thermal evaporation of the nickel ohmic contact on
the back surface of the samples. The ohmic contact with a thick-
ness of 3000 A was deposited at a rate of 0.4 As~!. The samples
were annealed in a tube furnace under flowing argon gas at
950 °C for 10 min to form nickel silicides [9|. Hereafter, the
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samples were cleaned in an ultrasonic bath for 3 min each in tri-
chloroethylene, acetone and methanol, followed by a 1 min rinse
in de-ionised H,0. They were also blown dry with nitrogen gas
before the fabrication of nickel Schottky diodes. The nickel
Schottky contacts were deposited through a metal contact mask
and had an area of 2.4 x 102 cm? and a thickness of 1000 A depos-
ited at a rate of 0.2As ' under a vacuum of approximately
1 x 107" Torr.

The current-voltage (I-V) and capacitance-voltage (C-V) mea-
surements of the sample were carried out at room temperature
to test the qualities of the contacts. The I-V and C-V measurements
were carried out by HP 4140 B pA meter/DC voltage source and HP
4192 A LF Impedance Analyzer, respectively. DLTS was used to
characterise the defects present in the sample before and after
alpha-particles irradiation.

The sample was irradiated with alpha-particle by placing an
241Am source on top of the Schottky diodes. The irradiation was
carried out at room temperature and lasted for 2 h. The sample
received the fluence of 5.1 x 10"* alpha-particles-cm 2 from the
foil fluence rate of 7.1 x 10° alpha-particles-cm~2-s', The charac-
terisation of the sample was repeated.

3. Results and discussion
3.1. I-V characteristics at room temperature

Fig. 1 shows the forward semi-logarithmic /-V characteristics of
the Schottky barrier diode measured at 300 K before and after irra-
diation. The effect of irradiation on the Ni/4H-SiC diode can be
quantified in terms of the ideality factor (n), Schottky barrier
height (SBH), saturation current (I;) and series resistance (R;)
obtained from the plot. Measurements on the Schottky contacts
were taken before and after the samples were irradiated. Table 1
compares the properties of the sample before and after irradiation
at 300 K. The SBH of the contacts were determined from the -V
characteristics analysed by using the thermionic emission model
[10,11]. The I; was derived from the straight line intercept of
In/-V plot at V=0

I, = AA" exp (—‘-”,;—;’) 1

where A is the effective diode area, A™ is the effective Richardson
constant, ¢y is the effective SBH at zero bias, k is the Boltzmann
constant and T is absolute temperature in Kelvin. From the
Eq. (1), SBH, ¢y is given as:

T
0 vv
Qva"'

Current, 1 (A)

3
ke Rk Rl I B R Ik Ay R |

®  Asgrown 3
v After 2hrs alpha-particle irradiated

4
-

Voltage, V (V)

Fig. 1. Forward [-V characteristics of Nif4H-SiC Schottky diodes before and after
irradiation measured at 300 K.

Table 1
Comparison of some electrical parameters of Nif4H-SIiC before and after alpha-
particle irradiation estimated from [-V and C-V characteristics at 300 K.

Samples n L (A) R, Vipi Ny(em™) ¢y dev

Q) v (eV)  (eV)
155 <107'% 48 107
26=x107'% 270 123

78 %10 125 136
74 %10 131 1.52

As-grown  1.04
Irradiated  1.07

kT AA'T?
‘PI—V:?ln ( I, ) (2)

and n is given as:

which is unity for an ideal diode (i.e. current flows entirely due to
thermionic emission). But, n is always greater than one, which
describes the deviation of the experimental InI-V data from the
ideal thermionic model. From Table 1, n, ¢;_v and R, increases with
radiation, but I; decreases with radiation.

3.2. C-V characteristics at room temperature

Fig. 2 shows the plot of C2 (pF~2) as a function of voltage, V (V)
before and after alpha-particle irradiation measured at 1 MHz fre-
quency with the sample at room temperature. The capacitance
increased with decreasing reverse voltage for both, but the capac-
itance after irradiation was lower, This is as a result of defects
introduced into the sample during the irradiation process which
traps electrons [12,13]. The C-V parameters are tabulated in
Table 1. The zero-bias barrier heights for both samples were deter-
mined from Eq. (4).

KT . N,
by = Vi + 1 In N, (4)

From Fig. 2, the free carrier concentration of the sample before
and after radiation was determined from the slope of the plots. The
free carrier removal rate, # can be obtained from Eq. (5) below:

_ ANy~ Na)
o]

where A(Np — N,) is the change in free carrier concentration before
and after irradiation, ¢ is the fluence to which the sample was bom-
barded [14]. At room temperature (300 K), a fluence of 5.1 x 10'°

()

081 As-grown T

¥ Afier 2 hrs alpha-particle irradiation

162 (102 F3)

0z} N ]

00l | 1 L 1 1 |
06 -04 -02 00 0.2 04 06 0.8 10 12

Voltage, V(V)

Fig. 2. 1/C? as a function of voltage characteristics of Nif4H-SiC before and after
5.4 MeV alpha-particles irradiation at 300 K.
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alpha-particles-cm? resulted in a change in carrier concentration
from 7.8 x 10'° to 7.4 x 10'° leading to a carrier removal rate of
7.8 x 10° cm™".

Comparing the SBH for I-V and C-V measurements, it was
observed experimentally that the SBH's do not agree. The SBH
increased after irradiation for both [-V and C-V, but greater for
C-V measurements. This is in confirmation with what has been
reported in literature [15,16]. The causes for a difference in this
parameters are deep impurity level, surface inhomogeneity, quan-
tum mechanical tunnelling, interfacial layer and states, image force
lowering, and edge leakage currents [17].

3.3. -V characteristics at temperature range 40-300 K

Fig. 3 shows the semi-logarithmic forward bias I-V characteris-
tics for both as-grown and irradiated Nif4H-SiC Schottky barrier
diodes measured from temperature ranges 40-300 K in other to
determine the effect of temperature on the electrical properties
of the samples.

Fig. 4 shows a gradual change in the ideality factor and the SBH
before and after irradiation for SBD from temperature above 120 K.
It can also be deduced from the plot that there is sporadic deviation
of electrical behaviours of SBD from thermionic emission theory at
lower temperature (below 120 K). The ideality factor and the SBH
of the Ni/4H-SiC have strong reciprocal temperature dependence
at lower temperatures. There was no noticeable change in the ide-
ality factors and SBH at temperature 120 K and above, for before
and after irradiation.

3.4. The Richardson and the modified Richardson plots

The Richardson’s plots of In (I,/T?) as a function of 1/T are shown
in Figs. 5 and 6 for SBD before and after irradiation. We can
re-write Eq. (1) as shown below;

In (I,/T?) = In AA" — q/kdgo - 1/T (6)

The linear part of temperature range 120-300 K of the plots show
in the graph. The Richardson constants before and after irradiation
were estimated from the intercept of the plot to be 4.1 x 10 % and
1.2 x 107" Acm™? K2, respectively. The values are extremely
small compared to the theoretical value of effective Richardson con-
stant of 146 A cm 2 K2 [18,19], which indicate that the active area
is smaller than the device area. The mean barrier heights for both
were deduced from the slope of the plot to be 1.63 and 0.72 eV. It
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Fig. 4. Ideality factors and Schottly barrier heights as function of temperature
before and after irradiation, measured at temperatures range 40-300 K.
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Fig. 5. The Richardson plot and the modified Richardson for as-grown Ni/4H-SiC.
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Fig. 3. The current versus voltage characteristics of Nij4H-5iC before and after
irradiation measured at temperature range 40-300 K. The solid symbols represent
after irradiation.
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Fig. 6. The Richardson plot and the modified Richardson for Nij4H-SiC after 2 h
irradiation.

has been reported earlier by many researchers that the deviation
of the Richardson constants from theoretical value may be as result
of effect of the barrier inhomogeneity at the metal-semiconductor
(MS) interface and some other factors such as crystal defects, poten-
tial fluctuation, etc [20]. Since the deviation cannot be explained by
thermionic emission diffusion model, the Gaussian distribution
model of barrier height can be used.
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Fig. 7. DLTS spectra for the Ni/4H-SiC before and after alpha-particles irradiation.
The temperature range 60-350 K scaled up by factor of 10.

The Gaussian distribution model has been used to correct the
deviation that cannot be explained with thermionic emission diffu-
sion which occurred as a result of barrier height inhomogeneities.
The deviation between experimental and theoretical values of the
Richardson constants was described by the modified Richardson
plot according to the aforementioned model.

Eq. (7) is obtained by combining Eq. (2) with Eq. (6).

I 2g2 . [
i () - () ~ o) - 7

The standard deviation, o, (which its square was calculated to
be 1.08 x 102 and 1.21 x 10~ for as-grown and after irradiation)
plays major role in estimating the modified Richardson constant,
A*. Figs. 5 and 6 show the plot of In(IT%) — (g%a>|2k*1?) as func-
tion of 1000/T. The A before and after irradiation were deter-
mined from the intercept of the straight line to be 133 and
151 Acm 2 K2 respectively. The values were in good agreement
with the theoretical value. The mean barrier height before and
after irradiation were estimated from the slope of the straight line
as 1.64 and 1.63 eV, respectively. There was no significant change
in the value of barrier height after irradiation.

3.5. DLTS analysis

Fig. 7 shows the DLTS spectra for the samples before and after
alpha-particle irradiation. The measurements were obtained at
temperatures range 22-350K, at a quiescent reverse bias of

5.0V, filling pulse amplitude of 6.0V, filling pulse width of
1.0 ms and a rate window of 200s . Fig. 8 shows the Arrhenius
plots of each defect. The signatures of the defects in term of activa-
tion energies, E, and apparent capture cross sections, g, were
determined from Fig. 8. The activation energy of each defect was
determined from the slope, and the corresponding apparent
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. ¥ After2 hrs alpha-particle irradiation
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_ sl Eo.11 ]
7
e I v
- Y
a2 4 ]
E Y
&
1L 1
of ]
. . . . .
0 5 10 15 20 25 30
1000 (K™

Fig. 8. The Arrhenius plots for the DLTS of as-grown and after irradiation Nif4H-
SiC.

capture cross section was calculated from the intercept of the
Arrhenius plot of log(T%/e,) versus 1/T as earlier reported by
Auret et al. [21]. The sample revealed the presence of four defects
before irradiation, and five defects after alpha-particle irradiation
as shown in Table 2. Defects with energy levels labelled as Eggg,
Eo11, Eo1g and Epgs were obtained before irradiation, and Eggg,
Eoa1, Eoas, Eos2 and Epgy after irradiation, where ‘E’ refers to an
electron trap and the subscript 0.09 refers to an energy level below
the conduction band. The properties and attributes of each defect
were tabulated in Table 2. The Eg a9 has been attributed to nitrogen
impurities that occupy cubic site and occupy hexagonal site when
the activation enthalpy is approximately 0.06eV [2223] The
defects Epq1 and Egqg are related to transitional metal (titanium)
[24,25]. The Eg 4y and Egqgi015 have been reported earlier that the
two levels could be a single defect occupying different geometric
positions in material [2G]. The E, g, was the only defect introduced
by alpha-particle irradiation, and was attributed to Z,/Z; [22,27]. It
has been previously reported that Eg67/0.65 could be a defect com-
plex composed of several energy levels [28,29]. The dominant of
these energy levels is Z,/Z, and is possibly a di-carbon or silicon
interstitial next to a nitrogen atom or a hydrogen related intrinsic
defect [23]. There was a shift in temperature of Eqg; from 332 K to
326 K. This was as a result of Eqgz defect emanated after irradia-
tion. The peak height of Ey4; increases after irradiation as well.
The formation of a new defect and the increase in intensity of some
of the defects causes changes in I-V and C-V characteristics and the
parameters of the Schottky contacts.

4. Conclusions

In conclusion, the Ni/4H-SiC Schottky contacts have been suc-
cessfully fabricated by resistive evaporation technique. The effects
of 5.4 MeV alpha-particles irradiation measured at different

Table 2
Electronic properties of defects detected by DLTS in as-deposited and 5.4 MeV alpha-particles irradiation of Nij4H-SiC.
As-grown After alpha-particle irradiation Attribution
Defect Er(eV) @ (cm®) Tpear (K) Defect Er (eV) &g (cm?) Tpeak (K)
Eooa E-0.09 8x107"° 47 Eoos E-0.06 6x107"7 48 N impurity [22]
Eon E~0.11 2x107'° 72 Eon E~0.11 2x107'° 74 Ti impurity [25]
Eous E~0.16 1x107" 94 Eors E~0.15 9x107'° 95 Ti impurity [24]
- - - - Eosa E~0.62 1x107"2 213 ZhjZ5|22.27]
EFoss E—0.65 4x10°1 332 Fosr E—0.67 8§x1071° 326 741175 (C/Si vacancy [24,29)

Note: The Tpeq (K) was taken at rate window of 200s .
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temperatures on Ni/4H-SiC SBD have been investigated using [-V,
C-V and conventional DLTS. The [-V and C-V measurements at
300 K before and after fluence of 5.1 x 10 alpha-particles-cm=2
irradiation revealed good Schottky contacts. From [-V measure-
ments, 1, SBH, R, increases with irradiation but /; decreases with
irradiation measured at 300 K C-V measurements reveal decreases
in free carrier concentration. The [-V measurements were also
repeated at temperature range 40-300 K. The electrical behaviour
of SBD deviated from thermionic emission theory at temperatures
below 120 K. The modified Richardson constants before and after
alpha-particle irradiation are 133 and 151 Acm~2K~2, respec-
tively, by using Gaussian distribution method. The values of A**
were in good agreement with the theoretical value. The electrical
properties of Nif4H-SiC SBDs show little response to 5.4 MeV
alpha-particle irradiation with free carrier removal rate of
7.8 x 10° cm™! which corroborate its uses in radiation harsh
environments.
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ARTICLE INFO ABSTRACT

The influence of high energy electron (HEE) irradiation from a Sr-90 radio-nuclide on n-
type Nif4H-SiC samples of doping density 7.1 x 10'° cm ™~ ? has been investigated over the
temperature range 40-300 K. Current-voltage (I-V), capacitance-voltage (C-V) and deep
level transient spectroscopy (DLTS) were used to characterize the devices before and after
irradiation at a fluence of 6 x 10" electrons-cm 2. For both devices, the I-V characteristics
were well described by thermionic emission (TE) in the temperature range 120-300 K, but
deviated from TE theory at temperature below 120 K. The current flowing through the
interface at a bias of 2,0V from pure thermionic emission to thermionic field emission
within the depletion region with the free carrier concentrations of the devices decreased
from 7.8 10" to 6.8 x 10" c¢m~? after HEE irradiation. The modified Richardson
constants were determined from the Gaussian distribution of the barrier height across
the contact and found to be 133 and 163 Acm~2 K2 for as-deposited and irradiated
diodes, respectively. Three new defects with energies 0,22, 0.40 and 0.71 eV appeared
after HEE irradiation. Richardson constants were significantly less than the theoretical
value which was ascribed to a small active device area.

® 2015 Elsevier Ltd. All rights reserved.
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1. Introduction the quality of the MS junction [5]. The performance of the

devices can be quantified experimentally study in terms

Metal-semiconductor (MS) Schottky barrier diodes (SBDs)
are widely used where diodes with low forward voltage drop,
junction capacitance and high switching speed are required
|1]. This makes them ideal as rectifiers in photovoltaic sys-
tems, high-efficiency power supplies and high frequency
oscillators [2]. SBDs also have important uses in optoelectro-
nics, high frequency and bipolar integrated circuits applica-
tions [3,4]. The reliability of SBDs is influenced significantly by

*Corresponding author at: Department of Physics, University of Pre-
toria, Private Bag X20, Hatfield 0028, South Africa. Tel.: +274842911287.
E-mail address: ezekiel.omotoso@up.ac.za (E. Omotoso).

http://dx.dei.org/10.1016/j.mssp.2015.04.031
1369-8001/@ 2015 Elsevier Ltd. All rights reserved.

of their ideality factor, Schottky barrier height (SBH), satura-
tion current, series resistance and free carrier concentration.
Among these properties of the MS interface, SBH plays a
major role in the successful operation of many devices in
transporting electrons across the MS junction [6].

Since room temperature {300 K) measurements of I-V and
C-V characteristics alone cannot provide detailed information
about the mechanisms responsible for the formation of barrier
at the interface of the MS and electrical properties of devices
[ 7], additional insight is gained by characterising the diodes
over a wide temperature range (40-300 K). Conclusions may
be drawn from the deviation of I-V-T characteristics from the
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ideal thermionic emission current model at lower tempera-
ture for many SBDs. The I-V-T characteristics of SBDs based
on TE theory reveals an abnormal increase in the ideality
factor and a decrease in the SBH with decreasing temperature
[8-11]. The abnormal behaviour has been attributed to be a
function of the atomic structure, and atomic or barrier inho-
mogeneities at the MS interface, which are caused by defects,
multiple phases and grain boundaries. The barrier inhomo-
geneities in MS SBDs are often modelled as a Gaussian
distribution function and used to provide better understand-
ing to experimental I-V characteristics [12-15].

SiC is a promising semiconductor with a wide bandgap
of 3.26 eV [16]. Because of its wide bandgap and chemical
stability, it can be used to produce electronic devices that
are capable of operating at high temperature, high fre-
quency and high power semiconductor devices, as well as
in harsh radiation fields [17-20]. Effects of radiation and
temperature on semiconductors are technologically impo-
rtant for radiation to sensing applications, as well as man-
ufacturing processes and high temperature and high
power applications [21]. Deep level transient spectroscopy
(DLTS) on SBDs is often used to investigate the properties
of defects in semiconductors.

Many researchers have reported that some wide band-
gap semiconductors such as SiC, ZnO and GaN are radia-
tion hard which makes them suitable for use in harsh radi-
ation environments [18]. Effects of proton, fast electron
and fast neutron irradiation on SiC have been investigated
by different researchers [18,22-24|, To the best of our
knowledge, the effect of high energy electron (HEE) irra-
diations at fluence of 6 x 10" cm™2 on Ni/4H-SiC has not
been reported.

In this work, we present the effect of HEE irradiations
on the electrical characteristics of nickel SBDs fabricated
on 4H-SiC SBDs measured over wide temperature range
(40-300 K). The major aim of this work is to determine the
extent to which the characteristics of nickel on n-type 4H-
SiC Schottky diodes would be affected by HEE irradiations.

2. Experimental procedure

The samples used for this work were cut from a
nitrogen-doped n-type 4H-SIiC wafer, polished on both
sides with the Si face epi ready, resistivity of 0.02 -cm
and doping density of 7.1 x 10'® cm 2. The wafers were
supplied by CREE Res. Inc. The samples were cut into
smaller pieces with dimension of roughly 2 x 3 mm? and
degreased by boiling for 5 min each in trichloroethylene,
acetone, methanol and followed by 1 min rinse in de-
ionized water. They were etched in 40% hydrogen fluoride
for 30s in order to remove the native oxide layer on
the samples, then rinsed in de-ionized water, followed
by blow drying with nitrogen gas prior to thermally
fabrication of nickel ohmic contact on the back surface
(1.0 10" cm~? doped side) of the samples.

Resistive evaporation was employed for the fabrication
of nickel ohmic and Schottky contacts because it is known
to neither introduce defects nor contaminate the samples.
The ohmic contact with a thickness of 3000 A was depos-
ited at a rate of 0.4 A s~ . For ohmic contact formation, the
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samples were annealed in a tube furnace under flowing
argon gas at 950 °C for 10 min to form nickel silicides [25].

Before deposition of the Schottky contact, the samples
were cleaned in an ultrasonic water bath for 3 min each in
trichloroethylene, acetone and methanol, followed by
1 min rinsed in de-ionized H-0 after the annealing of the
ohmic contact. Nickel Schottky contacts were resistively
evaporated through a metal contact mask and had an area
of 24x 10 *cm? and a thickness of 1000 A deposited
at a rate of 0.2 As~' under a vacuum of approximately
10~ Torr.

The sample was irradiated through the Schottky con-
tacts by HEE from a strontium-90 radioactive source at a
fluence rate of 7 x 10% electrons-cm * s~ . The irradiation
was carried out at room temperature and lasted for 24 h,
which resulted in a fluence of 6 x 10" electrons-cm 2. The
energy distribution of electron emitted by strontium-90
radionuclide has been reported by Auret et al. [26].The
sample was characterized at room temperature and in the
dark using -V and C-V station, consisting of a HP 4140 B
pA metre/DC voltage source and HP 4192 A LF Impedance
Analyser, respectively. Hereafter, the sample was placed in
a closed cycle helium cryostat and characterised by con-
ventional DLTS, I-V-T and C-V-T measurements in wide
temperature range. This procedure was performed before
and after HEE irradiation.

3. Results and discussion

3.1. C-V characteristics

The fabricated devices were subjected to irradiation
at room temperature. Both as-deposited and irradiated
devices were examined by the C-V method at different
temperatures. Fig. 1 shows the plot of capacitance as a
function of reverse bias voltage. The capacitance decreased
with a decrease in temperature. The capacitance increased
with decreasing reverse voltage for both, but the capaci-
tance after irradiation was lower, as also be reported
[27,28]. The €2 {pF %) as a function of reverse bias
voltage, V (V) before and after HEE irradiation measu-
red at 1 MHz with the samples at temperatures range

10 T T T T T T

Capacitance, C(107'F)

-6 -4 2 0 2
Voltage, V(V)

Fig. 1. The C-V characteristics of Schottky barrier diodes of Nifn-4H-SiC
before and electron irradiation in temperature range 40-300 K.
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40-300K are depicted in Fig. 2. The result obtained
showed a good SBDs for both devices. There was no abrupt
degradation between the as-deposited and irradiated
devices at temperature range 80-300 K. The C-V charac-
teristics changed more rapidly with temperature, and the
difference between the as-deposited and the irradiated
diodes became more pronounced below 80 K. The slope of
plot €~ versus V is approximately constant for the tem-
perature range 80-300 K for both samples which indicates
that all the dopant is ionized due to the presence of the
electric field [29]. The plot in Fig. 2 is deduced from Eq. (1)
which represents the depletion layer in Schottky diodes.
The N Vpi and ¢c_y, were determined from the plot and
tabulated in Table 1. The free carrier concentrations, N,
decreased with irradiation and temperature which is as a
result of the defects introduced from the HEE irradiation
into the SiC.

lz: z(vo —thi} (])
C gesA°Ny

where g is the charge, &; is the permittivity of semicon-
ductor, A is the effective area of the diode, and V, can be
obtained from the intercept of reverse voltage when €2 is
equal to zero. The zero-bias barrier heights for both
devices were determined from Eq. (2).

ey = Vii+ %lnﬁ—: 2
From Fig. 2, the free carrier concentrations of the sample
were determined from the slope of the plots according to
Eq. (1). The free carrier removal rate, n can be obtained

35 = : T T T
30— T 1
25 300 Ke‘ul ‘-L-“- ]

S 300K, T

L S -~
20f ———  w0K,, -]

'ig' — — WK,

T 0K,

©1sE 0K, 1

20 -15 -1.0 05 0.0 05
Voltage, V(V)
Fig. 2. Graph of C~% as a function of applied voltage characteristic of

SBDs of Nif4H-SiC before and after electron irradiation in temperature
range 40-300 K.

from Eq. (3) below
_ A(Np—Ng)
p=— B2 AL
[

where A(Np—N,) is the change in free carrier concentra-
tion before and after HEE irradiation, ¢ is the fluence at
which the sample was bombarded [30]. At room tempera-
ture (300 K), the change in free carrier concentration from
7.8 : 10" (before irradiation) to 6.8 x 10'* cm~* (after HEE
irradiation) is 1.0 x 10" cm ™ and the fluence received by
the sample was 6.0 x 10" cm 2. The free carrier removal
rate was calculated as 1.67cm™' for irradiation of the
sample with energy 546 keV from Sr-90 radionuclide. The
value of p calculated here is approximately 4670 times
lower than that of SiC bombarded by 5.4 MeV alpha-
particles [31]. The HEE irradiation has less impact on the
electrical properties of Nij4 H-SiC than alpha-particle
irradiation [31].

3)

3.2. I-V characteristics

The forward semi-log I-V characteristics of the Ni/4H-
SiC SBD measured at temperature range 40-300 K before
and after electron irradiation are shown in Fig. 3 in order
to know the temperature effects on the deep energy levels.
The plots show linearity up to a current of approximately
110~ A for as-deposited and irradiated devices except
at lower temperatures (80 K below). It can be observed
that I-V plots show lower current with lower temperature.
This is in accord with the equation describing current
transport across a SBD by thermionic emission-diffusion
theory [32,33].

The effect of irradiation on the Nij4H-SiC diode as well
as temperature can be quantified in terms of the ideality
factor (n), Schottky barrier height (¢;_y), saturation current
(1s) and series resistance (R;) obtained from the /-V plots.
Measurements on the Schottky contacts were taken before
and after the devices were irradiated. Table 1 compares the
properties of the samples. The effective Richardson con-
stant for both samples were obtained from the Eq. (4).
Schottky barrier heights of the contacts were determined
from the I-V characteristics analysed by using the ther-
mionic emission model [5,32,33].

Is =M*exp(—qdr:%) (4)

where A* is the effective Richardson constant, ¢,y is the
effective SBH at zero bias, k is the Boltzmann constant and
T is absolute temperature in Kelvin.

It could be deduced from Table 1 that the SBH,_, dec-
rease and the ideality factor increase, with decreasing in

Table 1
Comparison of some electrical parameters of Ni/n-type 4H-5iC before and after electron irradiation estimated from I-V and C-V characteristics at 40
and 300K.
Samples n I (A) R () Vi (V) Ne (em ™) v (eV) pe v (eV)
As—deposited(300 K) 1.04 15x 10720 48 1.07 7.8 % 107 144 136
As-deposited (40 K) 402 2.0 % 107% 664 5.03 59x 10'° 037 506
24h electron irradiation (300 K) 1.13 14 %107 60 1.32 6.8 x 107 1.38 160
24h electron irradiation (40 K) 414 14 % 1074° 1684 7.92 52 % 10'7 0.36 7.95
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temperature [33-37]. It was also observed that SBHs;_
decrease and the ideality factors increase after HEE irra-
diation which corroborated what has earlier reported
[23,24], but was in contrast with what was observed by
Lin et al. [38].

From Eq. (4), ¢y is given as

kT, [AA*T?
d)if\/:?ln( T ) (5)

Comparing the SBH for I-V and C-V measurements, it
was observed experimentally that SBHs' do not agree. The
SBH increased after irradiation for both I-V and C-V, but to
greater extent for C-V measurements. This is in agreement
with what has been reported in literature [39-43|. The
causes for a difference in this parameters are deep impur-
ity levels, surface inhomogeneity, quantum mechanical
tunnelling, interfacial layer and states, image force low-
ering, and edge leakage currents [44].

Fig. 4 shows a gradual change in ideality factor and SBH
before and after HEE irradiation for SBD from tempera-
tures above 120 K. It can also be deduced from the plot
that there was sporadic deviation of electrical behaviours
of SBD from thermionic emission theory at lower

T r :
w0rf v 30Ky sgg23e |
s ® 300K, YR : & i
1NEV240K-9® ';U‘SV@ :
e [ o 240K, LA L3

o 160K, 3 ov P

= 10tk s dep g 3 v H 1

=z o 240K, - o o o 1

S 10E 2N B o v . 1

ERTO A ¥ 5 ‘ i

H F o 80K, * ° e . !

O 100 [} o] v

F o 40K, o v H
100 ¢ @ : i
o 0K, @ 3 Y E
00 | o7 9 1
1072 oV ¢ o v ;
1 ] M e 3 Cd 3
100 1
10-14 1 L 1 1 1 1 3
2 04 06 08 10 12 14
Voltage, V(V)

Fig. 3. The current versus voltage characteristics of Nij4H-SiC before and
after irradiation measured in temperature range 40-300 K.
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Fig. 4. Ideality factors and Schottky barrier heights as function of
temperature before and after irradiation, measured in temperature range
40-300K.

temperatures (below 120K). Generation-recombination
was dominant at temperatures below 80 K. [deality factor
and SBH of the Ni/4H-SiC had strong reciprocal tempera-
ture dependence at lower temperatures. It was also
observed earlier for alpha-particle irradiated devices [31].
These deviations are due to the presence of inhomogene-
ities at the interface (such as surface defects and inhomo-
geneity in doping concentration) |20,33-37,45-47|. There
was little noticeable change in the ideality factors and SBH
at temperature 120K and above, for before and after
irradiation.

3.3. The Richardson plot

Fig. 5 shows the Richardson's plot of In (Iy/T?) as a
function of 1/T for as-deposited and HEE irradiated sam-
ples. The temperature dependent behaviour of n and SBH
predicted an inhomogeneous barrier height and deviation
from thermionic emission and diffusion theory as shown
in Fig. 4 [20,34,37,47]. Barrier height can be determined in
another way by re-writing Eq. (6) as Eq. (9) below

m(rs/rz) = InAA* — q/k¢, .1/T (6)

The diode showed very high dependence of ideality
factor on temperature, which led to the distortion of the
plot from linearity. The plots were linearized by multi-
plying In (I/T°) by n as suggested by Schroder [48]. The
experimental values of A* before and after irradiation were
estimated from the intercept of the plot to be 4.1 x 10 #
and 2.8 x 10" " Acm ? K 2, respectively. The values were
extremely small compared to the theoretical value of
effective Richardson constant of 146 Acm™2 K2 [34,36,
37,49,50|, which indicate that the active area was smaller
than the device area [47], and the effect of barrier
inhomogeneity [8]. The mean barrier heights for both
were deduced from the slope of the insert plot in Fig. 5
to be 1.41 and 1.30 eV. It has been reported earlier by many
researchers that the deviation of the Richardson constants
from theoretical value may be as a result of the effect of
the barrier inhomogeneity at the MS interface and some
other factors such as crystal defects and potential

-50 T T T £

SBH =130V

nln (1gT2)

-80 |

In(1/T%

80 Fav =28 x 10712 AlemZiK2
4go =0.70 eV

100 fA* =41 % 107 AlenmP /K7
48O = 0.91 ¥

“110F @ After 24 hus clectron irradiation 1
A As-deposited
-120 L L L L
3 4 5 6 7 8 ] 10 1
1000/ T (K™

Fig. 5. The Richardson plot, In(1/T?) versus 1000/T for Ni/4H-SiC before
and after irradiation in the temperature range 40-300 K. The inset shows
the plot of n[In(l/T%)] versus 1000/T.
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fluctuation [8,31,34,47]. Since the deviation cannot be
explained by the thermionic emission diffusion model,
the Gaussian distribution model of barrier height has
been used.

3.4, The modified Richardson plot

The Gaussian distribution model has been used to
correct the deviation that cannot be explained with
thermionic emission diffusion (TED) which occurred as a
result of barrier height inhomogeneities. The abnormal
deviation from TE theory has been suggested by some
researchers [12,20,33-37,46,47,51| that the distribution
barrier heights is a Gaussian distribution P(¢hz) with mean
value of SBH (¢hs) and standard deviation as shown in Eq.
(7) [10, 13, 32, 52-54].

1 _(ﬁf'ﬁ - 55)2

= ex
O 2T p 262

P(gy) @

where 1/65+/2x is the normalisation constant of the
Gaussian barrier height distribution. The total current, |
(V) across the MS of the SBD containing barrier inhomo-
geneities that can be expressed in integral form in Eq. (8)
12, 13, 55].

0
W)= [ 1y VP )ddsy ®)
where P(¢y) is the normalised distribution function that
gives probability of accuracy of barrier height, and I(¢y, V)
is the current, at a bias for barrier height based on the ideal
TED theory. The expressions for GD of apparent barrier
height, ¢, at zero bias [10,11,56-59] and apparent ideality

Ppm = 1.642001eV__
[ G=0.104=0.001eV

by (€V)

12KT (V)
By = 1632001 eV

10F g=01130001 ev

@  After 24 hrs electron irradiation

081 4 Asdeposited

o 20 40
1/2KT (eV)

Fig. 6. The zero bias apparent barrier height versus 1/2kT for Ni/4H-SiC
before and after irradiation. The insert shows the plot of (1/n,,)-1 versus
1/2kT.

Table 2
The characteristics of SBDs of 4 H-SiC before and HEE irradiation.

E. Omotoso et al. / Materials Science in Semiconductor Processing 39 (2015) 112-118

factor, ng, [57] are derived from Eq. (4) to be Eqgs. (9) and
(10) as shown below

- - go?
d’np =Ppo(T=0)— qkTso 9)
L p,— I3 10
1ap 27 2kT

where ¢y (T = 0) is the mean barrier height at zero bias and
was determined from the intercept of Fig. 6 to be 1.64 and
1.63 eV for as-deposited and after HEE irradiation, respec-
tively, and o, are standard deviation at zero bias (were
determined from the slope of Fig. 6 to be 0.113 eV and
0.104 eV) and p. and p; are the voltage coefficients which
may be temperature dependent [34,36] and they were
obtained from the intercept of the insert of Fig. 6 to be
—89x107? and —-80x10? (for as-deposited), and
—6.4x1072% and —5.1 x 10~ 2 (after HEE irradiation). The
results are tabulated in Table 2. It can be assumed from the
results obtained that the ¢, and a. are linearly bias
dependent on the parameters of Gaussian (¢g = hgy+
mV and o;=0x+ p3V) and quantifying the voltage
deformation of Schottky barrier height distribution
[10,11,54]. It was observed that the existence of a Gaussian
distribution caused a decrease in zero bias barrier height.
The extent of deviation was determined by the stan-
dard deviation which is generally significant at low
temperature.

The deviation between experimental and theoretical
values of the Richardson constants was described by a
modified Richardson plot. The modified Richardson con-
stant was obtained by combining Eq. (5) with Eq. (6).

2.2
1 !5 q-o =1 s qd)Bm 11
n(%) - (L0 = injaar) - 2im an
T 2k°T
60 . . ' .
80 ]
-100 @ After 24 hrs electron irradiation
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<
& 120 ]
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2
S 0 F
£
S .180 - ]
= A" = 163 AlemZ/K:
180 tpm = 1.65eV ]
A = 133 Alem K
200f ¢ 4 b
$p = 161 eV
-220
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1000/T (K™")

Fig. 7. The modified Richardson plot for Ni/4H-SiC Schottky diode before
and after electron irradiation at temperature range 40-300 K.
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Fig. 8. DILTS spectra for the Nif4H-SiC before and after electron irradia-
tion. The temperature range 52-350 K scaled up by factor 10.
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Fig. 9. The Arrhenius plots for the DITS of as-deposited and after
irradiation Ni/4H-SiC.

Fig. 7 shows the plot of In(/T? )~ (g%62/2k*T?) as func-
tion of 1000/T. The mean ¢y, was determined directly
from the slope of the plot to be 1.64 + 0.01eV and
1.65 1 0.01 eV for as-deposited and irradiated devices,
respectively. The zero mean barrier height obtained was
much closer to those obtained from the plot ¢, versus 1/
2kT in Fig. 6. The modified Richardson constants,
A** before and after HEE irradiation was determined
from the intercept of the straight line to be 133 and
163 Acm 2 K2, respectively. The values were in good
agreement with the theoretical value of 146 Acm 2 K2
|49,60], though higher due to spatially inhomogeneous
SBHs [20]. The modified Richardson constant obtained was
in line with what has been observed during the alpha-
particle irradiation [31]. The values of g, and A** for as-
deposited and irradiated devices showed the extent at
which Ni/4H-SiC SBDs could be affected by HEE irradiation
at the aforementioned fluence. From these results, we
concluded that the HEE irradiation did not influence the
mean barrier height, but did influence modified Richard-
son constant. The same conclusion has been drawn for
alpha-particle irradiated 4H-SiC SBDs [31].

3.5. Deep level transient spectroscopy (DLTS)

Fig. 8 shows the DLTS spectra for the samples before
and after HEE irradiation. Fig. 9 shows the Arrhenius plots.
The measurements were obtained at temperatures range 22—
350K, at a quiescent reverse bias of —5.0V, filling pulse
amplitude of 6.0V, filling pulse width of 2.0 ms and a rate
window of 20 s~ '. The sample before irradiation revealed four
defects with levels labelled as Epio, Egi2, Eois and Eggs and
their corresponding apparent capture cross sections were
3107 am? 1 x107" em? 1 107" om? and 4 =
10~"% cm? respectively. The sample after irradiation revealed
seven defects with energy levels labelled as Epio, Eg12, Eoiss
Eo22, Eoao, Eoss and Eq71, and their corresponding apparent
capture cross sections were 1 x 107 ' cm? 4 x 10 1% cm?,
11075 em?, 21077 am?, 3 x 107" em® 3 x
10- " cm? and 3 x 10~ ' cm?. Some of these defects were
confirmed from the literature [61]. Three new defects (Eg2a,
Epao and Ey;) were introduced after the sample was irra-
diated by HEE. The formation of new defects caused changes
in the I~V and C-V characteristics and the parameters of the
Schottky barrier diodes.

4. Conclusions

The Ni/4 H-SiC Schottky contacts were successfully fabri-
cated by resistive evaporation. The -V and C-V measurements
at 300 K before and after fluence of 6 x 10™ electrons-cm™
irradiation revealed good Schottky contacts which alone did
not provide satisfactory results. From the forward -V mea-
surements, 1, SBH, R. increased with irradiation but I
decreased with irradiation measured at 300 K. The reverse
currents were significantly constant within the range of our
system. C-V measurements revealed a decrease in free carrier
concentration. The effects of high energy electron irradiations
on Nif4H-SiC SBD was also investigated using -V, C-V and
DLTS, measured in a wide temperature range 40-300 K. For
the temperature range 80-300 K, thermionic emission was
the dominant transport mechanism. Generation-recombi-
nation proved to be dominant at temperatures below 80 K.
The ideality factor and SBH of the devices had strong
reciprocal temperature dependence at lower temperature.
The modified Richardson constants before and after HEE
irradiation were 133 and 163 Acm 2K~ 2, respectively, by
using Gaussian distribution method. The values of A** were in
good agreement with the theoretical value. We concluded
that HEE irradiation of fluence 6 x 10™ electrons-cm™ did not
influence the mean barrier height, but did influence modified
Richardson constant. The removal rate of approximately
167 cm ™! was calculated which corroborate the use of SiC
in radiation harsh environments.
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ARTICLE INFO ABSTRACT

Irradiation experiments have been carried out on 1.9 x 10" cm™? nitrogen-doped 4H-SiC at room

temperature using 5.4 MeV alpha-particle irradiation over a fluence ranges from 2.6 x 10" to
9.2 x 10" cm~2, Current-voltage (I-V), capacitance-voltage (C-V) and deep level transient spectroscopy
(DLTS) measurements have been carried out to study the change in characteristics of the devices and free
carrier removal rate due to alpha-particle irradiation, respectively. As radiation (luence increases, the
ideality factors increased from 1.20 to 1.85 but the Schottky barrier height (SBH, v) decreased from 1.47
Keywords: to 1.34eV. Free carrier concentration, Ng decreased with increasing fluence from 1.7 x 10'¢ to
pirs 1.1 % 10" cm~? at approximately 0.70 pm depth. The reduction in Ny shows that defects were induced
gﬁ_;g:g;rc;:';::{:nmm during the irradiation and have effect on compensating the free carrier. The free carrier removal rate was
4H-SIC estimated to be 6480 + 70 cm . Alpha-particle irradiation introduced two electron traps (Egss and

FEoe2), with activation energies of 0,39 + 0,03 eV and 0.62 + 0.08 eV, respectively. The Ey 39 as attribute
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1. Introduction

Metal-semiconductor (M-S) Schottky barrier diodes (SBDs) are
widely used where diodes with low forward voltage drop, low
capacitance and high switching speed are required [1]. This makes
them ideal as rectifiers in photovoltaic systems and high-efficiency
power supplies [2]. SBDs also have important uses in optoelec-
tronics, high frequency and bipolar integrated circuits applications
[3,4]. The reliability of SBDs is influenced significantly by the
quality of the M-S junction [5]. The performance of the devices can
be quantified experimentally in terms of their ideality factor,
Schottky barrier height (SBH), saturation current, series resistance
and free carrier concentration. Among these properties of the M-S
interface, SBH plays a major role in the successful operation of
many devices in transporting electrons across the M-S junction |6].

Silicon carbide (SiC) is a promising semiconductor with a wide
bandgap of 3.26 eV [7], which has drawn the interest of many
researchers due to its excellent properties such as high thermal
conductivity, high breakdown field and high saturated drift velo-
city [8]. These characteristics make SiC a very good semiconductor
capable of outperforming silicon in electronic devices for high-

* Corresponding author at: Department of Physics, University of Pretoria, Private
Bag X20, Hatfield 0028, South Africa.
E-mail address: ezekiel.omotoso@up.ac.za (E. Omotoso).

http://dx.doi.org/10.1016/j.physb.2015.08.014
0921-4526/© 2015 Elsevier BV. All rights reserved.

power, high-frequency and high-temperature applications 9], and
is a key material for the next-generation photonics [ 10]. SiC is also
good candidate for electronic devices used in harsh radiation en-
vironments such as in space, accelerator facilities and nuclear
power plants [11-13].

In this study, we report the behavior of 4H-SiC SBD prior to and
after alpha-particle irradiation at different fluences. In order to use
SiC in radiation hard devices, there is need to know the radiation
response of SiC. Also, the fluence SiC can withstand before the
characteristics of devices fabricated on it degrade and they start to
malfunction, needs to be determined. Current-voltage (I-V), ca-
pacitance-voltage (C-V) and deep level transient spectroscopy
(DLTS) have been carried out on SBDs to study the change in
characteristics of the devices at different fluences.

2. Experimental procedure

The samples used for this work were cut from a nitrogen-doped
n-type 4H-SiC wafer, double polished with the Si face epi layer.
The substrate was doped by 1 x 10'® cm 2, while the epi layer had
a resistivity of 0.02 Q-cm and a doping density of 1.9 x 10" cm 3.
The wafers were supplied by CREE Res. Inc.

The samples were cut into smaller pieces (area of 8 mm?) and
degreased by boiling for 5 min each in trichloroethylene, acetone,
methanol and followed by 1 min rinse in de-ionized water. They
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were etched in 40% hydrogen fluoride for 30 seconds in order to
remove the native oxide layer on the samples, then rinsed in de-
ionized water, followed by blowing dry with nitrogen gas prior to
thermally evaporation of nickel ohmic contacts onto the back
surfaces (1.0 x 10'® cm 2 doped side) of the samples.

Nickel was used for both ohmic and Schottky contacts. Resistive
evaporation was employed in both cases as it does not introduce
measurable defects. The ohmic contact with a thickness of 2500 A
was deposited at a rate of 0.9 As~ . The samples were annealed in
a tube furnace under flowing argon gas at 950 °C for 10 min to
form nickel silicides [14] in order to minimize contact resistance.
The samples were also cleaned in ultrasonic water bath for 3 min
each in trichloroethylene, acetone and methanol followed by
1 min rinsed in de-ionized H,O after the annealing of the ohmic
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contact. Nickel Schottky contacts were resistively evaporated
through a metal contact mask and had an area of 2.4 x 10~* cm?,
The contacts of thickness 1000 A were deposited at a rate of
0.5A s~ ! under a vacuum of 3.0 x 10~ mbar.

Samples were irradiated at room temperature and a fluence
rate of 71x10°cm~?s~" with alpha-particles of energy of
5.4 MeV from a 241-Am radionuclide source. The radioactive foils
were placed on top of the SBDs in such a way that the emitted
alpha-particles were directed on diodes. The alpha-particle fluence
ranged from 2.6 x 10" t0 9.2 % 10" cm? {i.e from 1 to 36 h). The
same SBD was used throughout the study and the radiation flu-
ence quoted is the cumulative fluence over all radiations. A second
SBD was irradiated and measured separately to check for
repeatability.

Before in between irradiations, the samples were characterised
at room temperature with /-V and C-V measurements, performed
by an HP 4140 B pA meter/DC voltage source and an HP 4192A LF
Impedance Analyzer, respectively. Hereafter, the sample was
placed in a closed cycle helium cryostat and characterised by
conventional DLTS.

3. Results and discussion
3.1. I-V and C-V characteristics

The devices were tested from {-V and -V measurement sys-
tems to determine the quality of diodes before in between irra-

diations. Fig. 1 shows the forward semi-logarithmic -V char-
acteristics of the SBD measured at 300 K for un-irradiated to the

radiation fluence of 79x10"cm 2 For biases below
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Fig. 1. Forward I-V characteristics of 4H-5iC SBD before and after 5.4 MeV alpha-
particle irradiation up to fluence 7.9 x 10" cm~? measured at 300 K.

Voltage, ¥ (V)

Fig. 2. Semi-logarithmic curves of the reverse leakage current measured up to
—~80V as a function reverse voltage measured at fluence ranges from
26x10em 2 to 7.9x 10" em=2,

approximately 1V, where thermionic emission dominates, a slight
increase in forward current was observed as a result of increase in
radiation fluence. The ideality factor was 1.20 for the as-deposited
sample and increased to 1.85 after 9.2 x 10" cm~? bombardment,
This confirms that the current transport mechanism at low fluence
was dominated by thermionic emission. The increase in ideality
factor at higher fluences indicates that, in addition to thermionic
emission, other transport mechanisms might also contribute.
Barrier height inhomogeneiety might also play a role. The Schottky
barrier height (@, ,.y) decreased with increasing irradiation flu-
ence (1.47-1.34)eV and saturation current also increased with
fluence from 2.3 x 102! to 5.2 x 10~ ' A. The fluence dependency
of the n, @, v and I, may also connected with the movement
(shift) of Fermi level pinning at the surface of SiC, since irradia-
tion-induced defects can creates interface states. The electrical
parameters were determined as reported earlier by Omotoso et al.
[15,16]. From these characteristics, it shows that 4H-SiC with
doping density 1.9 x 10'°cm~? is radiation hard compare to Si
[17].

In Fig. 2, the leakage current is less than 1.8 x 107 '® A at re-
verse voltage (V,) below 15.0V for all the |-V measurements,
starting from as deposited to the fluence of 7.9 x 10! alpha-par-
ticles-cm ™2 From Table 1, as the reverse bias increased, an in-
crease in leakage current was observed before and after irradia-
tion. But, contrary to the case in other semiconductors, the leakage
current decreased with increase in radiation fluence. This occurs
despite a decrease observed in the forward barrier height. A pos-
sible explanation would be that the decrease in leakage current is
related to the decrease in free carrier density caused by the in-
troduction of compensating defects. This would, in turn, decrease
the electric field in the depletion region. Three possible reverse
conduction mechanisms were considered: Thermionic emission
(with image force barrier lowering), thermionic-field emission

Table 1
Comparisen of leakage current and reverse voltage in a Ni/4H-SiC SBD before and
after irradiation with alpha-particles.

Reverse voltage (V) Leakage current (nA)

Un-irradiated At fluence of 7.9 x 10" em 2

40 64 27
60 143 85
80 247 153
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Fig. 3. 1/C2 as a function of voltage characteristics of 4H-SiC SBDs before and after é‘ L .
54MeV alpha-particle irradiation at fluence ranges 26x10¥cm ? to
92 10" em 7. 3
3
(tunneling) and impact ionization. All three mechanisms predict £ 02f arrier removal rate = 6480+70 em 1
that a reduction in the electric field in the barrier would reduce §
the reverse current. £
The C as a function of reverse bias voltage, V before and after f
step-wise irradiation of the samples at fluences ranges from 2 oot 1 ) ) ) ‘ 4
2.6 %10 to 9.2 x 10" cm 2, measured at 1 MHz are depicted in 5 0 2 4 5 8 10

Fig. 3. From the C-V measurements, the free carrier concentra-
tions, Ng, and the Schottky barrier heights, &, ., were calculated
from

2 dajcy

TG av o)

VRN L
Dy, ey = Vi + g + & @
and x = ¢A/C is the depletion width of the space charge region, C
is the capacitance, Vy; is the built-in voltage, k is the Boltzmann
constant, T is the temperature, g is the electron charge, €; is the
permittivity of semiconductor, A is the area of the diode and = is
the difference between conduction band and the Fermi level.
The capacitance of the sample decreased with increase in ra-
diation fluence. At a reverse bias of —5 V, the capacitance obtained
before and after irradiation at fluence 9.2 x 10" cm=? was 34.9
and 25,6 pF, respectively. The decrease in capacitance of the diodes
with irradiation is probably as a result of the semiconductor de-
pletion width increasing due to the introduction of defects with
acceptor states in the band gap, reducing the free carrier con-
centration of the SBD after irradiation. The change in capacitance
may also attributed to change in dielectric constant at the inter-
face, however this effect should be negligible as the interfacial
layer is very thin. Furthermore, the reduction in free carrier con-
centration was also observed in the slope of the C~¢ versus V plot.
As shown in Table 2, the SBH for I-V and C-V did not agree. This
could be due to the different approach of the measurement
techniques. C-V measurement is not a transport technique. This
may also be as a result of inhomogeneous Schottky barrier diodes.
From Fig. 3, the free carrier concentrations, Ng— N, were de-
termined from the slope of the plots C~2 versus V. The free carrier
concentration of the sample decreases with increase in radiation
fluence. The N4- N, for the diodes before irradiation and after
bombardment with fluence 9.2 x 10'® cm~2 were 1.6 x 10'® and
1.1 x 10" cm~?, respectively. An indication that defects were in-
troduced during the irradiation caused the reduction in the free

5.4 MeV alpha-particle fluence, (x 10" crn'z)

Fig. 4. The change in free carrier concentration of a 4H-5iC SBD after 5.4 MeV al-
pha-particle irradiation as a function of fluence. The free carrier concentration
values were obtained at depth 0.7 pm below the metal-semiconductor interface.

carrier concentration. It is proposed that these defects are vacancy
related. These also have the effect of compensating the free car-
riers. The change in free carrier concentration of active defect at a
depletion width of approximately 0.70 pm from the interface, as
function of radiation fluence, is shown in Fig. 4. The free carrier
removal rate, 5 can be obtained from Eq. (3) below:

_ ANs - N)
@ (3)

where A(N; — N,) is the change in free carrier concentration, ¢ is
the fluence at which the sample was bombarded [ 18]. The graph of
A(Ny — N,) against the corresponding fluence received by the
sample was plotted. The free carrier removal rate was determined
to be 6480 + 70 cm~ ! from the slope of the plot, This value is two
orders of magnitude less than the value for Si reported by
Kozlovski et al. who determined a free carrier removal rate of
4310°cm ™" in Si with an initial free carrier concentration of
1% 10" em 2 irradiated by 1.7 MeV alpha-particle at a fluence of
2x10%cm—2 [19].

From the results of both I-V and C-V characteristics at different
fluences, it is apparent that the diodes were of a reasonable
electrical quality and were suitable for the analysis of DLTS.

3.2. Deep level transient spectroscopy analysis

Fig. 5 shows the normalized DLTS spectra of the devices before
and after step-wise bombardment with 5.4 MeV from a 241-Am
radionuclide source with fluence ranges from 2.56x 10" to
9.20 x 10" cm~? at rate window of 200 s~ '. The measurements
were obtained over the temperature range 22-350 K, at a quies-
cent reverse bias of —5.0V, filling pulse of amplitude 6.0V and
width 2.0 ms and at different rate windows (2.5 to 1000s~').
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Fig. 6. Arrhenius plots for defects n-type 4H-SiC observed before and after irra-
diation with 5.4 MeV alpha-particles irradiation at fluence 9.2 x 10" em =2

Fig. 6 shows the Arrhenius plot of the defects observed before and
after the step-wise bombardment. The signatures of the defects in
terms of activation energy E, and apparent capture cross section,
an were determined from Fig. 6. The activation energy of each
defect was determined from the slope, and the corresponding
apparent capture cross section was calculated from the intercept of
the Arrhenius plot of log (T%/e,) versus 1/T as earlier reported by
Auret et al. [20]. Four deep levels labeled Eq oo, Eo11, Eo16 and Eogs
(where ‘E’ refers to an electron trap and the subscript 0.09 refers to
an energy level below the conduction band), were present before
irradiation as previously observed by Omotoso et al. [ 16]. After the
sample was bombarded, it was observed that two defects were
introduced by irradiation. One of the defects had a broad peak,
probably due to the presence of several states or defects with
closely spaced emission rates as observed earlier [21]. The irra-
diation induced defects were labeled as Ep 39 and Egg. The elec-
tronic properties of the deep levels labeled Eg g9, Eo11, Eo16, Eos2
and Eggs have been presented by Omotoso et al. [16]. The activa-
tion energy and apparent capture cross section of Eg3g after flu-
ence 9.2 x 10" cm~2 are 0.39 + 0.03 and 1.7 x 10~ '° cm?, respec-
tively. As the two emanated defects becoming conspicuous, the
intensity of Eg g9, Eg11 and Egy,6 reduced. The defects, Egq; and Eg 6
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Table 3
Electronic properties of defects detected by DLTS in Ni/4H-SiC SBD before and after
bombarded with fluence of 9.2 x 10" alpha-particles-cm 2.

Defect  Er(eV) g, (cm?) Tpeak (K)  Attribution

Eooo E-009 8x107'? 51 N impurity [29]

Eon E~0.11 2x107'° 74 Ti impurity [30]

Eoue E-016  1x107'7 94 Ti impurity [26]

Eoso E-~0.39 2x10°1° 217 Vsi [22]

Eos2 E.~0.62 1x10-¥ 301 Z,/Z5 [29, 31)

Eoss E-065 4x107%° 332 Z,/Z, (C[Si vacancy [26,27])

NOTE: The Tpea(K) was taken at rate window of 2005

disappeared after irradiation to a fluence of 4.1 x 10" cm 2. After
receiving irradiation to a fluence of 9.2 x 10" cm~2, the Eg g re-
duced to 12% of its intensity before irradiation.

Table 3 shows the attributes of each defect. A defect similar to
Eo39 showing acceptor-like behavior, was reported earlier after
electron irradiation by Doyle et al. [22]. From Fig. 4, the decrease in
the free carrier concentration indicates an increase in compensa-
tion with radiation fluence which suggests the acceptor-like be-
havior of deep levels introduced into the device. A similar defect
level has been attributed to the silicon vacancy [23], carbon va-
cancy, split interstitial or antisites after low energy electron irra-
diation [24]. It was observed that defect Ey 3o disappeared after
leaving the sample at room temperature for a week, showing that
the defect was not stable at room temperature. The deep level
defects Egg, and Eg g5 have been previously reported to be defects
composed of several energy levels commonly referred to as the Z;/
Z, [16,25-28).

4. Conclusions

In summary, the effect of alpha-particle irradiation at different
fluences resulted in a decrease in leakage current from 64 nA (for
un-irradiated) to 27 nA (fluence of 9.2 x 10" cm~2) at reverse
voltage of 40 V. The decrease was attributed to a reduction in the
electric field in the depletion region due to a reduction in the
space charge density because of compensating acceptors in-
troduced during irradiation. A reduced electric field would explain
lower reverse current for a number of current transport mechan-
isms including thermionic emission with image force barrier
lowering, thermionic-field emission (tunneling) and impact ioni-
zation. For forward conduction, thermionic emission was domi-
nant at lower fluence, while deviations were observed after irra-
diation at higher fluence.

The capacitance of diodes decreased with increase in radiation
fluence as a result of increase in the depletion width due to re-
duction in free carrier concentration of the SBD after irradiation.

Our DLTS results revealed the presence of four electron deep
levels before irradiation with energy levels labeled Eg o9, Eo11, Eo16
and Eggs. Alpha-particle irradiation at fluence ranges from
2.56 x 10'° t0 9.2 x 10" cm~? induced two broad electron defects
with energies E.~0.39 and E.-0.62, respectively. The presence of
broad peak indicates presence of several states or defects with
close activation energies. The defect E, 39 showed an acceptor-like
behavior and can be attributed to be a silicon or carbon vacancy. It
was observed that defect Ep3e disappeared after leaving the
sample at room temperature for a week. The deep level defects
Eos2 and Eggs are widely agreed to be intrinsic in nature and
commonly referred to as the Z,/Z, defect.
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Deep-level transient spectroscopy (DLTS) and Laplace-DLTS were used to investigate the effect of alpha-
particle irradiation on the electrical properties of nitrogen-doped 4H-SiC. The samples were bombarded
with alpha-particles at room temperature (300 K) using an americium-241 (**'Am) radionuclide source.
DLTS revealed the presence of four deep levels in the as-grown samples, Eopo, Eo.11, E0.16 and Eggs. Alter
irradiation with a fluence of 4.1 x 10'? alpha-particles-cm 2, DLTS measurements indicated the presence
of two new deep levels, Eq39 and Eq sz with energy levels, Ec - 0.39 eV and E¢ - 0.62 eV, with an apparent
capture cross sections of 2 x 10 '®and 2 x 10 ™ cm?, respectively. Furthermore, irradiation with fluence

gﬁ‘;’ard& of 8.9 x 10'° alpha-particles-cm ? resulted in the disappearance of shallow defects due to a lowering of
AH-SIiC the Fermi level. These defects re-appeared after annealing at 300 °C for 20 min. Defects, Eg 39 and Eg .o
Alpha-particle irradiation with close emission rates were attributed to silicon or carbon vacancy and could only be separated by
Annealing using high resolution Laplace-DLTS. The DLTS peaks at E¢ - (0.55-0.70) eV (known as Z;/Z;) were attrib-

Schottky barrier diode

uted to an isolated carbon vacancy (V).

@ 2015 Elsevier B.V. All rights reserved.

1. Introduction

The importance of deep level defects that act as charge carrier
traps in semiconductor industry and applications of semiconductor
devices cannot be over-emphasized [1,2]. The deep level defects
(both hole and electron traps) are formed during the growth of
the semiconductor, processing during fabrication of the electronic
device (e.g. electron beam and sputtering deposition) and opera-
tion in radiation harsh environments. Deep levels can be
introduced intentionally into electronic devices and can be benefi-
ciary or detrimental. For detrimental defects, it is important to find
methods to remove these defects. Some of the defects anneal out at
room or elevated temperatures while some emanate at certain
annealing temperature. The signatures of a deep level (i.e. its acti-
vation energy in the band gap and apparent capture cross section)
can be determined from temperature depended deep level
transient spectroscopy (DLTS) and Laplace DLTS measurements
on Schottky barrier diodes (SBDs). Effects of radiation and anneal-
ing temperature on semiconductors are technologically important

* Corresponding author at: Department of Physics, University of Pretoria, Private
Bag X20, Hatfield 0028, South Africa. Tel.: +27 4842911287.
E-mail addresses: ezekiel.omotoso@up.ac.za (E. Omotoso), wmeyer@up.ac.za (W.
E. Meyer).

http:/{dx.doi.org/10.1016fj.nimb.2015.09.084
0168-583X/© 2015 Elsevier B.V. All rights reserved.

for radiation sensing applications as well as manufacturing pro-
cesses and high temperature and high power applications |3].

SiC is a promising semiconductor with a wide bandgap of
3.26 eV [4]. Because of its wide bandgap, SiC is a suitable substrate
for developing devices that are capable of operating at high tem-
perature as well as in harsh radiation fields [5,G], such as space,
accelerator facilities and nuclear power plants |7-9]. The electrical
and thermal properties of SiC also make it suitable for electronic
devices operating at high power, high temperature and high fre-
quency | 10]. Furthermore, SiC is a key material for the next gener-
ation of photonics [11]. Because of the aforementioned features,
SiC is superior to Si in a number of applications.

In this work, the effect of alpha-particle irradiation at high flu-
ences and annealing of 4H-SiC has been investigated by means of
current-voltage ({-V), capacitance-voltage (C-V), DLTS and Laplace
DLTS measurements. The major aim was to determine the effect of
irradiating n-type 4H-SiC at high fluence and investigate the
annealing of these defects.

2. Experimental procedure

The samples used for this work were cut from a nitrogen-doped
n-type 4H-SiC wafer. The samples were grown on the Si-face of a
SiC substrate with a net doping density of 10'® cm ™ and a resistiv-

Please cite this article in press as: E. Omotoso et al., Electrical characterization of deep levels created by bombarding nitrogen-doped 4H-SiC with alpha-
particle irradiation, Nucl. Instr. Meth. B (2015), http://dx.doi.org/10.1016/j.nimb.2015.09.084
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ity of 002Q-cm. The epilayer had a doping density of
7.1 x 10" cm 2. The wafers were supplied by CREE Res. Inc.

The samples were cut into smaller pieces and prepared accord-
ing to the procedure reported by Omotoso et al. [12]. Resistive
evaporation was employed for the deposition of ohmic and Schot-
tky contacts since it does not introduce defect(s) in measurable
quantity. Nickel was used for both contacts. The ohmic contact
with a thickness of 3000 A was deposited at a rate of 0.9 As ™' onto
the highly doped (10'® cm—3) back surface of the samples. The
samples were annealed in a tube furnace under flowing argon at
950 °C for 10 min to form nickel silicides [13] in order to obtain
low resistivity ohmic contacts, Before deposition of the Schottky
contacts, the samples were degreased as previously reported
|12]. Directly after cleaning, the samples were inserted into a vac-
uum chamber where NiAu (20% Au) Schottky contacts were resis-
tively evaporated through a metal contact mask on the Si-face. The
diameter and the thickness of the Ni/Au Schottky barrier diodes
(SBDs) were 0.57 mm and 1000 A respectively, and they were
deposited at a rate of 0.5As ! under a vacuum of approximately
3 x 107° mbar on Si-face.

The samples were irradiated at room temperature with alpha
particles of average energy 5.4 MeV by placing the samples on a
2" aAm radio-nuclide foil. The samples were irradiated for 16 h,
measured, and then irradiated for a further 19 h. The fluence rate
from this foil was 7.1 x 10° alpha-particles cm 2 s~ . The total flu-
ence received by the SBD after 19 h was 8.9 x 10'! alpha-particles
cm™. The quality of the Schottky barrier diodes was tested by car-
rying out current-voltage {I-V) and capacitance-voltage {C-V)
measurements in the dark at room temperature. The [-V and C-V
measurements were carried out by an HP 4140 B pA meter/DC
voltage source and an HP 4192A LF Impedance Analyzer, respec-
tively. Conventional DLTS as well as Laplace DLTS were used to
characterize the defects present in the as-grown and alpha-
particle irradiated material, as well as after annealing in argon
ambient at 300 °C for 20 min.

3. Results and discussion
3.1. I-V and C-V characteristics at room temperature

I-V and C-V measurements were performed to test the suitabil-
ity of the devices for the study. Fig. 1 shows the semi-logarithmic
I-V characteristics of the Schottky barrier diodes (SBDs) as grown
(i), after bombardment with a fluence of 4.1 x 10'' (ii) and
8.9 x 10" cm 2 (iii), and after annealing at 300 °C for 20 min in

107! ‘
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Fig. 1. Forward I-V characteristics of 4H-5iC SBD in as-grown (i), irradiated with
5.4 MeV alpha-particles at fluence 4.1 x 10" (ii), 8.9 x 10"" em ™ (iii), and after
annealing at 300 °C for 20 min in flowing argon (iv), measured at 300 K.

flowing argon {iv). The effect of irradiation and annealing on the
SBDs can be quantified in terms of the ideality factor (n), Schottky
barrier height (¢y,), saturation current (/) and series resistance (R;),
as obtained from the plots in Fig. 1. The ideality factor obtained in
(i) was 1.12 suggesting that thermionic emission is the dominant
current transport mechanism. In (ii) and (iii), the ideality factor
increased to 1.20 and 1.77, respectively. The increase in ideality
factor was attributed to deviation from thermionic emission. This
suggests that other current transport mechanisms such as genera-
tion recombination could be dominant as well especially at lower
voltages. Above 0.7 V, series resistance is dominant in (iii). After
the annealing at 300 °C, the dominance of series resistance reduced
as shown in the plot represented by (iv). Table 1 compares the
properties of the diode at aforementioned conditions. The ¢, of
the contacts were determined from the [-V characteristics ana-
lyzed using the thermionic emission model [14,15]. The I; was
derived from the straight line intercept of log/-V plot at V=0.
The fluence and annealing dependency of n, ¢,y and I; may con-
nected to the movement (or shift) of Fermi level pinning at the sur-
face of SiC, since irradiation-induced defects can create interface
states. Fig. 2 shows the plot of C 2 (pF2) as a function of voltage,
V (V) for (i)-(iv) processes as defined earlier, all were measured
at a frequency of 1 MHz with the sample at room temperature.
The capacitance increased with decrease in reverse voltage for all
conditions, but the capacitance of (iii) was the lowest and very dis-
tinct from others because of the position of the Fermi level with
respect to the conduction band. A decrease in the capacitance after
irradiation was attributed to the reduction of net donor concentra-
tion at 4H-SiC interface due to the effect of radiation induced
defects. The C-V characteristics for the different conditions are also
tabulated in Table 1.

3.2. Conventional DLTS analysis

Fig. 3 shows the DLTS spectra for SBD under different condi-
tions. The measurements were obtained over a temperature range
30-380K, at a quiescent reverse bias of —5.0 V, filling pulse ampli-
tude of 6.0 V, filling pulse width of 1.0 ms and at different rate win-
dows (2.5-1000s°'). The signatures of the defects in terms of
activation energy, E, and apparent capture cross section, a, were
determined from the Arrhenius plot in Fig. 4. The activation energy
of each defect was determined from the slope, and the correspond-
ing apparent capture cross section was calculated from the inter-
cept of the Arrhenius plot of log {T%/e,) versus 1/T as reported by
Auret et al. [16]. The attributes of all the electron traps in (i)-(iv)
are tabulated in Table 2.

Curve (i) is the spectrum of the as-grown sample and indicates
the presence of four electron traps (Egga, Eo.11, Eoas and Eggs) with
energies 0.09, 0.11, 0.16 and 0.65 eV below the conduction band.
These defects were associated with the growth of 4H-SiC. The
Arrhenius plots of the defects present in as-grown 4H-SiC as well
as their attributes have been reported by Omotoso et al. [12,17].

Table 1
Comparison of some electrical parameters of 4H-SiC in as-grown (i), irradiated with
5.4 MeV alpha-particles at fluence 4.1 10" (ii) 8.9 » 10" cm™2 (iii), and after

annealing at 300 °C for 20 min in flowing argon (iv). The parameters estimated from
I-V and C-V characteristics measured at 300 K.

Process n I, (A) Ro(€2) Wy Np(em™)  ¢orv  focv
(eV) (ev)
(i) 112 21x107" 12 093 70x10" 106 121
(ii) 120 1.1x107' 15 238 46x10" 108 2.68
(iii) 177 69x<107'"" 13000 183 29x10"" 109 186
(iv) 115 1.9x107'® 48 296 44 <10 113 325

Please cite this article in press as: E. Omotoso et al., Electrical characterization of deep levels created by bombarding nitrogen-doped 4H-SiC with alpha-
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16 By . ] activation energy of 0.70 eV and apparent capture cross section of
14 B mserown e, 5 ] 1.0 x 107" cm? appeared above 380K for rate window plotted,
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= 10 *  89x10 om ) k| and Eg g7 in curve (iii). The reason for the difference in the observed
= gfp & am 300 C for 20 min. ] peak shapes and position difference between the Eqg, and Eg 55 in
g 6 “oo,, 1 tl_'le two curves may be explai_r_n;c_l by the field effect. Since the car-
4 2200, 2 %004, i rier concentration for curve (iii) is much lower than that for curve
2999 ¢ 222 2; 3299 o (ii), it follows that the defects measured in curve (ii) experience a
2 2ee gg§§§§§ k| higher electric field, Due to field enhanced emission, the peaks in
0 2 curve (ii) are therefore expected to move towards the lower tem-
e e e perature. This seems to be true for the Eyg; in curves (ii) and (iii).

-12 -10 -8 -6 -4 -2 0 2

Voltage, V' (V)

Fig. 2. 1/C” as a function of voltage characteristics of 4H-SiC SBDs in as-grown (i),
irradiated with 5.4 MeV alpha-particles at fluence 4.1 x 10'" (ii), 8.9 = 10" em~
(iif), and after annealing at 300 °C for 20min in flowing argon (iv), measured at
300K.

In curve (ii), the amplitude of the shallow defect labeled Eygs
was reduced to 12% of its height in the as-grown material. The
defects labeled Eq g and Ep 19 have identical level, and slightly dif-
ferent energy. The Epog/0.10 has been assigned to nitrogen impuri-
ties that occupy the cubic site [18]. The defect labeled Eg3s with
energy, 0.39 eV below the conduction band emanated after the
diode received a fluence of 4.1 x 10" alpha-particle-cm 2 from a
241Am source. The level labeled Eg 39 has been attributed to silicon
vacancy (Vs;) [19]. The defect Eggs from as-grown was replaced
with two defects with energies 0.62 and 0.67 eV and both display-
ing broad peaks. From curve (ii), we conclude that **'Am with
energy 5.4 MeV introduced new defects into the diode after bom-
bardment with fluence 4.1 x 10'" alpha-particle-cm 2,

Curve (iii) was measured after bombardment of the devices
with total fluence of 8.9 x 10'! alpha-particle-cm 2. From curve
(iii), the disappearance of shallow defects (Eo.09/0.10. Ec.11/0.12 and
Eg.16/0.17) occurred. It was as a result of intense damage that low-
ered the position of the Fermi level deeper into the bandgap, below
the shallow defect levels. The result is that these defects were
never filled by the DLTS filling pulse and therefore remain invisible.
Also, the two broad defects observed earlier in (ii) remained, dis-
playing activation energies and apparent capture cross sections

2.0 [1) = as-grown , Epes j
(ii) = 4.1 = 10'" alpha-particle-cm™_
(iii) = 8.9 = 10'" alpha-particle-cm™

15 iv) =ann. at 300 C for 20 mjn. g

DLTS Signal (pF)

200

Temperature (K)

300 400

Fig. 3. Conventional DLTS spectra of 4H-SiC showing the present of defects in as-
grown (i), irradiated with 5.4 MeV alpha-particles at fluence 4.1 < 10" (i),
8.9 « 10" em™ (iii), and after annealing at 300 °C for 20 min in flowing argon
(iv). In curve (i), the spectrum was scaled up by factor of 5 from 55 to 380 K. The
rate window is 200 s,

Curve (iv) was recorded after annealing the twice irradiated
device, in flowing argon at 300 °C for 20 min. The shallow defects
re-appeared, the Eg4» (which has the same attribute with Eyag)
became distinct and prominent, and also the two distinct defects
in (iii) (Egs5 and Epgs) reduced to one prominent defect with elec-
tron trap label, Eqs7; and a defect Eqz4 as a shoulder at the high-
temperature end of the Eggs. The re-appearance of the low energy
defects is consistent with our explanation for their disappearance
in curve {iii): after annealing, the free carrier density of the mate-
rial recovered to approximately the same level as after the first
irradiation, therefore, the low energy peaks in curves (ii) and {iv)
are expected to be the same.

3.3. Laplace-DLTS analysis

We used Laplace-DLTS to investigate the peaks in the annealed
sample in more detail. In Fig. 5, we have shown Laplace DLTS spec-
tra recorded at 200 and 205 K. The spectra indicate the presence of
two defects, labeled Ep3g and Epasp instead of the single peak
observed by conventional DLTS. At 200 and 205 K, the emission
rate of Eg 4 is less than one third of Eq 3. By monitoring the change
of the peak positions over a wide range of temperature, it was
deduced that the two small peaks that appeared at lower emission
rate of Fig. 5 are artefacts. The two defects are distinctly illustrated
in the Arrhenius plots in Fig. 7 and their properties tabulated in
Table 2.

The spectra in Fig. 6 were recorded at temperatures 300 and
310K, and revealed the presence of peaks labeled Eqgs, Eq70 and
Eos6. The peaks of the deep level defects were clearly separated
by Laplace DLTS. The signatures of the three traps in term of acti-
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F" 7E ¢
"- FIJ]‘)
4 1
»
a / f EUIT EH 12
'Tf 3 4
= £
' 4
L} #
2 2 F’unﬁs
L=
(i)
1 e (i)
s f Evir g
(iv) 0.12
0 . Gl 010
5 10 15 20 25
1000/7 (K

Fig. 4. Arrhenius plots of 4H-5iC SBD for irradiated with 5.4 MeV alpha-particles at
fluence 4.1 x 10" (ii) 8.9 x 10"" em® (iii), and after annealing at 300 °C for 20 min
in flowing argon (iv).
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Table 2 55 E T T T T T
Electronic properties of defects detected in 4H-SiC SBD by DLTS in as-grown (i), 0.76
irradiated with 5.4 MeV alpha-particles at fluence 4.1 » 10" (i} 8.9 »« 10"" em~? (iii), 50F E
and after annealing at 300 °C for 20 min in flowing argon {iv), and L-DLTS after 0.70 E
i 45 F E, 042
process after (iv). . 0.65
o -
Process  Defect label  FEy [eV] &, [em?] Defect ID Refs. _?4 40 F e Eqao
M Enca Ec-009 8x10° N [18] 2 ast e
Epn Ec-011  2x107'% Ti [25) 7 s .
Eo16 Ec-016 1x107" Ti [20] & 30t L ]
Eoes Ec-065 4x<107% Ve (ZZ) [21.23] = ./-/-r
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?"57 ? - g?g ? :g,ls l\;: g”él% {;1;;} Fig. 7. Arthenius plots of some of the deep-level defects with closely spaced energy
070 © N " claa " levels, obtained after annealing the irradiated sample, at 300 °C for 20 min in
(iv) Foro Fc-010 9x<10°% N [18] flowing argon.
Ep12 Ec-0.12 55107 Ti [25]
Eoaz Ec-017  7x107"° Ti [20]
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E Ec-067 1x107% Ve (ZZ 2123 . . .
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15 apparent capture cross sections were 7.7 x 107'% and 3.6 x 107"
L-DLTS  Epss Ec-039 5x10 Vessi [19] a2 . ) .
o Fc-042  5x10% Vg [19] and 1.2 x 107" cm?, respectively. .The Arrhenius plots of the [hr(_ee
Eoss Ec - 065 8~ 101 Ve (ZZ)  [21.23) defects that were successfully split by Laplace DLTS are shown in
Eozo Ec-070  4x10 : VelZ;)  [21.23) Fig. 7. The defects Eq g5 and Eq7q are closer to each other, and have
Eoze Ec-074 1x10 ? [19.24] been assigned in the literature to be Z;/Z; [20-23]. Son et al. has
recently identified the levels as the double acceptor (2-/0) of an
- isolated carbon vacancy [23]. The defect labeled Eq 76 obtained at
' higher temperature side of the measurements. The structure of
025k 205K ] defect Eg 46 has not been reported despite its presence after elec-
= O ——— 200K Eu4:/\ tron and proton irradiation [19,24].
_‘_-3 F“~ | I‘\ The properties of all the defects present using both conven-
g) f20 f | f \ ] tional and Laplace-DLTS on 4H-SiC are summarized in Table 2.
& o
@ 015 I “ f" '\ 9
2 [‘ oo 4. Conclusions
3 0.10 [T P 1
= _— | { \ In conclusion, the results obtained from /-V and C-V character-
ool 7 NN W/ st i rradiat
= o005 \ - istics at four different processes (as-grown, irradiation at fluences
. ’l t f \ 4.1 x 10" and 8.9 x 10" em~2, annealing at 300 °C) demonstrated
0.00 e Ne /N (S "kj,,, the suitability of Ni/4H-SiC SBDs for the study. The defects intro-
1 10 100 duced in n-type 4H-SiC during alpha-particle irradiation from a

Fig. 5. Laplace-DLTS spectra recorded at different temperatures to show the
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presence of defects with closely spaced energy levels: (a) 200 K and 205 K.

Laplace DLTS signal (a.u.)

0.18
0.16
0.14
0.12
0.10
0.08
0.06 E
0.04
002+ ,
0.00 F

F—— 310K
300K

10

Emission rate (s'])

Fig. 6. Laplace-DLTS spectra recorded at different temperatures to show the
presence of defects with closely spaced energy levels: (a) 300K and 310K, after
annealing the irradiated sample, at 300 °C for 20 min in flowing argon.

241am radionuclide with energy of 5.4 MeV followed by annealing
in flowing argon were characterized by deep level transient spec-
troscopy (DLTS) and high resolution Laplace-DLTS, Four deep levels
with activation energies Eq g, Eo11, Eo16 and Epgs present in as-
grown material. The intensity of Egeg reduced to 12% after bom-
bardment with fluences 4.1 x 10" cm~2 and two new defects with
trap levels Ec - 0.39 and E¢ - 0.62 were introduced. After the SBD
received the fluence 8.9 x 10" em2, the shallow defect labeled
(Eo.00, Eg.11 and Ey 1) disappeared, Both the lowering after the first
irradiation and the disappearance of the defect may be as a result
of intense damage that lowered the position of the Fermi level dee-
per into the bandgap, thereby not filling this shallow defect during
the forward bias pulse. Also, three deep levels with energy level
Eoss. Eoe7 and Eg5o were observed. Re-appearance of shallow
defects occurred after the temperature annealing of irradiated
SBD at 300 °C for 20 min in flowing argon. Laplace-DLTS was used
to split defect Eq,4; into Egsg and Eg 4, with the same or closely
attribute related to silicon or carbon vacancy. In addition,
Laplace-DLTS revealed the presence of three defects (Eqgs, Fo7o
and Eg s), with Eggs and Ep 7o having close emission rates attribu-
ted to the Z,/Z,, which, according to literature are identified as the
double acceptor of an isolated carbon vacancy. The defect labeled
Ep 76 is not yet identified.
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ABSTRACT

We have studied the defects introduced in n-type 4H-SiC during electron beam
deposition (EBD) of tungsten by deep-level transient spectroscopy (DLTS). The results
from current-voltage and capacitance-voltage measurements showed deviations from
ideality due to damage, but were still well suited to a DLTS study. We compared the
electrical properties of six electrically active defects observed in EBD Schottky barrier
diodes with those introduced in resistively evaporated material on the same material,
as-grown, as well as after high energy electron irradiation (HEEI). We observed that
EBD introduced two electrically active defects with energies Ec - 0.42 and Ec - 0.70 eV
in the 4H-SiC at and near the interface with the tungsten. The defects introduced by EBD
had properties similar to defect attributed to the silicon or carbon vacancy, introduced
during HEEI of 4H-SiC. EBD was also responsible for the increase in concentration of a
defect attributed to nitrogen impurities (Ec - 0.10) as well as a defect linked to the
carbon vacancy (Ec - 0.67). Annealing at 400 °C in Ar ambient removed these two

defects introduced during the EBD.
Keywords: 4H-SiC, defects, DLTS, annealing, electron beam deposition,
1. Introduction

Metal-semiconductor (M-S) Schottky barrier diodes (SBDs) are widely used where
diodes with low forward voltage drop, low capacitance and high switching speed are
required [1]. The reliability of the SBDs is influenced significantly by the quality of the
M-S junction [2]. The performance of devices can be quantified experimentally in terms
of their ideality factor, Schottky barrier height, saturation current, series resistance and

free carrier concentration. Among these properties of the M-S devices, SBH plays a
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major role in the successful operation of many devices in transporting electrons across

the M-S junction [3].

Silicon carbide (SiC) is a promising semiconductor with a wide bandgap of 3.26 eV [4].
The excellent properties of SiC such as high thermal conductivity, high breakdown field
and high saturated drift velocity have drawn the interest of many researchers [5]. These
characteristics make SiC a very good semiconductor capable of outperforming silicon in
electronic devices for high-power, high-frequency and high-temperature applications
[6]. SiC is a key material for the next-generation photonics [7] and a good candidate for
electronic devices use in harsh radiation environments such as in aerospace, accelerator

facilities and nuclear power plants [8-10].

In earlier studies, the properties of deep level defects introduced during alpha-particles
irradiation, high energy electron irradiation (HEEI) and electron beam exposure have
been reported [11-13]. It has been reported that metallization processes, such as
electron beam deposition and sputter deposition, do introduced electrically active
defects in measurable quantities at and close to M-S junction in conventional
semiconductors such as Si, Ge and GaAs [14-17]. The defects introduced influence the
performance of devices and may alter the barrier height of metal-semiconductor
contacts [18-20]. Deep-level defects responsible for barrier alterations are formed when
energetic particles strike the surface of semiconductor and interact with semiconductor
creating interface states, while defects deeper in the semiconductor usually lead to
levels in the band gap that trap and emit carriers. Defects may either be beneficial for or
detrimental to device performance depending on the application. It has been known
that the defects introduced during high-energy electron and proton irradiation of silicon
increase in switching speed of devices [21]. To the best of our knowledge, no in-depth
investigations regarding the deep level defects introduced in n-type 4H-SiC during the

metallization process has been reported.

In this paper, we report the electronic characteristics of deep level defects introduced in
nitrogen-doped, n-type 4H-SiC during electron beam deposition (EBD) of W Schottky
contacts. The defects introduced by EBD will be compared to the defects introduced
after HEE of 4H-SiC.
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2. Experimental procedure

The samples used for this study were cut from homoepitaxially grown, N-doped, n-type
4H-SiC wafers supplied by Cree Research Inc. The epilayer was grown by chemical
vapour deposition on the Si-face of the SiC substrate, which had a net doping density of
1x1018 cm-3 and resistivity of 0.019 Q-cm. The epilayer had a doping density of 3.7x1014

cm-3.

Before metallization, the samples were degreased by boiling for 5 minutes each in
trichloroethylene, acetone and methanol, followed by 1 minute rinse in de-ionized
water. They were etched in 40% hydrofluoric acid for 30 seconds in order to remove
the native oxide layer on the samples, and then rinsed in de-ionized water followed by
blowing dry with nitrogen gas. Directly after cleaning, the samples were inserted into a
vacuum chamber where Ni was resistively evaporated on the highly doped back
surfaces to form an ohmic contact. The ohmic contact with a thickness of 300 nm was
deposited at a rate of ~0.1 nm.s-1. The samples were annealed in a in quartz tube heated
by a Lindberg Hevi-Duty furnace under flowing argon gas at 950°C for 10 minutes to
form nickel silicides [22] in order to reduce contact resistance. The samples were
cleaned in an ultrasonic water bath for 3 minutes each in trichloroethylene, acetone and
methanol followed by a 1 minute rinse in de-ionized H20 after the annealing of the

ohmic contact [11].

Tungsten contacts, 0.6mm in diameter and 40 nm in thickness, were evaporated in an
EBD system through a metal contact mask at a rate of ~0.02 nm.s-1. The EBD of tungsten
was achieved using a 10 kV source (MDC model e-Vap 10CVS) and a beam current of
~240 mA with samples placed ~50 cm away from the W crucible. A high beam current
was required because of the high melting point of W (3422 °C). The vacuum of ~1.2 x

10-5 mbar was maintained during the deposition.

Ni Schottky contacts of thickness 100 nm were resistively evaporated (RE) through a
metal contact mask on an identical sample at a deposition rate of 0.05 nm.s~! under a

vacuum of 5.0 x 10-5> mbar, which served as a control.

In addition, the control samples were irradiated at room temperature with high energy

electron (HEE) irradiation from a 99Sr radioactive source for 24 hours at fluence rate of
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7 x 10 cm-2.s~1. The 90Sr radionuclide decays with the emission of a 0.5 MeV electron
into yttrium which then decays to zirconium with the emission of a 2.3 MeV electron,.
The emitted electrons from the electron source have a continuous energy distribution
with approximately 70% of the total number of emitted electrons having energy above

250 keV [23].

The electrical properties of devices fabricated by EBD were characterized at room
temperature using a current-voltage (I-V) and capacitance-voltage (C-V) system
comprising an HP 4140 B pA Meter/DC Voltage Source and an HP 4192A LF Impedance
Analyzer, respectively. Thereafter, electrically active defects were characterized by deep
level transient spectroscopy (DLTS). The SBDs fabricated by EBD were annealed in Ar
ambient at the interval of 100 °C for 20 minutes to know the stability of the defects

introduced during metallization.
3. Results and discussion

The forward and reverse I-V characteristics of W Schottky contacts deposited by EBD
are shown in Fig. 1. Thermionic emission model was used to analyse the I-V
characteristics of EBD of W/4H-SiC SBD. It was deduced from the I-V plot that
thermionic emission dominated above ~0.55 V, measured at 300 K in the dark. At lower
voltages (below 0.55 V), generation-recombination dominated. The effect of a series
resistance was observed at the high voltage region of the plot. The electrical parameters
that were extracted from I-V and C-V characteristics are tabulated in Table 1. From the
results, a high value of ideality factor n was observed and was attributed to deviation
from thermionic emission theory. The I-V Schottky barrier height ¢i.v obtained from the
plot was 0.98 eV, which is slightly lower than the predicted value by the Schottky model
(¢pm - x = 1.40 eV), which indicates the influence of interface states. From the inset of
Fig. 1, the reverse current increased with voltage, but remained below 100 pA up to a
reverse voltage of 80 V. It can be deduced from the I-V measurements that EBD

degraded the Schottky contacts.

Fig. 2 shows the plot of C-2 as a function of bias voltage, V for EBD of W/4H-SiC SBD. The
Na estimated was greater than the doping density of material. An increasing negative
slope of the graph towards the interface is an indication of a decreased net doping

density close to the interface. Both these effects indicated the presence of deep level
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defects probably emanating from the EBD. The ¢cv (1.68eV) obtained was greater the
¢1-v (0.98 eV) which is probably due to deep impurity levels, but may also be due to
surface inhomogeneity, interfacial layer or states, image force barrier lowering and edge

leakage current [24].

The I-V and C-V characteristics of the control SBDs before and after HEE irradiation
were not compared to the SBD by EBD because metals have different influence on

characteristics of devices.

From the results of both I-V and C-V characteristics obtained, it is apparent that the
rectification quality of the control and EBD Schottky diodes were of a reasonable

electrical quality and were suitable for the analysis of DLTS.

Figs. 3 and 4 depict the DLTS spectra of EBD of W/4H-SiC (a), RE deposition of Ni/4H-
SiC after HEE irradiation (b), and control RE deposition of Ni/4H-SiC (c). The DLTS
spectra in Fig. 3 were obtained over the temperature range 22 - 360 K, at a quiescent
reverse bias of -3.0 V, filling pulse of amplitude 0.5 V, width of 2.0 ms and at rate
window of 10 s-1. Fig. 4 was obtained with the same conditions except with the
quiescent reverse bias of —5.0 V and filling pulse of amplitude 4.0 V. The signatures of
the electrically active defects present, namely their activation energy En and apparent
capture cross section on were determined from Arrhenius plots. The activation energy
of each defect was determined from the slope and the corresponding apparent capture
cross section was calculated from the intercept of the Arrhenius plot of log (7%/en)

versus 1/T [25].

The spectra (c) in Figs. 3 and 4 revealed the presence of four electron deep levels
labelled Eo.10, Eo.12, Eo.16 and Eo.s7 (where ‘E’ refers to an electron trap and the subscript
0.10 refers to an energy level below the conduction band in eV) in the as-grown Ni/4H-
SiC SBD. These levels were studied previously [11, 12, 26]. The conclusions related to

these and other defects are summarised in Table 2.

The spectra (b) revealed the presence of six electrically active electron defects after
bombarding the Ni/4H-SiC SBD with high-energy electron. The defects were labelled
Eo.10, Eo.12, Eo.as, Eo40, Eos3 and Eo.71, following the same naming convention as earlier.
From the defect signatures as tabulated in Table 2, two of these defects (Eo.42 and Eo.71)

were introduced by HEEI while the other four defects (Eo.10, Eo.12, Eo.15, and Eo.63) were
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present in the as-grown diode. The concentration of defects Eo.10 and Eo.s3 decreased
after the HEEI and the activation energy of Eos3 reduced from 0.67 eV to 0.63 eV, but
still within the experimental error. These defects were attributed to nitrogen impurities
and carbon vacancy, respectively. We believe that the decrease in the relatively shallow
Eo.10, which is ascribed to nitrogen impurities [27], is due to a lowering of the Fermi
level because of deep levels in the band gap. The decrease in the Eo.s3, which is ascribed
to the carbon vacancy, could be due to some of the vacancies being filled by diffusing
interstitials. It is noteworthy that despite the changes in DLTS biasing conditions (as
revealed in spectra in Figs. 3 and 4), there was no visible changes in the concentration of

the defects.

The EBD spectra of W/4H-SiC SBDs for both measurement conditions are labelled (a) in
Figs. 3 and 4. From Fig. 3, six electron deep level defects were present in the W/4H-SiC
SBD deposited by EBD when measured at a quiescent reverse bias of -3.0 V, filling pulse
of amplitude 0.5 V. The defects were also labelled as Eo.10, Eo.12, Eo.16, E0.42, Eo.67 and Eo.70,
with four defects (Eo.10, Eo.12, Eo.16 and Eo.67) corresponding to defects that have been
observed in RE Ni/4H-SiC SBDs. The two defects (Eo.42 and Eo.70) were introduced as a
result of metallization by EBD. The DLTS spectrum of EBD W/4H-SiC Schottky diodes
measured at a quiescent reverse bias of =5.0 V and filling pulse of amplitude 4.0 V (Fig.
4(a)) sampled a broader depth range under the contact, and revealed the presence of
five electrically active defects. This included all the defects observed previously except
Eo.42. It is important to point out that defects introduced by EBD were at or close to the

W/4H-SiC interface.

By comparing spectra (b) and (c) in Fig. 3, it seems that HEEI reduced the peak height of
Eo.67 slightly and that of Eo.10 significantly, while increasing the peak height due to Eo.42.
By comparing (a) to the other two spectra, it is clear that Eo42 was much less
pronounced in (a) than in (b). This can be used to explain the lesser reduction of Eo.10 in
(b) compared to (a), if it is assumed that both processes introduce defects in roughly the
same ratios. At first glance, the height of the Eo.s7 seems to be higher in (a) than in (b).
However, if the skewed baseline of (a) is taken into account, the peak heights are very
similar and no definite conclusions can be drawn. This is also the case for the spectra in
Fig. 4. On both (a) and (b) spectra, the Eo.70 peaks seem to have approximately the same

size, it is therefore concluded that Eo.70 is introduced in relatively greater proportions by
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EBD than HEEIL The decrease in the peak heights of Eo42 and Eo.70 in the EBD material

with larger reverse bias demonstrates the limited depth range of the EBD defects.

The structure of the electrically active defects introduced after electron beam
deposition of W/4H-SiC SBD were identified by comparing them with the defects
present after HEEI of Ni/4H-SiC SBD, of which the structures have previously been
identified. The attribution of the electrically active defects observed in this study has

been tabulated in Table 2.

Finally, the thermal stability of EBD induced defects in W/4H-SiC was investigated. No
noticeable changes were observed after annealing at 100 °C for 20 minutes. The
concentration of defects labelled Eo.42 and Eo.70 started decreasing after the annealing at
200 °C. After the annealing at 400 °C, the two electrically active deep levels associated

with EBD were removed completely after approximately 20 minutes.
4. Conclusions

The quality of EBD of W on n-type 4H-SiC Schottky barrier contacts for DLTS has been
investigated by I-V and C-V measurements. The [-V and C-V measurements of EBD
diodes showed that EBD resulted in the degradation of the device due to the presence of
deep levels introduced during the deposition. However these diodes were still suitable
for the DLTS study. DLTS of the EBD deposited diodes revealed the presence of six
electrically active defects with energies 0.10, 0.12, 0.16, 0.42, 0.67 and 0.70 eV below
the conduction band minimum in EBD SBDs. Closely comparing these defects with
defects present in the as-grown Ni/4H-SiC SBDs and after bombardment with high
energy electron revealed that EBD introduced two electrically active deep level defects
(Eo42 and Eo.70) that have the same electronic properties as defects introduced by HEEI.
These two electrically active defects with energies, Ec - 0.42 and Ec - 0.70 eV, possibly
introduced as a result of the product of elastic collisions between 10 keV electrons and
residual vacuum gases which were ionized around the filament and accelerated by the
electric field towards the substrate. The two electrically active deep levels were

removed after the annealing at 400 °C in Ar.
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Table

Table 1: Electrical parameters obtained from I-V and C-V of W/4H-SiC SBD deposited by electron beam.

n

Is(A)

Rs (Q)

Wi (V)

Na (cm—3)

¢d1v (eV)

$cv (eV)

2.50

6.2x10-13

158

1.68

5.4x1014

0.98

1.68

Table 3: Electronic properties of defects introduced in n-type 4H-SiC during W EBD and HEEI of 4H-SiC

SBDs
Process Defect label Er (eV) 0a (cm?) Defect ID References
EBD Eo.10 Ec-0.10 1.4 x10-13 N [27]
Eo12 Ec-0.12 2.7 x10-15 Ti [28]
Eo.16 Ec-0.16 29 x10-15 Ti [29]
Eo.42 Ec-0.42 6.3 x 10-15 Vs [30]
Eo.67 Ec-0.67 9.9 x 1015 Z1/Z2 (Vc) [27,31]
Eo.70 Ec-0.70 1.2 x10-15 Z1/Z2 (Vc) [27,31]
HEEI Eo.10 Ec-0.10 2.6 x 10-14 N [27]
Eo12 Ec-0.12 8.4 x 10-16 Ti [28]
Eois E.-0.15 1.2 x10-15 Ti [29]
Eo.o0 Ec-0.40 3.0 x 10-15 Vs [30]
Eo.63 Ec-0.63 3.0x10-15 Z1/Z2 (Vc) [27,31]
Eo71 Ec-0.71 2.7 x10-15 Z1/Z2 (Vc) [27,31]
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after HEEI and (c) as-grown. The spectrum in the
temperature range 56-360 K is scaled up by a
factor of 8. The DLTS measurements were obtained
at a quiescent reverse bias of -3.0 V, filling pulse of
amplitude 0.5 V, width of 2.0 ms and at rate
window of 10 s-1.

0.8 T
E0.67

E0.10

DLTS Signal (pF)

200

Temperature (K)

Fig. 4: Conventional DLTS spectra of (a) W/4H-SiC
deposited by EBD, Ni/4H-SiC deposited by RE (b)
after HEEI and (c) as-grown. The spectrum in the
temperature range 56-360 K is scaled up by a
factor of 8. The measurements were obtained at a
quiescent reverse bias of -5.0 V, filling pulse of
amplitude 4.0 V, width of 2.0 ms and at rate
window of 10 s-1,
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Abstract. Deep level transient spectroscopy (DLTS) was used to characterize the defects
introduced in n-type, N-doped, 4H-SiC while being exposed to electron beam evaporation
conditions. This was done by heating a tungsten source using an electron beam current of 100 mA,
which was not sufficient to evaporate tungsten. Two new defects were introduced during the
exposure of 4H-SiC samples to electron beam deposition conditions (without metal deposition) after
resistively evaporated nickel Schottky contacts. We established the identity of these defects by
comparing their signatures to those of high energy particle irradiation induced defects of the same
materials. The defect Eg4z had acceptor-like behaviour and could be attributed to be a silicon or
carbon vacancy. The Eg 7 had intrinsic nature and was linked to a carbon vacancy and/or carbon
interstials.

Introduction

Metallization is a very important processing step in the microelectronics and photovoltaic
industries. Electron beam deposition is one of the popular techniques in the fabrication of ohmic
and Schottky barrier contacts at high controllable rate. Auret et al [1] and Coelho ef al [2] have
reported that metallization procedures, including electron beam deposition (EBD), induced defects
at and close to the metal-semiconductor junction [3]. These defects influence the performance of the
devices and alter the contacts’ Schottky barrier heights [4].

The defects introduced by the electron beam when energetic particles interact with the
semiconductor surface will lead to lattice damage depending on the energy and duration of the
exposure. These defects may either be of benefit or detrimental to device performance.

Silicon carbide (SiC) has drawn the interest of many researchers due to its wide bandgap of 3.4
eV [5] and the excellent properties such as high thermal conductivity, high breakdown field and
high saturated drift velocity [6]. These characteristics make SiC a very good semiconductor capable
of outperforming silicon in electronic devices for high-power, high-frequency and high-temperature
applications [7]. SiC is also a key material for next-generation photonics [8].

In this paper, we have investigated the effect of exposing nitrogen-doped, n-type 4H-SiC to
electron beam conditions (without metal deposition) prior to metal deposition by resistive
evaporation. The motivation is mainly to study the influence of electron beam exposure (EBE) on
the 4H-SiC semiconductor and the signatures of the defects present after the deposition of nickel
Schottky contacts. The defects emanated were compared with the defects in as-grown SiC and SiC
g.(i)?‘ter bombardment with alpha-particles from a ' Am source and by high energy electrons from a

St source.

Experimental Procedure

We have used an n-type, N-doped 4H-SiC wafer, double polished with Si face epi-layer,
resistivity of 0.02 Q-cm and doping density of 7.1 x 10"* ¢m™. The 4H-SiC wafer was supplied by
CREE Res. Inc. Prior to metallization, the samples were cut into smaller pieces with dimensions of

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications, www ttp.net. (ID: 137.215.6.53-23/10/15,19:29:57)
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approximately 4 mm x 2 mm. The samples were degreased by boiling for 5 minutes each in
trichloroethylene, acetone, methanol and followed by 1 minute rinse in de-ionized water. They were
also etched in a 40% concentration of HF for 30 seconds in order to remove the native oxide layer
on the samples, and then rinsed in de-ionized water, followed by blowing dry with nitrogen gas as
reported earlier by Omotoso et al [9].

Directly after cleaning, the samples were mounted on a metal contact mask and inserted into the
vacuum chamber that was pumped down to 10~ mbar before thermal evaporation of Ni ohmic
contacts onto the highly doped (1.0 x 10'® em™) back surface of the samples. Ohmic contact was
evaporated at a deposition rate of 0.9 A s for approximately 30 minutes to achieve the thickness of
3000 A. The samples were annealed in a tube furnace under flowing argon gas at 950C for 10
minutes to form nickel silicides [10] in order to reduce the contact resistance, thus forming an
ohmic contact.

The cleaning procedures were repeated after annealing of the ohmic contact but only for three
minutes in an ultrasonic bath. The samples were also dried with nitrogen gas before the fabrication
of nickel Schottky barrier diodes (SBDs). SBDs were fabricated in two stages: nickel Schottky
contacts, 0.6 mm in diameter and of thickness 100 A were first deposited by resistive evaporation
technique before being quickly transferred into the electron beam deposition chamber for exposure
to the electron beam. Electron beam exposure (EBE) of the samples was achieved by using a 10 kV
source (MDC model e-Vap 10CVS) with samples placed 50 cm away from the metal crucible as
carlier reported by Auret et al [1] and Coelho et al [2]. The samples were exposed to EBE
conditions for 50 minutes from a heated tungsten source using a beam current of 100 mA and an
acceleration voltage of 10 kV [2]. This current was not enough to evaporate tungsten, but would
have been sufficient to evaporate most other metals. During the entire exposure, the vacuum in the
deposition chamber was reduced to 10" mbar by leaking in forming gas H15 (N2:H, of 85%:15%
by volume) [2].

Hereatter, the samples were removed and returned quickly to the resistive deposition chamber.
Additional Ni was deposited resulting in thickness of 1000 A Schottky diodes and an area of 2.8 x
107 em? were deposited at a rate of 0.2 A s and a vacuum of approximately 5 x 1075 mbar by
means of resistive evaporation, a process known to not introduce defects measurable by DLTS [2].

Subsequent to SBD fabrication, current-voltage (/-J7) and capacitance-voltage (C-1)
measurements were carried out to determine the quality of the diodes. The -7 and C-77
measurements were carried out by an HP 4140 B pA meter/DC voltage source and an HP 4192A LF
Impedance Analyzer, respectively. The defects introduced into the samples were thereafter
characterised by conventional deep level transient spectroscopy (DLTS). The DLTS spectra were
recorded over the temperature range 30 — 350 K, at a quiescent reverse bias of 5.0 V. filling pulse
height of amplitude 6 V, filling pulse width of 2.0 ms and at different rate windows, in order to
determine the defect signatures by means of Arrhenius plots.

In order to aid identification of the defects introduced by EBE, they were compared to the
defects present in resistively deposited SBDs as-grown, irradiated by alpha-particles (with energy of
approximately 5.4 MeV) from an ! Am radio-nuclide and high energy electrons (above 200 keV).
The alpha particle irradiation was done at a fluence rate of 7 x 10® em™ s~ for 2 hours to obtain a
fluence of 5 » 10'° alpha-particles-em > The *°Sr radionuclides used decay first to Y with the
emission of an (0.5 MeVelectron of halflife of 28.5 years and then decay to Zr with the emission of a
2.3 MeV electron of halflife of 64.1 hours [11]. The *°Sr radio-nuclide source had a fluence rate of
1 % 10° electrons-em™ s~ with energies above 200 keV. Here the sample was irradiated for 24 hours

in order to obtain a fluence of 2 x 10'° electron-cm ™

Results and Discussion

Defects in as-grown 4H-SiC

The defects introduced during the EBE were compared with defects present in as-grown SiC, as
well as defects introduced by alpha-particle and high energy electron irradiation. It has been
reported in literature that RE does not introduced defect in measurable quantities [2]. Therefore, this
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technique was employed to evaporate nickel on n-type 4H-SiC for both ohmic and Schottky
contacts because of aforementioned advantage. The electrical characteristics of the Schottky
contacts are summarised in Table 1. The DLTS spectrum of the control sample recorded at a rate
window of 20 s is shown in Fig. 1. The spectrum showed the presence of four defect levels,
labelled Eg19, Eo12, Eo16 and Eggs, where “E” refers to an electron trap and the number at the
subscript say 0.10, is the activation enthalpy of the defect below the conduction band. Both the
activation enthalpy and the corresponding apparent capture cross section, referred to as the defect’s
signature, were determined from the Arrhenius plots, and are tabulated in Table 2.

Table 1 Comparison of electrical characteristics of Ni/4H-SiC Schottky barrier diodes for different

proccsses.

Samples 7 IS [A] Rs[Q] VIVl Nolem™] ¢uy [eV] ¢ov [eV]
As-grown 1.04 155x107% 48 .07 7.8 x10"° 1.25 1.36
a-particle 1.07 26x10"% 270 123 7.4 x10" 1.31 1.52
irradiation

HEE irradiation .13 1.4x107" 60 132 6.8x10" 1.38 1.60
EBE 126 6.6x107" 13 1.41 8.0 x10" 1.21 1.68

Table 2 Electronic properties of defects detected by DLTS in Ni/4H-SiC SBD after various

processing steps.

Process Defect label Er [eV] 5, [em’] Tag [K] Defect ID Refs.
RE Eo10 Ec-0.10 3x 1077 45 N [12]
Eo12 Ec-0.12 1x1075 65 Ti [13]
Fo1s Ec—0.16 1=107" 85 Ti [14]
Fogs Ec—0.65 4x1078 304 Vesi (Za/Z2)  [14,15]
a- Eo.o Ec-0.10 21077 44 N [12]
particle
Eo1a Ec—0.12 1x107%% 65 Ti [13]
Eos Ec-0.16 3 %1071 85 Ti [14]
Eo3o Ec-0.39 2 %1070 192 Vesi [16]
Eoal Ec—0.61 5% 1075 302 Vesi (Za/7y) (12, 17]
Eo70 Ec-0.70 6x 1074 333 Vosi (Z1/Z2)  [14, 15]
HEE Eoo Ec-0.10 1x107' 44 N [12]
Eo12 Ec—0.12 4% 1072 65 Ti [13]
Eous Ec-0.16 1=107° 84 Ti [14]
Eo2 Ec-022 2 %1077 141 2 2
Eo40 Ec—0.40 3x107"7 199 Vosi [16]
Eoss Ec-0.65 3x107% 300 Vesi (Z1/Z2)  [14. 15]
Eo.70 Ec—0.70 3% 107 338 Vesi (Z1/72)  [14,15]
EBE Eo1o Ec—0.10 1x 107! 44 N [12]
Eo12 Ec-0.12 2% 1071 64 Ti [13]
Fo1s Ec—0.16 2% 107 84 Ti [14]
Eoun Ec—0.42 5x 1070 201 Vs [16]
Eoss Ec-0.66 41077 302 Vesi (Z1/Z2)  [14.15]
Eon Ec—0.71 1x107" 340 Veri (Zai72)  [14,15]

Alpha-particle irradiation

The electrical characteristics of the diode after irradiation are shown in Table 1. The diode was

still of good quality after irradiation. The deep levels introduced by irradiation were also
characterised by DLTS (see Fig. 1). Alpha-particle irradiated SBD introduced two defects (Eo 30 and
Eq62) with complicated broad peaks. The activation energies of the two defects are 0.39 and 0.62
eV, respectively. The attributes of the defects were tabulated in Table 2.
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High energy electron (HEE) irradiation

The results obtained from the /-7 and C-J” measurements as shown in Table 1 confirmed the
suitability of the SBDs for DLTS measurements. As already reported, high energy electron
irradiation of 4H-SiC yields three new defects [9]. The peaks could be attributed to vacancies in
both silicon and carbon sublattices deepening on the energy required to displace the relevant atom
[18]. The broadness of the peaks may be as a result of superposition of several peaks that have
closely spaced activation energies. Point defects are formed due to the low mass of the electron
relative to the nucleus since the recoiling nucleus does not have enough kinetic energy to cause
further displacements [11]. The attribute of the defects introduced by high energy electrons are also
tabulated in Table 2.

0.8 LI ] e B L A I SR L AT TR LT L S [ G O S Y (L B T e AL AT SR
0.10 [a] = as-grown 062
[b] = a-particle irrad.

06 | [c]=EBE L2 S
) [d] = HEE irrad.
RS
<
(=)
04 | 0.70 ]
% ‘]
S ]
202} ]}

0.0 _Ej 1 1 T/l\[-al] ;

50 100 150 200 250 300 350
Temperature (K)

Fig. 1: DLTS spectra of Ni/4H-SiC for: [a] as-grown; [b] irradiated with a-particles; [c]
exposed to electron beam condition without metal deposition (EBE); [d] irradiated with
high energy electrons.

Electron beam exposure, without metal deposition
In most experimental setups in electron beam evaporators, the position of the sample and the sample
holder during the pre-metallization heating and degassing of the metal may be varied. The sample
may be rotated to face away from the crucible or shield the sample with a shutter during the
experimental procedure. This procedure may not be applicable to larger commercial systems where
metallization of large areas is required. In this section, we investigate the effect of exposing a 4H-
SiC sample to electron beam deposition conditions, however, without metal deposition.

The electrical characteristics of the EBE exposed diode after deposition are shown in Table 1. It
was noted that the carrier density as determined by C-J” measurements was 8.0 < 10'° em™.

In Fig. 2, we compare the spectra recorded using SBDs prepared by resistive evaporation of Ni
(a). alpha-particle irradiated (b). high energy electron irradiated (c), and electron beam deposition
conditions, without metal deposition (d). From the spectra, it was observed that the electron beam
exposure introduced two defects which were similar to defects introduced by high energy particle
irradiation but in lower concentration. We therefore conclude that exposure of samples to electron
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beam without metal deposition could be another mechanism of introducing defects Eq 42 and Eg 7y
without bombardment with high energy particle irradiation. The defect Eq 4 was reported earlier by
Doyle et al [16]. who reported that it has acceptor-like behaviour. A similar defect level has been
attributed to the silicon vacancy [19], carbon vacancy, split interstitial or antisites after low energy
electron irradiation [18]. The Eq 7 is commonly known as the 7,7, defect. Defect Eg 7; has intrinsic
nature and is linked to a carbon vacancy, carbon interstials and complexes of carbon vacancies and
interstials [16, 20, 21]

5= . : —————
[ as-grown

4l a-particle irrad
[ E v EBE

0.22 0.16

HEE irrad.

log [T%/e (K?s)]
\S)

0 5 10 15 20 25 30

1000/7 (K1)

Fig. 2: Arrhenius plots of Ni/4H-SiC for: [a] as-grown ; [b] irradiated with a-particles; [c]
exposed to electron beam condition without metal deposition (EBE); [d] irradiated with
high energy electrons.

Conclusions

The current-voltage and the capacitance-voltage characteristics demonstrated that the Ni/4H-SiC
SBDs prepared were suitable for the research. Deep level transient spectroscopy revealed the
presence of four defects below the conduction band (Eg 10, Eo12, Eo16 and Eggs) after resistive
evaporation, which we conclude were in the as-grown material. We observed two additional
defects, Eg.42 and Eg 7 after electron beam exposure, without metal deposition. The apparent capture
cross sections of defects Eg 4 and Eq7; were estimated from the intercept of the Arrhenius plot to be
5510 em*and 1 » 1077 cmz, respectively. The signatures of defects Eg 4, and Eg 7; are similar to
defects induced as a result of high energy particles such as alpha-particle and high energy electron
irradiation. The defect Eg 4, has acceptor-like behaviour and has also been attributed to the silicon or
carbon vacancy. The defect Eq7;, known as Z,Z,, has intrinsic nature that is linked to a carbon
vacancy, carbon interstials and complexes of carbon vacancies and interstials.

We therefore show that, although 10 keV electrons are not supposed to cause damage in SiC,
EBE does cause damage near the sample surface, similar to that produced by high energy particles.
It is therefore concluded that electron beam exposure is detrimental to device properties. Proper
shielding as well as deposition of metal in the best possible vacuum should also be employed.
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Nickel Schottky diodes were fabricated on 4H-SIiC. The diodes had excellent current rectification with
about ten orders of magnitude between —50V and +2 V. The ideality factor was obtained as 1.05 which
signifies the dominance of the thermionic emission process in charge transport across Lhe barrier. Deep
level transient spectroscopy revealed the presence of four deep level defects in the 30-350 K temperature
range. The diodes were then irradiated with 5.4 MeV alpha particles up to fluence of 2.6 x 10'%cm 2
Current-voltage and capacitance-voltage measurements revealed degraded diode characteristics after
irradiation, DLTS revealed the presence of three more energy levels with activation enthalpies of
042 eV, 0.62 eV and 0.76 eV below the conduction band. These levels were however only realized after
annealing the irradiated sample at 200 °C and they annealed out at 400 °C. The defect depth concentra-
tion was determined for some of the observed defects.

Defects

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Silicon Carbide (SiC) has excellent electronic and physical prop-
erties which include high electron drift velocity, high breakdown
voltage, radiation hardness and high thermal conductivity [1].
These properties make SiC a suitable candidate for the fabrication
of devices that can operate in harsh environments (exposed to
radiation and/or at elevated temperatures).

Characteristics of electronic devices can be severely degraded
by the presence of electrically active defects. The identification
and control of as-grown and radiation induced defects is therefore
important as the elimination or control of defect levels associated
with these defects is required for effective device technology to
progress [2]. While semiconductor materials have in-grown elec-
tronic defects, energetic particles such as electrons, protons, alpha
particles, pions, neutrons and y-ray photons can also cause bulk
andfor surface damage in materials [3]. This damage leads to the
formation of point defects and clusters resulting in the degradation
of diode quality as they may lead to increased leakage current and
decreased effective doping density [2].

It is therefore important to study and understand defects
induced by radiation damage if a semiconductor is to be success-
fully used for fabrication of devices that can operate in harsh envi-
ronments. Electron, proton and alpha particle irradiation has been
performed on SiC to study the formation of defects and understand

* Corresponding author.

http:ffdx.doi.org/10.1016/j.nimb.2015.06.006
0168-583X/© 2015 Elsevier B.V. All rights reserved.

the hardness of the material. It has been observed from these stud-
ies that different types of irradiation induce the same types of
defects in SiC but in different concentrations [4]. Alpha particle
irradiation is however expected to cause more damage due to a
superior mass compared to other forms of irradiation.

In this study, nickel Schottky contacts were fabricated on n-type
4H-SiC with a doping density of 3.7 x 10" cm >, Deep level tran-
sient spectroscopy was performed to study the defects in the
as-grown material and also to assess how alpha irradiation modi-
fies these defects. Current-voltage (/-V) and capacitance-voltage
(C-V) measurements were utilized to evaluate the effect of alpha
irradiation on the quality of the diodes. Annealing studies were
done to determine the thermal dynamics of both the as-grown
and the radiation induced defects.

2. Experimental

4H-SiC with a low doping density of ~4 x 10'* cm 2 was used
in this study. Sample degreasing was done by boiling in trichlor-
oethylene (TCE), acetone and methanol for 5-min in each solution.
This was followed by rinsing in de-ionized water before a 30-s dip
in hydrofluoric acid (HF) to remove the native oxide layer. This was
followed by rinsing in de-ionized water and a blow-dry using N,
gas. A 300 nm thick nickel ochmic contact was resistively deposited
onto the highly doped (1 x 10'® cm~3) back side and annealed in
flowing argon for 20 min at 950 °C. Cleaning was repeated as
before except that, instead of boiling, 3 min rinsing in each of the
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three solvents were performed in an ultrasonic bath. Nickel
Schottky contacts with a diameter of 0.6 mm and thicknesses of
100 nm were then resistively deposited onto the 3.7 x 10 cm 2
doped side. Deep level transient spectroscopy (DLTS) measure-
ments were carried out using a National Instruments Digital
Acquisition (DAQ) based Laplace-DLTS system. Irradiation was
done using a 5.4 MeV radioactive alpha source (Am-241) of dose
rate 7.1 x 10°cm 25! to fluences of up to 2.6 x 10'°cm 2% The
diodes were annealed after irradiation in steps of 100 °C in flowing
argon gas up to 600 °C. TRIM simulation projected the alpha parti-
cles to peak at a depth of 24.8 um below the nickel ohmic,
Maximum vacancy concentration was also projected at a depth
of 248 pum as 0014 per Angstrom - lon, translating to
~3.64 x 10'® vacancies.

3. Results and discussion
3.1. Current—voltage results

Forward |-V characteristics of the nickel Schottky contact
before and after alpha irradiation to fluence of 2.6 x 10'® cm™2
(this fluence corresponds to 60 min of irradiation) are shown in
Fig. 1. A linear current—voltage relationship was obtained before
irradiation and the fitting was done using a thermionic emission
model given by the relation [5,6]:

Is_y = I[exp(qV /nkgT) — 1] (n

where I5_p, is the current flowing from the semiconductor into the
metal, /s is known as the saturation current, ¢ is the electronic
charge, V is the applied voltage, n is the ideality factor, kg is the
Boltzmann constant and T is the temperature at which the measure-
ments were taken, The saturation current is given by the equation
15,6]:

1 = AA'T? exp(—q®yo/nksT) 2)

A is the effective Schottky diode area, A” is the Richardson constant
and @y is the zero bias Schottky barrier height.

The ideality factor is obtained from the gradient of the linear
region of the /I-V curves according to Eq. (1). Before irradiation,
the ideality factor was obtained as 1.05, a close to unity value
which shows that the thermionic emission model describes cur-
rent flow across the metal-semiconductor interface sufficiently.
After irradiation to fluence of 2.6 x 10'° cm 2, the ideality factor
increased to 1.35. The large ideality factor value obtained after

107
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1073
10+
10%
105 F
107 f
100 F

Current (A)

P 4 —— as-deposited
(Yo — — — afterirradiation
NP N B B |
0.5 1.0 15 2.0

Voltage (V)

Fig. 1. Forward current-voltage curves obtained before and after 5.4 MeV alpha
particle irradiation to fluence of 2.6 x 10" cm™

irradiation implies that there are other current transport mecha-
nisms in addition to the thermionic emission mechanism. The
most probable additional current transport mechanism is genera
tion-recombination current resulting from atomic displacements
induced by alpha particle irradiation. This is also observed on the
I-V curve obtained after irradiation, Fig. 1, which is non-linear
especially at low voltages where the effect of thermionic emission
is minimal. The Schottky barrier height was obtained from -V
measurements following Eq. (2). The Schottky barrier height was
obtained as 1.21eV before irradiation and an increase to
1.28 eV was observed after a total alpha-particle fluence of
2.6 x 10" cm 2 The increase in the SBH is very small and this
allows for the continued normal operation of the Schottky diodes.

The reverse leakage current was measured to voltages of —50V.
Reverse leakage current curves obtained before irradiation and
after a total irradiation fluence of 2.6 x 10'® cm 2 are presented
in Fig. 2. Low leakage current values are observed showing good
rectification quality of the SiC Schottky diodes. An increase in the
leakage current is observed with increasing reverse bias. This is
attributed to Schottky barrier lowering, a phenomena where the
SBH is lowered as the electric field resulting from external biasing
increases [7].

The reverse current obtained at 50V increased from
9.0x 1077 A to 1.2 x 107" A after irradiation, The increase in
the leakage current show the effect of irradiation where defects
induced by irradiation are suggested to be responsible for the
increase. However the diode rectification was retained after irradi-
ation and this shows that SiC is a radiation hard semiconductor.
The current measured at applied voltages of —50V and +2V
changes by approximately ten orders of magnitude even after irra-
diation which shows good rectification of SiC.

3.2. Capacitance-voltage results

The effects of alpha-particle irradiation on the free carrier con-
centration and the SBH were evaluated using C-V measurements.
The free carrier concentration Np and the SBH dg, were respec-
tively determined from the slope and the intercept of the graph
of 1/C* vs. V, Fig. 3. Np was obtained according to the relation [7]:

d(1/c 2
dv Alegesgy,

3)

where C is the depletion width capacitance and ¢; is the semicon-
ductor permittivity, and &, is the permittivity of free space. The
SBH was obtained from [7]:

10" e T T Ty
—~ =11 = —
< s
E | ]
e | ]
S
O 1o 4

= afterirradiation 3

i e as-deposited 1

ol
-60 -50 -40 -30 =20 -10 0
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Fig. 2. Reverse leakage current curves measured up to —50 V before and after alpha
particle irradiation to fluence of 2.6 x 10'"°cm=,
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Fig. 3. 1/C* graphs obtained before and after alpha particle irradiation at indicated
fluences to 2.6 x 10'% cm™2

O = Vi 1 Vy 20— 20 @)

where A® is the Schottky barrier lowering due to the image force
effect, V), is the depth of the Fermi level below the conduction band
and is obtained from the relation:

LN (’i) (5)
q Np

Vi is the built in potential which is obtained as the voltage intercept
of the linear C-V relationship, Fig. 3 and N, is the effective density of
states in the conduction band.

The SBH was obtained as 1.86eV before irradiation and it
increased to 2.02eV after irradiation to fluence of
2.6 x 10" cm 2, The increase in the SBH can be seen from Fig. 3
where the voltage intercept of the 1/C? vs. V curve increases after
irradiation. There were no major changes in the curves at interme-
diate irradiation fluences, The SBH obtained through capacitance-
voltage measurements is larger than that obtained from current-
voltage measurements. This is due to the inhomogeneity of the
metal-semiconductor interface where electrons crosses the junc-
tion via “small barrier regions” hence the smaller -V measured
SBH [8].

The free carrier concentration decreased from 4.9 x 10" cm-~
before irradiation to 2.9 x 10" cm? after irradiation to fluence
of 2.6 x 10" cm 3. Non-linear curves of 1/C* against voltage,
shows that the free carrier concentration is not constant below
the metal-semiconductor junction. This is also shown by the depth
profiles, Fig. 4. The decrease in the free carrier concentration is an
indication that defects were introduced by irradiation and the
defects are of acceptor-like nature hence they trap the free carriers
leading to the observed reduction. Some recovery in the free carrier
concentration was observed after annealing the irradiated diodes
at 200 °C and annealing to 600 °C did not lead to further recovery.

The reduction in the free carrier concentration with irradiation
can be quantified by the free carrier removal rate, The free carrier
removal rate is obtained from the slope of the graph of
A(Np — Na)/®, © being the fluence and A(Np — N,) is the change
in the free carrier concentration [9]. The free carrier removal rate
was obtained after irradiating the diodes at three different fluences
upto2.6 x 10" cm~2 as 15 x 101 cm~". This is a large value and is
a result of the high energy (5.4 MeV) of the irradiating alpha parti-
cles. Alpha particles are also heavy particles compared to most par-
ticles used in irradiation studies hence more damage is realized
leading to this large value.

Va

3

Fig. 4. Free carrier concentration depth profiles obtained before irradiation, after
alpha particle irradiation to fluence of 2.6 < 10'” cm~ and at subsequent annealing
temperatures.

Table 1
Diode characteristics before and after 54 MeV alpha irradiation to fluence of

2

2.6 x 10" em™.

Ideality By Doy Leakage Free carrier

factor (eV) (eV) current (A) density

at -50Vbias  (em™?)
Before irradiation  1.05 121 186 9.0x107'* 49 < 10"
After irradiation 135 128 209 12x107" 29 x 10"
012 LI I L L L L L L L L B NI B B ¢
FE E
0.10 | 0.10 =
- | Eo.12 and Eg.18 scaled up by a factor of 10 J
0.08 =
8 0.06 :— _:
(a) o ]
0.04 :— —:
0.02 :— EO.SQ E
0.00 F "\ -
ST N T T N T I W A O

50 100 150 200 250 300 350
Temperature (K)

Fig. 5. DLTS spectra for the as deposited sample. Spectra obtained at constant
reverse bias of —5V, filling pulse of —1V and rate window of 2557

The Schottky barrier parameters obtained before irradiation and
after 2.6 x 10'® cm ™ alpha-particle irradiation are summarized in
Table 1.

3.3. DLTS results

The DLTS spectra obtained from the as-deposited material,
Fig. 5 shows the presence of four energy levels which have been
labeled Eg 10, Eniz, Eoas and Eges. These have activation energies
of E. - 0.10eV, E. - 0.12 eV, E. - 0.18 eV and E. - 0.69 eV respec-
tively. The capture cross sections of the levels and respective attri-
butions are presented in Table 2.
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Fig. 6. DLTS spectra for the as deposited sample, after alpha particle irradiation to fluence of 2.6 x 10'° cm~* and after successive annealing temperatures. Spectra obtained at

constant reverse bias of —5 V, filling pulse of —1 V and rate window of 255"

Table 2

As grown and defects observed by DLTS in 4H-SiC after 5.4 MeV irradiation and annealing.
Trap level E. — E (eV) oy (cm?) Nr before irradiation {cm™%) N after irradiation (cm™%) Attribution
Eoro 0.10 7x107"% 9.4 10" 6.0 x 10" N impurity - [22]
Eg1a 0.12 1x107" 2.2 < 10" 2.3 x 10" Ti impurity - [21]
Eous 0.18 1x107" 5.4 < 10" 6.0 x 10" Ti impurity - [11,14]
Foaz 0.42 1x107"° - 28 x 10 Vi - [21]
Eocn 0.69 25107 8.2 %10 94 % 10" Z\jZz - (18]
Eos2 0.62 - - - -
Eoze 0.76 1x1071% - 5.0 <10 -

The defect Eq 1 has been attributed to nitrogen dopants occupy-
ing cubic sites [ 10,11]. When occupying a hexagonal site in 4H-SiC,
this defect level is expected to have an activation energy of
~0.050eV [12,13]. This level is the nitrogen donor responsible
for the n-type doping in SiC.

The Ey 12 and Epqs levels are related to transitional metal tita-
nium [11,14]. To within experimental error, Achtziger et al. [14]
observed and attributed the E; , defect level to titanium impurity.
A defect level with energy E. — 0.18 eV has also been reported and
associated with a titanium impurity [11]. The Eg 1, and E 5 levels
could both be a single defect occupying different geometrical posi-
tions in the material, where it is seen as Epq> when occupying a
hexagonal site while it is seen as Ej ;3 when occupying a cubic lat-
tice site [14].

The Eggq level is a prominent defect that is found in 4H-SiC.
While the defect level is widely agreed to be of intrinsic nature,
there is no agreement on the exact structure of the defect. The pos-
sible structure of the defect has been attributed to a silicon vacan-
cies, carbon vacancies, silicon and carbon antisite complexes [15-
18]. The structure of the defect has essentially been linked to
nearly all possible intrinsic defects that can be found in SiC. Low
energy and high energy particle irradiation measurements have
been performed to possibly link the defect structure of the defect
to either carbon or silicon exclusively but this did not solve the
puzzle [19,20].

Fig. 6 shows normalized DLTS spectra taken before irradiation,
after irradiation and after annealing from 200 °C to 600 °C. After
irradiation the £p g9 level broadens and shows an increase in inten-
sity. The broadening of the Eygy level after irradiation is possibly
due to presence of more energy levels which may be contained
within the level. The sample was then annealed to possibly sepa-
rate these energy levels. After annealing at 200 °C, three defects

10 prerrrrr e
— [ —-— Egg afterirradiation ]
g F e-... Egq, before irradiation
g —o— Eoz
§
‘g 10— —om g 000 -
2 : ]
8 Foo— \H‘U__:_,-—-L‘_—‘_’_rﬂ‘ﬂ—agﬂ 1
5 - ]
o | J
o)
D - -
FTCRC3 MY IR IR I Y P P I PN
12 14 16 18 20 22 24 26 28 30 32

Depth (um)

Fig. 7. Depth concentration profiles for defects Eqgg (before and after irradiation)
and Epze.

Eo.42, Eosz and Eg¢ with energies E. - 0.42 eV, E. - 0.62 eV and
E. — 0.76 eV were observed. The apparent capture cross sections
of the observed defects were calculated from Arrhenius plots to
bel1x10 " cm? 2x 10 " cem? and 1 x 10 " em?, respectively.
Defects Epq» and Egz have been reported in previous studies
[2,11]. Level Eg 4 is attributed to silicon vacancies while Eg ;¢ has
not been assigned any particular structure [21]. Doyle et al, [2]
observed the two defects after electron irradiation and isochronal
annealing with the defects only being observed after annealing at
200 °C. Castaldini et al. [11], also observed the same defects after
both electron and proton irradiation and suggests the defects are
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intrinsic. These levels were annealed out at 400 °C in this study.
The fact that defects Eg ., and Eg 75 were observed after the same
particle fluence and annealed out after the same heat treatment
suggests that the defects might be closely related structurally.

The concentration of the Eggg level increases significantly after
irradiation and remains relatively stable up to the 600 °C annealing
temperature. The possibility that this level is linked to carbon
vacancies and/for interstitials or carbon divacancies can therefore
be easily comprehended in the light of this increase in concentra-
tion after irradiation. Previous studies done on this defect suggest
it could be a defect complex composed of several energy levels
[18,21]. Hemmingsson et al. [20] reported that the defect Epgo,
commonly referred to as the Z;/Z, is composed of two closely
spaced levels that have negative U behavior. It was also established
in this study that after alpha particle irradiation to a fluence of
2.6 x 10'°cm™2, a defect with an energy of E. - 0.62 eV appears
on the lower temperature side of Eg go. This defect is however not
stable and was annealed out at 200 °C.

Depth concentrations of defects £q g9 and Eg 76 were determined
from Laplace-DLTS measurements hy varying the voltages pulses
and are presented in Fig. 7. The depth concentration of defect
Ey eo was obtained before and after particle irradiation for compar-
ison and an increase resulting from irradiation is clear. It is seen
from the graph that the concentration of both defects is constant
in the investigated depth range. This is in agreement with the pre-
diction of SRIM simulations where the vacancy concentration is
constant to a depth of ~24 pm.

Levels Ey 12 and Ep 1z were not noticeably affected by irradiation.
The concentration of the level Eq ;o increased after annealing at
200 °C without showing further changes at higher annealing tem-
peratures. While the Eg,p level is almost definitely a nitrogen
impurity, it is not clear what the source of the increase in concen-
tration after irradiation is. The defect parameters for the observed
defects are summarized in Table 2.

4. Conclusions

-V, C-V and DLTS measurements were used to evaluate the
effect of 54 MeV alpha-particle irradiation on nickel Schottky
dicdes fabricated on nitrogen doped 4H-SiC. After irradiation to
fluence of 2.6 x 10'"? ¢cm~2, the Schottky diodes retained rectifica-
tion showing the radiation hardness of SiC. A large free carrier

removal rate was obtained from C-V measurements indicating
the presence of acceptor like defects as a result of irradiation.
DLTS measurements revealed the presence of deep level defects
before irradiation and three other deep level defects were observed
after alpha-particle irradiation. The irradiation induced defects
were all annealed out at temperatures below 600 °C.
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Chapter 5

Conclusions

Electrical characterization of process- and irradiation-induced defects in n-type 4H-SiC
has been successfully achieved using the current-voltage, capacitance-voltage and deep-
level transient spectroscopy techniques. Conclusions specific to each of the
experimental results have been presented in the Papers 1 to 7 or at the end of each

section in Chapter 4.

The qualities of the as-grown Ni/4H-SiC devices fabricated resistively were tested using
[-V and C-V measurements. The devices were of good quality with ideality factor close to
unity (1.04), the barrier height of 1.25 eV and reverse current of 10-14 A. The samples
were also successfully characterized by deep-level transient spectroscopy which
revealed the presence of four electrically active levels in the as-grown material with
energies of approximately 0.10, 0.12, 0.16 and 0.65 eV below the conduction band

minimum.

The diodes fabricated by resistive evaporation were intentionally irradiated with alpha-
particle and high-energy electron irradiation at various fluences, and characterized by
means of I-V and C-V measurements. The electrical properties of the samples deviated
slightly based on the type of irradiation and fluence received. However, the diodes
retained their good quality (ideality factor less than 2) much better compared to devices
manufactured on conventional semiconductors (such as Si, Ge and GaAs). The
electrically active defects present after irradiation were characterized by means of DLTS
and high-resolution Laplace DLTS. The high-energy electron irradiation introduced
three new defects with energies Ec - 0.22, Ec - 0.40 and Ec - 0.71 eV that were not
observed in the as-grown material and also caused an increase in concentration of
defects with energies Ec - 0.10 and Ec - 0.65 eV present in as-grown SBDs. Two extra
electrically active defects with energies Ec - 0.39 and Ec - 0.62 eV were present after
bombardment with alpha-particles. The alpha-particle irradiation also caused a
significant increase in the concentration of the defects with energies Ec - 0.10 and Ec -

0.65 eV and also a slight change in their energies. Laplace DLTS was successfully used to
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split defect with energy Ec - 0.42 eV observed by conventional DLTS into Ec - 0.39 and
Ec - 0.42 eV which were assumed to be due to the same defect. Also, the Ec - 0.65 and Ec
- 0.70 with closely spaced emission rates were split by Laplace DLTS to three defects
with energies Ec - 0.65, Ec - 0.70 and Ec - 0.76 eV. The defects with energies Ec - 0.39
and Ec - 0.40 eV were assigned to silicon or carbon vacancy which shows acceptor-like
behaviour. While the defects with energy levels Ec - 0.65, Ec - 0.70 and Ec - 0.76 eV
were assigned to the carbon vacancy, an intrinsic defect. The structures of defects with

energy levels Ec - 0.22 and Ec - 0.76 eV have not yet been confirmed.

Electron-beam deposition (EBD) introduced two additional defects with energies Ec -
0.42 and Ec - ~0.70 eV during the process of depositing high melting point metal (W) on
4H-SiC substrate. The defects were characterized by DLTS and it was observed that the
defects were close to the metal-semiconductor junction. Also, electron-beam exposure
of the substrate with a thin metal layer to electron beam conditions without metal
deposition induced two electrically-active defects similar to EBD. These electrically-
active defects with energies, Ec - 0.42 and Ec - ~0.70 eV, may be caused by the product
of elastic collisions between 10 keV electrons and residual vacuum gases which were
ionized around the filament and accelerated by the electric field towards the substrate.
The assignments of these defects were determined by comparing their signatures with
the defects introduced by high-energy particle irradiation, showing that EBD and EBE
also introduce the Ec - 0.42 and Ec - ~0.70 eV (Z1/Z2) defects related to the carbon
vacancy in 4H-SiC SBDs.

The low-temperature I-V characteristics of 4H-SiC SBDs displayed strong temperature
dependence. Thermionic emission was the predominant current transport mechanism
at high temperatures (i.e. close to room temperature) while other forms of current
transport mechanisms (such as generation-recombination) became dominant at lower
temperatures. The Schottky barrier heights decreased and ideality factor increased with
decreasing temperature. The decrease in barrier height in I-V measurements has been
attributed to barrier inhomogeneities at the metal-4H-SiC interface. In contrast,
unreasonably large barrier heights calculated from C-V characteristics at lower
temperatures. This was attributed to the carrier freeze out that modified the electric
field, thereby affecting the junction capacitance and the value of the built-in voltage as

determined from the intercept on the voltage axis. Also, irradiation by high-energy
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particles did influence the modified Richardson constant but had no effect on the mean

barrier height of the devices.

The main conclusion that can be drawn from this study is that silicon carbide has

properties that make it very promising to provide solutions to frequent damage of

devices used in aerospace, manufacturing industries, defence and radiation harsh

environments.

5.1 Further research

e Characterization of defects introduced by the following:

v

v
v
v
v

proton and deuterium irradiation at different fluences

high energy and thermal neutron irradiation at different fluences

sputter damage of 4H-SiC at different energies

inductive coupling plasma etching of 4H-SiC

in situ low temperature irradiation and DLTS measurements to be carried

out in the in-situ irradiation facility.

¢ Identification of defects’ structure by photoluminescence, electron-paramagnetic

resonance, positron annihilation, etc.

e Annealing kinetics of defects in as-grown 4H-SiC.

e (ritical study of defects assigned to nitrogen impurities.

e Temperature dependent I-V and C-V measurements at high temperatures.
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Appendix B

Deep level defects analyzed in 4H-SiC

The Table B.1 show the summary of deep level defects observed and characterized by
deep-level transient spectroscopy (DLTS) and high-resolution Laplace DLTS in 4H-SiC

during this study after various processing and irradiation techniques.
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Table B.1: Deep level defects observed and characterized in 4H-SiC during this study.

Process Defect label Er (eV) 0a (cm?) Defect ID
Eo.10 Ec-0.10 3x10-12 N
Resistive Eo12 Ec-0.12 1x10-15 Ti
evaporation Eo.16 Ec-0.16 1x10-15 Ti
Eo.65 Ec-0.65 4 x 10-15 Ve (Z1/Z72)
Eo.10 Ec-0.10 2 x10-12 N
Eo.12 Ec-0.12 1x10-15 Ti
Alpha-particle Eo.16 Ec-0.16 3x10-15 Ti
irradiation Eo.39 Ec-0.39 2 x10-15 Vesi
Eo.61 Ec-0.61 5x 10-15 Ve (Z1/Z2)
Eo.70 Ec-0.70 6 x 10-15 Ve (Z1/Z2)
Eo.10 Ec-0.10 1x10-16 N
Eo.12 Ec-0.12 4 x 10-12 Ti
High-energy Eo.16 Ec-0.16 1x10-15 Ti
electron Eo.22 Ec-0.22 2 x10-17 ?
irradiation Eo.40 Ec-0.40 3 x10-15 Veysi
Eo.65 Ec-0.65 3x10-15 Ve (Z1/72)
Eo.70 Ec-0.70 3x 1015 Ve (Z1/Z2)
Eo.10 Ec-0.10 1x10-11 N
Eo.12 Ec-0.12 2 x10-16 Ti
Electron-beam Eo.16 Ec-0.16 2x10°15 Ti
exposure Eo.42 Ec-0.42 5x10-15 Veysi
Eo.66 Ec-0.66 4 x 10-15 Ve (Z1/Z2)
Eo.71 Ec-0.71 1x10-15 Ve (Z21/72)
Eo.10 Ec-0.10 1x10-13 N
Eo.12 Ec-0.12 3x 101> Ti
Electron-beam Eo.16 Ec-0.16 3x 101> Ti
deposition Eo.42 Ec-0.42 6 x 10-15 Vysi
Eo.67 Ec-0.67 1x10-14 Ve (Z21/72)
Eo.70 Ec-0.70 1x10-15 Ve (Z21/72)
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_10% 235.--" (ii) 120 11x10™" 15 238 46x10" 108 268 il o a1x10te? tre.,
< 104 9* (i) 177 69x10" 13000 183 29x10" 1.09 18.6 i o 89x10" cm? b
%- :g; o3 (iv) 115 19x10" 48 296 44x10% 113 325 = l: © amn 300 C for 20 min.
R
S ,33- v il . Thermionic emission dominated in (i) up to approx. 0.9 V at 300 K (Fig 1). Y %06,
109 103 * 89% 10" em? 3 N n- ) r ninated in (i), J(m) and (iv) below 0.7 V 4 222¢ 29955220
1o 3 ©  am. 300 C for 20 min - Series is in (iii), and d after g in (iv). 2 282222 2:,;;; 33
1012 g% . Increase in n attributed to deviation from thermionic emission. P $8859
W:: . The fluence and annealing dependency of n, ¢..; and /s may be cc
10 50 s o is %o to the movement of Fermi level pinning at the surface of SiC. a2 -0 -8 % 4 2 0 3
2 ' % = i . After irradiation carrier density d and Vi i par-| Voltage, ¥ (V)
Yolnge, FOV) tially after anrheahnqz
Fig. 1. Forward logarithmic |-V characteristics of 4H-Sic SBD in || 'he 8-9 x 10 imadiated sample is almost compensated, due to se-([Fig. 2. 1/C* as a function of voltage for 4H-SiC SBD in process
brocess (i), (ii), (iii) and (iv). ries '95'5‘5"% capacnance may be (1), (ii), (iif) and (iv).
Table 2. El ies of defects in 4H-SiC by DLTS at
20 (g ] (i), (ii), (iii) and (iv) and Laplace-DLTS after process (iv). 5 5 45
=41+ |o ! alpha-particle-cm” Process _ Defect label Ey[eV] 0, [em’] Defect ID g e £
i) " alpha-particle-cm” 7] Eooe X 8x10 " N 4 o
iv) = ann. at 3OOC for 20 Eon 2x10" T .
g 15 E,, £ 1x107" T o " Fon
é - Eﬂﬁ g x 18":: Vorsi ;f121) ey
(1) 010 x10” ) Eon
210 NG Eor 2x 107 n S, B "
x
ié’ e 21 s : om
05 Eoe 231078 Vos (24Z2) Em., i)
(w Epgr 4x10 Vs (24/2Z)) 1 o (i) g
(i) Eoss 2x 1070 Vo (20Z2) ?7 s W) E,
G i 3x107 Vs (Z4/2Z2) 0 I 2
100 200 300 100 W Eun S Vo i) s "o 15 20 25
008 1
Temperature (K) Eos 5x 10::: T 1000/T(K")
pE T e —
Fig. 3. Conventional DLTS spectra of 4H-SiC showing the E:: 1x 10" Ves (azs:,zz) Fig. 4: Arthenius plots of deep level defects in 4H-SiC SBD
Ipresent of the defects after process (i), (i), (iii) and (IV) ob- Erve 6x 10" Vom (2423) for process (ii), (iii) and (iv), obtained from conventional
|feined at V.= =5V, Vo= 1 V.ty = 1 ms and Rw=20s ! DTS i X107 Vois DLTS.
030 E:" g = 18::: \ V(C? /Z3) . ™
65 14 cs &V e
~025 am ,: % 1 g_“ zas (gﬁz) 50 Eam
3 18 - o5 (21Z) . E;
] 45 E o
Zo020 . In (i) four defects (Table 2) observed in the as-grown SiC samples (Fig. 3). || .~ e »
§. . In (i) two new defects (Eoss and Eqgs2) observed, amplitude of shallow de- .,f 40 ¥ Euy
o5 fect Eq s reduced to 12%, peak of oz and Eqe; broad, indicating the pres-(| £ 5 P
2 ence of more than two levels whose energies are closely spaced. '; ," ~
3010 . In (iii) shallow defects disappeared as a result of intense damage that low-| | = 30 £
-] ers the position of the Fermi level in the bandgap, below shallow defect lev-|| = , 5 L0 1
S o0s els, therefore the defect levels were never filled by DLTS filling pulse. 7
In (iv) shallow defects re-appeared after annealing. 20
0.00 Laplace-DLTS in Fig. 5 indicates the presence of two close defects Eoa9) 15
and Eoa, the two defects had acceptor-like behaviour and could be at- 25 30 35 40 45 50 55 60
Emmision rate (s™") tributed to silicon or carbon vacancy. 1000/7(K)
Insert of Fig. 5ﬂwsmemmdmmmmmsplnby .
upmmrsmmmmv,-—sv Vo= Fig. 4: Arrhenius plots of some of the deep level defects
atures 200, 205, 300 and 310 K. {place DUTS: Esse Eey a0 Eoe detecie e icdn o2 21Z: had served in (i) from Laplace-DLT:

155

© University of Pretoria



SAIP 2015 in South Africa

weelmcuﬁenlnwmmsandwumaen
. Useful for ch i

power supplies.
i Perfonnaneeofdevmeseanbequamﬁedmhmofn, SBH, /s and Ny. "

Irradiation:
Wm

1+

a-particle v
lity evaluatic and defect studi

it

._Sample left at room tempe

Results and Discussion

(-
. Deep level transiant spedrosoopy measurements.
ature after hig

—

voltage (C-V) measurements.

fluence irradiation for 1 week.

580 before /lrad/atlon after a fluence of 9.2 x 10" cm|
from an Am**’ radionuclide source, and after 1 week at RT.

. ldeality factor increases after the bombardment and decreases after 1

. Increase in n attributed to deviation from thermionic emission.

“’; ] Table 1: Summary of important parameters of a Nl/4H-SlC SBD before T g g g g
:::; o il 33000 * irradiation, after fluence of 9.2 x 10" cm™ from an **'Am radionuclide 102
104 e A i’ source, and after 1 week at RT, calculated from |-V and C-V characteris-| 10!
10° o * tics. N \

Z10¢ .t = 10° A

107 o by bev Ny C(pF) | S -

s;g‘, o Sample no@V) (V) (107'A) (10%cm) at-5V £ \'

=107 . s -
Sl o Un-irradiated 120 147 244 2 16 343 | CoaE ¢ e A
I . 1 & Afier 1 week at rom tenperatire [
107 9.2x10" cm 185 1.34 3.66 520 1.1 256 104 %
00} 3t o
104 After 1wk @RT 145 140 3383 36 12 275 10

04 06 08 10 12 14 16 1§ 20 22 -80 -40 20 0
Voltage, V(V) Voltage, V(V)
iFig. 1: Forward logarithmic I-V characteristics of a 4H s:c' Thermionic emission dominated in all the three plots up to approx.|Fig. 2: R ic I-V of a 4H-SiC)

1.2V Fig 1.

week at room temperature.

SBD before irradiation, after a fluence of 9.2 x 10" cm™
from an **'Am radionuclide source, and after 1 week at RT.

Un-eradusted
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Fig. 4: Plots of 1/C° as a function of voltage of a 4H- SIC
SBD before irradiation, after a fluence of 9.2 x 10" cm™}
from an **' Am radionuclide source, and after 1 week at RT.

0 50 100 150 200 250 300 350 400
Temperature (K)

& . Series resistance also increases after irradiation as shown in Fig. 1.
80 e e i . After irradiation free carrier concentration decreases, and increases
_ *  Afier 1 week af room temperature a slightly after 1 week at room temperature as shown in Fig. 4.
= -
£) %
S.f' o~ Lo Table 2: Electronic properties of defects detected in 4H-SiC by DLTS
E 't before and after alpha-particle irradiation at high fluence.
] 3
g® a8t 3 Defect Er(eV) 0a(cm?’) Tpea (K) Attribution
it = r =
20 n..nl"‘"' Eoos E~0.09 8x10" 51 N impurity
T T Eonn  E~011 2x107 74 i impurity
L Voltage, ¥ (V) Eows  E~0.16 1x107"® 94 Ti impurity
Fig. 3: The C-V characteristics of a 4H S/C SBD before ir-| 15 .
radiation, after a fluence of 9.2 x 10" cm™? from an Am**’ Eose Ec0 3978 210 217 Vsi
radionuclide source, and after 1 week at RT. Eoe E~062 1x10" 301 242,
0.12 [ Uwimadintea B Eoes E~065 4x107" 332 24/, (C/Si vacancy)
—— 9.2 % 10" alpha-particles-cni”*
0.10 j—— After 1 week at room tenperat
Fopy . Four defects observed in the as-grown SiC samples (Fig. 5).
008 . Two defects (Eq3g and Ege2) introduced after irradiation .
Do 06 . The signatures and attributes of the defects present before and after
irradiation are tabulated in Table 2.
0.04 . The Eggs appeared at low rate windows after irradiation.
0.02 . The Eqgs defects are known as Z4/Z;, believed to be intrinsic [4].
: . After irradiation, peak height of shallow defect Eq oo reduced, probably|
0.00

. The deep level defect Eq 3¢ disappeared or annealed out after 1 week|

5: DLTS spectra of a 4H-SiC SBD before

irradiation, ||
aﬂuenesofszsm“em"mman"'l\mmu-

due to Fermi-level lowering.

at room temperature.
The deep level defect, Eq 3 is not stable at RT.
The broadness of Eqg; and Eqgs revealed the presence of more than

one defect.
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Electrical characterization of defects introduced during electron beam
deposition of W Schottky contacts on n-type 4H-SiC

E. Omotoso *°*, W. E. Meyer?, F. D. Auret?, S. M. M. Coelho ?, P. N. M. Ngoepe # and M. Diale®
2 Department of Physics, University of Pretoria, Pretoria 0002, South Africa
b Department of Physics, Obafemi Awolowo University, lle-Ife 220005, Nigeria
ezekiel.omotoso@up.ac.za; wmeyer@up.ac.za

o N\ \
r Introduction Experimental Procedure
Silicon Carbide Sample preparation
. Semiconductor (SC) with a wide bandgap of 3. 26 eV [1] . Nitrogen-doped n-type 4H-SiC sample with doping density 3.7 x 10'* cm™ was used.
. Suitable for el devices bl . Degrease: trichloroethylene, acetone, methanol (boiled for 5 min in each).
high lemperalure, h|gh power and htgh 1requency |2], . Rinse: De-ionized water for 1 min.

Etch: 40% HF for 30 seconds.

Rinse: De-ionized water, followed by blow-dry with N2 gas.

Ohmic contacts: 300nm Ni by resistive evaporation, annealed at 950 C in Ar for 10 min.
Schottky diodes: Tungsten of 40 nm thickness was evaporated by a 240 mA, 1 kV elec-

harsh 1 er 1t e.g. space, facilities, nuclear power plants [3].
. Superior to Si in a number of applications.

Deep level defects

. Act as carrier traps in SC, could be advantageous or detrimental to device.

. Formation of deep level defects tron beam.
during growth and fabrication of electronic devices; operation under radiation harsh . Control: Irradiation with 8.6 x 10 electrons-cm from an *Sr source.
environment; and particle irradiation. Contact quallty evaluation and defect studies
/Aim and objective Sale t ge (I-V) s,
. To study the electronic properties of defects introduced in n-type 4H-SiC during the electron | |. Capacitance- vo|tage (C-V) measurements.
beam deposition (EBD) of W Schottky contacts. . Deep Level Transient Spectroscopy (DLTS).
. J \\ J

Results and Discussion

. Thermionic emission dominated above approximately 0.55 V
at 300 K (Fig. 1).

. Generation-recombination dominated from below 0.55 V.

. Series resistance is dominant at higher voltage.

. High value of ideality factor, n, attributed to deviation from
thermionic emission. 15

. |-V measurements demonstrated that EBD resulted in degra-
dation of Schottky contact (resulted in degraded /-V charac-
teristics).

. From the inset (Fig. 1), the reverse current increased with
voltage, but remained below 100 pA.

. From Fig. 2, the Ny estimated greater than the doping density 2
of material. This indicated the presence of deep level defects. g .

v EBD of W4H-SIC

Current, / (A)
1/C? (102 F?)

- = £l = ° v EBD of W4H-SiC

104, Feverse Vokage. ¥, V) Table 1. Schottky diode parameters obtained from I-V and C-V W/n-4H.
0.0 05 1.0 15 20 SiC SBD deposited by electron beam PR 5 P T e T

Forward Voltage, V, (V) n LA __ R(Q) Vo Nalem™) duv(eV) dcv(eV) Voltage, V (V)
=5 i

250 62x10 158 182 58x10" 098 1.82 Fig. 2. 1/C* as a function of voltage for W Schottky contact to 4H-Sic}

deposited by EBD. Inset is the capacitance as a function of voltage.

Fig. 1. -V characteristics of W Schottky contact to 4H-SiC deposit-
ed by EBD. The inset is the reverse |-V characteristics.

¢ EBD of Wi4H-SIC Eo.10 E067
- © 24 hrs HEEI of RE of Ni/4H-SIiC
i V=3V
. V,=25V LU
— = E016 4 =
‘;‘5-, 06 «:,: I:o\.w 2 L=2ms ué
© < ,E0.10{ =
5 3 § 5w
@D o4 o )
%] = 2}
ar oy )
a o o o2
02
'
0.0 00
o 100 200 300 oa ; !‘D 15 20 E-] 0 100 200 300
Temperature (K) 1000/T (K1) Temperature (K)
Fig. 3. Conventional DLTS spectra of (a) W/4H-SiC deposited Fig. 4: Arrhenius plots of deep level defects in EBD of W/4H- Fig. 5. Conventional DLTS spectra of (a), (b) and (c) (see Fig.
by EBD, Ni/4H-SiC by RE (b) after HEEI and (c) as-grown. (The SiC and HEEI of RE of Ni/4H-SiC SBD devices. 8)measured under different bias conditions, deeper into the
region 56 — 360 K is scaled up by a factor of 8.) semiconductor. (56 — 360 K scaled up by a factor of 8)
. Four defects present in control Fig. 3 (spectrum (c)). ;"b""z Slgnatures of defects iniroduced into the devices by EBD and | pefects, E0.42 & E0.70 introduced have electronic prop-
: s s B igh energy electron irradiation (HEEI) 5 o ;
. After EBD, six defects observed with the conditions in Fig. 3. Process Defectlabel  E,[eV] o, [x 10°°cm?] Defect D erties similar to defects introduced by HEEI [6].
. Two defects (E0.42 & E0.70) introduced by metallisation. EBD/HEET o0 o= 0.10 & oo N . E0.42 was not observed in Fig. 5, which shows that the
. [E0.42 defects introduced was close to the W/n-4H-SiC junc- 50‘12 = 0'12 o T defect is very closed to the surface.
tion E0.16/0.16 EC—CO_ 16/0.15 an 1_: . EBD defects are introduced by heavy metal or gas ions,
. These defects influence the device performance and alter E0.42/0.40 20 0.42/0.40 6/3 Vo the defects may be vacancy cluster and complex with im-
barrier height (BH) of the contacts [4]. E0.67/0.63 Ec—0.67/0.63 10/3 Vos: (Z4/Z2) [8] purities.
E0.70/0.71 Ec~—0.70/0.71 13 Vesi (Z4/2Z2) [5)

Conclusions References
I-Vand C-V characteristics demonstrated the suitability of W/4H SiC SBDs for the DLTS study .M. Tolbert et al, Proc. Int. Conf. Power and Energy Systems, 1, 317(2003).
EBD introduced two defects at and close to metal-semiconductor junction (W/n-4H-SiC ji . Akbay et al, J. radioanal. Nucl Ch, 289 145-148 (2011).
Study ravealed that the two defects introduced during EBD have same electronic properties as defects in HEEI g"’l\m& "f’ ﬁ’z”f’e‘fg ;"'ggg I1ESEGE1 B’:’;acm"s on, 50 194-200 (2008).
E0.42 has -like ir, and E0.67 and E0.70 defects are of intrinsic nature “A.G. Eberlein of al, Phys. Rev. Lett., 90, 2255021-2255024 (2003).

linked to carbon vacancies and/or carbon interstitials. . Omotoso et al, Mat Sci Semicon Proc, 39, 112-118 (2015).
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Electrical characterization of defects introduced in n-type N-doped 4H-

SiC during electron beam exposure
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4 D
o Caitide Introduction Experimental Procedure
Sample preparation
® Semwon;:luctor witha ‘s"ede bandgap“of 3126 ev[1]. : * Nitrogen-doped n-type 4H-SiC sample with doping density 7.1 x 10" cm™ was used.
® o vices Gap orop gat * D > (boiled for 5 min in each).
+ high temgeramre hlgh power and high frequency [2], S Rin;e: De-ionized water for 1 min.
¢ harsh AN eg:shace, facilities, nuclear power plants [3].  Etch: 40% HF for 30 seconds to remove native oxide layer on the samples.
* Superior to Siin a number of applications. « Rinse: De-ionized water, followed by blow-dry with N, gas.
Deep level defects . : « Ohmic contacts: 300 nm Ni by resistive evap., annealed at 950 C in Ar for 10 min.
* ':Z:w:;‘_’::‘;’;’e';‘;sieﬁ‘:':;:;:"amagews or detrimental to device. « Cleaning procedures repeated after annealing, but only for 3 min. in ultrasonic bath
ST oo . . A - « Schottky barrier diodes: Fabrication of SBDs were in 2 stages:
dun_ng grow:fl ar:;ﬂ fall_)'l_'u':at!on :_f :glectronic devices; operation under radiation harsh + 1st stage: Ni Schottky contacts of 10 nm were thermally evaporated,
Aimeanl\\lgotr;:}:zt'icz paticemdaion: followed by exposure to e-beam condition without evaporating W for 50 min.
s ’ 5 . s 5 + 2nd stage: Additional Ni Schottky contacts of 90 nm were thermally evaporated.
. ;’: ::;ieﬁsct'ﬁ)ate the effect of exposing n-type 4H-SiC to e-beam conditions (without metal « Comparison: Irradiation with electrons (Sr) and a-particles (**'Am).
: Contact quality evaluation and defect studies
« To study the electronic properties of defects introduced in n-type 4H-SiC during the elec- X Curre(:t-volz e (I-V) & capacitance-voltage (C-V) measurements
tron beam exposure (EBE) and compare the signatures with as—gruwn SiC, and after S Dass Level T?ansient Spectroscopy (DLTS) :
bombardment with a-particles and HEE from an 2*'Am and a ** Sr sources, respectively. P P! Py :
Results and Discussion
« Thermionic emission dominated (Fig. 1 and Table 1.)
10 UMy 0 7 7 R e * Series resistance of a-particle irradiated contact increased, while 07 = e
107 E as-grown that of EBE contact decreased significantly. ‘
10': HEE imad « High value of ideality factor n, in EBE SBD attributed to slight de- 06 ® asgrown
10 4 E EBE viation from thermionic emission, probably due to interface ’ .
102 states o HEEimad.
—~ 10% . o .
< }g ¥ ; * |-V and C-V measurements demonstrated that e-beam exposure i o5 98
o | (without metal deposition) resulted in degradation of Schottky )
o 10 =}
5 10° E contacts. 2 04
O 101 Table 1. SBDs parameters obtained from |-V and C-V of Ni/4H-SiC "Q
10 Schottky contacts for as- gro..'n a pamc/e and HEE irradiated, and EBE. = 03
1077 Samples n No Gy Gov
0%y [u1o “’A] [Q] [X1O‘scm 1 [eV] [eV] 02
e 17 / As-grown 1.04 1.26 R
1000 o 05 '1'5' o '20 a-particle irrad. 1.07 3 70 6.7 1.29 1.36 0.1
: HEE irrad. 113 01 60 73 1.38 1.60 -1.0 05 0.0 0.5 10
Voltage (V) EBE 126 66 13 7.7 121 1.38 Voltage (V)
Fig. 1. |-V characteristics of Ni/4H-SIC Schottky contacts for as- Table 2. Signatures of deep level defects present in Ni/4H-SiC for as- Fig. 2. 1/C° as a function of voltage for Ni/4H-SiC Schottky contacts
grown, a-particle and HEE and e-beam (EBE) grown, a-particle and HEE irradiated and EBE for as-grown, a-particle and HEE irradiated and e-beam exposure.
s Process D:fzﬁ:t Er[eV] 0, [em?] Defect ID 5 e A T T g
0.10 [a] = as-grown S-grown 0.10 T tad t 0.40 v EBE {
F s A E Ec-010 3x10" N [ B ]
[c]= EBE ) oz Ec-012  1x107* U G < g 5o Eiliojp o0 ]
28 {61 = HEE irag Eows Ec-016  1x107 T = | § 3 Eins !
& Eoss Ec—065  4x107" Vo (Z/Z) %37 ¢ Eow
g 04 =4 a-particle Eo10 Ec—-0.10 2x 107 N i Eoz ; (f ~ 1
é c] Eorz Ec—012  1x107® T El 2b: 8 i :P i
2 Eos Ec-016  3x107 Ti < IS8 & 7 |
02 Eoss Ec-039  2x107" Ve e 4 ]
Eost Ec—061 5x107" V¢ (Zi/Z) f Ep s = j
00t Eozo  Ec—070  6x107° V¢ (Z4/Zo) ol ) Eais 0.10 |
: 2 G : =15
50 100 150 200 250 300 350 HEE ol EcS 010 10T N 0 5 10 15 20 25 30
Temperature (K) Eo12 Ec-0.12 4 x10 o Ti 1000/T (K™)
E, Ec-0.16 1x10” Ti i, 4:
Fig. 3. Conventional DLTS spectra of Ni/4H-SiC for as-grown, a- i Ec 022 2x 10" 5 Fig. 4: Arrhenius plots of deep level defects in of Ni/4H-SiC for
particle and HEE irradiated and e-beam exposure. Eo2 c—0. ? as-grown, a-particle and HEE irradiated and e-beam exposure.
-15
EOUr defoct ti Fig. 3) [4 Eoso g e 10_'5 Ve * The exposure of samples to electron-beam (without met-
b Ul n'el 5 f p(rjeser; &az—g{rov;m (E 9. &)é 1 4 Eogs Ec-0.65 3x10 Ve (24/Z2) al deposition) could be another mechanism of introducing
§ fug; i:fa?ii':ti[:n ?nctfoduooedetn?;es ée?e‘éts (Eu 2 [E]- & Eoo  Ec—070  3x107°  Vc(2i/Z) :’efec‘s Eo.2 & Eo7y Without high energy particle irradia-
022, ©0.40 i
i ident EBE E Ec-010 1x10" N 00, ) :
Eoo), v:(h the identity of Eé”fz n:)t yet (':II::r 15). E:.:: Ez 012 2x 1071 Ti « Doyle et al reported earlier that Eq.+; has acceptor-like
* EBE induced Eq 4, & Eo 7, defects in Ni/4H-SiC SBD, g o behaviour [6]. Some attributed the defect to Vcis; or anti-
which have similar attributes to defects introduced by Eois  Ec-016  2x 10_‘5 Ti sites,
high energy p , butin lower E‘? EC = 8;% i : :g.,, V. V§$IJZ » Eo71 is commonly known as Z4/Z, defect. It has intrinsic
£ i 15 ¢ (21Z2) nature linked to carbon vacancy [7]
Eorr  Ec—071  1x10 Ve (Z4/Z2)
Conclusions References
« EBE introduced two defects, Eq 4, and Eg 71, related (o Vessi and Ve (Z4/22), respectively. 1. L.M. Tolbert et al, Proc. Int. Conf. Power and Energy Systems 1 317(2003).
« According to li Eoszhas like b 2. A Akbay et al, J. Radioanal. Nucl. Ch. 289 145-148 (2011).
« EBE did not i heEioh B by HEE irradiation 3. L. Kin Kiong et al, IEEE Trans. Nucl. Sci. 50 194-200 (2003).
ey > 2 2 . _ 4. E. Omotoso et al, Nucl. Instr. Meth. B (2015) (in press).
« The study revealed that the two defects introduced during the exp: have same prop as de- 5 E Omotoso et al, Mat Sci. Semicon. Proc. 39 11;.113 (2015).
fects induced as a result of high energy particles (a-particle and HEE irradiation). 6. Doyle et al, J. App. Phys. 84 1354-1357 (1998).
Z.Son etal Phys Rev. [eit 109 167603 (2012)
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