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Abstract

Electrical characterization of process induced defects in 4 H-SiC

by Shandirai Malven Tunhuma

Silicon carbide has become an important material in the implementation of next gen-
eration photonics. It harbors the silicon vacancy (Vg;) which can be transformed to a
carbon antisite-vacancy pair (Cg;Ve) defect through thermal treatment. This defect
has quantum functionality and can be used as a single photon source at room tem-
perature. Using defect engineering, this technology is set to surpass advances made
in other similar systems because it is being developed on existing standard indus-
trial practices, fabrication protocols and mechanisms. These include techniques such
as irradiation, annealing and ion implantation. The motivation of this work was to

establish sound device fabrication protocols to be used in the device implementation.

In this thesis DLTS and Laplace DLTS have been used to characterize deep level
defects induced by various processes in 4H-SiC. Schottky barrier diodes were used
to create the space charge region required to probe the defect characteristics using
capacitance DLTS. From the DLTS and Laplace DLTS the activation energies of the
defects were accurately deduced and the apparent capture cross section was calcu-
lated. The defect concentration was also quantified in the form of depth profiles
plotted from the metal-semiconductor interface of the Schottky barrier diodes into
the bandgap of the semiconductor. SEM, AFM and XRD were used to probe the
changes in surface morphology and composition accompanying the processing steps

whilst Raman spectroscopy was used to probe the nature of induced defects.

Sputter deposition of tungsten on 4H-SiC was successfully used to induce the Eg g9
which is the Vg;. The identity of Vg; was confirmed by thermal treatment and it
annealed beyond detection at 600 °C as expected. A previously unreported defect,
the Eg29 was also observed after sputtering and was attributed to the heavy metal

and gas ion residue from the deposition process. In order to transform the Vg; into



CsiVe, W/4H-SiC diodes were annealed up to 1100 °C. This resulted in the formation
of defects which were attributed to the interdiffusion of silicides and carbides formed
at the W/4 H-SiC interface, as detected by XRD, migrating into the SiC. This was an
unfavourable outcome for photonics applications where purity of the semiconductor

is a major concern.

As an alternative solution, the Vg; was induced in 4H-SiC using 167 MeV, Xe26+
swift heavy ions. Xe is a noble gas therefore it would not react with the semiconduc-
tor. The structure and integrity of the lattice structure was conserved after irradiation
as deduced from confocal Raman microscopy. The depth and concentration of the
defects as observed in confocal Raman was consistent with SRIM simulations. AFM
showed that the radiation introduced elongated protrusions on the surface of the

semiconductor.

The observations show that the silicon vacancy can be induced in 4 H-SiC by standard

industrial practices such as sputter deposition or ion irradiation.
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Chapter 1

Introduction

Silicon carbide has become the backbone of the power electronics industry. The
first known device made from the material was a solid state detector patented by
Dunwoody in 1906. It was a point contact diode for receiving radio waves. A year
later, Pierce (1907) presented the first current-voltage characteristics showing diode
rectifying behavior. Since then, several milestones have been reached in improving
the semiconductor in order to attain an optimum quality, suitable for commercial
electronic applications. Today it is used to produce small high voltage devices with
higher efficiencies and minimal losses when compared to those made from elemental

semiconductors.

As the demand for faster, high power miniature devices continues to grow, SiC finds
itself as a suitable candidate for newer co-integrated technologies which have mul-
tiple applications. The main challenge in the growth of silicon carbide has been a
difficulty in controlling the processes involved resulting in crystals with a high defect
density. Micropipes and some native intrinsic defects are almost always present in
electronics grade wafers (Nakamura et al., 2004). The problem is compounded by the
metastability of some of these defects which change configuration under various con-
ditions. An understanding of the impact of defects on device properties is essential

for successful device design and fabrication.

Defect studies are particularly important in SiC because of the identification of a
room temperature single photon source in the material by Castelletto et al. (2014)
which was linked to the carbon antisite-vacancy pair (Cg;V¢). The defect has im-
mense potential for use in quantum computational applications. However, research
still needs to be done in device implementation and to establish sound fabrication

protocols.
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1.1 Motivation

A detailed account of growth, implantation and process induced defects, their iden-
tification and characterization is given by Kimoto and Cooper (2014). Claeys and
Simoen (2013) gave a summary of the irradiation induced defects and their formation
mechanisms. In both narratives, the future of 4 H-SiC looks promising but many chal-
lenges are also presented. The general consensus which is also shared in many other
publications was that defects are detrimental for device performance in the semi-
conductor and must be eliminated (Hemmingsson et al., 1998b). Since then there
has been major improvements in measurement techniques, instrument resolution and
growth techniques. Further, defects have been shown to play major beneficial roles
in novel SiC technologies (Castelletto et al., 2015). Thus, there is a need to apply

physics principles in defect studies so as to positively exploit them.

Metalization is a crucial processing step in the semiconductor industry. Several stud-
ies have reported that deposition techniques with high energy incident particles in-
troduce electrically active defects in semiconductors. Most of these defects have been
shown to be detrimental to device performance. From a defect engineering perspec-
tive, however, incident particles have been used to induce defects that have been used
for refined control and to optimize semiconductor device performance (Seebauer and
Noh, 2010). It is therefore important to investigate if the incident particles which
emanate from metal deposition processes can also be used to engineer beneficial de-

fects.

Migration of device contact metals and their related compounds during subsequent
device processing steps or operation in high temperature environments is a source
of contamination in electronic devices. In miniature microelectronic devices, the
influence of ultra-low contamination from formation of silicides and carbides on metal-
4 H-SiC structures and interfaces becomes highly critical to device fabrication yield
and determines their lifetime (de Luca et al., 2014). Laplace-DLTS is highly sensitive
for defect detection at low concentrations (Peaker et al., 2012). Its capability in
tracking diffusion of impurities at very low concentrations still needs to be established.
The technique presents a low-cost alternative to expensive spectroscopies like RBS
(Rutherford backscattering spectrometry) or ToF SIMS (time of flight secondary ion
mass spectroscopy) which have high equipment budgets for the same purpose. ToF

SIMS is destructive, which is sometimes detrimental to what is being measured.

Raman spectroscopy can also be used to characterize defects in SiC. The position,

relative intensity and width of Raman spectra can be related to defects in the crystal
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structure (Ward et al., 2004). The technique continues to evolve and confocal Ra-
man mapping can now produce depth profiles of outstanding resolution along cross
sections. Its effectiveness in mapping defects introduced by incident radiation in SiC
needs to be established.

1.2 Objectives

This work set out to investigate the defects induced in 4H-SiC by some standard
industrial procedures that are employed in device manufacturing and processing.
Whilst the generally accepted viewpoint is that defects in 4H-SiC are detrimental
to device performance, the approach was to determine whether these defects can
be engineered for beneficial purposes. The defect of interest was the Vg; which has
been successfully used to produce a single photon source after transforming to Cg; Vs

through annealing. Our objectives were:

e To produce high quality Schottky barrier diodes (SBDs) and use their physical
attributes to probe electrically active defects in the bandgap of 4 H-SiC.

e Characterization of defects introduced by the sputter deposition process in 4 H-
SiC and to explore the possibility of adopting the process for the defect engi-

neering of Vg;.

e Characterization of defects introduced during the annealing of SBDs and to

track their migration in the lattice structure using Laplace DLTS.

e To apply 2D confocal Raman mapping in the characterization of defects intro-
duced by swift heavy-ion irradiation of 4 H-SiC and 4H-SiC devices.

1.2.1 Layout of the dissertation

e Chapter 2 covers the theoretical aspects of defects in semiconductors and
4H-SiC in particular.

e Chapter 3 discusses electrical measurements that are used to probe the defect
characteristics in semiconductors. These formed the basis of all investigations

in this thesis.
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e Chapter 4 explains the experimental techniques that were applied during fab-
rication and characterization of devices. The instrumentation used is also de-

scribed in detail.
e Chapter 5 is a presentation and discussion of results obtained.

e Chapter 6 concludes the study and describes the future work arising.

1.3 4H-SiC as a semiconductor

4H-SiC has a wurtzite structure comprising of Si atoms, each covalently bonded
to four neighboring C atoms; by sharing electrons in sp? hybrid orbitals to form a
tetrahedron (Saddow and Agarwal, 2004). The direction normal to the Si — C bi-
layers is known as the c-axis. Bi-layers arrange in a stacking sequence with three
possible site configurations conventionally denoted by A,B and C. As illustrated in
Figure 1.1 there is an ABCBABCB......stacking sequence in 4H-SiC along the c-axis
with a periodicity of 4. The lattice parameter is 10.0820 A but it can vary depending
on temperature and doping density. In the nomenclature 4 H-SiC, the number 4
refers to periodicity (i.e number of bi-layers in one repeating unit), and H denotes

the hexagonal structure.

The strength of the Si — C chemical bonding gives it robustness (high Young’s mod-
ulus), inertness and high electrical conductivity. It also bestows on the material,
extreme thermodynamic properties, meaning that growth can only be accomplished
at high temperatures (Fraga et al., 2015). Bulk growth of the material can be achieved
through sublimation, solution, high temperature chemical vapor deposition and phys-
ical vapor transport. Epitaxial growth can be done on bulk substrates using chemical
vapor deposition, molecular beam epitaxy and liquid phase epitaxy. Attaining perfect
polytype control is always a challenge during growth processes, because other poly-
types tend to appear. There is also difficulty in controlling defect densities. Extended

defects like micropipes, dislocations and faults are almost always present.
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[0001]

Figure 1.1: Schematic representation of the crystal structure of 4 H-SiC. The grey
entities represent silicon and the gold entities represent carbon.

CVD is the most widely used and successful technique for 4 #-SiC homo-epitaxy. The
growth is usually executed in two steps starting with in-situ etching of the substrate
(usually bulk material) in a chamber to remove subsurface damage and to even the
surface (Sukkaew et al., 2018). Thereafter, the substrate is exposed to chemical
precursors which can be monosilane and propane or ethylene. This is done in the
presence of an argon or hydrogen carrier gas at around 1600 °C. A SiC layer is then
formed on the substrate via nucleation. N-type doping is achieved by introducing
nitrogen or phosphorous during growth. P-type doping is achieved by introducing
beryllium, boron, aluminum or gallium. In a hot-wall CVD reactor, the SiC substrate
is constantly heated during deposition for a uniform deposition that is not susceptible

to warping.

The 4H polytype was chosen as the subject of this thesis because it is the one in

which the single photon sources were reported (Lohrmann et al., 2016).
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1.3.1 Properties and applications

The table below lists some of the physical properties of 4 H-SiC.

Table 1.1: Physical properties of 4H-SiC (Kimoto and Cooper, 2014)

Bandgap (eV) 3.2-3.3
Electric field breakdown (MV/cm) | 2.0 — 3.0
Hole mobility (cm?/ Vs) 115 - 200
Thermal conductivity (W/cm?) 3-5

SiC is an indirect semiconductor with a wide bandgap leading to an inherent large
carrier lifetime (Shul, 2001). In addition, the wide bandgap implies that higher ther-
mal energy is required for intrinsic conductivity allowing the material to be used
for high temperature applications of up to 300 °C without breakdown (Lamichhane
et al., 2014). The high electric field breakdown strength, allows high voltage appli-
cations and enables devices to withstand an electric field breakdown up to 10 times,
when compared to an elemental semiconductor like silicon (Jayant, 2006). As a re-
sult silicon-carbide devices are smaller and more compact relative to those made from

other semiconductors.

Thermal conductivity can be a measure of the ability of a material to dissipate heat.
It’s high value implies less cooling is necessary and so the devices can withstand
much larger power densities and harsher environments (Feng, 2017). Furthermore,
the material has a native oxide layer which makes it possible to fabricate the whole
family of MOS based electronic devices. It can easily be doped as n-type or p-type

in a wide range of more than 5 orders of magnitude.

Several electronic devices have been implemented on 4H-SiC to date. SBDs have
been incorporated in a variety of power systems together with JFETs and MOSFETs
which act as power switching devices. These have revolutionized the power electronics
industry where performance of semiconductor devices is critical for efficiency. The
weight of a power supply or inverter which was traditionally silicon based can be
reduced by a factor of 4-10 when silicon carbide is incorporated. The drift layer
of a SiC transistor is a tenth of the thickness in transistors reducing resistance and

minimizing power loss.
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e Insulated gate bipolar transistor (IGBT) modules which are made up of SiC
Schottky diodes and MOSFETS are used in wind turbines enabling good tem-
perature and load cycle stability at high power density (Rahimo et al., 2015).

e SiC solar inverters convert D.C. supplied by solar panels to A.C. to adapt it to
power levels of the grid and feed it to the grid (Wilhelm et al., 2010).

e In energy storage, active front end converters made of SiC are used for charging
and discharging batteries in an energy storage network tripling battery switch-

ing frequency and reducing filter costs (Madhusoodhanan et al., 2013).

e In utility vehicles like forklifts or municipal garbage collection vehicles SiC
main drive controllers supply high voltages at high power ranges (Saddow and
Agarwal, 2004).

e SiC SBDs have a negligible reverse recovery time, therefore switching loss is
dramatically reduced, and switching frequency is increased leading to down
sizing of power components. In power factor correction circuits that are used in
AC-DC power converters they have contributed to significantly smaller devices

(Jovanovic and Jang, 2005).

e Portable electric car-chargers have been made 10 times smaller by the use of
SiC MOSFETSs. This has made electric cars more reliable (Vorel and Cervinka,
2014).

All these devices are commercially available.



Chapter 2

Defects in semiconductors

2.1 Introduction

Defects are always present in crystalline solids. They have been shown to significantly
affect the performance of silicon carbide based devices. This chapter examines defects
found in semiconductors. Several ways in which they can be classified depending on
the material in which they exist are listed. Only n-type 4 H-SiC is discussed in this
thesis. Detailed descriptions of the most prominent defects found in n-4H-SiC are
given as well as some background theory on the diffusion process. In this work only
zero dimensional defects were investigated, and they will be referred to as point

defects. Point defects form the medium for diffusion in semiconductors.

2.2 Point defects

Examples of point defects (Figure 2.1) are:

e Vacancies: arise when a component is missing from a regular lattice point. In
ionic compounds vacancies can pair up on cation and anion sub-lattices to form
Schottky defects (Feng, 2017).

e Interstitials: formed when host atoms are located at an interstitial point instead
of a regular lattice position. In ionic compounds when an ion occupies an
interstitial position other than its own lattice site, a Frenkel defect is formed
(Jimenez and Tomm, 2016).



Figure 2.1: An illustration of (1) a vacancy, (2) a self interstitial, (3) a substitu-
tional impurity (4) an interstitial impurity shown for the basal plane of a model
hexagonal close packed lattice.

e Impurities: these are foreign atoms found isolated inside the lattice (Enderlein
and Horing, 1997).

e Antisites: formed when certain concentrations of components exchange posi-

tions in sub-lattices (Queisser et al., 2003).

Thermodynamically, defects can be classified based on the Gibbs potential (AG)
(Paul and Divinski, 2017)

AG = AH — TAS (2.1)

where AH is the change in enthalpy, AS is entropy and 7T is temperature.

i) Equilibrium defects

They decrease the free energy causing the material to be more thermodynami-
cally stable. This is because their production results in an increase in configura-
tional enthalpy. They usually arise in the lattice during material growth (Smith
and Wagner, 1987).
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ii) Non-equilibrium defects

They increase the free energy causing the material to be more unstable. The
increase in enthalpy dominates the increase in entropy. In the presence of suf-
ficient thermal energy the system will try to minimize these defects. Examples

are irradiation induced or damage induced defects (Ryoken et al., 2005).

2.2.1 Shallow and deep level defects

Defects can be classified as shallow or deep levels. Shallow levels arise due to small
perturbations of the lattice potential by an electrostatic potential generally created
by a substitutional doping atom, able to bind an electron (if created by a donor
atom) or a hole (if created by an acceptor atom), the same way an electron is bound
by an HY ion, i.e. the trapped carrier sees a long-range 1/r potential. The properties
of a shallow level can be approximated by the Bohr model of the hydrogen atom
(Poole and Charles, 2004). They can be intentionally introduced in a semiconductor

to control the Fermi level in a semiconductor.

Deep levels are defects with properties deviating from those predicted by the Bohr
model of the hydrogen atom. The perturbations to the lattice potential are much
larger in the trap’s vicinity. They have a steep potential and their electron wave

functions are localized at the defect site.

2.2.2 Capture and emission

The occupancy of deep levels is changed through carrier transitions between bands
Schroder (2006) as shown in Figure 2.2. The possible transitions are
i) Carrier regeneration
ii) Electron trapping
iii) Hole trapping
iv) Recombination
On Figure 2.2 a recombination event occurs in the order (1) then (3). A regeneration

happens if (4) occurs after (2). If (1) is followed by (2) or (3) is followed by (4) then

the event is classified as trapping.
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Figure 2.2: Possible interactions between a defect level and the energy bands, Ep
is the effective energy of the trap, Ey is the valence band and E¢ is the conduction
band.

Figure 2.3 shows interactions that the point defects undergo with the conduction
(E¢) and valence bands (Ey) (Bourgoin, 2012).

EC | | |

Er #

EV | | |
Cn>>CP Cn<<Cp Cn=Cp

Figure 2.3: Capture and emission characteristics of traps and recombination cen-
ters.

o If ¢, >> ¢, where ¢, is the rate of electron capture and ¢, is the rate of hole

capture then the defect is termed an electron trap.

o If ¢, << ¢, then the defect is termed a hole trap. If a hole trap becomes more

negatively charged when it emits a hole it is referred to as an acceptor.

e It is called a midgap level or a recombination center when both ¢, and ¢, are

similar.
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The electron capture rate ¢, and the capture cross section are related by

Cn = op{vg)n (2.2)
and similarly the hole capture rate is related to the capture cross section by

& = oy vl 2.3)

where p and n are the hole and electron trap concentrations, o, and o, are the

capture cross sections and (vy,) gives the average thermal velocity of free electrons.

kT

*
me

(o) = (2.4)

where m? is the effective mass of the electron. A similar equation holds for holes. Us-

ing the principle of detailed balance, the emission rates of electrons to the conduction

band is given by (Auret and Deenapanray, 2004)

Ec—FE
en(T) = %aap(vth)Ncexp (—%) (2.5)
Ec — Er is the energy separation of the deep state from the conduction band, go/g;
is the degeneracy between filled and empty levels and N¢ is the effective density of
states in the conduction band given by (Blood and Orton, 1978)

27rm;fl<:T) :

Ne = 2Me ( 5

(2.6)

M. is the number of equivalent band minima. An Arrhenius plot of log (e, /T?) versus
1/T produces a straight line whose slope gives Ec — Er whilst extrapolation to the

1/T axis gives the apparent capture cross section.

2.3 The Z,), defects in n-4 H-SiC

The prominent defect levels observed in as-grown 4H-SiC in the temperature range
(20 - 380 K) we studied are known as the Z/, centers observable in conventional
DLTS scans at an energy of approximately 0.56 — 0.71 eV below the conduction
band minimum. These defects limit the carrier lifetime in high purity epitaxial layers

(Son et al., 2012). Several different viewpoints exist in literature pertaining to their
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identity. Eberlein et al. (2003) carried out theoretical calculations and they showed
that the Z;/, was thermally stable and bistable. They modeled the defect as a pi-
bonded di-carbon interstitial complex next to a nitrogen atom. Contrary to this,
Trinh et al. (2013) theoretically linked the defects to a carbon vacancy.

The Z;/, has been shown by Son et al. (2012) to be related to a carbon vacancy and
made up of two negative U centres with inverted ordering. Negative U behaviour is
when one defect traps two electrons simultaneously with the second one being more
strongly bound than the first (Thang, 2015). The Z; 5 is, therefore, made up of two
negative U centers namely the Z; with a donor level at approximately F,. — 0.43 eV
and an acceptor level at approximately E. — 0.67 eV, whereas for the Z, defect the
donor level is at approximately E.—0.46 eV and the acceptor level is at £, —0.71 eV
(Eberlein et al., 2003). Hemmingsson et al. (1998a) had earlier given evidence of

inverted ordering.

Doyle et al. (1998) showed that in VPE grown material, the Z; center originated
from a defect of an intrinsic nature. Using secondary ion mass spectroscopy (SIMS)
they proved that the defect was not linked to transition metals. Further, Zhang et al.
(2003) showed that the concentration of intrinsic defects in the semiconductor was a
factor of growth temperature. Pintilie et al. (2002) investigated the formation of the
Zy defect by varying nitrogen dopant concentrations and C/Si ratios during CVD.
The formation of the defect was also observed to be altered by the C/Si ratio. They,
therefore, correlated it to the incorporation of nitrogen doping and suggested that it

was a nitrogen complex with carbon interstitials or silicon vacancies.

Asghar et al. (2007) used DLTS to characterize defects in hot layer CVD grown epi-
layers and they observed the Z; at E. — 0.61 eV and an additional overlapping level
introduced by the radiation which they attributed to the Zs overlapping with the
pre-existing Z; peak. They reported that alpha particle irradiation transforms the
Zy into the Z;/; and they related the Z, to the silicon vacancy.

The temperature range that was studied does not include the EHg/7 but it is also an
important defect in 4 H-SiC.

2.4 Irradiation induced defects in 4 H-SiC

The non-ionizing energy loss (NIEL) hypothesis has been successful in estimating

energy displacements that account for damage in lattice structures. Conventionally
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NIEL can be calculated as (Gao et al., 2017)

Tmaz do-
NIEL = « T—G(T)dT (2.7)
o ar

where « is the atomic density of the target material, T" is the kinetic energy of
the recoil material, T},,, the maximum energy that can be transferred to a recoil
nucleus by an incident particle, E; is the threshold displacement energy, do/dT is
the differential interaction cross section, and G(T') the Lindhard energy partition
function (Lindhard et al., 1963).

4H-SiC has been shown to be stable under harsh radiation environments (Nappi
and Seguinot, 2004). Its threshold displacement energy is remarkably high, being
35 eV in Si and 20 eV in C (Jiang et al., 2016). These values are almost triple
those of gallium arsenide which is also considered a radiation hard material (Claeys
and Simoen, 2002). Threshold energy refers to the minimum energy a lattice atom
receives before being displaced to an interstitial position in an ion-solid interaction at
cryogenic temperatures (Crawford and Slifkin, 2013). In order to apply silicon carbide
to radiation hard devices, an in-depth knowledge of its response in such environments

is required for refined control purposes.

Several studies have been carried out to create harsh radiation conditions from heavy
ions on 4H-SiC under controlled environments, and probe the ensuing material per-
turbations. In an electrical study, Kalinina et al. (2002) irradiated 4H-SiC with
245 MeV Kr ions, and showed that it increased the concentration of Z; levels. There-
after Kalinina et al. (2015) also irradiated 4H-SiC UV detectors with 167 MeV Xe
ions and showed that the service life and radiation endurance of the devices increased
at higher temperatures (23 — 180 °C).

Storasta et al. (2004) irradiated 4H-SiC epi-layers with low energy electrons (80
— 250 keV) and observed a linear increase in defect concentration with increasing
radiation dose. They, therefore, speculated that no vacancies or di-vacancies were
induced by the radiation. (Hemmingsson et al., 1997) studied electron irradiated
epitaxial layers and showed that the capture cross section of the induced defects is
temperature dependent. Doyle et al. (1998) showed that the E. —0.32 eV, E. —0.62
eV and E. — 0.68 eV levels introduced by electron irradiation annealed out at room

temperature in VPE grown material.

Paradzah et al. (2015) irradiated Ni/4H-SiC Schottky diodes with 5.4 MeV alpha
particles and revealed that the alpha particle irradiated devices had degraded diode
characteristics. Omotoso et al. (2015) irradiated 4 H-SiC Schottky diodes with high



Defects in semiconductors 15

energy electrons and showed that it induced the E. — 0.22 eV,E, — 0.40 eV and
E.—0.71 eV levels. They also showed that after irradiation, the Richardson constant
significantly increased, implying that it exacerbates inhomogeneity of the Schottky

barrier.

Castelletto et al. (2014) realized an ultra-bright, photo-stable single photon source in
4H-SiC through optimized electron irradiation and annealing. They attributed the

source to the carbon-antisite vacancy pair created by electron irradiation

2.5 Defects induced by metalization processes in
n-4 H-SiC

Metallization is a crucial processing step in the semiconductor device manufacturing
industry. Deposition of metals on semiconductors is accomplished by evaporation or
sputtering. Magnetron sputter deposition is arguably the most versatile technique for
thin metal films. The technique is highly efficient because it can rapidly deposit met-
als with high melting points resulting in uniform films with good adhesion properties.
It can be optimized to produce metal films with desired stoichiometric composition
for particular purposes (Yeom et al., 2017). In some cases, the technique has been
used to enhance semiconductor properties (Kim et al., 2017). Several types of nano-
structures and films have been established on silicon carbide through sputtering (Gou
et al., 1999; Zhu et al., 2013).

Due to the involvement of an incident plasma and metal particles, sputter deposition
has been shown to introduce atomic scale surface damage which causes lattice distor-
tions (Volpi et al., 2004). These impact the rectification properties of devices and in
some cases introduce defects in the bandgap. In n-type gallium arsenide it has been
shown that devices fabricated by sputter deposition have lower barrier heights which
have been ascribed to introduction of donor like defects in the semiconductor during
sputter deposition (Auret et al., 1997).

Electron beam deposition (EBD) is also another metalization technique which has
been shown to introduce defects in n-4H-SiC. Omotoso et al. (2016) showed that
the electron beam deposition of tungsten Schottky contacts introduced the E,. —
0.42 eV, E. — 0.70 eV defects which had the same electronic properties as high
energy electron irradiation (HEEI) induced defects. In an effort to understand the
fundamental physics of defect formation during EBD a technique called electron

beam exposure was designed by Coelho et al. (2013). They came to the conclusion
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that defect formation was accounted for by intrinsic non-localized excitations, which
modify defects deeper in the surface rendering them observable. According to them

energy which formed was transferred through phonon activity (Archilla et al., 2015).

2.6 Point defects and diffusion

In semiconductors diffusion is solely point defect based. The process is represented
by Fick’s first law which shows that the diffusing flux (/) in the z direction is directly

proportional to a concentration gradient (Mehrer, 2007).

oC;

J; = —Di% (2.8)
where D; is the diffusion coefficient, C is the number of atoms of type ¢ per unit
volume. The negative sign makes a positive flux down the concentration gradient. For
non-steady-state diffusion Fick’s first law can be modified by the continuity equation

to give Fick’s second law (Paul et al., 2014)

oC; ‘8201-
ot 0%

(2.9)

The driving force of diffusion can be a potential gradient, thermal gradient, stress
gradient or thermal vibrations. In the case of thermal vibrations components diffuse
by overcoming an energy barrier. The required kinetic energy comes from thermal
energy of atomic vibrations (E~kgT). In the absence of a driving force random

diffusion occurs driven by maximization of the system’s entropy.

The following are brief descriptions of the diffusion mechanisms that occur through

point defects.

2.6.1 Vacancy diffusion

This involves an impurity or lattice atom jumping from a lattice site to a vacancy
(Laskar et al., 2012). An empty lattice site exchanges positions with a neighboring
occupied site. The probability for any atom in a solid to move is a factor of the

probability of finding a vacancy in an adjacent lattice site. The number of vacancies



Defects in semiconductors 17

00000 00000

06> 00 _, © 000
00000 00000

00000 00000

Figure 2.4: Vacancy diffusion.

per unit volume is given by

Ey
Ny = Nexp | ——— 2.10
1% p ( kBT> ( )
w here N is the total number of atomic sites, E is the energy required to move the
atoms from a lattice site within the solid crystal to the vacancy, kg is the Boltzmann
constant and T is the absolute temperature. The number of vacancies present at

anytime is therefore directly influenced by the temperature.

2.6.2 Interstitial diffusion

Interstitial diffusion involves smaller atoms moving through the crystal structure in
between lattice atoms. The path is constrained by the crystal structure. The energy
barrier to overcome is low due to the smaller atom and a large number of vacant sites
to diffuse to. This is the mechanism when an impurity is added to a lattice structure.
It essentially moves from one interstitial position to another interstitial position. An

example is silicon self diffusion (Stidkamp and Bracht, 2016) .
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Figure 2.5: Interstitial diffusion before and after a jump.

2.6.3 Kick-out mechanism

In the kickout mechanism, a semiconductor atom is pushed from a crystalline lat-

tice by an impurity atom simultaneously replacing it in the process by assuming the
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former’s position (Tilley, 2008). The atom is moved to an adjacent site. In this
mechanism, the impurity atom may have come through the lattice via direct inter-
stitial mechanism prior to replacing a semiconductor atom. Bracht et al. (2000) gave

experimental and theoretical evidence of this mechanism in 4 H-SiC.
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Figure 2.6: The kickout mechanism.

2.6.4 The Kirkendall effect

When two solids A and B of different elemental composition are brought into semi-
finite contact and annealed to allow diffusion between them, they are called a diffusion
couple. In such a situation, inter-diffusion of each species occurs towards each other.
The intrinsic diffusion of the materials will not be at the same rate which results in a
net drift in the direction of the one with a lesser diffusivity. There is a motion of the
interface so that the lattice remains stationary, this is known as the Kirkendall effect
(Sequeira and Amaral, 2014). The diagram below shows an illustration. Equation 2.8
can be adopted to diffusion of vacancies at the couple with solids A and B (Darken,

1948)
0Cy

e —D—
Ja ox

(2.11)

A

Figure 2.7: An illustration of the Kirkendall effect where J4 and Jp represent the
flux of solids A and B.
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where D = NyDg+ NgD 4, Ny is the atomic fraction of A and Np is atomic fraction

of B and D4 and Dp are the diffusivity of A and B respectively.

2.7 Defect annealing

The prominent annealing mechanisms of vacancies and interstitials are

1 out-diffusion to the surface.
ii diffusion to extended defects.

iii recombination of vacancies with interstitials (Choyke et al., 2003).

Annealing is used in the semiconductor industry for activating dopants, correcting
positions of implanted ions, re-establishing a crystal structure after amorphization
due to radiation damage and sometimes to eliminate excess defects introduced during
processing (Perevostchikov and Skoupov, 2005). The annealing process i.e. time

dependent change of the defect concentration, N; occurs according to

d Ny
— = —aKN 2.12
o (2.12)
The prefactor K is a reaction velocity constant and « represents the order of reaction
a = 1 single defect reaction (migration or dissociation of defects), & = 2 two defects

of the same concentration recombine. The prefactor K can be written as

AFE
K = KoeXp (ﬁ) (213)
B

with K, the frequency factor related to the vibration frequency of the crystal and
kp is the Boltzmann constant. Equation 2.13 shows that the success of an annealing
process is highly dependent on the annealing temperature. AFE is the activation

energy of the annealing process.

Storasta et al. (2008) developed a technique which involved annealing 4 H-SiC after
carbon implantation. They successfully eliminated the Z;,,. Lgvlie and Svensson
(2011) showed that the required annealing temperature for silicon carbide can be
significantly lowered in an oxidizing atmosphere. Also Park et al. (2016) managed to

form p-type dopant in 4 H-SiC by depositing an Al foil and annealing at 1000° C.
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2.8 Raman spectroscopy on 4 H-SiC
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Figure 2.8: Raman spectrum of as grown n-4H-SiC at room temperature.

Raman spectroscopy can be used to characterize defects in 4 H-SiC. The position and
relative intensity and bandwidth of Raman spectra can be related to defects in the
crystal structure (Ward et al., 2004). Hundhausen et al. (2008) used the technique to
probe the temperature dependence of defect occupation at 100 K and 200 K, based
on thermal excitations of electrons to the conduction band which were observed from
Raman intensities. Figure 2.8 shows the Raman spectrum of as grown 4 H-SiC (1000)
(8% off axis) measured using 532 nm wavelength light in the 100 - 1800 cm™! range.
The N doped wafers consisted of a 6.0 um epitaxial layer of doping density 6.0 x 106

cm ™ grown on a highly doped substrate of approximately 10'® cm=3.

4H-SiC has a c-axis normal to the Si — C double atomic layers (Fan and Chu, 2014).
Transverse phonon coupling modes are perpendicular to the c-axis and the axial or
longitudinal phonon coupling modes are parallel to the c-axis (Burton et al., 1998).
The spectrum has peaks at 206 cm™!, 265 cm ™! corresponding to transverse acoustic
(TA) modes, and at 611 cm™' peak which is a longitudinal acoustic (LA) mode
(Sorieul et al., 2006). The optical transverse (TO) and longitudinal (LO) peaks
are observed at (778 cm™!, 796 cm™!), and 978 cm™! respectively. The LO at 978
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Cl’Ili1

is intrinsically present, but its position and shape is sensitive to free carrier
concentration (N-doping) (Nakashima and Harima, 1997). In addition, a low intensity
broad peak around 1524 cm™! and 1713 cm™! are also observed, corresponding to
the optical branches. At around 500 cm™! a pedestal is observed, which according to

Burton et al. (1998) is a feature of Raman scattering not luminescence.

2.8.1 Confocal Raman microscopy

Confocal Raman microscopy refers to the ability to spatially filter the analysis volume
of the sample, in the XY (lateral) and Z (depth) axes (Toporski et al., 2018). Analysis
can be done on layers of as thin as a ym in dimension (Giridhar et al., 2017). Figure
2.9 shows a depth profile and associated spectra obtained from as-grown 4H-SiC

specified in section 2.8.
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Figure 2.9: (inset)Depth profile of as grown 4H-SiC obtained from cluster distri-
butions showing an epitaxial layer (green) and the bulk layer (red). The graphs
show the cluster average raman spectra for the depth profile
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On the profile, the top layer (green) is approximately 6um thick. This is consistent
with the thickness of the epitaxial layer as specified by the suppliers. The aver-
age cluster spectra shown in Figure 2.9 are therefore a representation of the wafer
structure with the spectrum for the epitaxial layer in green and the one for the bulk

material in red.



Chapter 3

Electrical measurements

3.1 Introduction

For successful electrical measurements, it is prerequisite that high quality contacts
are fabricated to produce a metal-semiconductor device (Schottky diode). This will
allow for formation of a depletion region so as to probe physical properties such
as capacitance. From the capacitance information pertinent to defect properties
such as their activation energy, capture cross section and doping concentration can
be deduced. In this chapter the formation of a depletion region is explained during
contact formation. In addition detailed explanations on current-voltage, capacitance-

voltage and DLTS measurements are given.

3.2 Depletion region

Vacuum level - - - -
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Figure 3.1: Energy band diagram showing a Schottky barrier formed at a metal-
semiconductor interface (Grundmann, 2006).

23
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Figure 3.1 shows the energy band diagram which results when a particular metal is
deposited on an n-type semiconductor. For ideal contact formation, a metal and a
semiconductor with different Fermi level positions relative to the vacuum level are
brought into intimate contact. The Fermi levels align and become continuous as
illustrated (Li, 2012). In-order to attain this continuity in the Fermi levels the bands
bend with a characteristic barrier height (®p).

The barrier height is defined as the difference between the metal work function (®,,)
and the electron affinity of the semiconductor (x,) (Mishra and Singh, 2007). This
is known as the Schottky-Mott rule.

Because of the thermodynamic contact between the metal and the semiconductor,
electrons traverse the junction from the semiconductor into the lower energy states of
the metal in-order to lower their energy. The band bending sets a barrier to current
flow across the metal-semiconductor junction. Ionized donor atoms corresponding to
the zone depleted of electrons remain in the semiconductor, with a positive charge
equal in magnitude to that accumulating at the metal surface, forming a space charge

region (depletion width).

The depletion width z,, is defined as the distance between the metal semiconductor
interface and normal bulk behavior on the semiconductor side of the junction (Blood
and Orton, 1992).

The semiconductor’s conduction and valence bands (E¢ and Ey) form a definite
energy relationship with the metal’s Fermi level at the interface (Monch, 2013). This
relationship serves as a boundary condition to the solution of Poisson‘s equation in
the semiconductor. In the one dimensional case, the electric field in the depletion
width is determined from Poisson’s equation (Sze and Kwong, 2006)

e dE  p(x)

de  dr €q

(3.2)

where ® is the electrostatic potential, p(x) is the charge density and ¢ is the permit-
tivity of the semiconductor. Using the depletion width approximation i.e. assuming

that it is possible to divide the semiconductor into two regions namely:

1. The depletion region, directly below the metal, which is devoid of free carriers,
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2. The bulk of the semiconductor, which is electrically neutral and of uniform doping
density (Np) (Neamen, 2012).

eNp, ifz < x,.
p(z) = _ (3.3)
0, if x > x,.

where w = x,, (Figure 3.1) is the width of the depletion region. Integrating equation
3.2 twice with respect to x and applying the boundary conditions we obtain the

electric field as
€ND

€s

FE =

(Tn — ) (3.4)

Which is a linear function of the distance x. The depletion width may be calculated

for a uniformly doped semiconductor as

(3.5)

2¢,(Vii + Vi) 12
GND

w:xn:[

at a reverse bias Vi (Neamen, 2012). Vj; is a built in potential barrier. It is the
barrier seen by electrons in the conduction band trying to move into the metal from
the semiconductor side. If the semiconductor is heavily doped, then the depletion

width becomes very narrow and an ohmic contact is formed.

3.3 Capacitance-voltage measurements

Capacitance-voltage measurement were done following the Schottky-Mott theory.
The junction capacitance per unit area is given by (Brillson, 2012)
C
A

_ [—“SN D )1 v (3.6)

2(Vei + Vi

For a SBD, the diode capacitance is measured as a function of an applied reverse bias.
A small A.C. voltage is superimposed on a reverse biased diode, altering the depletion
width (Sharma et al., 2011). The differential capacitance is analyzed following the
equation (Sze and Kwong, 2006)

o2 _ A%e.eNp

= 20 £ Ve = KT7g) (3.7)
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where, A is the diode cross sectional area, Vj; the diffusion potential at zero bias
obtained from the extrapolation of linear C?-V plots to the V axis (Vo = Vj; — kT))
(Figure 3.2). The gradient 2/A%e,qNp can be used to deduce the donor concentration.
The C' — V barrier height can be determined as

Pov = ¢n +eVo + KT (3.8)

Vo is the potential difference between the conduction band minima and the Fermi

level in the neutral part of the semiconductor (Karatas and Altndal, 2005):

Crf

slope~
P A’eg N,

s

-V 0 |78 (\7)

Figure 3.2: Schematic C-V dependence of a Schottky diode (Brillson, 2012).

3.4 Deep level transient spectroscopy (DLTS)

DLTS is a high frequency thermal scanning technique used for detection and identifi-
cation of electrically active defect states. It is based on Equation 2.5 and is attributed
to Lang (1974) who presented a way of displaying emission data spectroscopically as
a function of temperature (Peaker et al., 2012). As a result, the fundamental prop-
erties of traps in the bandgap of a semiconductor can be probed by perturbing their
occupancy and their charge density then observing the relaxation. Defects will be
detected at a temperature determined by their capture cross section and position in

the energy gap. A voltage pulse is employed to fill and empty charge traps.

The depletion width (w) of a Schottky barrier diode extends with applied bias (V).

The corresponding junction capacitance is a function of the junction area (A). This
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implies that the magnitude of the bias during a pulse time ¢, determines the mag-
nitude of w (Benton, 1990). Hence we can monitor the concentration of holes or

electrons trapped by deep levels using capacitance.

€A ees N
w 2(Vii + Vgr)
A form of Eauation 3.6.
W
C
/ (©)
b) [ Ec Er
hoox Er .
metal | semiconductor v
Ev )
metal | semiconductor '
) w
V_ (d) A4 4 £ »ﬂ;EC
r— [l
t
(a) csssess C 4c @ metal | semiconductor Ev
000000000000 EF (a) 7~ R
(© t *Filled defect state
V  €— °Empty defect state

metal | semiconductor

Figure 3.3: Variation in trap occupancy for a DLTS scan cycle a) reverse bias b)
filling pulse c) directly after pulse removal, ¢) time ¢ after pulse removal (Schroder,

2006).

In Figure 3.3(a), under a steady state with reverse bias Vi, traps in the depletion
region below the Fermi level are assumed empty, extending the depletion region.
When the filling pulse (Vp) is applied (Figure 3.3(b)) the depletion width is reduced,
allowing free carriers to enter the depletion region corresponding to the applied bias,
enabling the trapping to occur. Vi and Vp (Filling pulse) determine the section of
the space charge region where the trapping deep levels are accessed (Simoen et al.,
2015). Upon entry the electrons are captured by empty traps at an exponential rate
given by

N(t) = Nr[l — exp(—cyt)] (3.10)

where N7 is trap density (Auret and Deenapanray, 2004). ¢, the electron capture
rate is defined in Equation 2.2 At the end of the pulse Vy returns to its steady state

value. In Figure 3.3(c) electrons quickly acted upon by the junction electric field are



FElectrical measurements 28

emitted. Finally in Figure 3.3(d) trap occupancy exponentially relaxes and there is

thermal emission of the charges.

In a DLTS scan the sequence is repeated periodically. The capacitance transient’s
time constant is a function of the trap’s emission rate. Probability of finding a deep
level unoccupied at the beginning of the capacitance transient is determined by the

pulse width.

The parameter space of DLTS is made up of the following

1 Filling pulse.

2 External reverse bias Vi.

3 Duration of the pulse width ¢,,.
4 Rate window frequency.

5 Sample temperature.
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3.4.1 The rate window scan

Temperature

Capacitance at various temperatures

t t, 8C =C(t) — C(tz)

Time

Figure 3.4: Left: change in the capacitance transient with increasing temperature
Right: DLTS obtained from plotting 6C' (Schroder, 2006).

A trap exhibits a typical temperature at which a peak in the DLT'S signal is observed.
At lower temperatures, the emission rate will be slow and at higher temperatures the
emission rate will be faster. As a result the nature of the time constant is expected
to vary with increasing or decreasing temperature (Simoen et al., 2015). In a rate
window scan the capacitance is monitored over an observation time window, (¢ - t2).
The difference in capacitance C(t;) - C(t3) gives a peak shaped curve as shown in
Figure 3.4.
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The peak maximum corresponds to an emission rate given by (Lang, 1974)

Cta—t
N In(i)

to

(3.11)

Tn

If the scan is repeated for several rate windows (¢; — t5) pairs, Arrhenius analysis can
be done according to Equation 2.5 from the slope of the linear fit(least squares) of
a In(e,/T?) versus (1/T) curve to get the activation energy from the slope and the

capture cross section from the y-intercept.

3.5 Laplace transform DLTS

Conventional DLTS has poor time constant resolution and cannot decipher the fine
structure of any closely spaced defects with almost similar emission rates. A quanti-
tative improvement in DLT'S resolution was introduced by Dobaczewski et al. (1994).
This technique is based on the assumption that capacitance transients are character-
ized by a spectrum of emission rates. It makes use of Tikhonov’s regularization to
separate the constituent exponentials by imposing a constraint on the second deriva-

tive (Eiche et al., 1992). Then using inverse Laplace transforms we obtain

(1) = /0 T F(s)e ds (3.12)

where F'(s) is the spectral density function, an inverse function of f(¢) the recorded
transient (Dobaczewski et al., 1994). F(s) is a delta function therefore a plot of
F(s) versus emission rate produces a spectral function which can be used as a defect
signature. The area below each peak is directly proportional to the trap concentration
and is a function of the emission rate. Up to 32000 transients can be captured
at a fixed temperature and averaged. Fixing the temperature improves the time
constant resolution. A good signal to noise ratio provides an order of magnitude
better resolution than conventional DLTS (Dobaczewski et al., 2004).
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3.6 Defect depth profiling

According to Zohta and Watanabe (1982) defect concentration Np for an applied
DLTS pulse V' can be described by

Np(x) (1_%>2_ <M)2 C

T

where AC is the change in capacitance due to the pulse (at t = 0 just after pulsing),
x is the width of the depletion layer (z = z 4+ A) and z is a distance measured from
the surface into the semiconductor depletion width. The defect levels in the depletion
width (0 < z < x) are empty in the layer 0 < z < z — A, and x — A is the plane
where the deep levels cross the bulk Fermi level. The subscript p represents variations

during the pulse and

P - %[(m )+ (2= \)] (3.14)

The subscript m represents relaxation. This method gives an accurate defect concen-
tration and eliminates limitations of other simpler methods in terms of accuracy. By
fixing the reverse bias and varying the applied Laplace-DLTS pulse at a fixed tem-
perature, a depth profile of the defect concentration versus depth below MS junction

can be plotted.

3.7 Current-voltage measurements

The current-transport across a MS junction is due mainly to majority carriers. For a
moderately doped semiconductor, the current transport can be adequately described
by thermionic emission theory because it is the principal current transport mecha-
nism. For pure thermionic emission, the relationship between the current I and the

applied bias voltage V' in the forward direction assuming that V' > 3kT/e is given

by:
o e(V—-IR
I = AA*T? _o AL B 1
exp( k;T) {exp( T ) } (3.15)

where e is the electronic charge, k£ the Boltzmann constant, 7" the absolute tempera-
ture, R, the series resistance obtained from ohm’s law, ¢g = ¢y the zero-bias barrier
height, A the diode area and A*(=146 A cm?K~?) is the Richardson’s constant
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(Roccaforte et al., 2003). The pre-factor of the second exponential in Equation 3.15

gives the reverse saturation leakage current, Is. The ideality factor n is given by

n = % (dgr‘l/[)) (3.16)

where 0 < n < 1 is a measure of the adherence to pure thermionic emission and it

reflects barrier deformation under bias (Sze and Kwong, 2006). The zero bias barrier
height, (®y) is obtained from (Ig):
kKT, AA*T?

CID(]:—n

(3.17)

e I

1
In 1 —exp(—eV /kT)

Figure 3.5: Schematic I-V characteristic of a Schottky barrier diode (Brillson,
2012).

Reverse leakage current refers to the maximum current that flows through the junc-
tion at a particular reverse bias (Crofton and Sriram, 1996). Its value is obtained as

the intercept of the current axis when V = 0.

The conventional activation energy/Richardson plot of In(Z;/T?) vs 1000/T is ob-

tained after linearizing Equation 3.17 yielding

1Y a0
m(ﬁ>_mMA) — (3.18)

Splitting of the Richardson plot into two linear regions has been observed after mea-
suring 4H-SiC devices and has been explained as due to two distinct conduction

mechanisms, spatial in-homogeneous barrier heights and potential fluctuation at the
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interface that consist of low and high barrier areas (Yue-Hu et al., 2011; Huang and

Wang, 2015).



Chapter 4

Experimental techniques

4.1 Introduction

In this chapter we briefly describe the apparatus and experimental techniques that
were utilized. Nitrogen doped, n-type (0001) oriented 4 H-SiC (8 deg off axis) wafers
supplied by Cree. Inc. were used. The wafers consisted of a 6.0um epitaxial layer with
a doping density 6 x 10'® cm~2 grown on a highly doped substrate of approximately

1.0 x 10'® cm™2

4.2 Device fabrication

4.2.1 Cleaning procedure

Before fabrication of MS devices meticulous cleaning is required, as adsorbents can
contribute to generation of undesirable interface states at the junction. Stringent
guidelines have to be followed for consistency. Dedicated glassware and fluoroware
tweezers are used for each cleaning stage. Firstly degreasing is done using organic
solvents in-order to remove surface contaminants. The degreasing procedure was

performed in four steps which involved boiling for 5 minutes each in
e trichloroethylene,

e acetone,

e and methanol.

34



Experimental techniques 35

e thereafter the samples were rinsed thrice in deionized water of resistivity 18MQcm™*
The samples were then wet etched in-order to remove the native oxide layer by

e Submerging in 5 % hydrofluoric acid for half a minute. Finaly the samples

where blow-dried using flowing nitrogen gas.

Transfer of samples after etching are quickly done to minimize regrowth of the native

oxide layer.

4.2.2 Ohmic contacts

Immediately after etching, samples were rapidly transferred into the vacuum chamber
of an Edwards 306 resistive coating unit, inorder to minimize the likelihood of re-
growth of native oxide layer. The chamber pressure was pumped down to ~ 1 x 1077
mbar. Nickel was deposited on the highly doped sides of the samples. Thereafter the
contacts were annealed for 10 minutes at 950°C in Ar to allow for formation of Ni

silicides so as to lower the contact resistance (Kuchuk et al., 2008).

4.2.3 Schottky contacts

A cleaning procedure similar to the one followed in Section 4.2.1 was followed. How-
ever, instead of boiling the samples were placed in an ultrasonic bath at room tem-
perature during the degreasing. Once etched the samples were loaded into either a
resistive deposition chamber or a sputter deposition chamber. (The concentration
of HF and duration of the etch were experimentally tested and chosen so that they
cannot be sufficient to remove the already deposited ohmic contacts) High purity
metals were deposited through a metal mask with circular perforations, to make con-
tacts of 0.6 mm radius. Figure 4.1 is an illustration of the cross sectional profile of
a fabricated Schottky barrier diode with an ohmic contact and Schottky contacts.

Nickel and tungsten were used as contact metals.
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Schottky contact

4H-SIC

Ni ohmic contact

Figure 4.1: Schematic representation of the cross section of a SBD showing fabri-
cated metal contacts.

4.2.4 Resistive evaporation (RE)

4H-SiC sample oy B Thickness
monitor

‘\\T;’ Metal vapor

Bell jar ———> \a Metal in crucible
Power supply —>[~1

To vacuum pump

Figure 4.2: Schematic representation of resistive evaporation system.

Resistive evaporation systems are made up of a vacuum chamber, resistive wire
shaped into a crucible, a substrate holder and a quartz thickness monitor. A large
current is passed through the crucible heating it and melting the metal sufficiently
to cause the metal to start evaporating under vacuum. The vapor travels from the
crucible to the 4 H-SiC substrate where it condenses and forms a thin film. A typical
vacuum of approximately 1.0 x 10~7 mbar is required to evacuate gas molecules which
can impede the motion of the metal vapor or contaminate them. The quartz crystal

monitor records the thickness of the deposited material.
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4.2.5 DC magnetron sputter deposition

A D.C. magnetron sputter system is made up of a vacuum chamber, magnetron
cathodes, a target metal, a vertical center rod where the substrate sample is mounted
(anode) and gas inlets. With the substrate mounted, the vacuum chamber is filled
with Ar gas then a D.C. voltage is applied between the anode and the cathode.
Magnetrons (magnets behind the target cathode/metal) generate a stable plasma
with high ion density by confining electrons near the target surface. Ar™ ions bombard
the target material, ejecting atoms due to momentum transfer interactions. These
particles traverse the vacuum deposition chamber and coalesce as a thin film on the

surface of the substrate to be coated.

Magnetron cathode

Magnet Array
Target
Field lines

—High density plasma

/I)\ \T, J//g ‘T’ <—— [onised argon

KI, g\ g\r, g\ \T, g\ <€—Plasma generated by neutralisation
RUNERY )

Sputtered film

:& Argon MFC
Substrate holder > anode <

Throttle valve —)%ij L 4H-SiC wafer

Target material

to vacuum pump

Figure 4.3: Schematic representation of sputter deposition system.

Our depositions were carried out under a D.C. power of 1000 W and an Ar pressure

of 2 x 1072 mbar. Target to sample distance was maintained at 7 cm

4.3 Swift heavy ion irradiation

Swift heavy ion irradiation was done at the Joint Institute for Nuclear Research in

Dubna, Russia. Xe?%* ions were implanted at room temperature at an energy of 167
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MeV with a fluence of 5 x 10! ecm~2 on samples cleaned following the procedure in
Section 4.2.1. Since our interest was in studying the radiation damage a moderate
flux was maintained in-order to avoid annealing out some of the damage due to an

elevated sample temperature.

4.4 Annealing of samples

Isochronal annealing was done in a quartz tube placed in Lindberg heavy duty fur-
nace at 100 °C steps. A thermocouple was placed close to the sample to monitor
its temperature. The sample was placed on a silicon sample holder, which could
be positioned in any part of the quartz tube, depending on the required annealing
temperature. A steady flow of Ar gas was maintained by a mass flow controller.
Annealing was typically done in the 100 °C — 1100 °C temperature range. The tem-
perature was gradually ramped to a required setpoint to avoid subjecting the samples

to a rapid thermal shock.

4.5 Characterization Techniques

4.5.1 I-V and C-V measurements

I-V and C-V measurements were carried out by a system consisting of a probe sta-
tion, HP4140 pA meter/DC voltage source and a HP 4192A LF Impedance analyzer
with a current limit of 1.0 x 107'* A. The devices were placed on the probe station and
all measurements were performed in the dark to avoid photo-generation of carriers.
An in-house developed Labview™ program controlled the data acquisition, through
a graphical user interface. It can alternate between C-V and -V measurement
through a relay-switch box. The same program generates various plots and analy-
ses them using pre-set material constants to calculate diode parameters according to
Equations in Sections 3.3 and 3.7. For C-V characterization, an A.C. voltage with
an oscillating frequency is superimposed on a D.C. bias in a desired range to obtain
the capacitance. Using the interface, linear fits are then performed on C %~V plots

to derive the dopant concentration and ®+y, amongst other parameters.
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Figure 4.4: Schematic representation of DLTS and L-DLTS instrumentation.

4.5.2 DLTS measurements

The DLTS setup consists of

A helium closed-cycle cryostat with an indium conducting stage on a sapphire
platform where the sample is mounted. The stage has a built-in heater and a

diode temperature sensor. The cryostat is capable of cooling to 15 K.

e A Lakeshore 340 temperature controller.

Boonton 7200 capacitance meter with a 100 mV A.C. ripple voltage, at 1 MHz.

A capacitance offset bridge.

Agilent 3320A 15 MHz waveform signal generator for providing the required

quiescent reverse bias and a filling pulse.

A cathode ray oscilloscope (CRO).

Computer with A2D card and Labview software to control the measurements

and acquire data
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Figure 4.5: Screenshot of the front panel of Laplace transient processing software.

A block diagram for the DLTS measurement system is shown in Figure 4.4. The
sample to be measured is mounted on the indium stage. Two beryllium-copper

probes connect the ohmic and the Schottky contacts to the capacitance meter.

A transistor-transistor logic (TTL) pulse from the computer triggers the pulse gen-
erator which maintains a quiescent reverse bias and supplies a periodic filling pulse.
As temperature is varied a DLTS spectrum is obtained. The capacitance transient is

displayed on the screen of the PC during conventional DLTS scans.

The fine structure of all defects observed in conventional DLTS scans is then mea-
sured using Laplace-DLTS to get the signatures and defect concentrations. The
L-DLTS software uses three mathematical routines for Tikhonov's regularization
namely FITKREG, CONTIN and FLOG (Eiche et al., 1992). These have to pro-
duce the same solutions for a result to be considered accurate. A screenshot of the
Front panel for L-DLTS is shown in Figure 4.5

4.5.3 X-ray diffraction

X-ray diffraction(XRD) is a phenomenon that occurs when the atomic planes of a
crystal scatter an incident X-ray beam causing it to interfere with another one as

they leave the crystal lattice (Guinier, 2013). In-order for constructive interference
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to occur, the Bragg condition

n\ = 2dsinf (4.1)

should be satisfied, where n is an integer, A is the wavelength of the incident beam
impinging on the sample, 6 is the incident angle and d is the inter-atomic spacing
between lattice planes (Cullity and Stock, 2014). A charge coupled device detector
records intensities at the various angles of diffracted beams, which can be used as a
signature to identify the chemical composition and orientation of the crystal structure
(Waseda et al., 2011). The direction of diffraction depends on the dimensions of the

material’s unit cell and the intensity depends on the nature of atoms.

XRD was used to identify inter-facial phase transitions during annealing of tungsten
on 4H-SiC. A Bruker D8 Advance diffractometer was used for the measurements. The
system uses a Cu (K «) radiation source (1.54148 A). The 20 radiation source angle
was maintained at 20°, and the detector angle scan was from 20° to 120°. The lower
incident angel results in most information coming from the top layers of wafers and
minimal information from the bulk. Sets of diffracted intensities and angles where
compared with those found in the International center for diffraction data (ICDD)

database to identify the phases present. All the measurements were carried out at
NECSA.

4.5.4 Scanning electron microscopy

The evolution of surface morphology during annealing was studied using a Zeiss
ultra plus field emission gun (FEG) scanning electron microscope. This instrument
was developed by the microscopy department at the University of Pretoria from a
conventional SEM. The source of the electron beam is a Schottky emitter not a
thermionic emission filament like in conventional electron microscopes. An electric
field focuses a narrow beam enabling higher spatial resolution and low signal to noise
ratio. This increases density and coherence of the beam which improves the image

brightness, a critical factor in the microscope‘s performance.

4.5.5 Raman spectroscopy

Raman scattering describes the inelastic scattering of light by matter. When photons
interact with molecules, the photons may be scattered elastically (Rayleigh scatter-
ing) or inelastically. Inelastic scattering is referred to as Raman scattering. In the

process of inelastic scattering, the scattered photon has less energy than the incident
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photon, resulting in what is referred to as Stokes scattering, whereas when the scat-
tered photon has a higher energy than the incident photon, the resultant is referred to
as anti-Stokes scattering. The energy difference between the incident and scattered
photon corresponds to the energy difference between two energy states of a material
(Figure 1(a)). At room temperature, the ground state has more molecules than in
the excited state. This results in a higher probability for Stokes scattering, hence
Raman spectra are typically the number of Stokes scattered photons plotted as a
function of the difference between the incident and scattered photon energy. This

energy difference is usually given in terms of the Raman shift or wavenumber.

In Raman spectroscopy a sample is irradiated with a monochromatic laser beam,
which interacts with the molecules of the sample and generates an infinitesimal
amount of scattered light (Larkin, 2017). The scattered light is detected by a charge
coupled device camera which then is used to produce a Raman spectrum. From the
characteristic fingerprinting of Raman spectroscopy, the changes in molecular struc-
ture and crystalinity can be traced. Raman spectra were recorded on the epitaxial
layer using a T64000 series II triple spectrometer system from HORIBA scientific,
Jobin Yvon Technology, using the 514.3 nm laser line of a coherent Innova 70C series

Ar laser (spot size ~ 5 um) at a power of 0.17 mW with a resolution of 2 ecm™!

Confocal Raman microscopy was carried out using a Witec alpha 300 R Raman
spectrometer with a 532.162 nm laser at 5.010 mW. Scans were typically between
200 cm~! and 1800 cm™!. Depth image scans were acquired over a width and depth
of 70 m~2 with 200 points per line and 200 lines per image using an integration time
of 1 s per point. In the measurements confocal resolution parameters were a depth

resolution of 450 nm and spot size 350 nm with a 100X objective.

Clustering was done using Witec project FIVE software. It uses algorithms that
group similar data sets together. A profile comprises a full Raman spectrum at each
and every depth within the profile, and is then interrogated to generate intensity
profiles based on material composition and structure. Raman peak intensity yields
a profile of material concentration and distribution. Peak position yields a profile
of molecular structure and phase, and material stress/strain. Peak width yields a

profile of crystallinity and phase.
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Results and discussion

5.1 Introduction

Silicon carbide has become an important material in the implementation of next
generation photonics. It has been recently shown to harbor the carbon antisite-
vacancy pair (Cg;Ve) defect which has quantum functionality (Castelletto et al.,
2014). This defect is realized by first inducing the silicon vacancy and annealing it.
Using defect engineering, this technology is set to surpass advances made in other
similar systems because it is being developed on existing standard industrial practices,
fabrication protocols and mechanisms. These include techniques such as irradiation,
annealing and ion implantation. The motivation of this work was to establish sound

device fabrication protocols to be used in the device implementation.

In this chapter the results will be presented. The first section (5.2) is a discussion of
native defects found in as grown 4 H-SiC. Section 5.3 is related to the defects induced
by the sputter deposition of contacts on epitaxial 4 H-SiC during device fabrication.
Section 5.4 presents results obtained after annealing the fabricated devices. Finally
Section 5.5 is on defects observed after exposing 4 H-SiC to swift heavy ion irradiation.
Unless otherwise specified, nitrogen doped 6.0 x 10'® cm™ n-4H-SiC (8° off axis)
epitaxially grown on highly doped substrate of 1.0 x 10!® cm™ through CVD was

used. The material was supplied by Cree. Inc.
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5.2 Native defects
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Figure 5.1: DLTS spectrum showing the electrically active defects in as grown
4H-SiC. The samples were Ni/4H-SiC Schottky barrier diodes measured at V=
-5.0 V, Vp= 0.5V and t,= 1 ms.

Before processing, a comprehensive understanding of the defects in as-grown material
as well as their structure are important. This allows for accurate identification of
defects resulting from any subsequent processing steps. Native defects can cause
high leakage currents and low breakdown voltages in devices fabricated on 4H-SiC,
significantly limiting their performance (Kimoto et al., 1999). They also result in
lower carrier lifetime and affect recombination intensity in bipolar devices (Bergman
et al., 2001).

Figure 5.1 shows the DLTS spectrum from as-grown 4H-SiC showing four electri-
cally active defects Eg 11, Eo13, Eo.15 and Eggg (see Table 5.1). In the nomenclature
used here E represents the electron trap and the number for example 0.11 represents
activation enthalpy below the conduction band minima. The measurements were per-
formed on Ni/4 H-SiC Schottky barrier diodes, fabricated using resistive evaporation

following the procedure in Section 4.2.
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Table 5.1: Summary of electronic properties of defects in as-grown 4H-SiC, mea-
sured at Vgp=-5.0 V, Vp= 0.5V and t,= 1 ms. Er is the energy level of the defect
below the conduction band minima in eV and oy, is the apparent capture cross
section.

Defect label Er +0.02 (eV) o0,, £10% (cm™2)  Defect ID

Eo.11 0.11 1.5 x 1071 N impurity
Eo13 0.13 1.9 x 10~ Ti impurity
Eo 15 0.15 2.5 x 10716 Ti impurity
E0.66 0.66 3.7 X 10_15 Zl

Detection of these deep levels in DLTS scans is dependent on measurement conditions
and can be influenced by temperature, minority carrier injection, exposure to light
excitation and biasing (Hemmingsson et al., 1998a). The Eq 11 is a shallow nitrogen
donor occupying a cubic lattice site, whereas the Egj 13 and the Eg 5 are attributed
to titanium (Ti) impurities (Paradzah et al., 2015). Ti originates from parts of CVD
reactors made from graphite, or from pumping oil (Dalibor et al., 1997). The Eg g6
is also known as the Z; center and it exhibits negative U behavior and is discussed
in Section 2.3 (Eberlein et al., 2003). Table 7?7 gives a summary of the electronic

properties of observed defects and their identities (ID).

A high quality substrate and a homogeneous temperature distribution are essential
for low defect yields during growth. This is because defect structures in the substrate
have been shown to replicate in the epitaxial layer (Kamata et al., 2000). Also, a
variable temperature distribution across the wafer results in defect structures (Zhang
et al., 2012). Defects like the Z; center have a high thermal stability of up to 1500° C
(Danno and Kimoto, 2007). As a result, annealing is not a viable option for reducing
their densities. Control can only be achieved by an optimized CVD growth process.
This involves meticulous monitoring of the in-situ etching, C/Si ratios and the cooling

process (Kimoto and Cooper, 2014) during CVD of epitaxial layers.

5.3 Sputter deposition

Metalization is a crucial processing step in the semiconductor device manufacturing
industry. Magnetron sputtering is arguably the most versatile technique for deposit-
ing thin metal films. It can rapidly deposit metals with high melting points resulting
in uniform films with good adhesion properties and can be optimized to produce
desired stoichiometric compositions for particular purposes (Yeom et al., 2017). In

some cases the technique has been used to enhance semiconductor properties. Several



Results and discussion 46

types of nano-structures and films have been established on silicon carbide through
sputtering (Zhu et al., 2013).

Due to the involvement of an incident plasma and metal particles, sputter depo-
sition has been shown to induce atomic scale surface damage which cause lattice
distortions and introduces electrically active defects (Volpi et al., 2004). Incident
particles have been used in the past to engineer beneficial defects in 4 H-SiC (Castel-
letto et al., 2014). Our aim was to examine the prospects of using incident particles
which emanate from the sputter deposition process for both metalization and defect
engineering. The defect of interest was the Vg; which has been successfully used to

produce a single photon source after transforming to Cg; V¢ through annealing.

5.3.1 Experimental

Samples were cleaned and an ohmic contact was fabricated following the procedure
in Section 4.2. The cleaning procedure was repeated in an ultrasonic bath at room
temperature and 0.6 mm diameter circular tungsten Schottky contacts were deposited
by DC magnetron sputtering on the epitaxial layer at room temperature. Tungsten
was chosen because of its exceptional physical properties which make it suitable for
high temperature operation (Berthou et al., 2011). The deposition was carried out
under a DC power of 1000 W and an Ar pressure of approximately 2.0 x 10~2 mbar.
The target to sample distance was maintained at 7 cm. A thickness of 1000 Awas

deposited.

For completeness of the study, Ni Schottky contacts were fabricated on samples with
the same ohmic contact as the sputtered ones following the same cleaning procedure.
This is because resistive evaporation has been shown to not introduce defects during
deposition and as such these samples could allow for measurements on the native
defects only (Omotoso et al., 2016). DLTS spectra were recorded at a scan rate of
2 K/min in the 15 — 360 K temperature range at a quiescent reverse bias of -5 V,
filling pulse V,, of 0.5 V and filling pulse width of 1 ms.

In order to evaluate the suitability of the fabricated contacts for DLTS, their quality
was assessed using current-voltage (I-V) and capacitance-voltage (C-V') measure-
ments (Section 4.5.1). The Schottky-Mott rule was used to obtain C-V barrier height
(Pc_v), and the carrier concentration (Np) (Sze and Kwong, 2006). Np was used
to monitor carrier removal so that the accuracy of the DLTS measurements was not
compromised through compensation of carriers (Mikelsen et al., 2009). I-V barrier

height (®;_v), and the reverse leakage current at -2 V were determined using the



Results and discussion 47

thermionic emission model (Grundmann, 2006). The errors in each calculation were

determined based on the sensitivity of the instruments.

The samples were isochronally annealed in the 100°C - 600 °C temperature range in

100 °C incremental steps for 15 minutes.

5.3.2 Results

Figure 5.2 shows the [-V characteristics obtained from the SBDs made by sputter
deposition of tungsten and the ones made through resistive evaporation of nickel.

Table 5.2 shows the extracted diode parameters.

From the results it was observed that sputter deposition results in contacts with
poorer thermionic emission characteristics when compared to those fabricated by re-
sistive evaporation, as confirmed by the lower barrier heights and larger n values.
This can be attributed to the exposure of the samples to an incident plasma to-
gether with the high energy incident particles during sputtering. It is well known

that exposure of semiconductors to an incident plasma results in a change in surface
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Figure 5.2: I-V characteristic of Schottky barrier diodes fabricated on n-4H-SiC
using resistive evaporation and sputter deposition.
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Table 5.2: Diode parameters of n-4H-SiC Schottky barrier diodes fabricated by
resistive evaporation and sputter deposition.

Process n+0.01 ¢ry £0.02 (eV) ¢oy +£0.02 (eV) Np£0.1 (cm™?)
Resistive evaporation 1.03 1.25 1.27 7.8 x 107
Sputter deposition 1.58 0.89 0.57 7.3 x 107

stoichiometry due to the high kinetic energy of the impinging particles (compared to
resistive evaporation) altering the material’s structural properties and hence intro-
ducing electrically active defects close to the surface (Auret et al., 1997) This changes
the position at which the Fermi level is pinned in some semiconductors which results

in strong deviations in barrier height (Baca and Ashby, 2005).

The rectification properties of the measured devices were still suitable for DLTS
measurements. The difference between the values of Np of the samples fabricated by
the two techniques was small in magnitude showing that sputter deposition resulted in
carrier removal to a lesser extent, therefore, the accuracy of the DLTS measurements
was not compromised. Figure 5.3 shows the DLTS spectra obtained at a rate window
of 80 Hz.
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Figure 5.3: DLTS spectra of (a) the control sample obtained from Ni/4H-SiC
Schottky barrier diodes fabricated by resistive deposition (b) W/4H-SiC Schottky
barrier diodes fabricated by sputter deposition.(The E’ggs and Eggg have been
magnified 10 times) Both spectra were observed at Vp=-5.0 V, Vp=0.5 V and t,=
1 ms. The E’y g6 and Egg¢ represent the same defect after and before sputtering.
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Curve (a) is the control spectrum obtained from Ni/4H-SiC Schottky barrier diodes
fabricated using resistive evaporation. It shows the native Eg 11, Eg .13, Eo.15 and Eq g6
defects which have been discussed in Section 5.2. The energies were derived from
the Arrhenius plots in Figure 5.4. For the devices produced by sputter deposition of
W, Figure 5.3(b), defects observed were either native or have been reported before,

except the Eg o9 which was observed for the first time in this sputtering experiment.

On spectrum (b), the peaks are observed to be sitting on a continuous skewed base-
line. This baseline is detected in Laplace-DLTS measurements and inhibits accurate
identification of defects as it contributes to background noise. A similar baseline has
also been observed in heavy ion implanted GaN and alpha particle irradiated GaAs
(van Rensburg et al., 2009; Tunhuma et al., 2016b). It appears that the deposition
process induces a continuum of defects at the surface of the silicon carbide which are
detected as the baseline. This is evidenced by the inconsistent Laplace-DLTS spectra

obtained due to the baseline which gives inconsistent spectral density function peaks.
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Figure 5.4: Arrhenius plots of W/4H-SiC Schottky barrier diodes fabricated by
sputter deposition observed at Vg=-5.0 V, Vp= 0.5 V and t,= 1 ms.
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Figure 5.5: Depth and concentration of the E’g g defect in W/4H-SiC Schottky
barrier diodes fabricated by sputter deposition compared to control samples (fab-
ricated resistive evaporation) measured at 320 K.

The fixed bias variable-pulse method was used to investigate the spatial distribution
of the Z; center (Eggs defect) after irradiation and on the control sample made
by resistive evaporation at 320 K. A marked increase in the defect concentration
after sputter deposition was observed when compared to the resistive deposition
samples (Figure 5.5). It has been reported that incident irradiation increases the
concentration of the Z; defect (Hemmingsson et al., 1998a). The defect concentration
after sputter deposition shows a steady decrease with increasing depth. This could

suggest that the defect is highly concentrated at the surface.

It is worth noting that this (E’g¢s)peak's defect concentration is now a summation
of the concentration of the E’g g5 and the Egg9 defects. Due to the proximity of the
two energy levels the DLTS signal will be a combination of both. As such, unless
these defects are clearly split one cannot make any clear deductions about the actual
concentration of the Z; after any form of processing or irradiation. This would require
the use of Laplace-DLTS. However, Laplace-DLTS also detects the baseline on which
the peaks are sitting in Figure 5.3. This appears inconsistently in the spectral density
function making it impossible to observe the fine structure of the two defects (Eg g6
and Egg9).
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The Eg.99 defect is unique and has only been observed after sputter deposition in the
current work. It has not been previously reported in 4 H-SiC. The defect is induced
by heavy metal or gas ions that emanate from the sputter deposition process. It may,

therefore, be a cluster or a complex of impurities from the deposition residue.

Introduction of the Eg g9 close to the Z; center has been attributed by Asghar et al.
(2007) to the interaction of the Z; with incident radiation which introduces an over-
lapping silicon vacancy (Vg;) transforming it into a complex. The overlapping vacancy
is discussed in Section 2.3. Further confirmation of the identity can be found in the
DLTS spectra of observed defects in Figure 5.6. Vg; anneals out completely at 600°C
as reported by Kawasuso et al. (2001). This Vg; has been linked to complexes formed
after thermal treatment that can be employed as single photon sources in 4H-SiC
(Castelletto et al., 2014; Bockstedte et al., 2004). In that regard, it is proposed that
sputter deposition may be used simultaneously for both metalization and to induce
the Vg;.
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Figure 5.6: DLTS spectra of of W/4H-SiC Schottky barrier diodes observed during
isochronal annealing recorded at a quiescent reverse bias of -2 V filling pulse 0.5 V
and pulse width (¢,)of 1 ms. A reverse bias of -2 V was used to probe near surface
defects only which were induced by the sputtering.
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5.3.3 Concluding remarks

Sputter deposition of W on 4 H-SiC induced the Eg 29 defect which is unique and has
not been reported previously. The defect may be a cluster or complex of impurities
incident on the semiconductor from the sputter deposition process. Sputter depo-
sition also induced the Eg g9 which anneals out at 600 °C showing that it is silicon
vacancy related. Irradiation induced defects, Vg; in particular, have been linked to
single photon sources in 4 H-SiC. The use of sputter deposition has been proposed
for both metalization and to induce the Vg; in n-4 H-SiC.

5.4 Annealing

5.4.1 Introduction

Once the Vyg; defect is induced, thermal treatment plays an important role in trans-
forming it into the Cg;V (Castelletto et al., 2014). In this section devices fabricated
using sputter deposition were annealed in argon and the arising defects were mon-
itored. Associated evolution in contact properties like the morphology and phase
composition were studied to account for the observed changes in the bandgap. All

the results will be presented first followed by an overall discussion.

5.4.2 Experimental

W /4H-SiC samples fabricated in section 5.3 were subjected to thermal treatment in
the 100-1100 °C temperature range using a quartz tube with flowing Ar in 100 °C
incremental steps. After each 15 minute annealing step the contact quality was
evaluated using I-V and C-V measurements (Section 4.5.1). Changes brought about
by the annealing would be noted in the process. DLTS spectra were recorded at a scan
rate of 2 K/min in the 15-360 K range. Wide angle X-ray diffraction was carried out
to identify any phase transitions after each annealing step. A Bruker D8 Advanced
diffractometer XRD system with a Cu K« radiation source was used at 40 kV and
45 mA. The 260 radiation source angle was maintained at 20° and the detector angle
scan was from 20° to 120° at 0.03° steps. Scanning electron microscopy (SEM) was
also carried out after each annealing temperature using a Zeiss Ultra Plus FEG-SEM

to study the evolution in surface morphology.
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5.4.3 Results

A summary of the parameters obtained after each annealing step is listed in Table
5.3.

5.4.3.1 I-V and C-V measurements

This data is representative of a large number of samples that were measured. As
the isochronal annealing steps progressed the C-V characteristics remained almost
unchanged with a gradual decrease in ideality factor until 700 °C where there is a
sharp increase in the C-V barrier height accompanied by an increase in the zero bias
capacitance. Thereafter, there is a gradual increase in the C-V barrier height until
1100 °C. There is an increase in the &, for annealing between 700 and 1000 °C.
Also, a significant decrease in the value of n is observed up to 900 °C. At 1100 °C a
sharp decrease in the I-V barrier height and increase in C-V barrier height are also
noted. There is a major degradation in the diode thermionic emission characteristics
at the 1100 °C annealing step with an increase in n and a sharp decrease in the I-V
barrier height and Np. Comparing the initial and final devices, the I-V characteristics
showed a gradual trend towards poor rectifying behavior and a decrease in reverse
leakage current with increasing annealing temperature up to 900 °C as shown in
Figure 5.7. Above 900 °C the leakage current starts increasing. The quality of the

devices were appropriate for DLTS measurements.

Table 5.3: Diode I-V and C-V parameters obtained from as-deposited and an-
nealed W/4H Schottky barrier diodes. Isochronal annealing was done for 15 min-
utes in the 100° C to 1100° C temperature range.

Temperature n +0.01 ¢y +£0.02 (eV) ¢oy £0.02 (eV) Np x 10 £0.1 (em™3)

As deposited 1.58 0.89 0.57 7.8
100 1.22 0.73 0.81 7.5
200 1.21 0.73 0.83 7.6
300 1.21 0.71 0.88 7.7
400 1.18 0.82 0.97 7.7
500 1.13 0.82 1.03 7.8
600 1.12 0.82 1.09 7.8
700 1.10 0.82 1.87 5.9
800 1.15 0.90 1.15 7.7
900 1.10 0.97 1.32 7.4
1000 1.22 1.03 1.55 7.3

1100 2.37 0.82 1.87 6.7
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Then overall trend shows a higher ideality factor and lower I-V barrier height and

high series resistance.
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Figure 5.7: I-V characteristics of of W/4H-SiC Schottky barrier diodes observed

during isochronal annealing for 15 minutes at different temperatures

5.4.3.2 DLTS

After annealing below 300 °C (Figure 5.6), the DLTS spectra showed only the native
defects and sputter deposition induced damage. At 300 °C the damage due to sputter

deposition annealed beyond detection. Figure 5.8 shows the DLTS spectra obtained
after annealing between 700 °C and 1100 °C.

The titanium impurity related Eg 15 is observed in all spectra and the Egg¢ (Z1) is
visible in the 800 °C — 1100 °C spectra but not in the 600 °C and 700 °C spectrum.
The difference between the Z; (Egg6) and the Zs (Eqg9) are described in Section 2.3.
The electronic properties of the defects observed in this study are listed in Table 5.4.

From annealing spectra of sputter deposition induced defects (Figure 5.6), the Zs
(Eo.69) center was not detected at 600 °C (Figure 5.6). This was attributed to the
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Figure 5.8: DLTS spectra of of W/4H-SiC Schottky barrier diodes observed during
isochronal annealing recorded at a quiescent reverse bias of -2 V filling pulse 0.5 V
and pulse width (¢,)of 1 ms.

defect being silicon vacancy related, the silicon vacancy anneals out at 600 °C. The
Z1 (Eoe6) defect reappears at 800 °C.

The Eg39 starts to appear at 500 °C and gradually increases in size as the Eggg
decreases in size until it goes completely beyond detection at 700 °C. At this point
(700 °C) the Eg 39 is at its highest concentration. A concurrent increase in zero bias
capacitance and C-V barrier height is also noticed at 700 °C as stated in Section
5.4.3.1. At 800 °C the Eg 39 was not detectable.

The Egs56 appears after annealing at 900 °C. At 1000 °C, the Eys¢ was observed
in addition to the Eqg9 defect. The Eg ;3 has annealed out but the Eq 5 and Eg 59
are present and the Zs (Egg9) appears. Then at 1100 °C the Eg s, Eo.15, Eo.20, Fo.23,
Eo.34, Fo.35, Eo.61 and Eg g9 where observed on the spectrum. Figure 5.9 shows Laplace
DLTS spectra used to obtain the properties of the Egg1, Egg9 and Eggs defects at

303 K and 306 K. The measurements were carried out at a reverse bias of -2 V and
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Figure 5.9: Laplace DLTS spectra showing some of the defects observed after
annealing W/4H-SiC Schottky barrier diodes at 1100 °C at a reverse bias of -2 V
filling pulse 0.5 V and pulse width (¢,)of 1 ms.

Table 5.4: Electronic properties of defects in W /4 H-SiC observed during isochronal
annealing in the 100-1100 °C temperature range. Er is the energy level of the defect
below the conduction band minima and oy, is the apparent capture cross section.

Defect label Er 42 (meV) o, £10% (cm™?)

Eo.0s 81.2 2.7 x 10718
Eo13 130 2.8 x 10715
Eo 15 146 3.3 x 10716
Eo.20 202 1.2 x1071°
Eo.23 231 1.9 x 1071°
Eo.29 294 6.3 x 10717
Eo.34 336 1.7 x 10716
Eo .35 348 4.2 x 1071
Eo.39 392 42 x 10714
Eo .56 559 1.5 x 1071
Eo.61 613 9.2 x 10716
Eo.69 692 3.0 x 10715

Eo.82 818 2.2 x 1071
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a forward bias of 0 V. The Eg4; has been reported as the donor level of the Zs center
(Section 2.3) (Eberlein et al., 2003).

It is possible to do Laplace DLTS after annealing at 1100 °C because the continuum

of defects that make up the baseline on DLTS spectra have been annealed out.

The Eg.os, Eo.20, Eo23 Eg.34 and Eg 35 result from the thermal treatment as their in-
troduction does not appear to be related to the Z;/, and other native defects. Their
spatial distribution was determined using the fixed bias-variable pulse method de-
scribed in Section 3.6. Depth profiling was done based on the correction proposed by
Zohta and Watanabe (1982) (Equation 3.13). A reverse bias of -2 V was maintained.
Depth profiles of the Eg o9, Eg.34 and Eg 35 are shown in Figure 5.10. The depth profile
of the Eq23 is not shown because it appeared to be surface state related due to the
inconsistent L-DLTS spectra with multiple peaks. The signature of a defect in the
bandgap can only be obtained if the spectral density function of L-DLTS is consistent

in a particular temperature range.

The Eg g was of very small defect concentration (< 1.0 x 10%m™2) and is also not

shown. A comparison of the depth profiles showed a similar trend with concentrations
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Figure 5.10: Depth and concentration of defects observed in 4H-SiC Schottky
barrier diodes after annealing at 1100 °C.
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that significantly reduced at 0.31pum confirming that they possibly emanated from
the same source; most likely a reaction at the metal-semiconductor interface. This

could be a carbide or a silicide formed at the surface.

5.4.3.3 X-ray diffraction

XRD results showed formation of various silicides, carbides and oxides during the

thermal treatment.

w-W  e-WC x-WSSi3
i-WO3 n-WZC s-WSi2
o-SiO2 z-SiC

=

Intensity

_ X
2
2> N 700°C
— N ;
As-deposited
salssesassaay lasssesnssas laosssessnass lasssessnsas lasssnssaay
20 40 60 80 100 120

29
Figure 5.11: X-ray diffraction patterns of as-deposited W/4H-SiC samples and
after annealing them at 700°C, 900°C and 1100°C in Ar for 15 minutes.
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Tungsten is metastable (has stable states other than the state of least energy), and
undergoes various eutectic reactions with both silicon and carbon during thermal
treatment. Figure 5.11 shows the XRD patterns for the W/4H-SiC samples before
and after annealing in Ar. The as-deposited pattern contained a WO3 (-1 -1 1) peak
at position 30.4°, a SiC (-1 -1 1) peak at 35.7° and a W (1 1 0) peak at 40.3°.
Stability of these phases formed on deposition is a function of kinetics (Seng and
Barnes, 2000). Previous depositions of tungsten on silicon carbide have also shown
trace amounts of tungsten oxide (Lundberg et al., 1996). The oxide could originate
from natural oxidation in air as the samples are transferred from the deposition
system to the measuring systems. It might also be introduced in small amounts in
the tube furnace. The strong amorphous component is due to the deposition and

unannealed nature of the W contact.

Annealing at 700 °C led to the emergence of two additional W peaks (10 2) and (22 0)
at positions 73.2° and 87.4°. At 700 °C W starts forming the most thermodynamically
stable phases. The material becomes more crystalline as evidenced by the narrowing
width and increasing intensity of the W peak at 40.3°. Formation of silicides and
carbides were observed showing that a reaction between W and SiC had taken place.
The resulting phases could be associated with W;Siz (4 0 0), SiO2 (2 1 1), WC (1 1
0) and W,C (2 2 0) at positions 37.4°, 60.4°, 70.5° and 93.7° respectively.

After annealing at 900 °C, additional peaks which could be SiOy (1 0 0) and WC
(1 0 0) peaks were observed at positions 23.6° and 36.4°. The formation of these
phases was an indication of further reaction of W and WOj3 with SiC. The samples
annealed at 1100 °C had the following additional peaks: WO3 (2 2 1), SiOy (3 2 7),
W,C (102) and WO3 (5 2 1) at position 24.3°, 47.9°, 52.5° and 113.0° respectively.
Formation of W5C confirmed further reaction between W and C. These results are
consistent with the predictions of the tenary phase diagrams calculated by Seng and
Barnes (2000). They predicted stable phases of WC and W;Si3 above 700 °C. The
differences are on the prediction of formation of WC and WSi, on the as-deposited

samples.

To optimize the detection of thin surface features proper grazing incidence XRD is

required.
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5.4.3.4 Scanning electron microscopy

Figure 5.12: SEM images for (a) as deposited W/4H-SiC Schottky barrier diodes
on the tungsten metal surface, and after annealing in Ar for 15 minutes at (b) 500
°C, (c) 600 °C, (d) 700 °C, (e) 800 °C, (f) 900 °C, (g) 1000 °C and (h) 1100 °C
respectively.



Results and discussion 61

In a previous study were inter-diffusion of tungsten into silicon carbide was confirmed,
SEM analysis showed associated morphological changes to the tungsten surface (Tha-
bethe et al., 2017). The SEM micrographs of W deposited on 4H-SiC before and
after annealing showing morphological evolution are depicted in Figure 5.12. The
as-deposited sample shows a continuous tungsten surface. An uneven patterning is
observed on the tungsten film. This could be resulting from the rf etching of 4 H-SiC
which was used to ensure that the surface was atomistically clean before tungsten
deposition. It can be seen that the whole surface is covered with W film after depo-

sition.

No changes were observed on the surface after annealing up to 500 °C. Annealing at
600 °C resulted in a pronounced change in the surface structure, with the continuous
film breaking up into evenly distributed smaller grains of no preferred orientation.
The morphological evolution after annealing at 700 °C and 900 °C shows grain coars-
ening with parasitic growth of bigger grains from the smaller ones. Bigger grains
appear to be stacked on the smaller ones and their formation may represent phase
transformations to form other phases as observed in the XRD results in the previous
section. A similar rough surface was observed on a W/6H-SiC interface where dif-
fusion was confirmed using Rutherford backscattering spectroscopy after annealing
and they attributed it to stress assisted growth (Thabethe et al., 2017).

Annealing at 1100 °C (Figure 5.12(h)) resulted in larger grains which almost cover
the entire surface. Cavities were also observed and reported when W diffused into Si
after annealing in oxygen and/or vacuum between 776°C and 960 °C (de Luca et al.,
2014).

5.4.4 Discussion of results

The gradual decrease in concentration of the Egg9 (Zs center) with the introduction
of the Eg 39 after annealing between 400 °C and 600 ° suggests that these levels are
possibly related or emanate from the same defect. The spike in C-V barrier height
at 700 °C was accompanied by the Eq g9 (Z2 center) going below the detection limit
of DLTS and the appearance of the Eg 39 on the DLTS spectrum (Figure 5.8). Such a
link between C-V barrier height and defect concentration has also been reported by
(Tunhuma et al., 2016a) in GaAs. Asghar et al. (2007) also observed the Zs center
going below detection after annealing at 600 °C for 30 minutes. They attributed the
suppression to the annealing out of the silicon vacancy (Z,) and the capture of the

Z1 by inactive sites such as dislocations and micropipes. Their assertions, however,
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lacked a plausible explanation on how this related to the nature of the defect or
the physical mechanism around the capture. The Z;/ centers are made up of two
negative U centers having inverted level ordering. Negative U behavior is when one
defect traps two electrons with the second one being more strongly bound than the
first (Son et al., 2012). Processes of the donor level capturing and the acceptor level

emitting can be described by the following equations (Hemmingsson et al., 1998a)

ZF+e 77, (5.1)

ZP+ve 77, (5.2)
where the subscript ¢ = 1 or 2.

From these equations four peaks would be anticipated to appear on the spectrum in a
conventional DLTS scan, two for each negative U center. According to Hemmingsson
et al. (1998a) this is not the case because the binding of the capture strengthens when
the two electrons are captured by the negative U center during each filling pulse and
cannot be subsequently released during a pulse relaxation. This explains the inability

to detect the Z; at 700 °C but does not explain concurrent detection of the Eg 3.

Pulse properties and pulsing conditions have been shown to play a major role on the
results of DLTS measurements in negative U centers (Seebauer and Kratzer, 2008).
The Eg 39 may result from the donor level of the Z; negative U center. This is because
a lower filing pulse was used (2.5 V) and shorter pulse length (1 ms) than previous
authors who didn’t see the donor level. The pulse is only long enough to fill the
donor defect level with one electron altering the capture cross section in the process.
As a result, the defect will not capture the second electron easily. A similar result
was observed with the ES1 defect in GaN by Auret et al. (1999) which also is a
negative U center. The DLTS pulse is therefore only sufficient for reaction 5.1 in an
emission of the poorly bound electron. Gradual introduction of the Eg 39 and shefting
of the peak, seems to point out that the thermal treatment actually influences the

first electron to be more loosely bound.

Based on these observations, changes observed on the electrically active defects in the
bandgap below 700 °C, can therefore, not be correlated with the phase transitions at
the interface, but can be linked to the Z; /» defects undergoing changes during thermal
treatment. Although the XRD results verified that there were phase reactions at
the interface, by revealing the presence of WC and W,C and WSi,, a similar defect
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behaviour of the Z; was observed using gold and nickel contacts on 4 H-SiC, therefore
all the observed changes in defects here cannot be correlated to W /4 H-SiC interfacial
reactions (Asghar et al., 2007).

No new defects were observed after annealing at 800 °C. Lundberg et al. (1996) also
saw that there was no reactions between tungsten and silicon carbide below 800 °C
even after annealing for 2 hours. However, several defects were observed in the
bandgap after thermal treatment in the 900 °C — 1100 °C temperature range. Laplace
DLTS depth profiles of the Eq o9, Eg.34 and Eg 35 defects, induced by annealing at 1100
°C follow a similar trend in terms of concentration, showing that they might have
emanated from same process. They were possibly created by the inter-diffusion of a
reaction product formed at the metal-semiconductor interface, which was probably a
carbide, silicide or oxide detected by the XRD. According to Kakanakova-Georgieva
et al. (1999) there is a breaking of Si—C bonds, so that the tungsten interacts with
liberated carbon atoms forming tungsten carbide as well as with silicon yielding

tungsten silicide.

From the depth profiles for a 15 minute annealing interval the average diffusion rate
of the thermal reaction product would be approximately 5.71 x 107 ym.s™!. The
depth profiles in Figure 5.10 may be for defects introduced by the diffusion of WC
as was observed using time of flight secondary ion mass spectroscopy (ToF-SIMS)
by Rogowski and Kubiak (2015) after annealing above 1200 °C. In this case, it was
detected after thermal treatment at a lower temperature than Rogowski and Kubiak
(2015) by the high resolution of Laplace DLTS. In the 15 — 360 K temperature range
it has been showed that oxygen related defect centers in 4H-SiC occupy shallower
levels than what we have observed (Dalibor et al., 1998). We therefore rule out
produced oxides as causes of the observed defects. From the SEM micrographs,
the coarsening of grains and the accompanying formation of cavities are consistent
with previous morphological observations where tungsten migrated into Si and SiC
(Thabethe et al., 2017).

The migration of reaction products into the lattice is not a desirable outcome for
the generation of single defects. This is because the purity of the materials plays an

important role in the quality of the photon source (7).

The introduction of the defects after annealing at 1100 °C was accompanied by a
major deterioration of the device thermionic emission /-V characteristics, as well
as modifications in the interfacial composition. Traps act as recombination centers,
trapping electrons, and this influences the observed C-V and I-V characteristics

resulting in poorer diode characteristics. A similar result has also been observed
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for annealing of Al contacts on 4H-SiC in the 900 °C — 1100 °C temperature range
(Rogowski and Kubiak, 2013). The various silicide and carbide phases produced
also introduce inhomogeneities in the barrier height, which also impacts on diode
I-V characteristics. With respect to the nature of the defects observed, it is hereby
proposed that they are interstitials formed by the tungsten, or carbides or silicides
occupying vacant sites which they encounter during diffusion through the lattice.

This is known as the dissociative diffusion mechanism (Biderman et al., 2016).

5.4.5 Concluding remarks

Thermal annealing of the W/4H-SiC Schottky barrier diodes in the 400 — 700 °C
temperature range resulted in changes in [-V and C-V characteristics which were
attributed to the negative U behaviour of the Z; center (Eggg). Further, the results
also show that thermally induced physical changes to contacts resulted in modifica-
tion of the electronic properties of the W/4H-SiC devices. From the depth profiles,
it appeared that inter-diffusion of silicides, carbides and other impurities produced
during the thermal reactions and phase transitions above 1100 °C, at the W /4H-
SiC interface migrate into the silicon carbide, introducing electrically active defects
(Eo.23, Eo.34 and Eg 35) in the bandgap. The introduction of the defects was detected
at relatively lower annealing temperatures compared to other techniques used in past
studies due to the high sensitivity of Laplace-DLTS.
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5.5 Swift heavy ion irradiation

5.5.1 Introduction

Having successfully induced the silicon vacancy in 4H-SiC using W sputter depo-
sition; annealing the resulting devices resulted in diffusion of the metal into the
semiconductor. This is an unfavourable outcome for photonics applications where
purity of the semiconductor is a high priority. An alternative is to induce the silicon
vacancy using noble gas particles. A noble gas is inert, therefore it will not react
with the semiconductor. However, because of mass considerations, heavy noble gas
ions have a high propensity to disrupt the lattice structure rendering it unusable for
both electronics and photonics purposes (Hlatshwayo et al., 2016). This problem is
compounded by the swiftness of the ions required for irradiation or implantation.

Slower ions were not consider as they cause rapid armophization of SiC.

Our aim was to use relatively low fluencies of swift heavy Xe** ion irradiation to
induce the Vg. Raman spectroscopy, Monte Carlo SRIM simulations and DLTS
were used to probe the disorder and electrically active defects induced. The aim was
to understand the nature and occurrence of defects formed under swift heavy ion
irradiation. The integrity of the lattice structure would be monitored using confocal
Raman spectroscopy, by performing spatial mapping of the cross section of 4 H-SiC

walers.

5.5.2 Experimental

Nitrogen doped, n-type (0001) oriented 4 H-SiC (8° off axis) wafers supplied by Cree
inc were used. The wafers consisted of a 6.0 um epitaxial layer of doping density
6 x 10%cm™ grown on a highly doped substrate of approximately 1 x 10®¥cm=3 The
samples were cleaned and a Ni ohmic contact was deposited following the procedure

in Section 4.2.

Room temperature irradiation of 167 MeV, Xe?S* ions was done on the epitaxial

~2. One week later, Raman spectra were recorded

layer at a fluence of 5 x 10 cm
on the epitaxial layer with a WiTec Alpha 300 Raman spectrometer, using the 514.3
nm laser line of a coherent Innova 70C series Ar™ laser (spot size approximately

2 mm) at a power of 0.17 mW with a resolution of 2 cm™'.

Raman depth image
scans were acquired over a width and depth of 70 gum~2 with 200 points per line and

200 lines per image using integration time of 1 s. Atomic force microscopy (AFM)
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was performed on pristine and irradiated samples using a Bruker Dimension Icon

Nanoscope 5 scanning probe microscope with ScanAsyst.

1000 A thick, Ni circular Schottky contacts were then fabricated on the irradiated
epitaxial layer using resistive evaporation. The resistive evaporation (RE) technique
does not introduce defects during deposition. For this reason Ni metal was chosen
as a contact metal because it can be deposited using RE, unlike W which cannot be
easily deposited using RE because of its physical properties. For control purposes un-
irradiated samples were also fabricated in the same procedure. DLTS measurements
were performed in the 40 — 370 K temperature range at a quiescent reverse bias of
-5 V and a filling pulse of 1 V. The pulse width was 1.0 ms.

5.5.3 Binary collision approximation

The radiation damage from the exposure of n-4 H-SiC to swift heavy ions was simu-
lated using Binary collision approximations in the SRIM (Stopping and Range of ions
in matter) framework (Ziegler et al., 2010). SRIM performs calculations on interac-
tions of ions with matter using quantum mechanics based predictions of ion-atom
collisions. This is achieved by employing several statistical algorithms. TRIM is the
subroutine which is used to calculate displacements per atom (dpa) by an incident
energetic particle. Dpa is a measure of primary radiation damage and can give in-
sights on the density of defects induced by incident radiation on the semiconductor

material as well as their spatial distribution.

The SRIM software has a graphical user interface where one can input data on the
incident ions and their energy and information on the target and its properties like
wafer thickness. After saving the input and running, the program calculations begin
and they can be paused and resumed at any instance. Room temperature simulations
were done using SRIM 2012 using displacement energies of 20 and 35 eV for the C
and Si respectively. The ion fluence was converted into displacements per atom (dpa)

using the following equation (Hlatshwayo et al., 2016)

vac/ionA
Pe

dpa = ¢ (5.3)

where ¢ is the ion fluence, p, is the theoretical density of 4H-SiC (9.641 x 10?? at/cm?)

and vac/ ionA is the vacancy per ion ratio obtained from SRIM.
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Figure 5.13: Relative Xe density and displacement per atom (dpa) as a function of
depth obtained from SRIM simulations on 4H-SiC at a fluence of 5 x 10" cm=2 .

From the SRIM results (Figure 5.14) at a fluence of 5 x 10" cm™2, the maximum dpa
was found around 13 pm and the projected range was 13.02 ym. The epitaxial layer
that was used had a thickness of 6.0 pm which is less than the projected range. This
shows that the ions penetrated the whole epitaxial layer and were mainly concentrated
in the bulk layer. Electron energy loss was therefore experienced by the epitaxial layer
and so only point defects are anticipated to have formed. The maximum dpa was
approximately 3.2 x 107° pym. It is less than the 0.3 dpa threshold for amorphization
of silicon carbide (O Connell et al., 2014).

When exposed to incident Xe radiation, ion solid interactions result in point defect
generation that leads to lattice distortions due to electronic energy loss. Two well
accepted models for the aftermath of the interactions are the thermal spike model
and the coulomb explosion model (Debelle et al., 2012; Li and Wang, 2014). Later
on, ballistic processes in the nuclear energy loss regime, result in damage cascades

with vacancies trapping gas particles and creation of interstitial defects.

Relative density (%) X 107
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Figure 5.14: Predicted electron and nuclear energy loss with depth obtained from
SRIM simulations on 4H-SiC at a fluence of 5 x 10'" cm™2 .

5.5.4 Confocal Raman microscopy

The vibrational modes both perpendicular and parallel to the c-axis have been dis-
cussed in section 2.8. Figure 5.15 shows the depth profile and the cluster spectrum
associated with each layer of the un-irradiated wafer. The profile is consistent with
the material specifications. The epitaxial layer is approximately 6.0 pm (brick red)
and the bright red layer represents the bulk. The Longitudinal optical mode (LO)
at 978 cm™! has been attributed to free carrier (N-doping) interactions (Nakashima
and Harima, 1997). However, the peak intensity ratios Igzs : I77s is constant for both
layers at 0.38. This suggests that the difference in N-dopant concentration between

layers has an overall effect on the whole material not on individual vibrational modes.

Nuclear energy loss (keV nm'1)
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Figure 5.15: (top left) Depth profile of as-grown 4H-SiC obtained from cluster
distributions showing an epitaxial layer (brick red), a bulk layer (red). The graphs
show the cluster average Raman spectra which constitute the depth profile.

Table 5.5: Frequency in cm™! and assignment for peaks for as-grown 4H-SiC.

Layer Frequency (cm™') | Mode | FWHM | Reference

Epitaxial 778 TO 11.3 | (Sorieul et al., 2006)

Epitaxial 978 LO 22.3 | (Burton et al., 1998)

Bulk layer 779 TO 10.2 | (Nakashima and Harima, 1997)
Bulk layer 978 LO 21.4 | (Burton et al., 1998)

1

The longitudinal optical peak at 776 cm™" is slightly more intense in the epitaxial

layer. The observed peaks are listed in Table 5.5.

Figure 5.16 depicts a depth profile of the wafer after 167 MeV Xe irradiation and the
associated cluster spectra. Three layers are displayed; a top layer (blue), thicker than
the epitaxial layer, a medium layer (green) and the bulk layer (red). The top layer
has a thickness of approximately 13 pm. This value is consistent with the maximum
dpa predicted from SRIM simulations in Figure 5.14, hence the blue layer and average
spectra represent the top part of the wafer with maximum damage induced by the

incident radiation.

The highest background is observed on the blue spectrum with a peak like structure at
883 cm L. Increase in background is disorder-related, showing that the top layer had

a relatively large amount of induced defects on the wafer. The second layer (green)
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Figure 5.16: (top left) Depth profile of 167 MeV Xe irradiated 4H-SiC obtained
from cluster distributions showing a damaged top layer (blue), a damaged bulk
layer (green) and a pristine bulk layer (red). The graphs show the cluster average
Raman spectra which constitute the depth profile.

does not have a uniform spectral distribution on the depth profile;and disorder is
observed at a depth up to twice the projected range. This uneven damage, according
to Malherbe (2013), can be attributed to a small population of displaced atoms
recoiling through the lattice to produce other displacements resulting in a cascade
effect and extended damage micro-regions. A similar result has also been observed
by Hlatshwayo et al. (2016) after irradiating SiC with slow moving 167 MeV Xe ions.
The SRIM projected range was 160 nm but damage was observed at 190 nm. The
observed peaks are listed in Table 5.6

The red layer represents the bulk of the wafer which was not penetrated by the

incident radiation.

1 on the

A peak shift was observed on the longitudinal optical peak at 965 cm™
different layers. Peak shifts have been associated with compressive stress in the c-
plane due to lattice mismatch between layers. Jiang et al. (2016) have shown that

stress results from interstitial type defects or clusters formed by the irradiation.

Raman intensities of the irradiated samples are lower than those of the pristine sam-
ples at the peaks. The peak intensity ratios Ig7s : I778 were 0.51, 0.75 and 1.08 for

the three layers respectively, starting from the bottom. This can be attributed to
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Table 5.6: Frequency in cm ™! and assignment for peaks for 167 MeV Xe irradiated
epitaxial 4H-SiC.

Layer Frequency (cm™!) | Mode | FWHM | Reference

Damaged Epitaxial 779 TO 14.5 | (Sorieul et al., 2006)

Damaged Epitaxial 996 LO 13.2 (Burton et al., 1998)

Damaged Bulk 780 TO 13.5 | (Nakashima and Harima, 1997)
Damaged Bulk 979 LO 21.7 | (Burton et al., 1998)

Pristine Bulk 779 TO 10.2 (Nakashima and Harima, 1997)
Pristine Bulk 978 LO 21.3 | (Burton et al., 1998)

carrier removal, a phenomenon which occurs due to irradiation induced defects cap-
turing carriers. As a result a reduced intensity of the N-dopant related 978 cm™! is
observed. There is also a broadening of the TO peak as observed in the comparison
of FWHM on Tables 5.6 and 5.5 which results from radiation damage . The pristine
bulk layer spectrum is less intense on irradiated samples because the irradiation dam-
age increases optical absorption centers which reduce the Raman signal as it passes

the top layers.

When the samples are exposed to incident Xe radiation, ion solid interactions result in
point defect build-up due to lattice distortions. Ballistic processes result in damage
cascades with vacancies trapping gas particles and creation of interstitial defects
(Jiang et al., 2016). The spectra confirmed modifications of the crystal structure
consistent with degradation without armophization. A relatively low fluence was
used therefore the bond structure and lattice order is preserved and the electronic

structure has minor perturbations (Sorieul et al., 2012).

The decreases in intensity after irradiation, is attributed the breaking of bonds and
changes in the lattice arrangement. Loss in Raman signal has been correlated to
optical absorption in the damaged layer by point defects created in the band gap
(Sorieul et al., 2012).

A comparison of the depth profile from irradiated samples shows that the result is
consistent with what was predicted by the SRIM simulations. Maximum density of
Xe ions is observed at around 13 pum where nuclear energy loss is at its maximum.
This shows that confocal Raman depth profiles can give results comparable to those
obtained by the more established, accepted methods like SRIM simulations, regarding
the distribution of defects in the lattice structure. Similar observations were reported
by (Huang et al., 2017).
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5.5.5 AFM

Figure 5.17 depicts the morphology of 4 H-SiC obtained in ScanAsyst mode. Figure
5.17 a) shows pristine and Figure 5.17 b) shows irradiated 4 H-SiC. It is clear that
the irradiated material has elongated protrusions on the surface in the direction of
the incident irradiation. Compositional analysis on these structures using energy
dispersive X-ray analysis (EDS) showed that they were purely Si and C and were
not emanating from any contamination of the samples. Ochedowski et al. (2014) also
irradiated 6 H-SiC with 81 MeV Ta?** and 117 MeV Pb3!'* at angles of incidence
varying from 0.6° — 1.1°. They observed narrow graphitic grooves and speculated
that they emanated from the sublimation of silicon atoms in the SiC matrix by
incident ions. Their differences with Figure 5.17 can be due to the lower energy
they used and may also be because they did not use inert elements. From the AFM
micrographs the areal density of the protrusions with ion dose is not direct. This

discrepancy and the origin of these protrusions is still under investigation.

1.3 nm

-0.9 nm -1.2nm

Figure 5.17: 2 pm x 2 yum AFM 2D and 3D images for a)pristine 4H-SiC and b)
167 MeV Xe irradiated 4H-SiC
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5.5.6 DLTS

Figure 5.18 shows the DLTS spectra obtained using the 50 s™! rate window. Curve
(a) is the control spectrum obtained from un-irradiated samples and curve (b) is from
samples irradiated by the Xe*™ ions. From curve (b) we notice that Xe irradiation
introduced two electron traps Eg 49 and Eg g9 in addition to the native ones. A similar
observation was made by Kalinina et al. (2002) in Kr irradiated 4 H-SiC. The defect
signatures (activation energy E, and capture cross section (o,)) were determined

from the slope and intercept of Arrhenius plots in Figure 5.19.
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Figure 5.18: DLTS spectra of (a) as deposited Ni/4H-SiC Schotky barrier diodes.
(b) Ni/4H-SiC Schottky barrier diodes on 167 MeV Xe?5* irradiated 4 H-SiC. The
spectra were recorded using a quiescent reverse bias of -5 V, filling pulse 1 V, pulse
width of 2 ms

The Egg9 donor level of the Z; center and the Eg4 acceptor level of the Zsy cen-
ter defects have also been observed in n-4H-SiC after irradiation by radionuclides
and after the electron beam metalization processes (Paradzah et al., 2015; Omotoso
et al., 2016). As a result none of the electrically active defect states can be directly
attributed specifically to Xe interactions with silicon carbide. The Vg; is realised in
the Eq g9 defect. From the Raman spectroscopy results and the SRIM it is clear that
the Xe penetrated deep into the lattice structure introducing defects. These defects

have already been discussed in the sputter deposition section.



Results and discussion 74

5 - E0.66 O Xe irradiated
K <& As-grown
af
L 4 [Fos
o |
&, oL Eoes
S C Eo.40
1 N E0_15 <O
: 0.13
R 0.09
O—IIII|IIII|IIII|IIII|IIII|
0 5 10 15 20 25
1000/T (K"

Figure 5.19: Arrhenius plots of defects in resistively evaporated Ni/4H-SiC Schot-
tky barrier diodes on as-grown and 167 MeV Xe ion irradiated 4 H-SiC

The Arrhenius plots (Figure 5.19) show that the heavy ion irradiation impacts the
native defects and results in a shift in their signatures. Overall the results confirmed
the radiation hardness of 4 H-SiC, as they showed that despite swift heavy ion irra-

diation, the material remained intact both structurally and electronically.

5.5.7 Concluding remarks

n-4H-SiC was irradiated with 167 MeV Xe?* ions at room temperature. From Ra-
man spectroscopy depth profiles it was observed that the damage was moderate and
the integrity of the lattice structure was conserved. Confocal Raman spectroscopy
was successfully used for depth profiling. The depth profiles were consistent with
SRIM predictions. AFM showed that elongated protrusions were introduced on the
surface. DLTS results showed that the swift heavy ions induced the Eg g9 donor level

of the Z, center and the Eg 49 acceptor level of the Z; center.



Chapter 6

Conclusions

6.1 Introduction

The research contained in this dissertation is an excerpt of the investigations done on
the defect characteristics of n-4 H-SiC. Characterization of defects introduced through
various processing techniques was succesfully achieved. A Vg; related defect was
induced through sputter deposition and swift heavy ion irradiation. In this chapter

conclusions specific to each section in chapter 5 are summarized.

6.1.1 Sputter deposition

The study showed that sputter deposition as a metalization technique has a profound
effect on the electrical characteristics of 4 H-SiC based devices. The influence of the
defects induced by the technique resulted in devices with poorer diode characteris-
tics compared to those fabricated by resistive evaporation. From the results it was
deduced that the plasma and incident metal particles induced the Eg39, a unique
defect observed after sputter deposition and the Egg9 which is related to the silicon
vacancy (Vgi). It was inferred that sputter deposition induces the Vg which after
thermal treatment has been employed as a single photon source with potential appli-
cations in quantum computation. The technique is therefore recommended for both

metalization and to induce beneficial defects

1)
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6.1.2 Annealing

Once the Vg; defect was induced by sputtering, thermal treatment was carried out
to transform it into the Cg;Ve. Annealing the W/4H-SiC interface resulted in a
significant degradation of diode I-V and C-V characteristics. DLTS was successfully
used to track defects associated with the diffusion of W into the 4H-SiC lattice
structure. Owing to the sensitivity of L-DLTS the diffusion was detected at a lower
temperature when compared to what had been reported from ToF-SIMS and other
techniques used in past studies. From the depth profiles, the diffusion rate was
calculated as 6 x1071% ym s~ at 1100 °C. It was concluded that exposure of W /4 H-
SiC contacts to temperatures above 800 °C, during operation or thermal treatment
may result in the migration of interfacial reaction products into the semiconductor
wafer, contaminating the devices in the process, despite strict cleanliness practice
during fabrication. The resulting phase compositions and defects significantly affect
the device’s electrical characteristics. Laplace DLTS accurately tracked diffusion of
defects and detected them earlier than other experimental methods.L-DLTS was only
successfully used after annealing at high temperatures to reduce the spectral baseline

on conventional DLTS scans.

6.1.3 Swift heavy ion irradiation

Swift heavy Xet26 were considered for inducing the silicon vacancy. Xe is inert there-
fore it would not react with the silicon carbide to cause contamination. Irradiating
n-type 4 H-SiC with swift heavy Xe™2% ions at room temperature resulted in moderate
to low damage one week later. This confirmed the radiation hardness of 4 H-SiC and
its potential use in high radiation environments. From the Raman spectroscopy it
was observed that the damage was moderate and the lattice structure was conserved.
This was despite a SRIM maximum depth of ion penetration at 13.02 um below the
surface of 4H-SiC.

Ni Schottky barrier diodes were fabricated on swift heavy ion irradiated epitaxial
layers and characterized with DLTS. DLTS results on Ni/4H-SiC Schottky barrier
diodes were consistent with other swift heavy ions such as Kr, inducing the Eg g9
donor level of the Zs center and the Eg 49 acceptor level of the Z; center. There was
also a considerable increase in defect concentration after irradiation accompanied by
a decrease in Raman intensity. Confocal Raman spectroscopy was successfully used
for depth profiling of the structure of the wafers after irradiation. Its accuracy was

consistent with SRIM simulations.
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6.2 Future work

Several defect states were reported within this thesis. However, the chemical identity
and microscopic structure of most of them remain uncertain due to the limitations
of DLTS and L-DLTS. It is therefore necessary to adopt other defect identification
techniques like photoluminescence, electron paramagnetic resonance (EPR), trans-
missionelectron microscopy (TEM) Hall effect measurements and controlled chemical
treatments in a bid to understand the nature of these defects. TEM not only shows

defects but gives their quantitative properties e.g. strain fields.

The irradiation experiments were done at room temperature where the vacancies and
interstitials are mobile. A study of the first generation defects has to be carried out.
This is achievable by irradiation at very low temperatures. It is also essential to re-
look at the fine structure of defects introduced by other incident ion types in 4 H-SiC

that were reported in the past using conventional DLTS.

Furthermore, RBS wil be done to verify diffusion of defects after annealing W /4 H-SiC
as observed using L-DLTS.

Finally, all the experimental work that has been carried out can be extended to
include p-type 4H-SiC, n-type 4H-SiC of different free carrier densities and 4 H-SiC
grown using different techniques like molecular beam epitaxy (MBE). Generally MBE

produces purer semiconductors.
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Appendix A : Summary of

prominent defects in 4 H-SiC

Defect label Er +0.02 (eV) Defect ID  Nature  Origin
Eo.09 0.09 N impurity growth
Eo.13 0.13 Ti impurity growth
Eo.15 0.15 Ti impurity growth

A 0.43 A donor  growth
74 0.61 — 0.66 Zq acceptor growth
Zo 0.46 Zo donor  growth
Zo 0.69 Zo acceptor growth
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