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ABSTRACT

Silicon carbide technology has made a significant improvements in these recent years, with a
range of different devices, such as diodes, junction field effect transistors (JFETs) and metal-
oxide-semiconductor field effect transistors (MOSFETSs) becoming commercially viable. The
availability of relatively large and high quality wafers of 4H-SiC for device development has
facilitated exciting breakthroughs throughout the world. The application areas of 4H-SiC
devices include extreme environments such as high power, high frequency, high temperatures
as well as optoelectronics. SiC technology has became indispensable due to the increasing
demands from industrial sectors including automotive, military and aerospace. One of the
crucial challenges for 4H-SiC MOSFET: is to increase the channel mobility which is plagued
by the high density of interface traps. Post oxidation annealing (POA) in nitrogen gas
environment or nitridation has become a standard process for the fabrication of MOSFETSs
with acceptable channel mobility around 35 cm?/Vs, only about 4 % of the bulk mobility. POA
using phosphoryl chloride (POCl3) or phosphorus pentoxide (P2O5) sources converts SiOg into
phospho-silicate glass (PSG) and has succesfully improved the channel mobility by a factor of
3 in comparison to nitridation. However, PSG is a polar material that increases the instability

of MOS devices characteristic especially at high temperatures.

In this work, the effect of inclusion of phosphorus (at an atomic concentration below
1 %) on the high temperature characteristics (up to 300°C) of the SiO2/SiC interface is
investigated. Capacitance — voltage measurements taken over a range of frequencies have been
utilized to extract parameters including flatband voltage, threshold voltage, effective oxide
charge, and interface state density. The variation of these parameters with temperature has
been investigated for bias sweeps in opposing directions and a comparison made between
phosphorus doped and undoped oxides. At room temperature, the effective oxide charge
for SiO2 may be reduced by the phosphorus termination of dangling bonds at the interface.
However, at high temperatures, the effective charge in the phosphorus doped oxide remains
unstable and effects such as flatband voltage shift and threshold voltage shift dominate the
characteristics. The instability in these characteristics was found to result from the trapped
charges in the oxide (10'? cm~3) or near interface traps at the interface of the gate oxide and
the semiconductor (102 to 10¥cm~2 eV~!). Hence, the performance enhancements observed

for phosphorus doped oxides are not realised in devices operated at elevated temperatures.



The electrical characteristics of 4H-SiC CMOS capacitor and transistor structures have been
compared to the recently developed inversion MOS capacitor structure. Parameters including
the interface state density, flatband voltage, threshold voltage and effective charge have been
acquired from C-V characteristics of MOS capacitors to assess the effectiveness of the
fabrication process in realising high quality gate dielectrics for CMOS process. A maximum
critical electric field, in excess of 9.5 MV/cm has been demonstrated by the MOS capacitors
without sustaining any oxide breakdown. Whilst, the interface trap density extracted from the
n-type MOS capacitor is strongly correlated with n-channel field effect mobility, the channel
mobility in the p-channel data shows no correlation. The impact of elevated temperatures on
device characteristics of MOS capacitors and MOSFETSs were also investigated utilizing C-V
and /-V measurements performed at temperatures up to 400 °C. The temperature dependence
of the flatband voltage, effective oxide charge and interface state density for MOS capacitors
and the field effect mobility, threshold voltage and substhreshold swing for MOSFETs was
examined in this section to study the effect of different dielectric formation at elevated
temperatures. Finally, for the first time, the characteristics of inversion MOS capacitors with
different frequencies (10 kHz to 1 MHz) for n and p-type are reported. The correlation between
inversion capacitance and field effect mobility at room and elevated temperatures are discussed

as a new method to assess the quality of SiC/SiOs interface.

For the first time, the characteristics of 3D structures formed in silicon carbide for the
realisation of ultra-high performance nanoscale transistors, based on the FinFET topology is
investigated. C-V characteristics show evidence of a second flatband voltage, located at a
higher bias than that seen for purely planar devices. Two distinct peaks in the conductance —
voltage characteristics are observed, centered at the flatband voltages, where the peak located
at high bias correlates with the behaviour of the sidewall area. This suggests that the chemical
behaviour of the sidewalls differs from those of the (0001) wafer surface. The breakdown
electric field of the dielectric film grown on the 3D structure is in excess of 3 MVem ™!, It
is demonstrated that 3D transistors (FinFETs) do not utilise the gate voltage range where the
abnormal characteristics exist and so this work reports for the first time the possibility of high

performance nanoscale transistors in silicon carbide that can operate at high temperatures.
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Chapter 1

Introduction

1.1 Introduction

In the world of electronic devices, silicon technology has been dominating the industry since
the invention of the transistor. Silicon is one of the most abundant elements in nature and
high quality substrates are easily available. However, the devices have reached the physical
limits in a vast number of application areas such as at high voltage, high temperature and
high radiation environment where silicon devices are incapable of performing. Compound
semiconductors are becomming the material of choice in these applications where silicon
devices exhibit poor performance owing to intrinsic material properties. For example, gallium
arsenide (GaAs) and indium phosphide (InP) have been extensively used for high frequency
devices and light emitting devices. As our society continues to advance scientifically, numerous
demands for semiconductor devices that can be operated at high temperature have arisen. For
such applications, wide band gap semiconductors are a viable solution to conventional silicon-
based electronics. Silicon carbide (SiC) is a promising candidate for extreme environment
electronics due to its unique physical and chemical properties. It has a strong bonding between

Si and C that results in a hard and strong material.

Due to its superior properties coupled with the availability of high quality commercial wafers,
SiC is an ideal semiconductor to replace Si for high temperature applications. SiC is the
only wide band gap that can form SiOs as a native oxide, which is an important advantage
in device fabrication. However, the physical and chemical stability of SiC makes the crystal
growth of SiC extremely complex and restricts the development of SiC semiconductor devices
and electronic applications. The presence of diverse SiC structures with different stacking
sequences (different polytype), such as 3C-, 4H- and 6H-SiC has also delayed the growth of

electronic grade SiC crystals.

Part of the investigation undertaken within this thesis is a collaboration between the research
group at Newcastle University and Raytheon UK which was funded as part of a knowledge
transfer program (KTP). The work reported in this thesis focuses on the characterization

and understanding of 4H-SiC MOS devices, with the intention to reduce the interface state



density and improve the stability device performances. All of the experimental results and data
extracted from the devices discussed in this thesis were conducted at Newcastle University by

the author unless stated otherwise.

1.2 Motivation

The demand for electronic devices that are capable of operating in harsh environments is
increasing rapidly. Silicon is the most commonly used semiconductor for electronic devices.
The progress in large scale integration (LSI) and advanced simulation technology had a
significant impact on the development of electronic devices. However, current silicon device
technology is relatively established and it is difficult to achieve a significant breakthrough.
Silicon carbide (SiC) is an excellent wide band gap semiconductor for high power, high
temperature, or high-speed switches owing to its superior material properties such as a high
breakdown voltage, which is ten times higher than that of silicon, high electron mobility,
and thermal conductivity [1]. The advantage of SiC is that it is the only wide band gap
compound semiconductor that can produce high quality of SiOs layer by thermal oxidation
which makes it an ideal candidate for applications where conventional silicon technology
cannot function, which is the main focus of this research. This developing SiC technology
offers a significant impact in many industrial sectors including aerospace, automotive, oil and
gas and communications. This emerging technology is also a promising material for advanced
power devices. For example, the automotive industry is developing environmentally friendly
vehicles also known as hybrid vehicles to reduce the carbon dioxide (CO3) pollution and
conserve fossil fuels. Due to the high saturation drift velocity and high temperature operation,

SiC has become a component in high volumetric density performance power electronic circuits.

An inversion layer mobility, of about 3 times higher than that achieved with NO annealing
on the Si-face was achieved by post oxide annealing in phosphoryl cloride (POCl3) [2]. It was
found that phosphorus incorporation turns SiO2 to phosphosilicate glass (PSG) and reduced the
interface state density at the interface, hence improve the channel mobility of SiC MOSFETs.
However, PSG is a polar material and can lead to threshold voltage instability [3, 4]. The PSG
film presence considerably changes the character of charge state in MOS structures under both
polarities. Negative bias induces positive PSG polarization charge at the interface (negative
shift in Vrp). The positive shift in Vgp is due to induced negative polarize charge. To
date, there is no report on the stability of phosphorus doped SiO2 MOS capacitors at high

temperatures. Although phosphorus incorporation has successfully improved the channel



mobility of 4H-SiC MOSFETs, the stability of device performance at high temperatures is
of critical importance because one of the key advantages of SiC devices is the capability to

operate in extreme environments.

In an effort to increase the channel mobility, a 3-Dimensional MOS capacitors has been
fabricated and characterised. Through an innovative FinFET structure, 3D-MOS capacitors
enhance the oxide capacitance, due to larger total surface area from the sidewall areas, and
show a reduction in the interface state density as different plane orientation on the sidewall.
In silicon technology, the 3-D gate structure or FinFET has emerged as a novel device having
superior control over short channel effects. It is a promising alternative to planar devices in the

sub 50 nm generation due to increased gate control from three sides of the active areas.

The commercial availability of single crystalline 4H-SiC wafers over the past 20 years has
created a great deal of interest in SiC device applications. Wafer quality has gradually
increased along with wafer diameter and offers a significant opportunity for the development
and manufacture of commercial devices and circuits. Today, SiC wafers up to 200 mm diameter
with an excellent surface profile in term of surface roughness are available in the market at

reasonable price [5].

1.3 Thesis outline

Although great efforts have been made to develop SiC MOSFETSs, there are still some problems
for their practical use. The presence of a large interface state density, Dj; and surface roughness
in the thermally grown SiO2/SiC interface are the main problems. The focus of this thesis is
on improving the channel mobility and the stability of flatband voltage which are the main

problem in SiC MOSFETs.
Chapter 2: Literature review: A review of 4H-SiC MOS and MOSFETs

Chapter 2 comprises a literature review of the history and material properties of 4H-SiC. The
key issue and challenges in SiC technology are described starting from the oxidation of 4H-SiC,
post oxide annealing and recent development in high-x materials. The fundamental theory of
MOS capacitor and MOSFET followed by the extraction techniques of interface state density

and the future potential of SiC technology are discussed in this chapter.

Chapter 3: The instability of phosphorus doped SiOz 4H-SiC MOS capacitors at high

temperatures and high electric field.



A comparison between phosphorus doped and as-grown oxide layers has been made to see
the effect of phosphorus incorporation at high temperatures. C-V and I-V measurements
were performed to extract parameters including flatband voltage, threshold voltage, effective
oxide charge and interface state density. The origin of the positive flatband voltage in
phosphorus doped N-type 4H-SiC MOS capacitors at high temperature and high electric field

was investigated under different bias times and conditions.
Chapter 4: Influence of dielectric formation on the characteristics of 4H-SiC CMOS devices

In this chapter, the electrical characteristics of 4H-SiC CMOS capacitor and transistor
structures have been compared to the recently developed inversion MOS capacitor structure
to investigate the influence of dielectric formation on the characteristics of 4H-SiC CMOS
devices. The temperature dependence of important parameters including the flatband voltage,
effective oxide charge and interface state density for MOS capacitors and the field effect
mobility, threshold voltage and substhreshold swing for MOSFETs was examined in this
section to study the effect of different dielectric formation at elevated temperatures. An
investigation on the characteristics of inversion MOS capacitors for n and p-type were also
conducted. The correlation between inversion capacitance and field effect mobility at room
and elevated temperatures is discussed as a new method to assess the quality of the SiC/SiOq

interface.

Chapter 5: 3D Structures for Nanoscale Silicon Carbide Transistors

The move to short gate length transistors is not possible in high temperature electronics using
conventional transistor structures. The excess carriers that are generated at high temperatures
results in the ability of the gate to modulate the current flow being severely impaired. This is
often described as a loss of electrostatic integrity, an issue faced by nanometer scale silicon
transistors in modern integrated circuits. By moving to 3D structures, often labelled as
FinFETs, it is possible to increase the electrostatic integrity of the device and this will enable
the channel length of the device to shrink, whilst maintaining the electrical characteristics. The
intention of this work is to demonstrate, for the first time, that the use of 3D structures in silicon
carbide is a key enabling technology in the realisation of short gate length transistors for high

performance logic circuits that can operate in high temperature environments.
Chapter 6: Conclusion and future work

Chapter 6 summarises the key findings, technical investigations and suggestions for future

works.



1.4 Key contributions

The investigations that have been carried out within this thesis provide several key contributions

to the research community including:

e Experimental measurements and data analysis of phosphorus doped SiO5 4H-SiC MOS

capacitors at high temperatures up to 300°C

e Electron tunneling mechanism in the high electric field of phosphorus doped SiO2 4H-
SiC MOS capacitors

e A comparison study of n-type and p-type MOS capacitors and MOSFET with different

dielectric formation

e Analysis of inversion MOS capacitor on both n and p-type 4H-SiC including the
correlation between inversion capacitance and field effect mobility at room and high

temperature.

e Fabrication and characterisation of 3-Dimensional MOS capacitors using different

dielectric formation



Chapter 2

A review of interface state density in 4H-SiC MOS devices

2.1 Introduction

In recent decades, there has been an increasing demand for new semiconductor materials that
can operate in extreme environments where standard silicon electronics fail to function. These
conditions include high temperatures, high power density, high voltage applications and high
radiation conditions [6, 7]. Furthermore, owing to demands for sustainable energy production
and reduction in carbon emissions worldwide, the use of high-performance electronics has
become critical to a wide range of industrial sectors including automotive, aerospace, military
and nuclear power generation. Existing devices made of silicon are approaching the theoretical
limit for operation as determined by its material properties; at high temperature, the material
becomes intrinsic and fails as it is no longer able to block the voltage. Therefore, wide bandgap
semiconductors such as silicon carbide (SiC), gallium nitride (GaN) and aluminum nitride
(AIN) are viable alternative solutions for such applications, due to their superlative materials

properties.

SiC is an interesting material for electronic devices. In comparison to silicon, SiC features
excellent physical and chemical properties (refer Table 2.1) that allow it to operate in extreme
environments. Interestingly, in general terms, the fabrication process of SiC devices is similar
to silicon technology. Therefore, SiC can be adopted to silicon technology production line
simply and without excessive cost. The ability to be oxidized at elevated temperatures gives
SiC a significant advantage compared to other wide bandgap semiconductors. The thermal
oxide grown on SiC is similar to silicon in terms of dielectric strength and bandgap. However,
the quality of the SiC/SiO- interface is not as good as that formed betweenn Si and SiOa,
where the interface state density for as grown N-type 4H-SiC MOS capacitors is typically
around 10" cm=2eV~! close to the conduction band [8, 9]. The presence of a large density
of interface traps degrades the quality of MOSFET devices by capturing charged carriers and
introducing Coulomb scattering that dominates the MOSFET characteristics at low electric
field. The high density of interface states is also correlated to the instability of the threshold

voltage, which is one of the main focuses in this study.



2.2 Overview of silicon carbide

Silicon carbide (SiC) is an excellent wide bandgap semiconductor for high power, high
temperature, or high-speed switches owing to its superior material properties, such as high
breakdown electric field (which is ten times superior to that of silicon), high electron mobility,
and thermal conductivity [10-12]. The advantage of SiC is that it is the only wide bandgap
semiconductor that can produce high-quality SiO9 layers by thermal oxidation, which makes it
an ideal candidate for metal-oxide-semiconductor applications; for example, logic circuits for
microcontroller. Although significant efforts have been made to develop SiC MOSFETs, there
are still some problems in terms of their practical use. The presence of a large interface state
density, Dj; and surface roughness in the thermally grown SiO»/SiC interface are significant

issues.

2.2.1 History

In 1824, Berzelius first reported the indentification of a compound containing silicon-carbon
bonds, formed by passing a current through a carbon rod in the mixture of silica, carbon and
some additives such as salt [13]. The first application of SiC was the production of SiC powders
used for polishing, grinding and cutting [11]. In the meantime, natural SiC was discovered by
Moissan as a mineral [11]; thus it is named “Moissanite”. In 1955, Lely has successfully
grown relatively pure SiC, mostly 6H-SiC crystals, by a sublimation technique [14]. This
has facilitated SiC as a semiconductor for applications for high-temperature electronics. A
modified Lely method, also known as physical vapour transport (PVT) was developed by M.
Tairov and V.F. Tsvetkov [15]. They invented a reproducible method for SiC production based
on thermodynamic and kinetic considerations by introducing a seed into a sublimation growth
furnace. Several groups further developed a growth process to obtain a larger diameter and

fewer defect of SiC wafer.

Production of an industrial volume of silicon carbide ingots is one of the challenging tasks faced
by the SiC industry. Due to its physical and chemical nature, it is difficult to grow single crystals
of SiC. Calculations indicate that extremely high-temperatures and high-pressure conditions
are required to produce single crystalline materials [16]. Even a slight difference in enthalpy
leads to the formation of different SiC polytypes. The seeded sublimation growth method,
which uses a high quality crystal as a seed, is the most common method that has been used for

SiC wafer production. This approach has become the standard industrial process and is able to
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Figure 2.1: The diameter size of silicon carbide wafers demonstrated in Research and

Development at Cree Research (Wolfspeed).

produce high quality and low defect (micro-pipes) SiC wafers with increasing diameter [17-
19]. Fig 2.1 shows the progress of wafer size (in diameter) between 1992 and 2015. 150 mm
diameter bulk SiC wafers are currently available and bigger wafers are anticipated to be
available soon. The wafer size is crucial as it may reduce the cost of devices that can be
produced when the wafer size increases further. Nevertheless, there are other methods such
as high-temperature chemical vapour deposition (HT-CVD), continuous feed physical vapour
transport (CF-PVT), Halide CVD (H-CVD) and modified PVT (M-PVT) still primarily at the

research stage and will certainly draw more attention in the future [16, 20, 21].

2.2.2 Properties of SiC

SiC is a compound semiconductor, comprising a stoichiometry of 50% silicon (Si) and 50%
carbon (C). Si and C atoms are tetrahedrally bonded with covalent bonds by sharing electron
pairs in outer orbitals to form a SiC crystal. Each Si atom has exactly four C atom neighbor,
and vice versa. The Si-C bond energy is very high, 360 kJ/mol (4.6 ¢V), which gives SiC

the outstanding material properties. SiC has many polytypes (more than 200 are known) due



to the variation of the stacking sequence [14]. The primary crystallographic categories of
SiC are cubic, hexagonal and rhombohedral. The polytypes are represented by the number
of Si-C bilayers in the unit cell in Ramsdell’s notation. The stacking sequences for most
popular polytypes of SiC such as 2H-, 4H-, 6H-, 15R and 3C-SiC. Each polytype of SiC
exhibits different electrical, mechanical, thermal and optical properties. The comparison of
some important properties of SiC are due to different properties is shown in Table 2.1. For
example, the bandgap of 4H-SiC is larger than that of 3-C and 6H-SiC. For that reason,
3C- SiC has been researched for non-electronic applications such as abrasive and cutting
tools instead of power electronics application. 4H-SiC and 6H-SiC both have excellent
physical properties, such as high breakdown voltage, high saturation velocity, and high thermal
conductivity [22]. Nevertheless, 4H-SiC has substantially higher carrier mobility, relatively
small mobility anisotropy and shallower dopant ionization energy in comparison to 6H-SiC,

that make it the best polytype for electronic devices.

2.2.3 Crystal of SiC (Polytype)

As can be seen in Fig. 2.2 from the side view of (1120) direction, 3C-SiC has a stacking
sequence of ABCABC with a cubic crystal structure where a sequence of 3 different letters
(ABC) indicates cubic type stacking. Meanwhile, 4H-SiC has 4 stacking sequences of
ABCBABCB with the hexagonal crystal structure where for example a letter C is in between 2
letter B indicates hexagonal type stacking. Ramsdell notation is commonly used to define the
polytype of SiC. For example, 4H-SiC refers to 4 bilayers of Si and C and it is hexagonal crystal
structure. 3C refers to 3 bilayers in its cubic crystal structure. Miller or Miller-Bravais indices
are used to describe the directions in all SiC polytypes. The first three indices in Miller-Bravais
represents the directions in the basal plane (perpendicular to c-axis). The angle between two
adjacent basal plane axis is 120°. The representation of a plane ( h, k, i, 1) requires that the
sum of the first three indices equals to zero and the third index is always the negative of the

sum of the first two, i= -( h+k ). The last hexagonal index refers to the c-direction [23].
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Table 2.1: Comparison of the materials properties of Si, 3C-SiC, 4H-SiC, 6H-SiC, GaN and Diamond at 300 K [24].

Material Si 3C SiC 4H-SiC 6H-SiC GaN diamond
Bandgap 1.12 2.36 3.26 3.02 3.39 5.5
1000 L c-axis 1020 L c-axis 450 L c-axis
Electron mobility, 1, (cm?/V.s) 1430 2000 4500
1000 || c-axis 1200 || ¢ -axis 100 || c-axis
Hole mobility, pp (cm?/V.s) 600 40 120 80 350 3500
Intrinsic carrier concentration, n; (cm™3) 1010 10 10-7 1072 10—10 10—27
Static dielectric constant, € 11.8 9.72 9.76 9.66 8.9 5.5
Thermal conductivity (W/cmK) 1.3 5 5 5 1.3 20
Critical electric field, E. (MV/cm) 0.3 1.4 2.8 3 5 10
Saturation drift velocity (10° m/s) 1 2.5 2.7 2 2 2.7
c-axis = 10, c-axis = 15, c-axis =5,
Lattice constant ( A,) 5.43 4.36 3.56
a-axis = 3 a-axis =3 a-axis =3
Indirect Indirect Indirect Indirect Direct Indirect

Bandgap
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Figure 2.2: The stacking sequences of double layers of a) 3C, (b) 4H and (c) 6H SiC from the

side view of (1120) direction. Image taken from [25].

2.3 Future potential of the SiC technology

Nowadays, despite predictions of the physical limitations of silicon, Si-technology continues
to dominate in electrical and electronic systems. In the meantime, compound semiconductors
have established a good position in those applications where Si technology could not perform
well. For an instance, high mobility and direct band structure of III-V semiconductors such
as indium phosphide (InP) and gallium arsenide (GaAs) have been extensively employed for
light-emitting devices and high-frequency devices [11, 26]. The main competitor for SiC,
Gallium Nitride (GaN) has a similar wide bandgap (3.4 eV) and relatively high electron
mobility (2000 cm?/V.s) primarily uses High Electron Mobility Transistor (HEMT) structure
for very high frequencies application. However, the process growth for GaN substrates and
epi-layer is still in the early stages and much less mature than SiC. On the other hand, the
development of SiC devices answers the demands for resilient electronics that can be operated
in high temperature, high radiation, high voltage and hostile environments [27]. Potential
applications for SiC technology are in the automotive sector, oil and gas drilling sector and
nuclear energy generation. The development of gas sensors has created an opportunity for
SiC to be utilised as the amplifier, power converter or as the sensor itself [28]. SiC is old
but emerging technology. It is also a promising material for power devices due to its superior
material properties. As the growth and device-fabrication technology of SiC are advancing day
by day, SiC power devices will be widely employed in a wide range of industrial sectors from

low to high voltage application areas as shown in Figure 2.3.
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Figure 2.3: Applications area of SiC devices including low, medium and high voltage. Image

was taken from [19].

2.4 Key issues and challenges with SiC technology

The potential of 4H-SiC as electronic devices is still in its infancy, despite rigorous research
having been performed over the last decades [29]. Key issues and recent developments are now
discussed, focusing on the interface state density which is the main issue that limits channel
mobility and causes instability in the performance of 4H-SiC MOS devices [30]. Furthermore,
current approaches of reducing the interface state density in order to improve the performance
of 4H-SiC MOSFETs in term of fabrication process parameters, gate dielectric materials and

subsequently a new design will be covered in this section.

2.4.1 Oxidation of 4H-SiC

The ability of SiC to form SiO5 by thermal oxidation provides a good basis for the fabrication of
SiC MOS based electronic devices [31]. Although high-dielectric constant (high-~) materials
such as HfOs, AIN and Al»O3 have been evaluated for 4H-SiC MOSFETs, with a potential
to reduce the electric field in the gate dielectric and reduce the threshold voltage, thermal

oxidation is still the most commonly use gate dielectric in SiC MOS technology [32].

Due to the stable structure of SiC. This useful characteristic can be utilized in the fabrication

of SiC MOS devices. There are few models to clarify the oxidation of SiC, however, it is
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different to that of Si and is more complicated due to the presence of carbon. A modified Deal-
Grove model was developed for the oxidation of 4H-SiC, which includes the removal of carbon
species and the out-diffusion of product gas through the oxide film [33]. In SiC, the oxidation
rate strongly depends on the crystal orientation and the oxidation rate of C face is almost one

order of magnitude higher than the Si-face.

The reaction of oxidation of SiC can be expressed as

SiC + 1.502 — SiO2 + CO 2.1

The formation of the silicon oxide layer at the interface consists of three steps.
1. Oz molecule approaches the interface through the growing oxide
2. O2 molecule bonds break apart and forms Si-O-C bonds
3. Carbon is removed from the Si-C bond as a CO molecule

During the oxidation process, carbon atoms in the SiC diffuse out as CO or CO2. However,
there is a small fraction of carbon atoms that diffuse into the bulk forming split interstitial
defects [34]. The incomplete CO ejection also causes several type of defects near the SiC/SiO2
interface, such as carbon interstitials and carbon clusters . Beside carbon related defects, there
are also defects at the interface and in the oxide, including Si dangling bonds, Si interstitials
and oxygen vacancies[32]. The aforementioned defects are believed to be the origin of the
high interface trap density in the bandgap and subsequently result in charge trapping and
Coulomb scattering at the interface. Therefore, it is expected that the formation of a thin
thermally grown oxide layer will result in the formation of fewer defects and result in a
lower interface trap density [35]. Other sources of interface traps that have been suggested
as contributing to Dj;, are the oxygen vacancy and oxygen defects [36—38]. In other work [39],
the concentration of the life time killer defect (the Z; /5 centre, (E.—0.67 eV)) was reduced by
thermal oxidation, however, concurrently, other deep level defects such as ON 1 (E£.—0.84 eV)
and ON 2 (E.—1.1 eV) centers were generated. These defects are thought to be related to both
carbon interstitials and the inclusion of N atoms in the SiC. The elimination of Z; /, and EHg 7
and the generation of ON1 and ON2 are shown in Figure 2.4, after n-type 4H-SiC samples
were oxidized at 1300 °C for 1.3h [40].

In SiC, the value of interface trap density is two orders of magnitude higher than Si at
approximately 10'3 cm~2/eV near the band edges. Electrically active high interface state

densities at the SiC/SiO5 interface are detrimental to the performance of 4H-SiC MOSFETs,
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Figure 2.4: DLTS spectra showing the generation of ON1 and ON2 defects after oxidation on
n-type 4H-SiC at 1300°C for 1.3h. Image was taken from [40].

since the active area of MOSFETs is at the interface. The interface states trap the free carriers
and cause the subthreshold swing, (S) to increase, resulting in a higher threshold voltage.
The trapped carriers then act as a charge scattering centre (Coulombic). The scattering rate is
directly proportional to the density of occupied interface traps and the fixed charge density at
the interface. Hence Conventional lateral 4H-SiC MOSFETs with thermally grown oxide have
a typical field effect mobility of approximately 5 cm?/V.s in comparison to 400 cm?/V.s for
silicon. For this reason SiC will require significant improvements in order to reach the field
effect mobility observed in silicon. The low channel mobility can be explained by Coulomb
scattering, resulting from the high density of interface traps at the interface. In order to fully
realize the potential of SiC MOSFETs, it is necessary to reduce the interface trap density

because this will lead to stable device characteristics and better channel mobility.
There are two important challenges to fully utillize the potential of SiC MOSFETsS:
1. Increase the channel mobility to ~100 cm?/V.s
2. Improve the threshold voltage stability at room and high temperature.
These two challenges correspond to greatly improved SiC/SiO» interface which is the main
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objective in this thesis. Besides interface state density, Dj;, intrinsic defects in the SiO2 and
near interface traps, Nj; (within 2 nm of the interface) appear to be the dominant factors that
degrade electron mobility in the inversion layer [37, 41, 42]. Calculations suggest that silicon

interstitials or carbon dimers are responsible for Vi, however the origin of Nj; remains unclear.

Sodium can be used to enhance the oxidation rate of SiO and reduce the density of Ny [43].

There are two possible explanations as to how sodium suppresses the high density of V.
1) Carbon dimers at the interface are dissolved by the reaction with sodium.

2) Sodium helps carbon atoms that are trapped in the oxide to be transported out through the

growing oxide.

While the field effect mobility is impressive, the devices suffer from the threshold voltage
instability at typical operating temperatures and gate biases, which makes this method

unsuitable for commercial device manufacture.

Phosphorus incorporation has also been reported to effectively reduce N by reducing the
mechanical strain at the SiO5/SiC interface. The reduced Ny results in a high channel mobility
up to 89 cm?/Vs in 4H-SiC MOSFET annealed in phosphoryl chloride POCIl3 [41]. On the
other hand, Pippel et al. have revealed that there is no carbon clusters or graphitic regions at or
near the SiO2/SiC interface, but, instead, Ny is caused by the intrinsic defects extending from
the interface into the oxide layer. This suggests that Vi is an intrinsic defect formed at the

Si09/SiC interface during gate dielectric formation [37].

2.4.2 Deposited SiO-

The oxidation of 4H-SiC was reported to create carbon-related defects at the SiC/SiOq
interface. In particular, it has been suggested that carbon emission towards the bulk of
semiconductor occurs during the thermal oxidation, thus affecting the properties of inversion
layer [44]. Due to the drawbacks of thermal oxidation, the deposition of SiOs using chemical
vapor deposition (CVD) or atomic layer deposition (ALD) is an excellent alternative due to the
absence of carbon clusters at the SiC/SiO9 interface and can be deposited at a relatively low
temperature (~300°C). Despite not having a high density or high quality interface between the
SiO4 and the underlying SiC in comparsion to thermally grown oxide, it has been reported that
CVD deposited SiO2 on 4H-SiC combined with high-temperature NO annealing enhanced the
channel mobility up to 27.7 cm?/V.s [45]. ALD SiOy on 4H-SiC with NyO post-deposition
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annealing at 1100°C exhibited peak field effect mobility of 25.9 cm?/V.s with a threshold
voltage of 4.6 V [46]. A thin SiN buffer layer on the Si-face of 4H-SiC followed by SiOq
deposition and N3O annealing has been reported to increase the field-effect mobility to above
30 cm?/V.s in lateral n-channel MOSFETs [47]. The benefits of deposited SiO2 in the
improvement of field effect mobility and threshold voltage stability in comparison to thermally

oxide MOSFET has voided the advantages of thermal oxide SiOs.

2.4.3 Post oxide annealing

Comprehensive research has been performed to improve the quality of the SiC/SiOy interface
that is believed to be the origin for the degradation of channel mobility either due to trapped
or scattered carriers. Thermally grown SiO, SiC MOSFETs exhibit extremely low values of
field effect mobility as low as 10 cm?/V.s due to the high density of interface states, D;; [48].
While hydrogen annealing efficiently reduces the interface state density at silicon interface,
its impact at SiC interfaces is significantly reduced [49]. The most common technique that
has become a standard process to produce commercial quality devices with channel mobility
about 30 cm?/V.s is post oxidation annealing (POA) of the gate oxide using nitrogen rich
atmosphere, typically nitric oxide (NO), nitrous oxide (N2O) or nitrogen (N2), that is also

known as nitridation or passivation.
Nitridation

It has been shown that nitridation improves the MOS interface quality and decreases the
interface density, resulting in a 5 fold increase in field effect mobility in comparison to un-
annealed MOSFET [32, 50]. The higher channel mobility is coupled with a lower threshold

voltage, which can be achieved by increasing the annealing temperature.

At high temperatures above 1000°C, N2O molecules decompose to form a nitrogen molecule
and a free oxygen atom. The oxygen atom could turn to oxygen molecule or reacts with the
nitrogen to become NO. Therefore, during NoO annealing, both oxidation and nitridation of the
SiC takes place and results in a slightly thicker oxide in comparison to NO annealing. Since
dry oxidation produces a high density of interface traps, NO annealing is an effective technique
to suppress the interface state density, Dy;. MOSFETs with NO-annealed oxides give higher
channel mobilities than those with NoO-annealed oxides on both the Si (0001) and C (0001)
faces of SiC. MOSFETs on the (1120) face exhibited significantly higher channel mobility
(> 100 cm?/V.s) than those on (0001) and (0001), irrespective of any nitridation process [50].
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It is known that NO or N5O nitridation has two functions [5S0-52]: (1) creating strong Si-N
bonds for passivating dangling Si bonds and replacing strained SiO bonds, and (2) removing
carbon atoms or clusters accumulated during oxidation by CO or CO; out-diffusion [53]. The
reduced density of residual carbon atoms or clusters at the near or at the interface leads to an

improved SiO»/SiC interface with low interface-state density [54]

Scanning spreading resistance microscopy (SSRM) has been performed to measure the
resistance of the surface channel region [55]. It was suggested that nitrogen atoms incorporated
at the interface and substrate resulted in an increase in the conductivity of MOSFET channel.
X-ray photoelectron spectroscopy (XPS) measurements were used to detect the density of
nitrogen atoms at the SiC surface. A high density of nitrogen atoms (1014 cm~2) was observed
to be accumulated at the SiC/SiOy interface for samples that were annealed in NO ambient at

1200°C [56]
Phosphorus

Despite the excellent reduction of D;; by means of a nitridation process, the channel mobility
of 4H-SiC is still far lower than theoretical expectations [52, 57]. The idea of incorporation of
other atoms in the same group (phosphorus) was proposed by Okamoto et al. [2]. It was found
that the interface state density near the conduction band edge can be significantly reduced with
POCI3 annealing, resulting in an improvement in the channel mobility to 89 cm?/V.s [41].
A high concentration of uniformly distributed P atoms was observed at the interface using
secondary ion mass spectroscopy. P atoms do not diffuse into the SiC, due to the small
diffusion coefficient. It was suggested that the strain at the SiC/SiO; interface is relaxed by
the incorporation of P atoms. As the result, the channel mobility increases significantly. Low
interface trap density and high channel mobility of 125 cm?/V.s was reported on (1120) a-
face 4H-SiC [58], however the incorporation of phosphorus in the oxide of n-channel results
in threshold voltage instability. The data suggest that the oxide traps in phosphorus doped
oxides are the main contributor to this problem [59]. The threshold voltage stability can be
improved by reducing the thickness of the phosphorus doped SiO5 to approximately 10 nm [60]
and increasing the phosphorus concentration [61], but further optimization of the fabrication

process is still ongoing [42].
Boron

Recently, improvements in channel mobility with a peak field-effect mobility of 102 cm?/V.s
was successfully demonstrated on a (0001) Si-face using boron passivation [62]. Boron nitride

(BN) was used as a planar diffusion source. As with P, B is incorporated at the SiC/SiO;
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interface dramatically reducing Dj; and increasing the channel mobilty, but this cannot be
explained by counter doping effects because B atoms act as an acceptor (boron is in group
III in periodic table). A study using Fourier transform infrared absorbtion and XPS showed
that B atoms at the interface relax the stress in the oxide network close to the interface [62,
63]. Furthermore, the presence of both nitrogen and boron atoms during the oxide formation
results in an enhanced field effect mobility up to 160 cm?/V.s [63]. The incorporation of B
atoms in nitrided oxide has given significant improvement in threshold voltage stability under
both positive and negative bias stress and high temperature in comparison to undoped nitrided
MOSFET structures. Antimony counter doping combined with a borosilicate glass (BSG) gate
dielectric process resulted in a MOSFET with the highest field effect mobility-threshold voltage
(pu-Vrm) product recorded to date [64]. A maximum peak of field effect mobility of 180 cm?/V.s
with tunable threshold voltage from 2.5 to 0.9 V was succesfully fabricated. However, the poor
performance of the bias temperature instability still remained as a big issue for the devices

fabricated using this process.

Pyrogenic/Hydro-treatment

Kikuchi et al. fabricated SiO2/4H-SiC (0001) metal-oxide-semiconductor capacitors by
thermal oxidation at 1300°C in a ramp-heating furnace with a short rise/fall time, followed
by low temperature O2 anneal at 800°C. Based on thermodynamic and kinetic considerations
of the SiC oxidation process, the thermal oxidation conditions were optimized and nearly
ideal capacitance-voltage characteristics were obtained [35]. In 2004, the effect of pyrogenic
gate oxidation (HoO atmosphere containing O2) and pyrogenic gate oxidation followed by Ho
post-oxidation annealing (POA) on 4H-SiC was investigated [65, 66]. The results suggested
that the presence of H or OH dramatically decreased the Dj; and the threshold voltage
markedly improving field effect mobility, upg to 111 cm?/V.s [65]. The effect of pyrogenic
or hydrotreatment processes depends on the crystal face, being effective on the C-face but not

on the Si-face [67, 68]. The explanation behind this is still remain unclear.

Enhanced oxidation (sodium/ barium)

The incorporation of sodium during the oxidation process increases the oxidation rate and
suppresses the formation of interface traps, resulting in a high inversion channel mobility of
up to 150 cm?/V.s [43]. The sodium is incorporated by using carrier boats made of sintered
alumina during oxidation or by deliberate sodium contamination of the SiC prior to oxidation.
It has been suggested that sodium impurities are responsible for accelerating the oxidation rate

by increasing the permeation of oxygen through the growing oxide [69]. Another possible
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explanation for this is that sodium acts as a carrier to transport carbon out of the growing
oxide [43]. However, the underlying mechanism for the reduction of interface trap is still
unclear and this technique results in significant Viryy instability due to the presence of mobile
charge, hence, it isn’t considered to be suitable for commercial devices. The use of barium (an
alkaline earth element) as an interfacial layer between SiC and the gate oxide has resulted in
high field effect mobility of approximately 85 cm?/V.s significantly higher than that obtained
with alkaline earth elements including Ca and Sr [70]. Different Ba source materials such
as BaCOs and BaNOj3 have been reported to produce different peak mobility (from 70 to
100 cm?/V.s) depending on the device fabrication process. Similar to sodium, barium also

enhances the oxidation rate of not only SiC [71, 72] but also Si [73].

The data in table 2.2 summarises the important parameters of the fabricated MOSFETSs
including threshold voltage, oxide breakdown field, device dimension (length x width) and
peak field effect mobility for n-channel MOSFETs with different gate dielectric formation

using data taken from the literature data.

2.4.4 Recent advances in higk-« dielectric technology for SiC MOSFET

In order to operate SiC devices under extreme conditions, it is necessary to find suitable
dielectric materials to passivate the surface of the device to avoid excessive leakage and early
breakdown. Since SiO2 can be grown by thermal oxidation, it has been used as a passivation
(gate dielectric) between metal gate contacts and SiC for many years. SiOs has a dielectric
constant that is 2.5 times lower than that of SiC and poorer SiO2/SiC interface properties [82]
in comparison to the SiO9/Si interface. This reduces the maximum surface field in the SiC
to avoid SiO2 breakdown and this significantly limits the extraordinary abilities of SiC. This
large electric field in the dielectric in comparison to that in the semiconductor is the driving
force behind research into new dielectrics with a dielectric constant at least similar to that of
SiC and lower interface states densities are desired for device applications [83, 84]. In order to
obtain the ultimate performance from SiC, it is important to find new dielectric materials that

are compatible with SiC that meet the requirements below:
1. high dielectric constant and large bandgap in comparison to SiOq
2. high band offset with electrodes and SiC

3. thermally and chemically stable in contact with semiconductor substrate
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Table 2.2: Summary of important parameters for n-channel SiC MOSFET with different gate

dielectric formation.

Ref Vra (V) / gate dielectric device size peak field effect
e
Epp MV/cm) treatment L x W (um) mobility (cm?/V.s)
oxidation of thin Silicon
[74] 6.8/9.2 40 x 250 18.6
Nitride + PECVD SiOy
[75] 3/- 4H-SiC(0-33-8) face 100 x - 80
[76] 046/ - POA in N,O at 1150°C 10 x 100 42
N>O and Ny anneling
[77] 1/- 4 x 150 12
of deposited Siz TEOS
[78] 24/ - nitrogen implantation 650 x 80 21.9
[79] 1tol.2/- Antimony counter doping 150 x 290 80-110
POA using phosphoryl
[2,41] 0/9.5 & PHOSPROLY 30 x 200 89
chloride (POCl3)
phosphorus planar
[4, 60] 05/8 150 x 290 80
diffusion source (PDS)
different annealing temperature
[61] 1/- 150 x 290 105
900 to 1100°C in (POCl3)
phosphorus and nitrogen
[58] 3.6/- B 150 x 290 125
passivation on (1120)
[62] 1.3/- BN planar diffusion source 100 x 150 102
oxynitrided gate oxide +
[63] 2/- 25 x 150 160
BSG diffusion
Antimony counter doping +
[64] 09t02.5/- 200 x 200 180
BSG diffusion
H>0 atmosphere containing Og
[65] 1.4/- 100 x 150 111
pyrogenic gate oxidation + Hop
Hydrogen POA
[66] 3.1/- ~ 100 x 150 110
on (1120)
oxidation in alumina
[43, 80, 81] 4/8-10 100 x 200 170
environment
using alkali and alkaline
[70, 71] -1/10 200 x 200 85

earth interface layers
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4. compatibility with gate electrode material

5. low lattice mismatch and similar thermal expansion coefficient with SiC
6. negligible capacitance-voltage hysteresis (< 20 mV)

7. good long term reliability

In the last decade, significant progress has been reported in the processing of dielectrics for SiC
MOSFET fabrication. A number of potential high-x dielectric materials such as Al,O3 [85],
hafnium dioxide (HfO5) [86—88] and lanthanum silicate (LaSiO,) [89, 90] have been explored
as components for gate stacks in order to improve the channel mobility. Lanthanum oxide,
Lay03, is one of a potential high-x to use as an interfacial layer between SiC and SiOs.
During high temperature annealing, LasOs3 turns into LaSiO, and acts as an interfacial layer,
resulting in the reduction of Dj; [89]. High peak channel mobility of 133.5 cm?/V.s with
positive threshold voltage (3 V) was reported after 900°C post-deposition annealing (PDA)
in NoO [91]. This study has shown that the formation of an ultra thin La-silicate layer in
conjunction with ALD SiOy is a promising route to increase the field effect mobility, while
also achieving a positive threshold voltage. However, the bandgap of LayOj is relatively small
(4.3 eV) in comparison to other high-x materials such as AloO3 (6.2 eV) and HfO5 (5.4 eV).
A narrow bandgap results in smaller barrier height or energy band offsets with SiC and thus
results in a significant increase in the oxide leakage current [92]. A band offset less than 1.0 eV
may lead to an unacceptably large leakage current and ideally the bandgap of the gate dielectric

should be at least 7 eV [82].

The potential of silicon nitride / silicon oxide, (SiN,/SiO2) stack-gate structures deposited
by PECVD has been explored [93]. Interestingly, Metal-oxide-semiconductor field effect
transistor (MISFETSs) fabricated with a SiN_/SiOs layer of 2 nm / 50 nm annealed in NoO
for 5 min demonstrated a relatively high channel mobility of 32 cm?/V.s on the (0001)Si face
and 40 cm?/V.s on the (0001) C face. However, these devices showed a large negative shift in
threshold voltage at high temperatures due to the presence of positive charges in the SiN,, layer.
Nevertheless, the effect of negative shift in threshold voltage can be suppressed by reducing the
SiN,, thickness.

MOCVD-grown Al2Oj3 has been investigated as the gate dielectric for 4H-SiC MOSFETs [94].
A high field-effect mobility of 64 cm?/V.s was reported for the AlyO3 film deposited at 190°C.
A significant increase in the channel mobility to 300 cm?/V.s was achieved by incorporating

an interfacial layer of SiOs layer (less than 1.3 nm) between the AloOs and the SiC. It
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Table 2.3: Summary of potential high-k material.

Material « value bandgap (eV)

Si09 39 9
AlyO3 9 8.8
HfO, 15-25 5.7
LasO3 21 6
71Oy 15-25 5.7

was suggested that the thickness of the SiOy layer plays an important role in supressing the
Coulomb scattering in the channel [94]. Nevertheless, the stability of the device characteristics
is poor, especially at high temperatures, due to the negative charge trapping effect in the
Al;O3 [95, 96]. Table 2.3 summarizes the dielectric constant (x value) and bandgap of
commonly investigated high-x materials. Note that the values for high-~ and bandgap depends

on the fabrication process.

2.4.5 High-x dielectric; aluminium oxide, Al,O3

The need for highly reliable dielectric films for SiC devices has become increasingly urgent
to enable their deployment in hostile environments, such as those found in aerospace and oil
and gas exploration. SiOs is the most popular gate dielectric owing to its superlative material
properties [34, 97, 98]. Nitridation of SiO22/SiC interface using nitrogen oxide (NO) increases
the field effect mobility, but as the mobility increases the threshold voltage of the device
reduces, eventually becoming negative for very high mobilities [99]. The dielectric constant
of SiOy (3.9), is low in comparison to that of SiC, resulting in a high electric field in the
SiO4 for devices operating at high voltages. Therefore, a new highly reliable dielectric with a
permittivity similar to that of SiC is desired. A range of dielectrics including HfO», aluminium
oxide (Alz03) and lanthanum oxide (LaxOs3) have been investigated in terms of performance
and reliability [100]. Al»Oj3 is a potential high-x material with conductance and valence band
offsets of 1.7 eV and 1.2 eV respectively, sufficient to prevent electron and hole injection into
the dielectric [101]. The band offset of AloO3/SiC can be further increased by the deposition
of a thin layer of SiO; prior to AlyO3 deposition [102].

High channel mobility in 4H-SiC MOSFETs with AlyOg3 gate dielectric has been previously

demonstrated [94, 103]. The interfacial properties of AloO3/Si02/SiC was reported to be better
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than Al;O3/SiC in terms of reduced leakage current and interface state density, Dy [96]. It
has been reported that post oxidation annealing (POA) of Al;O3 in Hy at 500°C reduced
Dj; to the level of 10! cm~2/eV in the mid-gap of 6H-SiC. However, due to significant
charge trapping in the oxide and at the interfaces, significant hysteresis in the capacitance—
voltage (C-V) characteristics and deviation in flatband voltage with different bias voltages was
observed [96, 104]. More recently reports indicate that post deposition hydrogen treatment is
a promising technique for the reduction of Dj; at the 4H-SiC/Al»O3 interface; however the

stability of C-V characteristics remains to be determined.

Table 2.4 summarizes the important parameters, including threshold voltage and peak field
effect mobility from SiC MOS capacitors / MOSFET utilizing AloO3 as a gate dielectric.
There are a number of process techniques that can be used to deposit an AloO3 layer. The
most commonly used technique is ALD. ALD is a self-limitng and sequential growth process
using reactive precursors trimethylaluminum (TMA) and H2O or oxygen. This technique
offers high conformality on any kind of surface profile with precise control of composition
and thickness down to the nanoscale and requires relatively low growth temperatures (200-
300°C). For these reasons, this technique is ideal for samples with complex surface and low
temperature budget applications. As shown by the data in the Table 2.4, the highest reported
peak field effect mobility for SiC MOSFET utilizing Al5Os3 as a gate dielectric is around 300
cm?/V.s. The MOSFET was fabricated with an ultrathin (sub 1nm) thermally grown SiOy layer
between the Al,O3 and the SiC. The increase in mobility is due to the presence of the thin
layer SiOy that acts as a barrier layer against the diffusion of radical species produced during
Al>Oj3 deposition [105]. The lower strain at the AloO3/SiO,/SiC interface in comparison to the
Si09/SiC interface is thought to contribute to the low interface state density [106]. However,
the reliability and the stability due to negative charge trapping effects in AloOj still require

investigation.

Deposition of Al,O3

Al>O3 can be prepared by subsequent repetition chemical reaction of trimethylaluminum

Al(CHj3)s and H20 [107]
2A1(CH3)3 + 3H;0 — Al,O3 + 6CHy 2.2)
Deposition conditions typically range between 200°C to 300°C, where the substrate

temperature does not affect the growth rate, for pressures in the range 1 to 10 hpa (mbar). The

deposition pressure can be controlled with inert carrier gas (N3). Firstly, the metal precursor
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Table 2.4: Summary of important parameters of SiC MOSFET utilizing AloO3 as a gate

dielectric.

gate dielectric device size peak field effect
Ref VTH (V)
treatment (L x W (um) mobility (cm?/V.s)
ultrathin layer of SiOq
[94, 102] 2.8 10 x 100 300
+ MOCVD A1203
[94, 102] 32 MOCVD AlO3 10 x 100 64
1175°C NO anneal (Si05)
[95, 103] 0.8 200 x 400 106
+ A1203
1000°C NO anneal (Si05)
[95, 103] 1.4 200 x 400 62
+ A1203

hydrogen plasma pretreatment
[104] i ydrogen p p B 57

+ annealing in forming gas

TMA is pulsed to the reaction space. The trimethylaluminum Al(CH3)3 molecules react with
the -OH groups on the substrate surface. Then, surplus TMA molecules and methane (CHy)
molecules are released from surface reactions by purging the reaction space with inert gas

(Fig 2.5).

Subsequently, H>O is pulsed into the reaction space as in Fig 2.6 and reacts with the TMA
molecule fragments attached to the substrate surface. Again, the chamber is purged with inert
gas. The growth of a thin film is achieved by repeating this pulse and purge cycle until the

desired thickness is obtained. Typically, one cycle results in a dielectric thickness of 1A

Advantages of ALD

ALD is well known for its capability of producing excellent film uniformity on any type of
substrates. It has a unique step film coverage compared to other deposition techniques, such as
PECVD and PVD where it has the ability to control film thickness due to self limiting growth
mechanism [109]. Fig 2.7 show a typical coverage of 300 nm amorphous aluminium oxide,

AlyO3 on trench structure of silicon.

Since ALD has become a technique for the deposition of metals, metal nitrides and dielectrics,
it has received a lot of attention. Currently, a wide range of film materials are currently available

as precursors. Another advantage of ALD is the lower deposition temperature in comparison

24



T Surplus
& i ", trimethyl aluminum (TMA)
6 molecule

CH,

d’“ 1‘? L‘ILG ¥iP_} \\M<iCH3
Chemisorption\ X Q / CI:H3
N
OH OH OH

OH OH OH

Figure 2.5: TMA molecules reating with the -OH groups on the substrate.
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Figure 2.6: HoO molecules react with the TMA molecule fragments attached to the substrate

surface.

to CVD technique, enabling it to be used for sensitive substrates that need low temperature

process.
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Figure 2.7: Cross section TEM image of 300 nm AlyO3 deposited by ALD on trench structure

of silicon. Image was taken from [108]. No scale was provided from the literature.

2.4.6 Interface state density

The interface traps in silicon MOS systems are formed because of an excess of oxygen or
silicon and dangling bonds of Si at the interface. Forming gas annealing has been shown to
effectively reduce the density of traps at the Si/SiO» interface. It is known that the density
of traps present near the band edge of 4H-SiC/SiOs is high (10'3 cm~2/eV) in comparison
to the Si/SiOs interface [110, 111]. The origin of these traps are attributed to the imperfect
surface of 4H-SiC, dangling bonds of Si and C and carbon clusters that trap free carriers at
the interface, increasing the resistance in the channel region. However, it was found that the
channel mobility for 4H-SiC is lower than 6H-SiC which is unexpected because 4H-SiC has
higher bulk mobility. According to Schorner et al. [112], the interface state density is fixed
at approximately 2.8 to 3 eV above the valence band edge. As can be seen in Fig 2.8 (a),
since 6H-SiC has energy bandgap of 3 eV, the majority of the defect states are located in the
conduction band, thus do not effect the channel mobility in the inversion layer. In 4H-SiC, the
defect states lie with in the forbidden bandgap or at the edge of 4H-SiC bandgap. Hence, the

channel mobility in 4H-SiC is reduced by the trap and Coulomb scattering effect.

Fig 2.8 (b) shows the location of the defect states system at the interface between the oxide
and the semiconductor. In general, interface traps that are located within the bandgap can be
either acceptor-like or donor-like [113]. Donor-like traps are positively charged when empty

and neutral when occupied by electrons. The acceptor-like traps that are located between
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Figure 2.8: (a) Illustration of the distribution of interface state density within the bandgap of
4H-SiC and 6H-SiC. (b) Interface states system at oxide/semiconductor interface including

donor-like and acceptor-like state with in bandgap.

the mid gap and conduction band edge are neutral when empty and negatively charged when
occupied by electrons. The C-V curve shifts towards the negative voltage when the interface
state charge is positive and shifts towards the positive voltages when the interface state charge
is negative. For p-type semiconductors, the traps are primarily donor-like and are located
between the mid-gap and valence band. P-type SiC MOS capacitors commonly demonstrate
large negative flatband voltage due to the positive interface state charge, which results in a
decrease in the minority carrier density (electrons) to fill the states [112]. Similarly, for n-type
semiconductors, the traps are primarily acceptor-like and are located between the mid-gap and
conduction band. N-type SiC MOS capacitors commonly demonstrate positive flatband voltage

due to the negative interface state charge.

2.5 The MOS capacitor

2.5.1 MOS Fundamentals

The metal-oxide—semiconductor system is the critical component of the MOS field effect
transistor (MOSFET). To study MOSFETs under manufacturing conditions, the MOS capacitor
has been used extensively as a test structure. The MOS capacitor has the advantages of

simplicity in fabrication and analysis. Fabrication of the MOS capacitor uses the same
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Figure 2.9: Schematic cross-section of an (a) Ideal Metal-Insulator-Semiconductor (MIS)

capacitor and (b) the equilvalent circuit.

processing used for the MOSFET, therefore, the MOS capacitor provides direct measurement
and monitoring of the MOS system. The basic concepts of MOS capacitors and MOSFETSs

will be discussed in this section.

2.5.2 MOS capacitor

A MOS capacitor consists of a gate metal (metal or heavily doped polysilicon), gate dielectric
and semiconductor substrate (n-type or p-type). The structure of a MOS capacitor is shown
schematically in Figure 2.9 (a). The MOS capacitor behaves as two capacitors (oxide
capacitance, Cpox and semiconductor capacitance, C) connected in series, as illustrated by
the equivalent circuit in Figure 2.9 (b). The diagram in Figure 2.10 illustrates the energy band
diagram of MOS capacitor under equilibrium flatband conditions, where Ej represents the
vacuum level which is the minimum energy that electron requires to leave the surface. Er is
the Fermi energy of the semiconductor, E¢ the conduction band and Ey, the valence band. The
energy difference between Fy and Ef is defined as q®,,, the metal work function. F; is the
intrinsic energy level of the semiconductor (temperature dependent) and ® g the bulk potential

or the energy different between Fermi energy and intrinsic energy of semiconductor [114].

The shape of a C-V curve depends on the measurement frequency and the type of

semiconductor. The C-V curve has 3 important regions: accumulation, depletion and inversion.
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Figure 2.10: Schematic of ideal MOS capacitor energy band diagram under equillibrium

conditions.
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Figure 2.11: Normalized C-V curve for p-type MOS capacitor with different type of

frequencies.

Figure 2.11 schematically illustrates a C-V curve for a p-type MOS, where the applied potential

is with respect to the grounded substrate. For an n-type MOS, the C-V response is similar but

the curve is a mirror image of p-type MOS, where the majority carriers are electrons.
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Flatband voltage

As shown in Fig 2.10, at zero applied bias, the energy band is aligned to the Fermi level, Er of
the gate and semiconductor. Ideally, it is determined by the difference in the work function of
metal and semiconductor. The band bending changes with the applied voltage and it is called

the flatband voltage when the bands in the bulk of the semiconductor become flat.
Accumulation

Accumulation is the region of the C-V curve when a large negative voltage is applied to the
gate contact (<Vrg). The negative bias raises the Fermi level of the metal with respect to
Fy and results in the bands bending upward (refer Fig 2.12 (a)). The Fermi level at the
oxide/semiconductor interface is close to the semiconductor valence band in comparison to
intrinsic energy level. The negative charge/polarity attracts holes (majority carrier in p-type
MOS) to the gate and this excess charge forms an accumulation layer. However, since the
oxide acts as an insulator, the holes do not flow to the gate and instead accumulate at the
oxide/ semiconductor interface. The measured capacitance is therefore based dominantly on
the capacitance of the gate dielectric (assuming that the capacitance of the accumulation is very

large).
Depletion

As the voltage becomes more positive, the positive gate repels the majority carriers (holes)
into the semiconductor and creates a depletion region until it reaches a maximum depletion
width, Wiax. The positive bias of the gate lowers the Fermi level of the metal gate. The
valence band at the interface is now further away from the the Fermi level, lowering the hole
concentration ( (refer Fig 2.12 (b)). The total capacitance in the depletion region is a series
combination of Cox and Cs. However, SiC MOS capacitor exhibits deep depletion due to the
wide bandgap and low intrinsic carrier concentration (10~7 cm™3 at the room temperature).
Here the minority carriers do not follow the ac gate voltage, hence, do not contribute to the
capacitance. In particular, the depletion width continues to increase with gate bias until oxide
breakdown occurs. This a problem for SiC MOS devices because the minority carriers are

required to form the channel between source and drain (MOSFET)

From the equivalent circuit shown in Figure 2.9 (b), the total capacitance density, Ct, can be

expressed as,

1/Cp =1/Cox + 1/Cs (2.3)

30



The depletion width can be calculated from

2esice0s
Wiep = | —2C-0%5 2.4
dep qNA ( )

where £g;c is the semiconductor relative permittivity, ¢ the electron charge and N4 the acceptor

concentration. The depletion charge per unit area may be expressed as

Qdep = qNAWdep (25)

Inversion

At positive bias, when the growth of the depletion region is restricted, the density of the
minority carriers (electrons) increases at the interface and form an inversion layer that has
an equivalent concentration to the acceptor concentration in the semiconductor (ns = Na).
In the band diagram, the band bends downward, so that the conduction band approaches the
Fermi level, resulting in a high electron concentration at the interface (refer Fig 2.12 (c)). The
total capacitance in the inversion region depends on the frequency of the applied voltage. The
frequency dependence of inversion capacitance is related to the minority carrier response time.
Minority carrier follows an applied ac gate voltage if the period of the applied ac voltage is
longer than the minority carrier response time. At high frequency, the ac probe is too high for
the inversion charge (minority carriers) to be able to respond, but as the frequency reduces,
the ac probe is able to get the respond of the minority carriers and results in an increase in the

measured capacitance.
In the context of energy conservation, Vg can be expressed as,

Vo = Ve + Vox + ¢s = Vg + (?73 + s (2.6)
ox

where Vpx is the voltage across the oxide, 1/g the surface potential, (g the total surface charge

at the interface and Cox the oxide capacitance.

The surface potential at the point of strong inversion is twice that of the bulk potential and can

be expressed as

s = 2y = 2'f1n <NA> 27

ni
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where the bulk potential can be expressed as ¥,=(Er — FEj)/q. Where n; is the intrinsic carrier

concentration, k is Boltzmann’s constant and T the absolute temperature.

In the inversion regime, the depletion region is the maximum width, Wy, ,«. It can be expressed

by substituting Eq 2.7 into Eq 2.4

desiceokTIn(Na /n;
Wonas = 1| A51020RTI(N /1) 2.8)
q¢>Na

Accumulation Depletion Inversion

(a) (b) (c)

Figure 2.12: Energy band diagrams for p-type MOS structure in different region (a)

accumulation, (b) depletion and (c) inversion.

2.5.3 Non-ideal MOS capacitor

In a real MOS system, there are undesirable charges present in the insulator and at the interface,
which originate from the imperfection of the surface structure, chemical or impurity related
defects and these can affect the electrical properties of the device [114]. In general, there are
four types of charge that are of importance in a MOS structure; mobile oxide charge (Q,),
fixed oxide charge (Q)¢), oxide trapped charge and (Q)ot), interface trapped charge (Q;) [115].

The basic classifications of traps and charges are shown in Fig 2.13
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Figure 2.13: Type of charges associated with non-ideal MOS capacitor.

Mobile charge, (1,

Tonic impurities or contaminants such as Nat, K* and Li*™ are the cause for mobile oxide
charge. These charges are located in the insulator and can be easily identified using bias stress

test.

Fixed oxide charge, Qs

Fixed oxide charges are immobile under applied electric field. They are typically positive and
are located near to or at the interface. The origin of these charges is related to the oxidation
process. The fixed charge is determined by comparing the difference in the flatband voltage
between experimental data and theory. It is not detectable by electrical measurements unless

other charges, such as interface trap density and oxide trapped are relatively low.

Oxide trapped charge, Qo

Oxide trapped charge can be positive or negative. The charges that are trapped in the oxide can

be caused by exposure to radiation, Fowler-Nordheim tunnelling or avalanche injection.

Interface trapped charge, Qi

These charges are located at the interface due to structural defects caused by oxidation or other
impurities. The charges that are trapped at the interface can be positive or negative. Unlike

fixed oxide charge, the density of interface trapped charge varies with gate bias.
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2.5.4 Compensation of C-V measurement (series resistance)

The series resistance is formed by the substrate contact on the backside of the wafer and
chuck. This resistance significantly affects the results, especially at high frequencies. The
series resistance has a negligible impact for substrates that have a very low resistance (less than
10 ) but if the backside of the wafer is used as a contact, it can significantly interfere with
the results. Consequently, raw data from C-V measurements need to be corrected for series

resistance prior to analysis [114]. Series resistance R, can be calculated from

G
(Zoh)?

(14 (53)?) Gu

Ry = 2.9)

where C's and G are capacitance and conductance maxima and w is the measurement angular

frequency. The compensated capacitance and conductance can be expressed as [116? ]

(Gm? + w?Cn?)Cu

C(com = 2.10
(a2 + w20M2 ( )
(GM2 + w?Cn?)a
Gcom = 2.11
(a2 + w2C? ( )
where
a =Gy — (Gu? + W2 Cy?) (2.12)

In this thesis, all the device parameters such as Vrp, Ngrr and Dj; are extracted after the series

resistance correction has been performed.

2.5.5 Extraction of interface state density

When direct current (DC) voltage is applied during C'-V' measurements from positive to
negative, the traps in the depletion and weak inversion regimes change their occupancy
depending on the the band bending. For example, considering n-channel MOSFETs fabricated
on p-type substrate; in the depletion region, the majority carriers (holes) are close to the Fermi
level. In contrast, in the inversion region, as the band bending occurs, the minority carriers are

close to the Fermi level and communicate with the traps. The change in trap occupancy with
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respect to bias voltage results in an extra capacitance (interface capacitance, Cj;) in comparison
to the ideal case. Cj; can only be measured if the time period of the alternating current (AC)
voltage is greater that the trap response time. A number of measurement techniques have
been developed to extract interface state density. Therefore, it is important to understand the

advantages and disadvantages of the range of techniques in order to choose the right method.

Conductance method

In 1967, Nicollian and Goetzberger proposed the conductance method which gives information
on Dj; in the depletion and weak inversion regimes; the capture cross-section of majority
carriers and surface potential fluctuations [97, 117]. This technique measures the equivalent
parallel conductance of a MOS capacitor as a function of voltage and frequency as shown in
Figure 2.14 (a). The equivalent circuit of MOS capacitor method includes the semiconductor
capacitance, Cs, the interface trap capacitance, C}; and the resistance, R;; due to the interface
traps. This conductance represents the loss mechanism caused by capture and emission of
carriers from the interface traps and can be used to extract the interface state density. The
circuit in Figure 2.14 (a) can be futher simplified as shown in Figure 2.14 (b), where C/, and

G, are given by

&
Co=Cs+ ——— 2.13
P T (w2 -
% _ quitDit (214)
w14 (wri)?
The interface trap density can be extracted using approximate expression as
D; 25 (G
f== <P> (2.15)
w q w max

This method is also known as the Hill-Coleman technique when used at a single frequency. By
assuming the series resistance of the MOS capacitor is negligible, the circuit in Figure 2.14 (b)

can be simplified in terms of measured capacitance, C,, and measured conductance, Gy, as

Cp WGmC(%X
P _ 2.1
w GZ + w?(Cox — Cm)? (2.16)
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Figure 2.14: Equivalent circuit for conductance measurement; (a) Including interface trap

effects, Cy; and Ry, (b) simplified circuit of (a), (c) measured circuit.

Terman method

This method compares experimental and theoretical C-V curves. At a very high frequency
(typically 1 MHz), the interface traps are assumed not to respond to the excitation used for the
C-V measurement but slowly vary with the applied gate voltage. As the interface traps respond
to the gate bias, the C-V curves of the high frequency measurement tend to stretch out along

the gate voltage axis. This can be described using

Vo = Vi + ¢s + Vox (2.17)
¢s = Vo — Vi — Vox (2.18)
¢s = Vi — Vip — —CC;?G (2.19)
ox
where,

B Qit
VFB = ¢mMS — c (2.20)

ox

It is evident that the ¢s-V(g curve will stretch out when interface traps are present [118]. Dy, is
determined by the difference between the experimental ¢s-Vg curve and the theoretical ¢s-Vg

curve, as described by

Dy, = fo <dVG - 1) - - Cox 7% (2.21)

¢ \ dos ¢ ¢ dos
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However this method has been widely criticized in the determination of Dj; for SiC because of
uncertainties in the capacitance measurement and the use of an insufficiently high frequency
for the experimental data. It is also important to know the exact doping density of the

semiconductor to calculate the Cf.

High-low CV method

In experimental C-V curves, there is a significant frequency dispersion in the depletion regime.
The High-Low method extracts Dj; using the change in Cj; at different frequencies (high and

low) [119], enabling the interface state density to be calculated using

(Cp + Cit)rr — (Cp + Cit)ur
Ae2

Dy = (2.22)
where (Cp+ Ci)rr is Ct—Cox measured at low frequency (1 kHz) and (Cp+ Ciy)ur is Co—
Cox measured at high frequency (1 MHz). Similar to the Terman method, the high frequency
is assumed to have no contribution from interface traps Ci;(wpr)~0 where interface states
cannot respond to the high frequency of AC signal as shown in Figure 2.15. This technique
must be used with caution for samples with large time constant dispersion [120]. For example,
SiC typically has a time constant dispersion two or three times larger than that of silicon. For

that reason, this technique is not very suitable for SiC devices.

Cox

Cox

Co Cir

Co

(@) (b)

Figure 2.15: Equivalent circuit for low frequency and high frequency.
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(-5 method

It was reported that the conventional method such as high-low and Terman overestimated the
surface potential and this affects the accuracy of the energy level results in underestimation of
D;;. Furthermore, the fast interface states (generated by NO annealing) that respond at IMHz
cannot be detected by the conventional high1yy1,)-low method. Fast interface states can only
be detected by increasing the probe frequency, however, a very high frequency measurement is
not easily obtained because of parasitics that include series resistance and inductance. Yoshioka
introduced a new method called the C-y5 method to evaluate interface state density in SiC
MOS structures using the surface potential based on depletion capacitance [121]. The C-
s method is based on the difference between quasi-static (zero frequency) and theoretical
capacitances in SiC metal-oxide-semiconductor capacitors and has been shown to accurately
determine the interface state density, including the fast states, without the need for high-

frequency measurements.

The surface potential (1)5) can be determined from quasi-static measurement data. The relation

between surface potential and gate voltage is given by

Ys(Vg) = / <1 _ G >dVG + A (2.23)

Cox

where the integration constant, A, can be determined from the linear extrapolation of

1/(Cp+Ci;)? versus 1) using

1 1 29

~ = 2.24
(Cp+Ci)?  Cyep>  AZesicqNp 229

The surface potential is used to calculate the theoretical semiconductor capacitance, Cp,

AgNp ‘exp (m) — 1‘

kpT

CD,theory (¢s> = (225)

2kgTN; Ps ¥s
e o (81) - (89) 1)

The interface state density extracted using C-1)5 is calculated using the difference between the

low frequency (quasi static) data where all traps can respond and Cp theory (Cit=0) as given

below

Dy = (CD + Cit)QS _Ae(gD + C'it)theory (226)
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Equivalent circuits for the MOS capacitor using the C'-1)s method are shown in Figures 2.16

(a) and (b) respectively.

(Cp+ Cit)qs is Cp+Ci; extracted from quasi static measurements and (Cp)iheory 1S obtained

from theoretical calculation of semiconductor capacitance.

(a) (b)

Figure 2.16: Equivalent circuit for a MOS capacitor using C-1)s method (a) in depletion (b)
strong accumulation where Cp, Cox, Cit, Gprr and Z are the semiconductor capacitance,
oxide capacitance, interface-state capacitance, interface-state conductance and parasitic

impedance respectively.

2.6 MOSFETs

A MOSFET consists of an MOS capacitor structure with a highly doped source and drain region
either side. Figure 2.17 is a schematic of n-channel MOSFET fabricated on a p-type substrate.
The MOSFET acts like two p-n junction diodes positioned back-to-back. When V> V 1y, the
semiconductor surface is inverted to n-type, due to the accumulation of minority carriers, which
form a conducting channel between the source and drain. Electrons will flow from source to

drain when a drain voltage, Vp is applied (typically 0.1 V).
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Figure 2.17: Schematic of n-channel MOSFET device structure on p-type substrate

Using the charge sheet approximation, there is no potential drop in a sheet of inversion charge
at the semiconductor surface under strong inversion condition. The inversion charge can be

written as

Qinv = Cox(Vas — Vra — Ves(2)) (2.27)

where V_s(x) is the channel potential at a position x. The drain current, Ipg, flows in the
channel is a drift current caused by the lateral electric field, Fy. The drain current, Ipg can be

written as

CQinv WL

i (2.28)

Ips =

where W is the channel width, L the channel length and ¢, the carrier transit time.
By assuming the velocity of the carriers is constant, the carrier transit time can be determined
L
v

t, = (2.29)

It is known that the carrier velocity, v along the channel depends on the lateral electric field,

F, and is related to the carrier mobility by

v =y By (2.30)

where Fyx = dV s(x)/dz. By combining equations from Equation 2.27 to 2.30, the drain

current, Ipg can be expressed as
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Ips = pWCoxdV,(Vas — Vru — Ves()) (2.31)

By integrating the Eq 2.31 from the source (x=0, V .s(0)=0) to the drain (x=L, V s(L)=V pgs),

it is possible to obtain

L Vbs
/ Ipsdx = MWCOX/ (Vas — Virn — Ves(2))dVes (2.32)
0 0

In the saturation region, where Vgs-Vrg > Vpg, the drain current, /pg can be expressed by

Vps?
2

%
Ips = /ifCOX [(VGS — V) Vbs — (2.33)

Linear region (Vgs> V)

For Vgg>Vry and 0<Vpg<Vgs, the drain current, Ipg increases linearly with Vg as the

quadratic term, Vpg2~ 0 can be ignored. The drain current, I, can be approximated to

w
Ips = ,UfCOX[(VGS — Vru) Vps| (2.34)

Saturation region (Vps>Vas-Vrn)

As Vpg is increased, the drain current also increases, but the distribution of the inversion charge
becomes nonuniform along the channel. At Vps=Vgs - Vr, the Q;n, at the drain end become
nearly zero resulting in a pinch off (inversion charge per unit area, Q,~0). As Vpg increases
further, the pinch-off point will move towards the source, since the potential drop along the
channel is also increased. The drain current remains constant once the drain voltage exceeds
Vbs>Ves-Vr and the MOSFET enters the saturation region where the direction of electric
field is the reversal of vertical field applied. The drain current in the saturation region can be

written as

W
Ins = pi7 Cox|(Vas = Vin)’] (2.35)

2.6.1 Field effect mobility in SiC MOSFETS and scattering mechanisms

The field effect mobility, purpr of carriers in a MOSFET channel can be defined as
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L dIps
— 2.36
HEFF = 37 CoxVis < dVGS) (2.36)

where Ipg, Vpg and are the drain current, drain voltage and gate voltage respectively. The

MOSFET transconductance is defined as

_ dIpg
N dVas

gm (2.37)

Since the interface state density in a SiC MOS structure is high (10'3 cm~2eV 1), typically of
the same order as the sheet electron density, 1012 cm™2. Once the traps are fully occupied,
less than 10% of the electron can travel from the source to drain and this results in a low field
effect mobility of approximately 10 cm?/V.s. The mobility is limited by several scattering
mechanisms including Coulomb scattering, phonon scattering, surface roughness scattering
and bulk mobility scattering that are pertinent to MOSFETs operating at different electric
fieldsS and temperatures. The sum of each reciprocal mobility component is proportional to

the reciprocal of total mobility as given by Matthiessen’s rule [122, 123],

1 1 1 1 1
—_— =t — 4+ — + — (2.38)
M HCc  HSR  HMSP  UB

where pc is Coulomb mobility, ugg is surface roughness mobility, ugp is phonon mobility
and pp is bulk mobility. For 4H-SiC MOSFET, the bulk mobility scattering has a negligible
influence on the field effect mobility, because other scattering mechanisms are dominant at the
oxide/semiconductor interface. Figure 2.18 shows the contribution of the 3 dominant scattering
mechanisms that limit the field effect mobility. Under low electric fields, Coulomb scattering
from the fixed and trapped charge at the SiC/SiO» interface is the most prominent. Surface
phonon scattering is the deflection of electrons by acoustic phonon at the semiconductor
surface. However, this is it not the limiting factor for field effect mobility in 4H-SiC MOSFETs.
The existence of step bunching on the surface of off angle 4H-SiC wafers makes the interface
SiC/Si0O, very complex and rough which results in a significant degradation of the field effect
mobility under high electric fields, limited by surface roughness scattering. Electrons flowing
in the channel (near or at the SiC/SiO» interface) experience more surface roughness scattering
at high electric fields (perpendicular to the surface) because electrons are strongly attracted to
the SiC surface or interface as the electric field increases. Therefore, the field effect mobility
is determined by the interplay of several mechanisms that are typically affected by device

processing.
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Figure 2.18: Scattering mechanisms that are affecting the field effect mobility in MOSFET.

2.6.2 Correlation between subthreshold slope and interface state density

Subthreshold swing, (.S) is a parameter to quantify how sharply the transistor is turn on or off.

It can be calculated as

- Ve
§ = (10) g 75 (2.39)
kT Ch
S =In(10)— [ 14+ =—— 2.40
n(10) q ( - COX) (2.40)

where Cp is depletion layer capacitance and Cox the oxide capacitance. In the case of zero

oxide thickness, the characteristic is identical to the case of diffusion current in a p-n junction.

For nonzero oxide thickness, the swing is degraded by a voltage divider of two capacitors in

series, whose ratio is (Cox + Cp) / Cox. In the presence of Dy, the Cy is in parallel with the

depletion capacitance, Cp. By substituting Cox + Cp for Cp, the S can be shown as

S(with Dy) = In(10)"—

kT <CD + Cox + Cit>
Cox
Cp + Cox + Ci

Cox

q (2.41)

S(without Dj;) x
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It is necessary to have low doping, thin oxide and low interface trap density for a sharp
subthreshold slope or small S. The data in Fig 2.19 show the influence of Dj; to the

subthreshold slope or transfer characteristics of samples with and without Dj;.

without D

with D,

Log of drain current, I

off

Gate Voltage, V

Figure 2.19: Transfer characteristic (/p-V) with and without Dj;.

From a plot of log Ip-Vg, Dj; can be obtained requring an accurate value of Cox and C}, as

Cox qS Ch
Dy — )& 2.42
£ q? <ln(10)kT > q? (2.42)

2.6.3 Interface properties of the oxide / SiC interface on different crystallographics faces

4H-SiC has more than one crystal face. Many attempts have been made to reduce Dy, and
improve channel mobility on the (0001) Si-face of 4H-SiC. Nevertheless, the channel mobility
is still significantly lower than the bulk carrier mobility. It has been reported that utilization of
other planes of 4H-SiC including (0001), (1120) and (1100) result in higher channel mobility
due to the differences in the distribution of the interface states density near the conduction
band [50]. The data in Figure 2.20 show the field effect mobility as a function of the oxide
field on n-channel MOSFETs, fabricated on 4H-SiC using the same fabrication process. The
obtained field effect mobilities on the other faces, (0001) with 45 cm?/V.s and (1120) with
100 cm?/V.s, are significantly higher than those obtained on (0001) with 25 cm?/V.s. The
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result from the (1120) face is very promising for the development of trench MOSFETS on SiC
(0001) wafers.

The use of sidewall planes is an attractive way to increase the channel mobility of 4H-SiC
MOSFETs due to the low interface state density near the conduction band [124]. The sidewall
plane of (0001) such as (1120) has been used to develop trench structures for the application
of power MOSFETs [125, 126]. However, to date there are limited reports concerning the
potential of sidewall planes integrated with top planar surface to realise the enhancement of

drain current on the same footprint area; 3-D gate structure MOSFETSs [127].
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Figure 2.20: Field effect mobility as a function of oxide field on n-channel MOSFETs
fabricated on 4H-SiC with different face orientation of (0001), (0001) and (1120). Graph was
taken from [50].

2.7 Multi-gate transistor/ FinFET

According to Moore’s law, the number of transistors on a given area doubles every two
years [128]. As sub nanometer length scales are approached, due to short channel effects
(SCE), off-state leakage (current that leaks through transistors even when they are turned
off) has become a big issue [128, 129]. There are two principal components of static power
consumption; subthreshold leakage current and gate leakage [130]. Suppressing the leakage
current during the off-state is important for the management of power consumption. Multi-gate

transistors or FinFETs have been shown to effectively provide a greater level control of the
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channel and hence reduce the leakage current through the body in the off-state [131]. In silicon
technology, the FinFET was originally introduced to evade the short channel effects (SCE)
such as hot electron effects, drain induced barrier lowering (DIBL) and surface scattering.
As shown in Figure 2.21, the FinFET is a new generation transistor that employs a 3-
gate structure [132, 133]. It has an advantage in the effective width of the channel where
the transistor height can increase the current capability, however it is very challenging to

significantly increase the height of the fins, since there many physical and fabrication issues.

20nm FIN spacer

Poly | =
gate |

Figure 2.21: SEM image of FinFET with multi fins at a 120 nm pitch using e-beam lithography.

Image was taken from [134].

The multigate MOSFET is one of the encouraging solutions that meets International
Technology Roadmap for Semiconductors (ITRS) roadmap requirements for the reduction of
short channel effect in silicon MOSFETs [135]. A diversity of new architectures of multi gate
devices has been proposed recently including Double Gate, Gate All Around, Omega FET, Pi
FET and FinFET [136]. The effect of drain potential on the channel can be reduced effectively,
as a result of the superior control from the additional gates. Due to the large effective channel
width, the drain current of multi gate SiC MOSFETsS is higher than a conventional planar
MOSFET. The current will be further enhanced by the higher field effect mobility on the
sidewall planes of 4H-SiC, (1120) and (11000) [127, 137]. Due to the ability of supressing
the short channel effects and relatively simple fabrication steps, SiC FinFET has attracted huge

attention in the field of wide bandgap semiconductor devices [138].
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Etching ions

L

Photoresist : Photoresist

Figure 2.22: Reactive ion etching (RIE) using photoresist as a mask.

2.7.1 Etching

Fabrication of narrow fin / 3-D structures with smooth sidewalls is one of the primary
challenges in SiC due to its chemical inertness. Therefore, it is very difficult to etch SiC using
wet chemistry. There are some techniques can be used to etch SiC such as electrochemical
process, employing molten fluxes, hot gases and plasma etching, however these are not

practical for the realisation of repeatable submicron features.

Inductively coupled plasma (ICP) and electron cyclotron resonance (ECR) have been reported
to have a higher rate of etch in comparison to reactive ion etching (RIE) [139]. RIE is one type
of plasma etching that has been utilized to break the bonds in the material. A lot of materials
can be etched using this method including SiOq, silicon based materials, metals and diamond.
To avoid re-deposition of foreign material onto the substrates a quartz or graphite cover plate
is usually used and gas is injected into the chamber via a shower head gas inlet. RIE is suitable
for patterning small features ( < 1 pm) because it is an anisotropic etching [13]. The R.F.
source (bottom electrode) attracts the electrons, charging it negatively and this produces ion
clouds that will accelerate toward the sample. Different to the plasma etching where ions move
randomly in the chamber, in RIE ions move in the direction controlled by electric field that

make anisotropic etching to happen (see Fig 2.22).

2.8 Summary

The history and material properties of SiC have been reviewed, encompassing the key issue
and challenges with the technology. One of the challenges that limit the development of

SiC technology is the cost. It is important for the material quality to improve as well as
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the wafer size to bring further increase in device yield which will result in lower cost. It
is also essential to address the issue of the high density of interface traps at the SiC/SiOq
interface that is known to lower the channel mobility of SiC MOSFETs. Post oxide annealing
(POA) is a technique to reduce the interface trap density by passivating the unsatisfied bonds at
the SiC/SiO; interface. High-x materials including Al>Os3, TiO2 and HfO5 are an interesting
alternative to increase the channel mobility with ALD offering excellent uniformity on any
type of substrates. Experimental results have shown that the different facets of SiC including
(1100) and (1120) face exhibit high channel mobility. Multigate FinFET structures provide a
greater device width per unit area and ensure excellent electrostatic integrity. Despite having
a primary challenge in the device fabrication, it is really a promising direction for achieving
higher current. Finally, utilizing currently advanced characterization and analysis techniques,

further information can be obtained to produce better SiC devices.

48



Chapter 3

Phosphorus doped SiO, / 4H-SiC MOS capacitors

Part of the results in the chapter were published in the Journal of Applied Physics, 120, 214902 (2016)

3.1 Introduction: Instability of phosphorus doped SiO; in 4H-SiC MOS capacitors at

high temperatures

In the history of high temperature electronics, silicon technology has been used with a limited
operating capability of temperatures below 150°C [19]. The demand for electronic components
that are capable of sustaining high temperature operation for markets such as automotive,
aerospace, energy generation and military has been growing rapidly. Due to the excellent
material properties of SiC, such as the extremely low intrinsic carrier density (intrinsic carrier
concentration increases exponentially with temperature. A material that has low intrinsic
carrier concentration still can keep the n; lower than extrinsic doping concentration. Due to
that reason SiC electronic devices can operate at high temperature with low leakage current),
the feasibility to grow a thermal oxide and wide bandgap; it has become a leading candidate
for high temperature and high power electronics. A lot of effort to improve the quality,
performance and reliability of silicon carbide MOS structures has been made, especially
focusing on the quality of the gate oxide, which plays a vital role in the performance of
SiC MOSFETs. However, in recent years a number of issues have been reported with SiC
MOSFETs, especially in terms of performance and long term reliability [30, 140]. These
issues have been gradually alleviated as a result of recent developments. One of the significant
remaining issues with silicon carbide MOSFETs is the low channel mobility caused by
Coulomb scattering and trapping that increases the subthreshold swing, S and threshold
voltage, Vrp [67, 141]. Many researchers have been working on increasing the channel
mobility of SiC MOSFET by optimizing passivation techniques using nitrogen [50, 58],
sodium [81] and phosphorus [2, 4] rich environments. It has been shown [58, 142] that the
inversion channel mobility within SiC dramatically improves when the (1120) face is utilised
due to surface morphology (no step bunching) [124] and charge distribution, although this leads

to a decrease in threshold voltage which for some applications may be undesirable.
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Threshold instability is one of the important factors that disrupts the performance and reliability
of SiC MOSFET. Recently, the threshold voltage instability for MOSFET annealed in POCl3
has been investigated by using both positive and negative bias at temperatures up to 200°C [42].
The data were described by a model based on the capture and emission properties of traps at
the Si0O9/SiC interface or in the bulk oxide. It has been confirmed that the main origin of the

threshold voltage instability is the oxide traps in phosphorus-doped oxides.

It has been reported that incorporating P atoms into the SiO2/SiC interface reduces the Dj;
near the conduction band and increases the field effect mobility to 89 cm?/V.s [2]. Linked to
this experimental result, a reduction in the interface state density was observed for samples (n-
channel devices) implanted with P prior to oxidation [2]. It is reported that the incorporated P
atoms reduce the strain and lead to a reduction of the trap density at the SiO2/SiC interface [2,
38]. Liu also reported that passivation of the SiO2/SiC interface using phosphorus results in
lower Dj; and higher field effect mobility than nitrogen passivation for MOSFETs fabricated
on both the Si face and the (1120) a-face of 4H-SiC [58]. However, the mechanism responsible

for Dj; reduction by P incorporation is still not fully understood.

Atoms in group 5 of the periodic table consist of nitrogen (N), phosphorus (P), arsenic (As),
antimony (Sb), and bismuth (Bi) and each has 5 electrons in the outermost shell. This
electron configuration provides 4 half-filled outer orbitals that can interact with lone pairs of
other elements to form 4 covalent bonds. According to Density Functional Theory (DFT)
calculations, strong silicon-nitrogen, silicon-phosphorus and silicon-arsenic bonds are created
at the SiC/SiOs interface, resulting in a decrease in the density of near interface traps [143].
Observations from X-ray photoelectron spectroscopy (XPS) and electrically detected magnetic
resonance (EDMR) spectroscopy also imply that N and P atoms can not only passivate
interfacial defects, but may also diffuse into the SiC substrate resulting in an increased channel
mobility and reduction in threshold voltage, through the creation of shallow donors (the energy
level is not provided by the literature) [58, 144, 145]. The occurrence of counter-doping of
the SiC surface has been proposed, where a very thin n-type layer is formed at the SiC/SiOq

interface due to the incorporation of N or P atoms [58].

The conductivity of the SiC surface after being exposed to post-oxidation annealing (POA)
in NoO and POCI3 has been examined qualitatively by using scanning spreading resistance
microscopy (SSRM) measurements [146]. It was found that the incorporation of P-related
shallow donors after POA in POCI; is greater than N-shallow donors incorporation during

N0 treatment, which subsequently explains the significantly enhanced channel conductivity
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of the MOSFETs. The quantitative analysis of the doping at the SiO/SiC interface to
explain the functional doping effect from N and P atoms was performed using electrostatic
simulations [147]. The counter-doping effect was assumed to arise from a thin layer of n-
type material in the p-well region. By varying the thickness and doping concentration, it was
identified that the counter-doping reduces the electric field at the interface, alleviating the effect
of surface roughness, resulting in higher mobility, but resulted in instability in threshold voltage

(Vrn), flatband voltage (Vrp) and effective oxide charge (Ngrr).

Because of the suitability of SiC for the realisation of high temperature electronic devices, the
reliability and high temperature performance of phosphorus incorporated SiO5 in 4H-SiC is of
increasing interest. However to date very little attention has been paid to the performance of
phosphorus doped oxides at high temperatures. The data in this thesis reports on the flatband,
threshold voltage and oxide charge shift (hysteresis) for phosphorus incorporated MOS (by
characterizing bidirectional C-V curves at different frequencies between 10 kHz and 1MHz) at
temperatures up to 300°C. All the extracted parameters were compared to an undoped thermal
oxide gate dielectric sample to determine the effect of phosphorus incorporation on the oxide

characteristics.

3.1.1 Experimental and evaluation method

In this work two Si-face, 4° off axis, 4H-SiC wafers 4 um epilayer thickness with
Np = 1.44 x 10’7 cm™3 (provided by Raytheon) with different gate dielectric fabrication
process were compared. sample 1 was prepared with a thermal gate oxide that has been
through a conventional post-oxide annealing process [148]. sample 2 is a phosphorus doped
gate oxide structure which was annealed using a planar source of phosphorus pentoxide (P2O5)
after thermal oxidation. Both wafer processes are designed to be compatible with a commercial
CMOS process [149]. Process details and the equivalent oxide thickness of the SiOs for both

wafers are summarized in Table 3.1.

A Keithley 4200 SCS was used to measure capacitance-voltage (C-V) at different frequencies
and elevated temperatures. The measurement was swept from accumulation (+10 V) to
depletion (—10 V) (reverse sweep) and vice versa (forward sweep) under positive and negative
bias conditions. In this experiment, the flatband voltage (Vrp) was determined by calculating

the flatband capacitance, C'g using
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Table 3.1: Summary of fabrication process for both samples.

Wafer Metal Gate dielectric Effective Tox (nm) | Size (umZ)

Thermal oxide + anneal
1 Aluminium 33.0 1.12x10°

+ nitride cap

Thermal oxide + anneal

2 | Aluminium | (PHOS source) + nitride 35.7 1.12x10°

cap

O — CoxesA/Lp
BT Cox + esA/Lp’

3.1

where ¢, is the permittivity of the silicon carbide (taken as equal to 9.7 gy [55]), Cox the

experimental oxide capacitance and Lp is the Debye length which can be expressed as:

/CBT{:‘S
Lp = 3.2
D =4/ ZNp (3.2)

where kp is the Boltzmann constant, 7" is the absolute temperature and Ny is the doping

concentration. The flatband voltage is extracted directly from the capacitance-voltage

characteristic.

A significant effort has been focussed on trying to improve the quality of the SiC/SiO» interface
by reducing the total effective oxide charge and the interface state density, because these two
parameters determine the carrier channel mobility and gate leakage current. During MOSFET
operation, the density and position of charged centres in the gate oxide change, resulting in the
observed stability and reliability problems. Effective oxide charge, Qgrr, is used to describe
the charge trapped in the bulk of the dielectric and is computed from the sum of the fixed oxide
charge (Q) ), mobile ionic charge (Q s) and oxide-trapped charge (QoT). Qrrr does not vary
with gate voltage, unlike interface trapped charge (1) and it can be assumed that the charges

exist in the bulk of the SiOs.

Qrrr = Qr + Qum + Qo (3.3)

In order to extract Qgrp, high-frequency room temperature capacitance—voltage
characterization was performed at 1 MHz. The effective oxide charge was obtained

using

52



Qrrr = Cox(Wwms — VeB), (3.4)

Where Wyg is the metal-semiconductor work function with a value in eV, (the work function
used for Al is 4.1 eV and the electron affinity of SiC is 3.1 eV (Ref.[150]), Cox is the
experimental oxide capacitance per unit area and Vpp is the flatband voltage. The effective

oxide charge density, Ngrp can be calculated as

Ngrr = QEqFF . (3.5)

where ¢ is electron charge (1.602 x 107!? C). In SiC MOS capacitors, the inversion
capacitance cannot be measured due to the low intrinsic carrier concentration and hence low
generation rate of minority carriers [11, 28]. The turn-on region of a MOSFET correlates to
the inversion region in C'-V measurement data. The threshold voltage, Vi can be determined

from the flatband voltage by Eq. 3.6

A
Vrg = Ve £ 07 \/4ng|ND(I>B‘ + 2|(I)B| , (3.6)
OX

where A is the gate area, Np is doping concentration and Vg is the flatband potential. ®p is

the bulk potential calculated from

@B:ﬂln (ND) (3.7)

q nj

where n; is the intrinsic carrier concentration. However, the calculated threshold voltage Vg
may be slightly different to threshold voltage Vry for a MOSFET owing to the variety in

methods used to extract the threshold voltage.

3.1.2 Results and discussion

Capacitance voltage characterization (room temperature)

The data in Fig. 3.1 show the room temperature C-V characteristics of MOS capacitors
fabricated on both wafers. The quasi—static capacitance was measured with a hold time of
10 s. The gate voltage was swept from depletion (—10 V) to accumulation (10 V) at a rate

of about 0.1 V/s for the voltage—sweep measurements. In each figure, the quasi-—static and
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high frequency (1 MHz) C-V data are plotted with a theoretical curve, which was calculated
using [114, 151],

CD,theory (1/)3) = (38)

The effective oxide charge concentrations, Ngrp, were calculated to be —3.26x 101 cm—2

for the undoped oxide and —3.03x 10 cm~2 for the phosphorus doped oxide. At room
temperature, both samples have negative values of the order of ~3x10'" cm™2. Phosphorus
may reduce the effective oxide charge by passivating dangling bonds at the interface, however
the difference is minor in this case. Since the effective oxide charge is the sum of fixed, mobile
and trapped charge, [32, 150] further analysis is required to identify the relative contributions
from the constituent components. Herein, the temperature dependence of the effective oxide
charge, flatband and threshold voltage were studied to determine the effect of phosphorus

incorporation on the characteristics of the SiO2/SiC interface.

Capacitance voltage characterization (elevated temperatures)

In order to investigate the polarization of the gate dielectric and temperature dependence of
phosphorus incorporated oxide parameters, 1 MHz capacitance voltage characteristics were
measured at temperatures up to 300°C. As can be observed from the data in Fig. 3.2, the C-V
data show a shift in flatband voltage for both samples with temperature. The data indicate that
the shift in Vrp is larger for the phosphorus doped dielectric, indicating a shift in effective
oxide charge and the existence of electron trapping, either at the SiO2/SiC interface or in the
bulk oxide. The effect of phosphorus incorporation on the characteristics was investigated
by extracting the shift in Vg, Vg and Ngpp arising from positive gate bias bidirectional
depletion to accumulation (forward sweep) and accumulation to depletion (reverse sweep)
voltage sweeps and negative gate bias bidirectional accumulation to depletion (reverse sweep)
and depletion to accumulation (forward sweep) voltage sweeps. AVrp, AVry and ANgpp
are defined as the difference in values from those obtained at room temperature; the forward
sweep data of Vgp, Vg, and Ngpr at room temperature are always compared to the forward
sweep of Vrp, V1, and Ngrr at elevated temperature and vice versa. All the measurements
were performed on fresh samples, meaning that the capacitors had not undergone any previous

electrical stressing and measurements.

Capacitance voltage hysteresis at room and 300°C

The data in Fig 3.3 show the bidirectional C-V curves for both samples at room and 300°C.
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Figure 3.1: Room temperature C'-V characteristics of 4H-SiC MOS capacitors (a) undoped
gate dielectric (b) phosphorus doped gate dielectric. Experimental quasi—static and high

frequency (1MHz) data are plotted with a theoretical curve.
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Figure 3.2: 1MHz Capacitance Voltage characteristics of undoped (a) and phosphorus doped

devices (b) measured at temperatures between 100°C and 300°C.

Hysteresis is negligible for both samples at the room temperature but it is increasing with

the increasing temperature ( only the data for 300°C are shown here). At room temperature,
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both samples show clock-wise hysteresis originating from the slow trapping (slow states) near
Si02/SiC interface [54]. The hysteresis is negligible for sample 1 and approximately 0.5 V for
sample 2. As the temperature is increased, the direction of C'-V hysteresis for both samples
remains same with sample 1 shows marginal hysteresis approximately 0.4 V in comparison to

sample 2 with approximately 2.2 V. The density of the slow oxide trap, Nt can extracted as

. AVFB X COX
q

Ny (3.9

where AVgp is the shift between the forward and backward C-V curves. The N, for samples

1 and 2 at 300°C are approximately 2 x 10'% and 1 x 10! respectively.
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Figure 3.3: 1MHz bidirectional Capacitance Voltage characteristics (hysteresis) of (a) undoped
devices at room temperature (b) undoped devices at 300°C (c) phosphorus doped devices at

room temperature (d) phosphorus doped devices at 300°C.

3.1.3 Flatband voltage, Vg instability

The data presented in Fig. 3.4 show the change in the extracted flatband voltage highlighting

the differences arising from the direction of the voltage sweep. The data in the Fig. 3.4
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Figure 3.4: Change in flatband voltage AVyp extracted from 1 MHz C-V characteristics as a
function of temperature for undoped and phosphorus doped dielectrics under (a) negative and
(b) positive gate bias conditions. AVypp is defined as the difference of Vrp at room temperature

and those Vrp obtained at elevated temperature.
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show that the difference in flatband voltage for the phosphorus doped dielectric is more than
a factor of four greater than that observed in the undoped dielectric (for both gate bias),
which has only a small shift at all temperatures between room temperature and 300°C. The
shift is particularly significant for the reverse sweep during the C-V measurements. Positive
Vrp shifts in the reverse sweep data (red triangles) were also observed, in close agreement
with previously reported data for PSG oxides on Si where the observed shift in the C-V
characteristics are significant. This is possibly due to the polarization of the PSG doped oxide
layer that alters the surface potential of the semiconductor and results in a flatband voltage
shift [3] . However, from the results of flatband voltage shift from negative and positive bias
measurements (accumulation to depletion and backward and depletion to accumulation and
backward), where the flatband shift of sample 2 are to the positive direction regardless of
the applied bias stress (bias independent), it is concluded that the instability of phosphorus-
doped SiO; is due to charge trapping or mobile charge rather than polarization effect where
a bias dependent shift is expected. When V;; was swept from V, = —10 Vto V;, =10 V
(forward sweep), minority carriers are attracted to the interface from the bulk of the SiC. Since
the concentration of minority carriers is negligible in SiC MOS capacitors, the effect on the
characteristics of the trap and de-trap processes at the SiC/SiOs interface are not apparent. This
implies that the number of trapped charges at the interface is small, suggesting that the value
of AVgp should remain constant as the temperature changes. However, under negative bias
condition, the data show that the value of AVrp becomes negative with increasing temperature
and whilst both samples show similar behaviour, the changes in AVEp for the phosphorus
doped dielectric are more noticeable. Meanwhile, under positive bias stress, different trends
were observed. AVpp remains constant as the temperature increases for undoped samples
but the data show that the value of AVyp for phosphorus doped samples becomes noticeably
positive with increasing temperature. When the gate voltage was swept from V, = 10V to
Vy = —10V (reverse sweep), majority carriers are accumulated at the interface. Since the
majority carrier concentration is significantly higher than the minority carrier concentration in
SiC MOS capacitors, the effect of trapping and de-trapping due to states at the interface is
more obvious for both bias conditions, especially for the phosphorus doped SiOs dielectric.
The larger changes in AVgp for this sweep direction (reverse sweep) can be explained by the
trapping of these additional carriers at the interface. The charges trapped under accumulation
condition are electrons (negatively charged), hence, the characteristics are shifted to the positive

direction.

The data in Fig. 3.5 show the bidirectional characteristics of AVpp values for the phosphorus
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Figure 3.5: Frequency dependence of Vpp for the phosphorus doped oxide measured for both

directions. Forward sweep Figure (a) and reverse sweep Figure (b).

incorporated sample measured at different frequencies. The data for the forward sweep

measurement, at temperatures below 200°C, show a minor variation in AVyp with frequency,
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but as the temperature is increased above 200°C, the AVyp values are significantly reduced
with increasing frequency. For reverse sweep measurements, the data show that the shift
in AVpp is unaffected by frequency, but are shifted to larger AVgp as the temperatures are

increased, similar to the data shown in Fig. 3.4.

3.1.4 Threshold voltage, V1 instability

The threshold voltage, V1, is the bias at which the surface potential, ®g, equals twice the bulk
potential &g and can be calculated from the C'-V characteristics using Eq 3.6. The calculated
values are shown by the data in Fig. 3.6. Similar to the data shown in Fig. 3.4, the effect of
trapping and de-trapping processes are less significant during the forward sweep, resulting in
a smaller shift in Vippp as the temperature increases. Furthermore, the threshold voltage shift in
the device with the phosphorus doped dielectric is greater (up to 2 V shift at 300°C) than for the

undoped dielectric as the temperature increases during reverse sweep for both bias conditions.

The variation in Vg with frequency and temperature was also investigated. The data in
Fig. 3.7 show the bidirectional characteristic of Vry for the phosphorus incorporated sample
as a function of frequency at elevated temperatures. The same trend is observed for Vg as for
VFB, where the instability is more pronounced at 250°C and 300°C. The results show that Vg
is stable with frequency when the gate bias is swept from V, = 10 V to V, = —10 V. However
the observed frequency dispersion increases with temperature, similar to the trend observed for
the Vgp data. At higher temperatures, Vg values decrease because the emission of trapped
charges increases as the bandgap of SiC reduces, so a lower bias is required to form an inversion
region [42]. From the data, it is clear that the concentration of trapped charge is greater in the
phosphorus doped dielectric, than the undoped samples. The enhanced shift in both flatband
and threshold voltages are also linked to the presence of a defect arising from the incorporation
of positive phosphorus ions in the oxide and at the SiO2/SiC interface [152—155]. P atoms are
not mobile if they are in the form of PSG, formed during the annealing process. PSG is a polar
material and the effect of polarization is more significant when it is electrically biased at high
temperatures [4, 156]. Different types of voltage stress measurements are needed to investigate

the characteristics of NITs [42].
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Figure 3.6: Threshold voltage (AVry) extracted from 1 MHz C-V characteristics as a function
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(a) negative and (b) positive gate bias conditions.
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Figure 3.7: Frequency dependence of Vi for sample 2 measured for both directions. Forward

sweep figure (a) and reverse sweep figure (b).
3.1.5 Total effective oxide charge density, Ngrp in phosphorus incorporated oxide

Ngrr depends on the quality of both the gate oxide and interface. Previous studies have

examined a range of approaches to reduce Ngry, because it is one of the dominant factors
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in the suppression of channel mobility and reduces the quality of oxide based passivation
layers [150]. In this study, bidirectional 1 MHz C-V characterization at elevated temperatures
was used to compare the temperature dependence of Ngpp in the phosphorus incorporated
and undoped oxides. Ngpr was determined using Eq 3.5, with a work function difference
between the aluminium contact and the SiC of 1.0 eV [114]. Fig. 3.8 depicts the dependence of
NEgrr at elevated temperatures extracted from sweeps forward and reverse for both dielectrics
under negative (a) and positive (b) gate bias conditions. For the undoped oxide, the variation
in effective oxide charge density shows minor variation with temperature, with values between
—2 and —4x10"" cm™? in both directions regardless of the applied bias stress. In contrast,
under negative bias condition, the data for the forward sweep on the phosphorus doped
dielectric show Ngrr monotonically decreasing from —2.4 x 10" cm=2 to —6.4x10'0 cm—2
with increasing temperature up to 250°C, before changing polarity to 4.0x 10° cm~2 at 300°C,
but the Ngrr increases slowly with increasing temperatures under positive bias condition. In
the reverse sweep, significantly different characteristics were observed (both bias conditions).
NEgrr increases slowly from room temperature to 100°C, followed by an abrupt increase
above 100°C. This behaviour may be attributed to the concentration of mobile charge in the
phosphorus incorporated oxide, which is distinct from the chemically bonded P atoms that
lead to the observed increase in Ngpp. This instability in Ngpr has two potential origins;
charge trapped in the bulk of the dielectric, which is described using an effective charge density
(Ngrr) and charge trapped in interface states, described using the interface state density (Djy).
The data in Fig. 3.8 show that the effective charge density in the phosphorus doped dielectric
shifts significantly in comparison to the undoped dielectric. From these data it appears that traps
in the oxide results in the electrical instability through the capture and emission of electrons

and holes [42].

3.1.6 Bias Temperature Stress (BTS)

In order to investigate the presence of mobile charge in these two samples, positive and negative
bias temperature stress (BTS) measurements has been performed according to the method
described in [151]. Initial C'-V measurements at room temperature are taken as a reference
(before stress) for both samples. Then, the samples are heated to 200°C and a gate bias to
produce an oxide field of around 1 MV/cm is applied for 5 minutes for the charge to drift to the
oxide interface. (In this case, the thickness of oxides are around 36 nm, so 3.6 V was applied).

The samples are then cooled to room temperature under bias and the C-V' measurements are
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Figure 3.8: Variation in effective oxide charge density in sample 1 and 2 under negative (a) and

positive (b) gate bias conditions.

performed. For the negative bias temperature stress (NBTS), the procedure is then repeated
with the opposite bias polarity. It is important to keep the oxide field around 1 MV/cm to cause
mobile charge to drift and to prevent any charge injection from happening [151]. The flatband

voltage shift can be used to determine the mobile charge density. Fresh samples were used for
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each test in this experiment.
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Figure 3.9: C-V curves illustrating the effect of mobile charge motion for undoped (a) and

phosphorus doped dielectric (b) measured before (solid lines) and after (dash lines) PBTS.

The data in Fig. 3.9 show the C-V characteristics before and after positive bias temperature
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stress (PBTS) for both undoped dielectric (Fig. 3.9a) and phosphorus doped dielectric (Fig. 3.9
b). The undoped samples and phosphorus doped samples indicates Vyp shift (different before
and after PBTS) of 0.35 V (—3.88x107* cm~2) and 1.15 V (1.18 x 10~ !! cm~2) respectively
with almost no hysteresis is seen for forward and reverse sweep for both samples before
and after PBTS. These results show that the amount of mobile charge concentration in the
phosphorus doped samples is significantly higher than the undoped counterpart, probably due
to the mobile ion gettering capability of phosphorus [23, 157]. Positive BTS results obtained
here also can be explained by electron trapping at the interface when positive stress has been
applied at 200°C before C-V measurements have been performed. As mentioned before, a lot
of electrons are trapped at the interface when the positive bias was applied to the gate for 5

minutes, causing the flatband voltage to shift to the positive direction [158, 159].

The results for negative bias temperature stress (NBTS) are shown in Fig. 3.10 for both samples.
The C-V characteristics of the undoped sample are very stable; with no hysteresis observed
for forward and reverse sweep before and after stress which indicates the absence of mobile
charge in the dielectric. In contrast, a small flatband voltage shift, 0.3 V (3.08x 107! cm~2)
to the negative direction is observed for the phosphorus doped samples. When the negative
bias is applied to the gate for 5 minutes at 200°C, minority carrier (holes) are attracted to
the interface and get trapped. However, since holes are minority carriers, the flatband voltage
shift after the stress is low in comparison to the shift caused by majority carriers. The trends
obtained from BTS shown that the mobile charge has caused the instability to the phosphorus
doped samples [160, 161]. These features for electron traps in the oxide are consistent with the
results obtained in previous sections (Flatband voltage, Vrp instability and Threshold voltage,

Vry instability) and agree with observations published elsewhere [158, 159].

3.1.7 Interface Trap Density, D;;

Until now the origin of interface traps remains unclear. According to previous reports in the
literature, interface traps can be associated with (1) carbon or silicon clusters at the SiC/SiOq
interface, (2) intrinsic defects formed in the bulk of gate dielectric and (3) interfacial defects at
the SiC/SiO; interface. Reports also correlate the presence of a carbon defect in the bulk SiC as
being responsible for the low quality of gate oxide and increased D;j; [162]. By incorporating
phosphorus, the carbon defects at the SiC/SiO» interface can be replaced by P or P=0 [163].
Interface state density is known to play an important role in inversion layer mobility and hence

the characteristics of the MOSFET. The density of interface traps at the SiC/SiO» interface
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Figure 3.10: C-V curves illustrating the effect of mobile charge motion for undoped (a) and

phosphorus doped dielectric (b) measured before (solid lines) and after (dash lines) NBTS.

is higher than at the Si/SiOy equivalent and this is often considered to be the primary reason

for low mobility [164]. Many researchers reported that mobility can be increased by reducing
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Ds¢ [4, 50, 141]; however the relation between Dj; and mobility is still not fully understood.
The data in Fig. 3.11 show Dj; extracted for both samples using the C-v5 technique from
room temperature quasi-static C-V measurements [121]. It is worth noting that, the value
of Dj; is high in comparison to previously published data because the C-1)5 technique can
accurately determine the contribution of fast states, which are not accurately reflected in the
more commonly used Terman or High—Low method [4, 146]. The voltage was swept from
depletion to accumulation at a rate of 0.1V/s. A reduction can be observed in the value of Dj; at
E.— E =0.2¢V (close to the conduction band) for the phosphorus doped oxide in comparison
to the undoped dielectric (sample 1). However, the Dy values for sample 2 decreases more
slowly as the energy from the conduction band edge increases in comparison to the undoped
oxide. Near the conduction band, in the range where E. — E is between 0.2 to 0.28 eV, the
Dy of the phosphorus incorporated dielectric is lower; however once E. — E > 0.3 eV, the
D of the undoped sample is lower and decreases more rapidly with energy. This is due to the
effect of Dj; reduction in phosphorus incorporated oxide is not significant for Si face 4H SiC
epilayers and the level of phosphorus incorporated in to the oxide is insufficient to form PSG

in these samples [60]. However, the results are comparable with those in previously published
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Figure 3.11: Comparison of interface state density (Dj;) as a function of energy, extracted

using the C-v)5 technique.
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reports which show a reduction of Dj; to 2% 10'2 cm~2 at 0.2 eV below the conduction band

edge [4, 58].

D;; as a function of energy within the bandgap was also extracted across the measured
temperature range for both samples using the Terman method [60]. As can be seen from the
data in Fig. 3.12, the change in Dj; close to the band edge as the temperature increases is not
consistent for both samples, however a trend at energies defined by £, — E > 0.3 eV can be
observed. The extracted D;; for both dielectrics reduces with increasing temperature across the
measured energy range. This suggests that the interface state density, Dj; has a temperature
dependence and therefore is electrically active at elevated temperatures [165]. At high
temperatures, the oscillation of the atoms around their equilibrium position, which results in
the replacement of the sharply defined energy level for the capture or emission of carriers with
a probability density at the specific energy. This results in an increase in the occupancy of traps
with carriers that have a sufficiently high energy to enable a capture/emission process [166].
These results can also be explained by correlating the existence of slow and fast interface states
that have different time constants that only begin to interact with semiconductor carriers at high
temperatures [167], which is in agreement with observation of the SiO2/SiC interface annealed

in nitrogen rich environments [52].

3.2 Positive flatband voltage shift in phosphorus doped N-type 4H-SiC MOS capacitors

under constant voltage stressing, (CVS)

Silicon carbide is recognised as being the material of choice for high power, high temperature
electronic sensors and circuits because of the superlative material properties, including the
high critical breakdown field and wide bandgap [6]. SiC MOSFETs suffer from low channel
mobility, which for low gate bias conditions is determined by the high density of interface
states (Djy) present at the SiC/SiOs interface [164, 168]. A significant level of research
has been undertaken to characterise, understand the origin of and then reduce the value of
D;; in order to enhance the channel mobility. In contrast to silicon technology, hydrogen
annealing has not been shown to reduce Dj; and current research has suggested the growth
of extremely thin oxide layers grown at very high temperatures [35] or nitridation [58] results
in an enhancement in carrier mobility, related to the reduction in Dy [169]. Additionally, the
high concentration of trapping states at the silicon carbide-silicon dioxide interface is linked
to the bias temperature instability observed in SiC MOSFETSs owing to thermal detrapping of

electrons at high temperatures [57, 99, 125].
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It has been shown that the incorporation of sodium into the gate oxide dramatically increases
the field effect mobility of MOSFETs by reducing the surface electric field [43, 80].
Unfortunately, the device is unstable in terms of threshold voltage, V;r when operated at
high temperatures due to the presence of mobile charge in the oxide. The mobile charge
densities are in the range of 10'! to 10'® ¢cm~2, which results in significant hysteresis in
the C'-V characteristics, and resulting in the observed threshold instability, especially at high
temperatures [59]. The presence of carbon in 4H-SiC results in a more complicated oxidation
chemistry than that of silicon. For example, the oxidation of 4H-SiC is very slow [170]
in comparison to silicon and the generation of defects in the oxide and at the interface are
inevitable [38]. The belief that minimizing SiC oxidation, thus reducing carbon impurity at
the interface has led to the idea of forming an ultra-thin SiO» interfacial layer between the SiC
and subsequent high-x dielectric layers. The gate stack of SiC/SiO2/Al203 has successfully
increased the field effect mobility up to 300 cm?/V.s in MOSFETs. However, Vry typically
reduces becoming zero as the peak mobility increases. There are also a number of reports
using alternative high-x materials including LasO3 [90, 92], HfO5 [171, 172] and SigNy [93]

as a gate dielectrics.

Post oxide annealing (POA) [65, 173] has been confirmed to reduce Dy, and hence increase
the channel mobility of MOSFETs. The most effective POA of a SiOy gate dielectric
is by incorporating phosphorus at the interface, which has been shown to enhance the
mobility, resulting in values up to 89 cm?/Vs [2]; however, the long term stability of Vpp in
phosphorus doped MOS capacitors at high temperatures is still unresolved. The incorporation
of phosphorus into SiOy changes the gate dielectric into phospho-silicate glass (PSG). In Si
technology, a very thin PSG film has been used between the metal gate and SiO- layer to reduce
the effect of mobile charge (Na™ ion getter), stabilising the device characteristics. Besides, the
improvement in charge stability and breakdown voltage of phosphorus doped SiO2/Si MOS
devices can be realised by a modification technique reported by [174], where the characteristics

of Si MOS devices are modified by electron injection at high electric field.

Phosphorus doped silicon glass (PSG) is commonly used in the manufacture of semiconductor
devices. A number of extensive studies have been published on the defect structure of the bulk
material [61, 153, 174]. However, relatively little is known about the trapping characteristics of
phosphorus-doped SiOs/ 4H-SiC MOS capacitors [59]. The instability of the flatband voltage
in phosphorus incorporated 4H-SiC MOS capacitors due to the high concentration of defects at
the interface and in the bulk oxide is a major concern, even at room temperature. This affects

the device characteristics when measured under different gate bias conditions and results in
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variation of the extracted parameters. It has been suggested that the origin of the flatband shift
is due to charge injection from the SiC substrate into the oxide [160]. Recently, mobile charge
has been detected by triangular voltage sweep (TVS) measurements and this has been identified
as the cause of the instability of SiC MOS at elevated temperatures [175]. Nevertheless, the
intrinsic mobile charge in the as-oxidized SiC MOS capacitors can be reduced or increased by

means of the post-oxide annealing treatment [160].

The stability of phosphorus-doped SiO9 gate dielectrics are determined by observing the effect
of high electric field and bias stress time on the device characteristics. In particular, the shift
in flatband voltage, effective oxide charge, interface state density and the electron conduction
mechanism have been investigated at room and elevated temperatures. Direct comparisons
to the conventional thermal oxide gate dielectric sample were made in order to determine
the origin of flatband shift in phosphorus-doped SiOy devices which is necessary for the

development of stable and reliable 4H-SiC MOS devices.

3.2.1 Experimental

Two 100 mm, Si-face, 4° off axis, 4H-SiC n™ wafers with an epitaxial layer doped with

nitrogen at a concentration of 1 x 107 cm™3

were used to fabricate MOS capacitors. Oxide
films on both samples were fabricated by thermal oxidation, followed by post oxidation
annealing. Then, a nitride cap was deposited to give an effective oxide thickness of
33 nm. For sample 2 (phosphorus-doped SiO2 devices), one extra step was added to produce
phosphosilicate glass (PSG) oxide where the gate dielectric was annealed in a phosphorus
rich environment (planar source of phosphorus pentoxide, PoOs5) prior to metallisation. After
aluminium gate deposition, both samples underwent post metallisation annealing (PMA)
to minimise the effects of high temperature measurements on the characteristics. NMOS

capacitors with photolithographically defined areas of 1.12 x 10° um? were characterised

using a Keithley 4200 parameter analyser.

A range of gate bias conditions and bias stress times have been applied to observe the
characteristics of phosphorus-doped SiO9 devices. First, the capacitors were held with different
bias stress times (0s to 999s) and bidirectional 1 MHz C'-V measurements from accumulation
(V4 =10V) to deep depletion (V, = —10 V) were performed at room temperature and at 250°C.
Furthermore, the same bidirectional measurements were repeated but with different starting

gate voltages of 10, 20 and 30 V and —10, —20 and —30 V for reverse sweep and forward

73



sweep respectively at room temperature. Finally, the capacitors were held with different stress
time at high electric field, —30 V for forward sweep and 30 V for reverse sweep. The effect of
bias voltage and stress time (under the condition of Fowler-Nordheim injection which results
in electron trapping in the bulk of the oxide) on the phosphorus doped SiO2 were investigated
from the changes in flatband voltage, AVrp (with respect to data from the first measurement)
effective oxide charge, A Ngpr and interface state density, ADjt. The undoped SiOy MOS
capacitors samples were used as a comparison. Fresh samples were used for each measurement

to prevent the effect of charge accumulation in traps while analysing the data.

3.2.2 Results

Under low to medium bias region, the gate leakage current is dominated by the PF emission and
the TAT mechanisms. PF emission is the electric field-enhanced thermal emission of electrons
from a trap state to the continuum states associated with a conductive dislocation. TAT is the
other trap-assisted transport mechanism which becomes significant in the vicinity of zero gate
bias to compensate the non-zero PF current at this bias. In this process, electrons tunnel from

metal to semiconductor through a band of localized traps.

When a large positive voltage is applied to the metal with respect to the substrate, the band
diagram of metal is lowered, and tunnelling of electrons from the conduction band of the
semiconductor into the conduction band of the oxide, through an approximately triangular
barrier can occur, as shown in Fig 3.13. This kind of tunnelling through a triangular potential
barrier is known as Fowler-Nordheim tunnelling [176]. Fowler-Nordheim plots are a useful
method to determine the relation between the strength of electric field and barrier height at the
interface. The data in Fig 3.15 show FN-plots ((In(J/E?) verses inverse electric field (1/E))
for both samples (a) at room temperature and (b) 100°C. FN tunnelling of electrons can be

expressed as

Jrn = AE3yexp <_B> (3.10)
Eox

where J is the current density, F the oxide field, and the pre-exponent A and slope B are given

by

3

q < i ) = 1.54x107° <m> L avy 3.11)

- 1672 h(ﬁB mox mox (bB
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Figure 3.13: Electrons injection into the oxide by means of FN tunneling under high electric

field. (Accumulation region for n-type MOS capacitor)
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3qh

where ¢ is the electron charge, m the free electron mass, mox the electron mass in oxide, i
the Planck’s reduced constant and ¢p the barrier height in electron volts. This equation can be
applied to both polarities. This model is assumed to be valid both for strong accumulation and
strong inversion corresponding to non-degenerate n-and p-type substrates respectively [177]. In
this work, electrons are injected from the semiconductor to the oxide because the measurements
were performed under positive polarity which is an accumulation region of n-type MOS

capacitor [178].

Quantum mechanical tunnelling describes the movement of carriers through a classically
forbidden energy state. Fig 3.14 shows the gate current characteristics as a function of gate bias
for both samples measured at room temperature and 100°C under positive bias (accumulation
region for n-type MOS capacitor). For the undoped SiOy samples, the -V curves are consistent
on the first, second and third measurements. But for phosphorus-doped SiO9 the J-E curves
are shifted to the positive every time the measurement is repeated. The accumulation of
negative charge in the gate dielectric shifts the J-E curves in the positive direction and
increases the breakdown voltage by changing the charge state of the defect [179]. This effect

can be explained by improving of weak spots through the accumulation of a negative charge in
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Figure 3.14: J-FE characteristics of sample 1 and sample 2 at room temperature and 100°C

under positive bias (accumulation region for n-type MOS capacitor).

the gate dielectric. As the result, the barrier height at the interface increases, thus improves the

breakdown voltage.

The barrier height, ¢ for both samples can be extracted from the FN slopes, B (Equation 3.12),
using the effective electron mass, m,=0.42 my [180, 181]. Due to the quatization effect in
the accumulation layer and image force lowering, the extracted values of ¢p approximately
0.3 eV lower than those obtained by internal photoemission experiments [182]. The interface
state density which enhanced the electron trapping and oxide degradation not only affects
the channel mobility, but also influences the barrier height by acting as a primary source
for FN tunnelling [183]. The data show that the two samples exhibit different temperature
dependences. The In(J/E?) values increase as the temperature was increased to 100°C for
undoped samples but the opposite trend was observed for phosphorus-doped SiOg. This
indicates the leakage current of the undoped samples increased at 100°C which can be
correlated to the lower breakdown voltage with the increase in temperature. In contrast, the
breakdown voltage of the phosphorus-doped SiOs device increased with temperature. At
100°C, the electron traps make a major contribution to the value of the accumulated negative
charge in the oxide, resulting in an increased potential barrier. The accumulation of a negative
charge in the PSG film leads to an increase in the energy barrier [181] at the injection interface
boundary, increasing the breakdown voltage of the gate dielectric. This phenomena is more
significant for phosphorus-doped SiO due to the existence of phosphorus atoms that enhance

the electrons injection into the gate dielectric [4, 59, 174].

The data presented in Fig 3.16 are the shifts in the flatband voltage, AVrp and effective oxide

charge density, A Ngrr as a function of gate bias stress time from the CVS experiment. The
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Figure 3.15: FN plots of (a) undoped and (b) phosphorus-doped SiOy samples at room

temperature and 100°C.

data show the difference in sweep direction from a starting bias of £ 10 V measured at room
temperature (Figs 3.16 (a) and (b)) and at 250°C (Figs 3.16 (¢) and (d)). Under forward
sweep, the shift in flatband voltage, AVrp and effective oxide charge, A Ngpr for sample
1 are negligibly small at both room temperature and 250°C for the stress times investigated.
The shift for both samples in the forward sweep are also small (less than 0.3 V) at room
temperature, as well as at 250°C. However, significant changes in flatband voltage (up to 0.7 V
at 999 s) and effective oxide charge (up to —7x10'" cm™2) are observed for the phosphorus-
doped sample (sample 2) under reverse sweep conditions at room temperature as the bias stress
time is increased. The shifts for the phosphorus-doped samples for both flatband voltage and
effective oxide charge become more apparent at 250°C under reverse sweep conditions, where
the flatband voltages increase rapidly (AVyp= 2.3 V) for stress times between 0 and 200 s,
before starting to saturate at approximately 2.5 V after 500 s. The same trends were observed
for the effective oxide charge with increasing bias stress time at 250°C. First order electron
trapping kinetic can be used to extract the trap charge concentration, NoT and effective capture

cross-section, o, [184, 185]. The first order electron trapping can be given as

VER (t) = AVFBO [1 — eXp(—t/T)] (3.13)

where 7 is the trapping time, 7=1/(¢.J) and J is the flux density of the injected electrons.
The fitting result for phosphorus-doped SiO, sample suggests that the Not and o, are
approximately in the order 10'* cm=2 and 107! cm? respectively. The extracted value of
oy is smaller in comparison to those reported for silicon (approximately 10~'% cm? due to the

metalic contamination [184, 186, 187] and 10717 cm? for the water-related trap [188]) but in
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Figure 3.16: Shift in flatband voltage, AVrp and effective oxide charge density, A Ngpr under
different gate bias stress times at the room temperature (a and b respectively) and 250°C (c and
d respectively) extracted from 1 MHz C-V curves. AVgp is defined as the difference of AVyp

without bias stress time and those AVgrp obtained at different bias stress time.

agreement with those reported for SiC devices in the literature [37, 81, 189], which is in the
range of 10716 to 10722 cm? especially for phosphorus-treated 4H-SiC MOS capacitor that
lies in the lower 1078 cm? range [190]. It has been suggested that small capture cross sections
are a combination of midgap interface states and oxide traps, which influencing the long-term
device stabilty [189]. As discussed in the previous section (Section 3.1), these results suggest
that the instability of phosphorus-doped SiOs is due to charge trapping at the interface and in
the oxide, resulting in electrons being injected into the bulk oxide, resulting in the increasingly

negative effective oxide charge [59].

As reported in the literature [179, 191], the effective oxide charge in MOS capacitors can
be modified by the injection of electrons into the gate dielectric, which typically occurs at
high electric field. Electron injection from the semiconductor to the gate dielectric or from
the gate contact to the gate dielectric is likely at high temperatures via both tunnelling and

emission. A tunnelling current occurs when electrons injection occurs through a classically
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forbidden energy barrier from conduction band into the oxide bandgap [176]. The consequence
of this phenomenon includes increased gate leakage current due to the degradation of the gate
dielectric. In SiC, since the interface trap density is high (in comparison to Si), the charge
carriers can become trapped, thus permanently changing the characteristic behaviour of the
dielectric, resulting in instability in the device characteristics. For phosphorus-doped SiO2, the
carriers traverse the SiC/SiO interface, leading to the accumulation of negative charge in the
bulk of the phosphorus-doped gate dielectric, resulting in the shift of the flatband voltage in the

positive direction.

In order to investigate the stability and effect of electron injection at different electric fields
on the flatband voltage and effective oxide charge, | MHz C-V measurements with starting
gate bias conditions of —10, —20 and —30 V for forward sweep and 10, 20 and 30 V for
reverse sweep were performed. The data in Figs 3.17(a) and (b) show the effect of starting
voltage in the C'-V characteristics without bias stress time on the stability of flatband voltage
and effective oxide charge respectively. As described previously, the changes in both flatband
voltage and effective oxide charge are less significant for the characteristics determined from
a forward sweep for both samples. Under reverse sweep conditions, the flatband voltage and
effective oxide charge in phosphorus doped samples increases with starting voltage. Both
flatband voltage shift and changes in effective oxide charge are greater (upto 2.5 V and —1.2 x

10 cm~2 respectively) in comparison to the thermally grown oxide for a starting bias of 30 V.

The data in Figs 3.17 (c) and (d) show the changes in flatband voltage and effective oxide charge
as a function of bias stress time when the device was held at —30 V (forward sweep) and 30 V
(reverse sweep) respectively. The changes in flatband voltage and effective oxide charge are
negligible under forward sweep conditions. Under reverse sweep, the shifts in flatband voltage
and effective oxide charge increase with bias stress time for both samples indicating that the

charge trapping effect is apparent under the reverse sweep condition.

The positive shifts in C-V characteristics for both samples occur at higher voltages when
longer bias stress times were applied. As can be seen from the data in Figs 3.17 (c¢) and
(d), the shift in the flatband voltage and effective oxide charge increased with the bias time,
suggesting that there is a limit to the charge density that can be injected. These results
are in good agreement with those reported previously for phosphorus doped SiO2/Si MOS
capacitors [174, 179]. Andreev observed that the injected charge density depends on the
thickness of the phosphorus-doped oxide, where the accumulated negative charge density

increased with increasing phosphorus-doped SiO; film thickness. Reports in the literature have
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Figure 3.17: Shift in flatband voltage (a) and effective oxide charge density (b) at room
temperature under different gate bias conditions. Shift in flatband voltage (c) and effective
oxide charge density (d) at high voltage (& 30 V) held with different bias stress time up to
999 s.

also shown that the stability of phosphorus-passivated 4H-SiC MOSFETs can be improved
by reducing the thickness of the interfacial PSG gate dielectric layer [42, 58, 60]. In n-type
devices, the density of interfacial acceptors is considerably higher than the donor concentration.
An increase in the PSG film thickness is unacceptable for thin gate dielectrics, since this leads
to excess doping of the SiO» film with phosphorus and as a consequence, leads to deterioration
in the charge stability in the bulk oxide and at the interface. It has also been reported that
an increase in the phosphorus concentration in the PSG film to more than 1.5 % may cause
polarisation to the charge exist in the oxide (flatband) and a significant decrease in the charge

stability of the gate dielectric [174].

To study the origin of the shift in flatband voltage and effective oxide charge, the interface
state density was extracted using the Terman method as a function of bias stress time, as shown
by the data in Fig 3.18. Both samples exhibit an increase in interface state density, when the

oxide is subjected to a bias (V4= 30V) for 200 s. The interface state density does not change
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Figure 3.18: The changes of ADj; as a function bias stress time for sample 1 and sample 2

under reverse sweep measured from V= 30V at room temperature.

significantly for bias stress times > 200 s suggesting that all the available states have been
filled. Further increases in Dj; with bias stress time for the phosphorus-doped SiOy device
(sample 2) in comparison to the un-doped SiO2 (sample 1) is one possible origin of the larger

positive flatband shift.

3.3 Discussion

Metal contamination such as sodium and potassium have been considered to be the origin
of mobile ions in metal-oxide-semiconductor devices. In this study, the influence of mobile
ions due to contamination is ruled out because both samples went through the same oxidation
process (the contamination level should be identical) allowing the effect of the phosphorus
incorporation in oxide to be determined. The results show that the flatband voltages of
phosphorus doped SiO» are shifted to the positive under reverse sweep as the bias stress time
increases at room temperature and the changes are more pronounced at 250°C. Enhanced shifts
to the positive are observed when high starting voltages are applied to the capacitors. This

phenomenon is more noticeable when high voltage and longer bias stress times are used in
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Figure 3.19: Mobile charges are moved to near interface as the constant high voltages are

applied with certain bias stress time.

the measurements. Under forward sweep, the flatband voltages are stable and result in a shift
that is negligible in comparison to the flatband voltage shift under reverse bias. The possible
origin for the positive flatband voltage shifts can be explained by electron injection becoming
enhanced with the existence of traps at the interface and increased mobile charge density. As
previously reported in [59], the mobile charge density in phosphorus doped SiOs is high in
comparison to thermally grown oxide, due to the gettering effect that removes undesirable
impurities, increasing the quantity of mobile charge [157]. The mobile charge density has been
determined from the bias temperature stress, where the mobile ions are able to move at high
temperatures. The shift due to the mobile charge can be positive or negative depending on the
bias polarity (NBTS or PBTS), but note that NBTS is usually dominated by electron trapping
similar to CVS. In constant voltage stress experiment, the data show that the electrons are
injected into the oxide even at room temperature when high electric fields are applied for long
periods. The trapped charges for electron trapping are negatively charged. Hence, the C-V
curve will be shifted to the positive direction. Significant positive shift in flatband voltage is
observed for the phosphorus-doped SiOy sample due to the high concentration of mobile ions

and enhance electron injection into the oxide.

Fig 3.19 is a schematic showing the movement of mobile ions which are the likely cause
of the observed positive flatband voltage shift. The positively charged ions exist in the

phosphorus doped SiOs capture the accumulated electrons injected from the semiconductor
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at the interface [179]. When high electric fields were applied at the gate (the barrier height
is thinner and more electrons are attracted close to the interface as the Fermi level is in the
conduction band), electrons are easily injected into the dielectric, which results in a negatively
charged oxide, and so the shift in flatband voltage can be observed [174]. At high temperatures
and under high electric field, the mobile charge in the oxide will diffuse to the interface, or
away from the interface depending on the polarity of applied bias. The movement of mobile
charge is also attributed to the positive shift in the phosphorus doped SiOy samples. Thus, in
this sense, a strong correlation between the positive shift in flatband voltage and the mobile
charge determined by bias temperature stress measurements was identified with 2x 10! cm—2
and 7x 10" ¢cm~2 for undoped and phosphorus doped SiO, samples respectively. Two main
factors that are influencing the shift in the flatband voltage of the phosphorus-doped SiO» are
mobile-charge (BTS experiment) and electron injection (CVS experiment). First, the flatband
voltage shift under BTS, (<1MV/cm) is due to the movement of the mobile charge in the oxide.

Second, Fowler-Nordheim injection which results in electron trapping in the bulk of the oxide

is the factor of the significant flatband voltage shift under high-field stress.

Interface traps can be either acceptor-like or donor-like and the donor-like trap energy levels
are located in the lower half of the band-gap. Those trap levels are positively charged if they
are empty and electrically neutral when occupied by an electron. The acceptor-like energy
levels are located in the upper half of the band-gap. Those trap levels are electrically neutral
if there are empty and negatively charged when occupied by an electron. Under positive bias
(accumulation), where the majority of electrons are accumulated at the interface, the states
in upper half of bandgap become occupied and resulting in the oxide becoming negatively
charged. The electrons are increasingly injected from the semiconductor into the oxide under
high field conditions as the band bending exposes the defects that lie close to the Fermi level.
Injection of electrons into the oxide occurs easily at the SiC/SiO» interface because the electric
fields in SiC devices are much higher than in silicon and the barrier height at SiC/SiO» interface
is lower than the barrier height for Si/SiOy [183] and this becomes a serious issue as the
temperature increases [192]. The increased temperature results in the barrier heights reducing,
thus electrons gain sufficient energy to overcome the barrier at the interface and are injected
into the dielectric. It has been reported that the injection of electrons into the oxide generates
interface states that are not only affecting the channel mobility but also giving influences the

barrier height for Fowler-Nordheim tunnelling [181].
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3.3.1 Conclusion

The incorporation of phosphorus at the SiO2/SiC interface results in a reduction in the interface
state density near the conduction band and an increase in the instability of Vg, Vi, and Ngrr
at high temperatures. To date there are limited reports concerning the stability of phosphorus-
doped SiO; in 4H-SiC at elevated temperatures. In this chapter, the effect of phosphorus
incorporation in the gate dielectric was extracted from bidirectional C'-V measurements at
temperatures up to 300°C. Although the effective oxide charge (Ngpr) in phosphorus-doped
SiO- has been slightly reduced, the instability at high temperatures is a concern. The results
from other parameters (Vg and V) also showed instability depending on the gate bias,
frequency and temperature. In forward sweep, both samples give stable Vrp and V1 values
even at high temperatures. Meanwhile, in reverse sweep, due to charge trapping, Vrp and Vg
shifts increase with temperature. The Dj; of both samples was compared and it was found that
phosphorus-doped oxides (sample 2) have slightly lower Dj; than non doped oxides near the
conduction band. In this case, the effect of mobile ions and charge traps at high temperatures
should not be neglected. This could cause electron and hole trapping to occur in the gate
dielectric and at the SiC interface. The implementation of phosphorus incorporated oxide in
SiC is encouraging to improve the channel mobility. However, the stability and reliability
aspects are always essential to be taken into consideration in terms of device performance.
Therefore, it is important to improve the stability of phosphorus incorporated devices not only
at room temperature but also at high temperatures so that the advantageous effect of phosphorus
incorporation is not reduced. This work has shown that the inclusion of phosphorus (below 1%
levels) in the silicon dioxide gate dielectric of MOSFET structures can be highly beneficial for
room temperature performance, the instability of the resulting devices when operated at high

temperatures means this technique is not suitable for high temperature circuits.

The incorporation of phosphorus in oxide and at the SiO2/SiC interface shifts the magnitude
of flatband voltage and increases the effective oxide charge. The influence of phosphorus
incorporation in the gate dielectric was investigated from C-V measurements at high voltages
up to 30 V with bias hold times up to 999 s. In forward sweep, the flatband voltages and
effective oxide charges are stable even at high voltage and long bias stress time. However, in
reverse sweep, the flatband voltage and effective oxide charges increase significantly especially
at a higher starting voltages and for longer bias stress times. This can be attributed to the capture
of electrons into the oxide during positive bias stress. The effect becomes more prominent
when phosphorus atoms exist at the interface because of the gettering effect that increases the

quantity of mobile charge in the oxide. The data also reveal that electron injection is more likely
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to occur to phosphorus doped SiO3, due to the high density of mobile charge in the oxide and
this leads to instability in C-V characteristics, especially at high temperatures. The presence
of P atoms in the oxide results in a greater concentration of mobile charge, which correlates to
the enhanced flatband shift and the increase in effective oxide charge, when higher voltage and
longer stress times are applied. The J-E characteristics for both samples were compared and it
was found that for the phosphorus doped SiO5 samples, the breakdown electric field increased
when the same measurements are repeated. The same mechanism of electron trapping and
electron injection into the oxide can be explained for the instability of phosphorus doped SiO2

in 4H-SiC MOS capacitors.
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Chapter 4

Influence of dielectric formation on the characteristics of 4H-SiC CMOS devices

4.1 Introduction

The ability of silicon carbide to switch at high frequencies, whilst being the most CMOS-
compatible wide bandgap material opens up exciting opportunities for a wide range of digital
and analogue based applications. In an effort to fully exploit the material properties of SiC for
the realization of CMOS devices, a thorough understanding of the influence of the dielectric
gate on device performance is imperative. Although a range of extraction methods have been
developed to acquire the density of interface states [151], a number of research groups have
demonstrated that the most accurate method to estimate the density of interface states uses
the C-v technique, derived from quasi-static capacitance-voltage (C-V') measurements [121].
Reports in the literature have demonstrated the investigation of Dj; utilising C'-i) based
on nMOS devices [67, 68, 121]. However, no comprehensive investigations have been
performed on the pMOS counterpart nor the technique used to evaluate the oxide quality of
complementary MOS. It is well known that the interface properties of Si/SiO5 layers defines
the electrical performance of a MOS devices, therefore it is critical to accurately determine
Di [193]. Furthermore, the low channel mobility commonly observed in SiC MOSFETSs
is linked to the high density of interface states, where such limitation hinders the uptake of
silicon carbide technology in integrated circuits [19]. Intensive research varying the annealing
of dielectric films including the use of hydrogen [66], nitrogen [194] and phosphorus [2] has
been undertaken in an attempt to passivate the interface traps. This has led to the increase of
field effect mobility up to 284 cm?/Vs at room temperature for MOSFETs fabricated with an

ultrathin thermally grown SiOs inserted between the AloO3 and SiC [102].

4.2 Experimental: Processing techniques for the formation of dielectric

In this investigation, 3 gate dielectrics on both n-type and p-type of MOS capacitors and
MOSFETs that have undergone different process treatments were measured. All devices are

nominally identical except for the gate dielectric formation. The objective of this investigation
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is to distinguish each process treatment in term of the electrical characteristics. The details
of dielectric formation are summarized in the Table 4.1. MOS capacitor and field effect
transistor (MOSFET) structures were fabricated using a CMOS process [7] on commercial
grade 100 mm, Si face, 4° off axis, 4H-SiC n-type substrate wafers. Figure 4.1 shows a
schematic cross section of the fabricated a) lateral nMOS capacitor and b) p-channel MOSFET.
A polycrystalline silicon layer (area =160,000 ym?) was deposited on the deposited gate
dielectric, while Al based metal contacts were patterned to form the lateral capacitor electrode
and the drain/source contact for the MOSFET. The fabricated p-channel MOSFET exhibits a
gate geometry of 200 um x 1.2 ym. Conversely, equivalent pMOS variants were fabricated
on a p type epitaxy. These devices were fabricated on epitaxial layers doped with nitrogen
(Np=1.50 x10'" cm~3) and aluminium (Na=1.02x10'7 cm~3) for the nMOS and pMOS
devices respectively. No threshold adjustment implants were used in the fabrication process,
hence the electrical characteristics of the lateral capacitor and MOSFET are determined by the
intrinsic properties of the SiO2/SiC interface. The C-V, quasi-static C-V and current-voltage
(I-V) measurements were performed using a Keithley 4200-SCS Parameter Analyser in
conjunction with a Cascade Microtech probing station (Model Summit 12000BAP) supported

on an active air anti-vibration table at room temperature under dark conditions.

a)
insulator - gate .
Oxide
N+
SiC n-Epi
b)

onmic i lonmic
Oxide
P+ P+
SiC n-Epi
Figure 4.1: Schematic cross section of the SiC a) n-MOS capacitors and b) p-channel MOSFET

on n-epilayer.
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Table 4.1: Description of the processing steps used in the fabricarion of the dielectrics in sample

A, B andC.

Samples Description
A High temperature post gate anneal (40 nm of SiO, by PECVD,
5 minutes dwell time at 1350°C)
B Enhanced standard gate process (40 nm of SiOy by PECVD,
N5O + O5 anneal at 800°C for 30 minutes)
c Combination of sample A and B process (40 nm of SiO2 by PECVD,
5 minutes dwell time at 1350°C, NoO + O anneal at 800°C)

4.3 SiO,/SiC interface and impact of process variation

The electrical characteristics of both n-type and p-type 4H-SiC MOS capacitors such as
interface state density, flatband voltage, threshold voltage and effective charge were extracted
from C-V characteristics at room temperature. In addition, Fowler Nordheim plots extracted
from the current density-voltage data are also analysed to understand the leakage mechanism

and provide new insights into the reliability and breakdown issue in SiC MOS capacitors.

4.3.1 Impact of the dielectric formation on the characteristics of n-type MOS capacitor

The data in Figures 4.2 (a) and (b) show the variation of 1 MHz capacitance as a function
of voltage and the variation of normalised capacitance as a function of voltage for samples
A, B and C respectively. The oxide capacitance in the accumulation region of each sample
are different because of the variations in oxide thickness. Sample C exhibits the lowest oxide
capacitance value due to the long oxidation process that produces thicker gate dielectric in

comparison to the other samples.

Table 4.2: Summary of parameters extracted from n-type MOS capacitors.

Samples Effective oxide  Flatband  Threshold Effective

thickness (nm) votage (V) voltage (V) oxide charge (Clem™2)

A 37.7 1.7 -52 —8.2 x 10!
B 41.7 1.7 —5.56 —7.4 x 1011
C 42.8 0.35 —6.9 —0.4 x 1011
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Figure 4.2: (a) 1 MHz Capacitance-Voltage characteristics (b) Normalised 1 MHz Capacitance-
Voltage characteristics for n-type MOS capacitor with different dielectric formation (Sample

A, B and C).

The data in Table 4.2 show the extracted parameters for each n-type MOS capacitors samples
A, B and C. The effective oxide thickness, Tox, was extracted using a relative permittivity, &,
of 3.9 for SiOs. Vip defines the boundary of the capacitor accumulation and depletion regions,
whilst Vr demarcates the depletion and inversion regimes. From the data, values of Vrp can
be determined, which are 1.7 V, 1.7 V and 0.35 V for samples A, B and C respectively. The
variation in Vgp results in a reduction in the threshold voltage of the MOSFET. Typically, Vrp
for an ideal SiO2/SiC interface that has zero Ngrr, is defined by the metal-semiconductor work

function difference. The work function is derived as

Wys =Wy —

W+ (5) - o] @1

where, W,g is the metal-semiconductor work function, Wg the metal work function, Wg;c
the SiC work function, Fg is the bandgap of SiC and ®p is the bulk potential. It is clear
that the magnitude of Vgp for sample C is significantly smaller than that in samples A or B,
indicating a smaller density of oxide charge in the nMOS capacitor structure and this can be

described using effective charge density (Ngrr) [32].

It is well known that the magnitude of the extracted Ngpr comprises contributions from
oxide trapped charge, fixed oxide charge, mobile charge and interface charge trapped by slow
traps [150, 195, 196], where the total charge trapped in interface states are described by Dj;.
The data in Figure 4.3 show the extracted values of Dj; using the C-1 technique for n-type
MOS capacitors between 0.2 and 0.5 eV from the conduction band edge, extracted from room

temperature quasi-static C-V measurements [121]. As can be seen from the data, the value of
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Figure 4.3: Interface state density as a function of energy extracted by C'-¢) technique for n-type

MOS capacitors.

Dj; at Ec — E =0.2 eV for sample A is approximately 2x 10 cm~2 eV~!, which is one order
of magnitude higher than samples B or C, which are approximately 2x10'2 cm™2 eV~ (these
values are relatively large in comparison to silicon devices which is around 10'® cm=2 eV~1).
The value of Dj; for sample A is always one order of magnitude higher in comparison to
samples B and C for the range of energies considered here. The Dj; values for both samples
B and C are very similar to each other, which suggests that the traps at this energy level have
been passivated for these two samples by nitrogen during the post-oxide -annealing in NoO +
04 [54, 57, 173]. The process of high temperature annealing at 1350°C during formation of
gate dielectric in sample A however could not passivate the traps at the interface, resulting in the
observed high interface state density along the energy band. The high temperature annealing

might also increase the surface roughness at SiO2/SiC.

I-V measurements were performed to examine the conduction mechanisms in each of the
MOS capacitor samples. Different sizes of capacitors were measured to check the current
uniformity. The data in Figure 4.4 show the current density as a function of electric field
(J-E) characteristics of typical n-type MOS capacitors for each of the sample under positive

gate biases (accumulation region). A non-destructive breakdown voltage is defined as the
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field that results in a current density level of ImA cm™2, whilst a catastrophic breakdown
indicates destructive oxide tunnelling. The J-E plots (Fig 4.4) show that sample B and
C display a dielectric breakdown field at about 9.5 MV/cm followed by sample A at about
11.8 MV/cm [197]. These values are similar to dielectric breakdown field of SiO9 on silicon

which is typically above 9 MV/cm [198, 199].
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Figure 4.4: Current density- Electric Field, J-E for n-type MOS capacitors with different

dielectric formation in accumulation. The area of MOS capacitors are 1.35x 1073 cm?.

In general, the tunneling is elastic at higher electric fields and inelastic at lower fields. Hence,
the influence of lower field on the current is not strong enough and thus noise level dominates
current [192]. At high electrical fields Fowler Nordheim analysis allowed the barrier heights
formed at defects in the oxide of 2.4 to 2.5 eV to be determined for all n-type capacitors (using
the electron mass in oxide, m,, of 0.42 m, [180, 192, 200]) as shown in Figure 4.5. The
effective barrier height may change due to variations in the defects at the SiO»/SiC interface

and oxide properties and depends on the conditions during oxide formation.

The intercept of this linear In(J/E?) as a function of 1/Egx gives A and the slope yields
B [180]. As can be seen in the F-N plots (Figure 4.5), the linear trend at high electric field
(above approximately 8 MV/cm) indicates the occurrence of FN tunnelling mechanism. The

variation in the fabrication process of the gate dielectrics in this work results in a significant
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Figure 4.5: FN-plots for n-type MOS capacitors obtained from current-voltage measurements.
From the slope, barrier heights of 2.4 to 2.5 eV were extracted. These values are close to the

theoretical value of 2.7 eV [181, 183, 192].

difference in the effective barrier height for each of the samples. As can be observed from
the similarity of the slope, sample C shows the onset of F-N tunnelling mechanism at a lower
electric field, at 1/Eox of 0.12 cm/MV (Epx=8.3 MV/cm), then followed by sample B at
0.11 cm/MV (Eox=9 MV/cm) and sample A at 0.10 cm/MV (Eox=10 MV/cm). The electron
conduction through the oxide occurs in sample C at a lower electric field in comparison to
the other samples and this maybe correlated with the observed lower breakdown voltage. The
degradation of dielectric breakdown field in samples B and C could be related to the presence
of nitrogen such as Si-N bonds at the SiO2/SiC interface and in the SiO5 bulk oxide [201, 202].
This suggests that high temperature annealing in the fabrication process for sample A results in
high breakdown voltage. All the MOS capacitors sustain electric fields exceeding 9.5 MV/cm
before breakdown, which is in good agreement with the results of SiO5 breakdown field in the
literature [2, 98, 200]. FN tunneling currents are expected to be much higher for a SiC-MOS
capacitors than for a Si-based device for the same electric field because the conduction band
offset between SiC and SiOs is smaller ( 2.7 eV) than that between Si and SiOs (3.2 eV). Due
to that reason, the reliability of conventional SiC NMOS device is expected to be lower than Si

NMOS devices under typical operating conditions. It has been reported that the location and

92



density of interface states within the bandgap influences not only channel mobility, but also the
FN tunneling currents at the SiC-dielectric interface [203]. However, the results obtained in

this work show no correlation between interface state density and oxide breakdown.

4.3.2 Impact of the dielectric formation on the characteristics of p-type MOS capacitor

The data in Figure 4.6 (a) and (b) show the room temperature 1 MHz C-V characteristics
and normalised 1 MHz C-V characteristics for p-type MOS capacitors on samples A, B and C
respectively. As mentioned previously for n-type MOS capacitors, the variation in the oxide
capacitance in the accumulation region is due to variation in thickness arising from the gate
dielectric process (Figure 4.6 (b)). Sample C exhibits the lowest oxide capacitance value, due
to the longer oxidation process that results in a thicker gate dielectric in comparison to the other

samples.
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Figure 4.6: (a) 1 MHz Capacitance-Voltage characteristics (b) Normalised 1 MHz Capacitance-
Voltage characteristics for p-type MOS capacitor with different dielectric formation (Sample

A, B and C)

Table 4.3: Summary of parameters extracted from p-type MOS capacitors.

Samples Effective oxide  Flatband  Threshold Effective
thickness (nm) votage (V) voltage (V) oxide charge (C/em™2)

A 38.2 -5.05 1.10 1.31 x 1012
B 423 -5.55 0.94 1.44 x 102
C 43.6 -5.8 0.8 1.52 x 102
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Table 4.3 summarises the important parameters extracted from C-V measurements including
oxide thickness, flatband voltage, threshold voltage and effective charge density for p-type
MOS capacitors. The flatband voltage indicates the presence of charge in the oxide [204, 205],
and its variation results in a shift of the threshold voltage in the MOSFET. The charge trapped
in the bulk of the dielectric can also be described using effective charge density [150, 195,
196]. Contrary to n-type MOS capacitors where sample C shows a low Vrg (0.35 V) and
Ngrr (—0.4x 10 ¢cm~2), for the p-type MOS capacitors, sample A exhibits the lowest Vrp
(—5.05 V) and Ngpr (1.31x10'2 cm™2). From these results, it is revealed that a combination
of high temperature annealing and the enhanced standard gate process reduces the density of
negative charges in the oxide for n-type MOS capacitors whilst the high temperature annealing

(HTA) process reduces the density of positive charge in the oxide for p-type MOS capacitors.

The data in Figure 4.7 show the variation in Dj; extracted for p-type samples using the C-
¥ technique from room temperature quasi-static C'-V measurements [121]. The voltage was
swept from accumulation to depletion at a rate of 0.1V/s. The data show the variation of Dj;
with energy near the valence band. It can be seen that sample A has a higher interface state

density for energies between 0.2 and 0.5 eV in comparison to samples A and B. The same
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Figure 4.7: Interface state density as a function of energy extracted by C-i) method for p-type

MOS capacitors.
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trend of Dy reduction can be observed but the values of Dy, at £ — Ey,=0.2 eV for samples
B and C are slightly lower than sample A being approximately equal at 2 x 102 cm=2eV—1.
However the interface state density for sample C reduces significantly at energies further from
the valence band. The results show that high-temperature post gate anneal processes results in
high Dj; for p-type MOS capacitors, probably due to the formation of surface roughness at the
Si09/SiC interface that is mainly responsible for the decrease in drain current at high gate drive
bias (surface roughness scattering effect) [206-208]. However, the underlying mechanism has

not been proven.

As with the n-type MOS capacitor samples, -V measurements were performed on each of
the p-type samples to understand the effect of dielectric formation on the current conduction
mechanism in MOS structures. The data in Figure 4.8 show the leakage current density of
each sample under negative gate bias at room temperature. At low electric fields, all samples
show a low current density of approximately 1 x 107> A/cm™—2. The occurrence of electron
tunnelling appears in Sample A for fields in excess of 6 MV/cm while samples B and C exhibit
FN behaviour at electric fields above 8 MV/cm. Although the current density of sample A is

higher in comparison to samples B and C, sample A has the highest breakdown electric field at
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Figure 4.8: Current density- Electric Field, J-E for p-type MOS capacitors with different

dielectric formation in accumulation. The area of MOS capacitors are 1.35x 1072 cm?.
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11.8 MV/cm, whereas samples B and C breakdown at 10.4 and 10.2 MV/cm respectively. This
result is in good agreement with those in the literature [77, 209] where increased breakdown

voltages were obtained for dielectrics annealed at higher temperature.

The data in Figure 4.9 show the FN plots of the p-type MOS capacitors at room temperature.
As was observed in the n-type MOS capacitor data, a linear trend indicates the presence of the
FN tunneling mechanism at high electric fields. Using Equations 4.1 to 3.12, the barrier height
of each sample can be extracted. The barrier height for sample A, sample B and sample C
are 1.48, 2.18 and 2.13 eV respectively. The effective mass for holes in silicon carbide in the
calculations is 0.35 m. [180]. These values of barrier height are in the range of reported values
in the literature, which are from 1.2 to 3.1 eV [181]. The extracted value for the barrier heights
are slightly lower that the theoretical value which is approximately 2.9 eV depending on the

metal used as gate contact [23, 180, 181].
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Figure 4.9: FN-plots for p-type MOS capacitors at room temperature. From the slope, a barrier
heights of 1.48 to 2.18 eV are extracted. These values are quite far from the theoretical value

of 2.9 V.
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4.4 Impact of elevated temperatures on MOS capacitors

In order to investigate the impact of gate dielectric formation on the electrical characteristics for
both n and p-type MOS capacitors, | MHz C-V measurements were performed at temperatures
from room temperature up to 400°C. The temperature dependence of important parameters
including flatband voltage and interface state density were extracted and studied to determine

the effect on the characteristics of the bulk oxide and the SiO5/SiC interface.

4.4.1 Temperature dependence for n-type MOS capacitors

1 MHz C-V measurements were performed on samples A, B and C from room temperature
to 400°C. The data in Figures 4.10 (a), (b) and (c) show the C-V characteristics of n-type
MOS capacitors at elevated temperatures for samples A, B and C respectively. All samples
exhibit stable C-V characteristics at elevated temperatures with a constant oxide capacitance
and negligible shift in the C'-V curves. This suggests that no physical change occurs in terms

of the dielectric constant and oxide thickness with increasing temperatures.

To examine the effect of dielectric fabrication process on the stability of flatband voltage, the
change in flatband voltage as a function of temperature was extracted and plotted as shown in
Figure 4.11. The change in effective oxide charge, Ngrr, is also plotted in the same Figure.
As can be seen from the data, sample C exhibits the smallest flatband voltage shift with only
a 0.2 V shift observed between 25°C and 400°C. In contrast, the shift in flatband voltage for
samples A and B are significantly larger with 0.5 and 0.8 V between 25° and 400°C. The data
for effective oxide charge in the same figure show that sample C has a positive value, whilst

samples A and B have negative effective oxide charges.

From the C-V data at elevated temperatures, the interface state density was extracted using
the Terman method [118] as a function of energy. The experimental measurements required
for the C'-1) technique, quasi static capacitance, can only be performed on samples with an
extremely low leakage current. Quasi-static measurement is performed at a very low frequency
(that is almost DC) with the ramp rate of 0.1V/s DC voltage and measuring the resulting
current or charge. The leakage current of femtoamps or less can cause appreciable errors in the
capacitance measurement (the current is no longer proportional to the capacitance). However,
when the temperature of the measurement is increased, the leakage current through the oxide

increases exponentially and so this measurement is no longer possible [191, 192, 210].
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Figure 4.10: 1 MHz Capacitance-Voltage characteristics for Sample A (a), B (b) and C (c)
n-type MOS capacitor from RT to 400°C.

In order to enable the temperature variation of Dj; to be determined, the Terman technique was

utilised because this is based on the measurement of a high frequency C-V curve, it is more
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Figure 4.11: Variation of (a) Vrp and (b) Ngrr for all sample n-type MOS capacitor from RT
to 400°C.

easily measured at high temperatures. The other advantage of the Terman technique is that
it allows a direct comparison to other data that has been published in the literature. The data
in Figure 4.12 show the interface state density as a function of temperature for n-type MOS
capacitor samples A, B and C. The data show that the detected interface state density reduces
with increasing temperature across the measured energy range for the three n-type samples
studied here. This indicates that the interface state density has a temperature dependence and
contains electrically active trapping states at elevated temperature. The data show that the
interface state density near the conduction band reduces with elevated temperature as observed
in previous work [99, 193] suggesting that the dominant scattering mechanism is Coulomb

scattering.

This finding can also be explained by the bandgap narrowing effect as the temperature
increases [119, 123, 182, 191, 211]. As shown by the data in Figure 4.13, the Fermi level
becomes closer to the mid bandgap at elevated temperature. Therefore, the number of filled
interface traps are fewer because the Fermi level is moving away from the band edge where
Dy is high. The mobility of a MOSFET is expected to increase with temperature as a direct
result of lower interface traps detected at the interface, hence reducing the Coulomb scattering.
This result can also be explained by thermally activated transport or electron localization
in the inversion layer where at the high temperatures the carriers have sufficient energy to
detrap, reducing the filled interface state density at elevated temperatures [11, 125, 165, 212].
This effect is also know as the “electron trapping effect”. The interface state density is high
(~ 1x10'? cm~2eV~!) which is comparable to the electron density at the SiO2/SiC interface
at room temperature. The trapped electrons are immobile but at elevated temperatures, more

electrons are de-trapped and become mobile with increasing temperature. This is in good
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results in a reduction of interface state density.

agreement with the analytical modelling of thermally activated transport in SiC inversion

layers [113, 193, 213].

4.4.2 Temperature dependence for p-type MOS capacitors

Similar to n-type MOS capacitors, 1| MHz C-V measurements were also performed on p-
type MOS capacitors from room temperature to 400°C. The data in Figure 4.14 show the C-
V' characteristics of p-type MOS capacitors at elevated temperatures for samples A, B and
C respectively. All samples exhibit stable C'-V characteristics at elevated temperatures with
similar oxide capacitance under accumulation. The shift in C-V curves with temperature is

more prominent than that observed in the nMOS capacitors, especially for sample B.

As with the n-type MOS capacitors, the change in flatband voltage at elevated temperatures
was extracted and plotted in Figure 4.15. The change in effective oxide charge, Ngpp was also
plotted in the same Figure. As can be seen from the data, the change in flatband voltage for all
samples is similar with the temperature. This shift in flatband voltage is due to the impact of
the elevated temperature on the bandgap of the 4H-SiC and the change in the intrinsic carrier
concentration [18]. The data for effective oxide charge in the same figure show that all the
samples have positive values of effective oxide charge. As shown in equations 3.4 and 3.5, the

effective oxide charge has a strong dependence on the change in flatband voltage. Due to that
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reason, the value of the effective oxide charge for samples A, B and C is also stable with the

increasing temperature.

The interface state density as a function of energy within the bandgap was extracted from the
measured C'-V data using the Terman method. As can be seen from the data in Figure 4.16,
all samples show the same trend, with a reduction in interface state density not only near
the valence band but also across the energy range studied with increasing temperature. The
data indicate that trapped carriers are released (detrapped) as the temperature is increased.
As mentioned before in section 5.51, the decrease in interface state density with increasing
temperature is due to the bandgap narrowing effect [151, 182]. These results are in good
agreement with those published previously [123] where the increase in temperature does not
have a significant effect on the midgap densities for both n and p-type MOS 4H-SiC due to the
location of high density interface state that is close to the edge of conduction and valence band

respectively.

4.5 Impact of dielectric formation and processing on SiC MOSFETs at RT

As was discussed in Chapter 2, SiC technology is significantly affected by the extremely low
channel mobility and oxide reliability in comparison to silicon technology, due to issues at the
SiC/SiO; interface. The channel mobility can be improved by the use of passivation techniques
and using high-~ materials as the gate dielectric. Hence, there has been a significant amount
of research in optimizing the formation of the gate dielectric. As described in the previous

sections, the effect of different dielectric formation has been discussed based on the electrical
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characteristics of MOS capacitors. In this section, the impact of dielectric formation will be

determined from the electrical characteristics of MOSFETSs.

4.5.1 Comparison for n-channel MOSFETSs at room temperature

The data in Figure 4.17 show the field effect mobility as a function of gate overdrive (Vg-Vrm)
for 1.2 pum x 200 pum n-channel transistors with different dielectric formation (samples A, B
and C). The field effect mobility was extracted from the transconductance of current-voltage,
(Ip-Vg) data at a drain bias of 0.1 V [151]. It can be noted that sample C has the highest
peak field effect mobility, approximately 11 cm?/Vs, followed by sample B with 10 cm?/Vs
and sample A at a 3 cm?/Vs. The values of field effect mobility obtained for all three samples
are low in comparison to a power device because the doping concentration of the p-epi layer
is approximately 3 orders of magnitude higher than (Np=1.50 x 107 cm~3). It is known that
the electron mobility decreases with increasing dopant concentration in the bulk semiconductor
due to the scattering at ionized acceptors [202]. The data for field effect mobility obtained in
this experiment are in good agreement with those obtained for the interface state density from
n-type MOS capacitors in Figure 4.3, where the field effect mobility is inversely proportional

to the interface state density extracted using the C'-¢ technique [111, 141].

4.5.2 Comparison for p-channel MOSFETSs

As with n-channel MOSFETs, the data in Figure 4.18 show the field effect mobility as a
function of gate overdrive (Vg-Vry) for 1.2 um x 200 pm p-channel transistors with different
dielectric formation (samples A, B and C). The field effect mobility was extracted from the
1-V, (Ip-Vg) data with drain bias of 0.1 V [151]. As can be seen from the data in Figure 4.18
, there are no significant differences in the peak field effect mobility, where all samples exhibit
approximately, 4 cm?/Vs. Since the data for field effect mobility obtained in this experiment
are relatively low, no conclusive correlation can be given from the interface state density of

p-type MOS capacitors in Figure 4.7.

As can be seen from the data in both Figures 4.17 and 4.18, Coulomb scattering dominates at
low gate biases and the surface roughness scattering dominates at high gate biases. The results
obtained follow the universal model for field effect mobility [113, 214, 215]. The peak mobility

of the n-channel transistor is about 2 times higher than p-channel transistor due to the bulk

105



14
——e—— SampleA

—_— - — Sample B
12 A o Sample C

Field Effect Mobility, pe (cm’/Vs)

Figure 4.17: Comparison of field effect mobility as a function of voltage for n-channel samples
A, B and C at room temperature. The size of transistor is Lg=1.2 um, W5=200 um. The
field effect mobility was extracted from data of Ip-Vz measured at room temperature with

Vp=0.1 V.

Field Effect Mobility, e (cm°/Vs)
N

01 —=o—— SampleA

— —v —  SampleB

o Sample C
'1 T T T T T T T T T
-14 -12 -10 -8 -6 -4 -2 0 2 4

VgV, (V)
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electron mobility being higher than the bulk hole mobility (116~600 cm?/Vs, 111,350 cm?/Vs
for dopant concentrations of 10!” cm?). The mobility for n-channel and p-channel transistors
are also correlated with the interface state density at the SiC/SiOs interface where the value of
D;¢ near the band edges are 3Xx 102 cm™2 eV~! and 2x 102 ecm™2 eV~! for both nMOS
and pMOS respectively. The similarity in the observed voltage dependence for both nMOS and
pMOS devices agrees with observations published elsewhere [216-219].

4.6 Impact of dielectric formation and processing on SiC MOSFETs at elevated

temperatures

In this section, the impact of dielectric formation on SiC MOSFETs at elevated temperatures
were investigated. This study involved the extraction of field effect mobility, threshold voltage

and subthreshold swing (.S) from the measured Ip-V; data from RT up to 400°C.

4.6.1 Temperature dependence for n-channel MOSFETSs

The data in Figure 4.19 show the change in peak field effect mobility as a function of
temperature for a 1.2 yum x 200 pm n-channel transistor with different dielectric formation
(samples A, B and C). The peak of field effect mobility increases almost linearly for all
samples up to 300°C as the trap occupancy reduces with temperature, thus reducing the effect
of Coulomb scattering. However, the peak field effect mobility of samples B and C starts
to saturate at 400°C with a value of approximately 16 cm?/Vs. In general, the peak field
effect mobility of sample C is always the highest across temperature range from RT to 400°C,
followed by samples B and A. The increase in peak field effect mobility that can be observed
in Figure 4.19 with increasing temperature is due to the decrease in interface state density near
the conduction band. These results are in excellent agreement with the reported variation of

the interface state density with temperature shown in Figures 4.16 (a), (b) and (c).

The change in threshold voltage with increasing temperature was also investigated. The data
presented in Figure 4.20 show the change in the extracted threshold voltage with increasing
temperature deduced from the linearly extrapolated value when the gate overdrive is zero. The
data in the Figure show the difference in the threshold voltage for samples A, B and C. At
room temperature, the threshold voltage for the samples was approximately 10, 8 and 7 V

respectively. The threshold voltages reduced with increasing temperature and at temperatures
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Figure 4.21: Substhrehold swing characteristics of n-channel MOSFET for sample A, B and C
from RT to 400°C.

of 200°C and above, all samples exhibit a similar value of Vry. The reduction of threshold
voltage with increasing temperature occurs because the surface band bending required to form
an inversion layer reduces as the temperature increases. This is also can be explained by the
observed change in the density of the interface trap at the SiC/SiO» interface due to the bandgap

narrowing effect or detrapping [156, 165, 182, 212].

The data in Figure 4.21 show the differences in subthreshold swing for samples A, B and
C from room temperature up to 400°C. The subthreshold slope is expected to increase with
temperature because S is proportional to k7/q as given in equation 2.42. Nevertheless, there
is no significant trend observed in the subthreshold swing for all samples, however, the S for

sample C is the most stable with a value in range of 150 to 250 mV/dec.

4.6.2 Temperature dependence for p-channel MOSFETSs

The data in Figure 4.22 show the change in peak field effect mobility as a function of

temperature for 1.2 pm x 200 pm p-channel transistor with different dielectrics. In contrast
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to the data for field effect mobility in n-channel devices, the peak field effect mobility for p-
channel MOSFETs increases gradually for all samples up to 200°C and then shows evidence
of saturation with mobilities of approximately 10, 9 and 8 cm?/Vs for samples A, C and B
respectively. After 200°C, the peak field effect mobility for all samples decreases with further
increases in temperature. The increase in peak field effect mobility shown in Figure 4.22 with
temperature up to 200°C can be explained by the decrease in interface state density near the
conduction band as shown in Figures 4.12. However, the reason for the reduction in the peak
field effect mobility for temperatures above 300 °C still remains unclear. The results suggest
that other mechanisms such as as phonon, bulk and surface roughness scattering are dominating
the p-channel mobility approximately above this temperature. This result indicates that the
temperature dependence of the mechanism at the SiC/SiOs interface for p-channel devices is

not the same as for n-channel devices.

The change in threshold voltage with increasing temperature for p-channel MOSFETSs was also
investigated. The data presented in Figure 4.23 show the change in the extracted threshold
voltage with the increasing temperature. The data in Figure 4.23 show the difference in

threshold voltage for samples A, B and C at temperatures up to 400°C. At room temperature,
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Figure 4.23: Change in threshold voltage, Vi of p-channel MOSFET for sample A, B and C
from RT to 400°C.

the threshold voltage for samples A, B and C was approximately —8 V. The threshold voltages
for samples B and C reduce with increasing temperature and at 300°C and above, both samples
exhibit similar value of Vpg. Similar to the behaviour observed in n-channel MOSFETsS, the
reduction of threshold voltage with increasing temperatures occurs in all samples because the
required surface band bending for inversion reduces as the temperature increases. This is
also can be explained by the change in the density of interface trap at SiC/SiOy due to the
bandgap narrowing effect or carrier detrapping. In contrast, the threshold voltage for sample A
remains almost constant at —8 V for the temperature range studied here. This indicates that no
physical or chemical changes occur at the SiC/SiOs interface or in the bulk oxide for sample
A. From these results, the formation of gate dielectric for sample A has shown good mobility

characteristics and threshold voltage stability for temperatures up to 400°C.

The data in Figure 4.24 show the change in the subthreshold swing as a function of temperature
for samples A, B and C for temperatures up to 400°C. Although sample A has shown good
electrical characteristics in terms of mobility and Vg, the S values are 2 times higher than for

samples B and C.
In general, the total drain current for all n and p-channel samples increases with increasing
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Figure 4.24: Subthrehold swing characteristics of p-channel MOSFET for sample A, B and C
from RT to 400°C.

temperature between 25 and 300°C. There are a number of factors that cause the total drain
current to increase. One of the main factors is the occupancy of traps at the SiC/SiO» interface.
The reduction of trap occupancy at elevated temperature has increased the concentration of
free carriers at the interface, resulting in an enhanced current flow and thus increase the field
effect mobility. These results are in good agreement with the previously published physical
model of high temperature operation of 4H-SiC that incorporates the influence of parameters
including Coulomb scattering, phonon scattering, surface roughness scattering and interface

state densities [220-222].

4.7 Inversion MOS capacitor

MOS capacitors have been used to study the quality and reliability of the 4H-SiC/SiO9
interface. As a consequence of the large bandgap, the intrinsic carrier concentration and hence
thermal generation of minority carriers in the 4H-SiC capacitor is low (5 x 1072 cm~3 at the
room temperature, which is relatively low in comparison to silicon 10'° cm~3). Consequently,

at room temperature MOS capacitors cannot reach thermal equilibrium and the C-V response
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Figure 4.25: Schematic of p-type inversion MOS capacitor SiC from the (a) top view (b) cross

section.

always shows a deep-depletion characteristic when measured in the dark. In addition, the
surface states residing deep in the bandgap are not in equilibrium during the dc bias sweep and
therefore go undetected during the measurement [223]. There are three mechanisms to speed
up the generation of carriers in MOS capacitors; (1) optical generation (2) impact ionization
(3) generation through defects. When the measurement is performed in the dark, the optical
generation and impact ionization term are negligible for typical doping densities. Thus, the

generation lifetimes is only due to defects in the semiconductor.

In this work, an n™ (for p-type)/ p™ (for n-type) implanted ring surrounds the MOS structure
and is used as an external source of inversion charge to allow the measurement of deep level
surface states at room temperature. Figures 4.25 (a) and (b) show the schematic of a p-type
inversion MOS capacitor for the top view and cross section respectively. Conventional MOS
and inversion MOS capacitors were fabricated monolithically with lateral SiC MOSFETs on
n and p-type 4H-SiC epilayers using a commercial CMOS process [7]. The inversion MOS
capacitors allow the electrical characterization of the bulk SiOy and 4H-SiC/SiO2 interface
in inversion mode [74]. The data show for the first time the C-V characteristics of n and
p-type MOS capacitors on 4H-SiC under inversion. The capacitance in the inversion region
was determined as a function of frequency and temperature to examine the correlation between

inversion capacitance and field effect mobility at high temperatures.

The data in Figures 4.26 and 4.27 show the C-V characteristics for devices with an area
of 1.61 x 10° um? for a range of excitation frequencies for n and p-type inversion MOS

capacitors normalized to Cp x for sample A. The measurements were swept from accumulation
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to inversion (Figures 4.26 (a) and 4.27 (a) ) and vice versa (Figures 4.26 (b) and 4.27 (b) )
at 0.1 V/s in a dark box. The inversion capacitance was measured using a standard procedure
where the high terminal was connected to the gate and low terminal (ground) was connected to
the body and n* or p™ contact (as electron and hole source). As can be seen from the data in the
both Figures 4.26 and 4.27, the capacitance in the inversion region increases with decreasing
frequency from 1 MHz to 10 kHz. At 10 kHz, the inversion MOS capacitor demonstrated the
typical low-frequency C-V curves due to the attraction of minority carriers (electrons or holes)
from the grounded contact (n* implanted or p* implanted for p and n substrate respectively)
when the voltages were applied to the gate contact. It should be noted that no light pulse was

applied during the measurement.
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Figure 4.26: C-V characteristics of n-type 4H-SiC inversion MOS capacitor with different
frequency from 10 kHz to 1 MHz for sample A at room temperature. The measurements were

swept from accumulation to inversion (a) and vice versa (b) at 0.1 V/s in a dark box.
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Figure 4.27: C-V characteristics of p-type 4H-SiC inversion MOS capacitor with different
frequency from 10kHz to 1MHz for sample A at room temperature. The measurements were

swept from accumulation to inversion (a) and vice versa (b) at 0.1 V/s in a dark box.

The data in Figure 4.26 show the C-V characteristics when the measurements were swept
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from accumulation to inversion and vice versa for n-type inversion MOS capacitors (sample
A). The same C-V characteristics for p-type inversion MOS capacitors can also be observed
in Figure 4.27 where the hook and ledge feature appears in the opposite polarity due to the
different dopant type. The obvious difference between these two measurements are the hook
and ledge feature. When the measurements were swept from accumulation to inversion, a deep
depletion hook can be observed which is direct result of interface traps where the minority
carriers start to accumulate at the SiO2/SiC interface and reach equilibrium (charging of surface
state or Dj¢). This hook is caused by a barrier against minority carrier flow at the SiO2/SiC
interface [186]. When the measurements were swept from inversion to accumulation, the C-
V' curve reveals the ledge feature due to the existence of surface states and non-equilibrium

behaviour of deep interface traps [186, 223].

The change in inversion capacitance as a function of frequency between 10kHz and 1MHz for
both n and p-type inversion MOS capacitors is shown in Figures 4.28 (a) and (b) respectively.
As can been seen from the data in both figures, the frequency dependence of inversion
capacitance, which is typically observed in Si MOS capacitor, is due to the finite conductivity
of the inversion channel and the associated RC time constant (so called minority carrier
response) [224, 225]. The inversion properties can be observed when the surface band bending
is greater than twice the bulk potential, due to the availability of electrons from the n+ island
which surrounds the active area and acts as an external source of minority carriers. This
behaviour cannot be observed in conventional SiC MOS capacitor due to the low minority

carrier generation.

In the absence of the external source of minority carriers and at room temperature or below,
the response of minority carriers is determined by bulk traps of semiconductor. The minority
carrier response is important in the inversion region, where the the discrepancy of inversion
capacitance between low and high frequency can be observed. For SiC, due to the wide
bandgap and associated low intrinsic carrier concentration, the minority carrier response is not
observable at room temperature. Three possible mechanisms control the response of minority

carriers [114].
1. the diffusion of minority carrier from the semiconductor through the depletion region
2. the generation or recombination of minority carriers in the depletion region
3. external source of minority carriers beyond the gate
These three mechanisms have a strong temperature dependence. Nevertheless, the inversion
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properties observed in this work are due to the source of minority carriers from the region that

surrounds the MOS capacitor structures.
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Figure 4.28: The change in inversion capacitance, Ctyy wth different frequencies at gate
votage, Vo= 15V for both n and p-type inversion MOS capacitor for sample A at room
temperature due to the minority carrier response. The measurements were swept from

accumulation to inversion (a) and vice versa (b) at 0.1 V/s in a dark box.

4.7.1 Correlation of inversion capacitance with field effect mobility at RT

Conventional interface state densities are extracted from the data of C'-V measurements when
biased in the depletion region. In the case of n-channel MOSFETs, a p-type epilayer is used as
the starting material. Technically, the interface state density for n-channel MOSFETSs needs to
be extracted from the C'-V measurement of p-type MOS capacitor. However, it is impossible to
detect the minority carrier (electron for p-type epilayers) in SiC MOS capacitors in non-thermal
equilibrium because of the large bandgap of SiC [114]. Hence, only limited information about
n-channel MOSFETSs can be provided by analysis of p-type MOS capacitor structures [226].
Alternatively, n-type MOS capacitor has been used to extract the interface state density for
n-channel MOSFETs. However, information on interface traps obtained from n-type MOS

capacitor is not a direct response from the minority carrier at the SiO2/SiC interface of n-

channel MOSFETs.

In this section, the capacitance under strong inversion conditions of an inversion MOS capacitor
was evaluated, instead of interface state density. The correlation between the inversion
capacitance with the field effect mobility of the monolithically fabricated MOSFET for n-

channel and p-channel with different dielectric formation were analysed at room temperature.
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The data in Figure 4.29 show the difference of inversion capacitance at the onset of strong
inversion for p-type samples (A, B and C) measured at 1 MHz. A clear minority carrier
response can be observed for p-type inversion MOS capacitors. The variation in field effect
mobility from n-channel MOSFETsS for samples A, B and C were also plotted in the same figure
to observe the correlation between inversion capacitance and field effect mobility. As can be
seen from the data, a close relation between the inversion capacitance and field effect mobility
was observed for the n-channel MOSFETS studied here. It is evident that samples B and C with
higher field effect mobility need a lower voltage in comparison to Sample A to achieve higher
inversion capacitance, with the lowest mobility sample requiring a higher voltage to not only
form the inversion layer but also fill the interface traps. These results suggest that sample A,
with the highest interface state density required a higher voltage to form an inversion layer and
this results in the observed higher threshold voltage. This result shows that the high interface
state density has a significant impact on both the inversion capacitance and field effect mobility.
This correlation affirms that the interface state density has degraded the field effect mobility by

the reduction of the free carrier concentration in the inversion region [227].

The data in Figure 4.30 show the variation in inversion capacitance at the onset of strong
inversion for n-type inversion MOS capacitors for samples A, B and C and the corresponding
field effect mobility for p-channel MOSFETs. The difference in minority carrier response that
could be observed in the n-type MOSFETs is not obvious for any of the n-type samples. Since
the peak field effect mobility for all samples is relatively constant (4-5) cm?/Vs, there is no
discernible relation that can be observed between the inversion capacitance and field effect
mobility. This result suggests that the concentration of hole in the inversion region for samples

A, B and C is approximately in the same order of magnitude.

4.7.2 Correlation of inversion capacitance with field effect mobility (n-channel) at high

temperature

As discussed in the previous section, the main factor that results in the increased drain current
and mobility at elevated tempeature is the reduction of trap density that is pertinent to Coulomb
scattering. In this section, the inversion MOS capacitors and planar MOSFETS are measured as
a function of temperature, up to 400°C, to study the temperature dependence of the inversion
capacitance and correlate this with the field effect mobility. The capacitance was measured

with an excitation frequency of IMHz C-V from room temperature up to 400°C.
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Figure 4.29: (a) Normalized 1 MHz C-V characteristics of p-type 4H-SiC inversion MOS
capacitor for samples A, B and C at room temperature. The measurements were swept from
accumulation to inversion at 0.1 V/s in a dark box. (b) Comparison of field effect mobility as
a function of gate overdrive for n-channel samples A, B and C at room temperature. The size
of transistor is Lg=1.2 pm, W5=200 pm. The field effect mobility was extracted from data of

Ip-Vg measured at room temperature with Vp=0.1 V.
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Figure 4.30: Normalized 1 MHz C-V characteristics of n-type 4H-SiC inversion MOS
capacitor for sample A, B and C at room temperature. The measurements were swept from
accumulation to inversion at 0.1 V/s in a dark box. (b) Comparison of field effect mobility as
a function of gate overdrive for p-channel samples A, B and C at room temperature. The size
of transistor is Lg=1.2 um, W5=200 pm. The field effect mobility was extracted from data of

Ip-Vi measured at room temperature with Vp=-0.1 V.

The data in Figures 4.31 (a), (b) and (c) show the changes of inversion capacitance in strong
inversion (V,= 15V) and field effect mobility with temperature for the 3 samples. As can
be seen from the data, the inversion capacitance for p-type inversion MOS capacitors increases
monotonically with temperature for all samples. The field effect mobility n-channel MOSFETSs

are plotted on the same axes and they show similar trends with the variation of inversion
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Figure 4.31: The temperature dependence of inversion capacitance (p-type inversion MOS
capacitor) at strong inversion and field effect mobility for sample (a) A, (b) B and (c) C (n-
channel MOSFET).

capacitance as the temperature changes. This indicates that the field effect mobility of the
MOSFETs is correlated with the carrier concentration in the inversion layer for all n-channel

MOSFETs studied here. The correlation is strong for p-type inversion MOS capacitor (or N-
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channel MOSFET) where the minority carrier concentration (electron) has a strong temperature
dependence. As the temperature increases, the trapped charges have sufficient energy to detrap
and become free carriers. Hence, more electrons are available to form a channel (increasing
the inversion charge) at the interface and this results in a significant increase in the drain
current and reduces the subthreshold swing. Furthermore, in silicon, when external minority
carriers exist (in this case, surrounding the inversion MOS capacitor), they will a dominant
source of minority carriers at all temperatures. As the temperature is increased, the majority
carriers concentration increases due to the increase rate of generation and recombination with
temperature. However, generation and recombination is unlikely to occur because SiC has
a wide bandgap and low intrinsic carrier concentration. The data in Figures 4.31 (a), (b)
and (c) agree with the model that the interface trap density is a critical limitation in field
effect mobility at elevated temperatures [123]. This result also suggests that the correlation
of inversion capacitance with field effect mobility (n-channel) at high temperature works on

MOSFETs with different dielectric formation.

4.7.3 Correlation of inversion capacitance with field effect mobility (p-channel) at high

temperature

The data in Figures 4.32 (a), (b) and (c) show the changes in inversion capacitance under strong
inversion (V,= —15V) and field effect mobility with temperature. For samples A and C, there
is no significant change in the inversion capacitance, at temperatures up to 300°C and only a
minor increase is observed up to 400°C. In contrast, for sample B, the inversion capacitance for
n-type capacitors increases slightly at temperatures up to 300°C but reduces as the temperature
increases further. On the same figures, the field effect mobility p-channel MOSFETs are plotted
and they show similar trends with an increase in field effect mobility up to around 200°C, and
with a slight reduction at 400°C. From these results, it difficult to identify any correlation
between the field effect mobility of p-channel MOSFETSs and the carrier concentration at the
interface. Contrary to the behaviour of electrons, the minority carriers that form the channel
in a p-MOSFET have less temperature dependence [228]. As the temperature increases, the
occupied trapped charges have sufficient energy to detrap and become free carriers. Hence, a
greater number of holes are available to form the channel (inversion charge) at the interface
and this results in a significant increase in the drain current. Nevertheless, all the p-channel

MOSFETs exhibit an increase in mobility only up to 200°C
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Figure 4.32: The temperature dependence of inversion capacitance (n-type inversion MOS
capacitor) at strong inversion and field effect mobility for sample (a) A, (b) B and (c) C (p-
channel MOSFET).

The data in Figure 4.31 supports the model that the interface trap density is the critical

limitation in field effect mobility at elevated temperatures [123]. This result also suggests
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that the correlation of inversion capacitance with field effect mobility (n-channel) at high
temperature is independent of the dielectric fabrication process. Therefore, the data show that
inversion MOS capacitors are a suitable test structure to study the electrical properties of the

4H-SiC/Si0O9 interface.

4.7.4 Correlation of inversion capacitance with field effect mobility (Discussion)

The data in Figures 4.33 (a) and (b) show the field effect mobility as function of inversion
capacitance for n-channel and p-channel MOSFETS respectively. For n-channel MOSFETs, the
field effect mobility increased linearly with the increased inversion capacitance for all samples
A, B and C. For p-channel MOSFETSs, no apparent trend is observed. Coulomb scattering
has been proposed as the primary limiting factor for low field effect mobility but from the
high temperature measurement data obtained here, the trapped charges are more likely to be
responsible. It has been shown that the interface state density of SiC/SiO; is high (more that
10'2 cm~2eV ') and is equivalent to the density of electrons in the inversion region [229]. As
shown by the data in Fig 4.33 (a), the inversion capacitance of p-type inversion MOS capacitor
increases with increasing temperature, indicating that the trapped charge is thermally activated
and starts to detrap at high temperatures. However, as can be seen in Fig 4.33 (b), no clear
trend (the uncertainties are significant) can be observed from the correlation of p-channel with
the inversion capacitance suggesting that the limiting factor for p-channel field effect mobility

is different from n-channel [31, 217].
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Figure 4.33: The correlation between field effect mobility with inversion capacitance for (a)
p-type inversion MOS capacitor/ n-channel MOSFET and (b) n-type inversion MOS capacitor/
p-channel MOSFET.
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The data in Figures 4.34 (a) and (b) show the field effect mobility and inversion capacitance
as a function of voltage at peak mobility for n-channel MOSFET. The field effect mobility
and inversion capacitance increase with the increasing temperature, mainly due to thermally
activated charge trapping (de-trapping). At the same time, the threshold voltage at the peak
mobility is reduced, resulting from the reduction in Coulomb scattering. The trade-off between
field effect mobility and threshold voltage (where as the field effect mobility is increased, the
threshold voltage will decrease), are also observed in the literature [64, 113], suggesting that
Coulomb scattering and trapped charged play a fundamental role in the behaviour of 4H-SiC

MOSFET at high temperatures.

4.8 Summary

Operation of SiC MOSFETs beyond 300°C opens up opportunities for a wide range of CMOS
based digital and analog applications. However the majority of the literature focuses only on
the optimization of a single type of MOS device (either PMOS or more commonly NMOS)
and there is a lack of a comprehensive study describing the challenge of optimizing CMOS
devices. This study reports on the impact of deposited oxide performance in non-implanted
channel SiC on the electrical stability for both NMOS and PMOS capacitors and transistors.
Parameters including interface state density (Dj;), flatband voltage (Vrp), threshold voltage
(Vrn) and effective charge (INgrp) have been acquired from C-V characteristics to assess
the effectiveness of the fabrication process in realising high quality gate dielectrics. The
performance of SiC based CMOS transistors were analyzed by correlating the characteristics

of the MOS interface properties and transistor up to 400°C. The results from MOS capacitors
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comprising interface state density (Dj;), flatband voltage (Vrp), threshold voltage (V) for
both N and P MOS are in agreement with the expected characteristics of the respective

transistors.

The oxide quality, SiO2/SiC interface properties and leakage current have been characterized
by C-V and I-V measurements of the MOS capacitors. Sample C has the lowest, Vrp (0.35 V),
Nepp (—0.4 x 101 C/em™2) and Dy, (3 x10'2 cm?eV 1), which suggests that the dielectric
processing technique produces the best quality of dielectric for n-type MOS capacitors. On
the other hand, sample A exhibits the lowest Vi (-5.05 V) and Ngpp (1.3 x10'? C/em™2)
but slightly higher Dy (3.3 x10'2 cm?eV~1) for p-type MOS capacitors. In general, the
data from Dj; as a function of energy demonstrates that the reduction of the values of Dy
for samples B and C on both n-type and p-type of 4H-SiC MOS capacitors. This suggests that
the process in sample C would be the most suitable treatment for a monolithic CMOS process
in term of reducing Dj; at the interface of SiO2/SiC because low Dj; at the SiO2/SiC interface
may lead to a higher channel mobility [216]. Nevertheless, even having high Dj; values, the
process in sample A display high breakdown voltage on both n-type and p-type of 4H-SiC
MOS capacitors. However, further investigation is required to improve the device performance

of the MIS system for CMOS applications.

For n-channel MOSFETs, high temperature post gate annealing during the formation of gate
dielectric show an increase in interface state density and a reduction of mobility approximately
3 times in comparison to the enhanced standard gate process. This is probably due to the
increase in surface roughness in the channel. Nevertheless, the combination of the enhanced
standard gate process and high temperature post gate annealing seem effective and results in
a lower threshold voltage and slightly higher field effect mobility. In contrast, there is no
signficant effect of dielectric formation in field effect mobility for p-channel devices but high
temperature post annealing MOSFETs exhibit excellent threshold voltage stability at elevated

temperature up to 400°C

The temperature dependence study demonstrated that all MOS capacitor devices (n and p-
type) exhibit similar characteristics with stable flatband voltage and a reduction of interface
state density with the increasing temperature. This is due to a reduction of the bandgap and
detrapping effect that results in a reduction of threshold voltage and an increase in the field
effect mobility for MOSFET devices. Nevertheless, the field effect mobility of p-channel
MOSFETs only increased with temperature up to 200°C and start to decrease at higher

temperature. At temperature higher than 300°C, the effect of detrapping is overwhelmed by
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the resistivity of the p-channel.

Finally, an investigation into the device characteristics of inversion MOS capacitor was
performed to find the correlation between inversion capacitance and the field effect mobiltiy.
It was found that as the temperature increases, the field effect mobility of both n-type and
p-type also increase, due to an increase in inversion charge and a reduction of the trapped
charge. At room temperature, the correlation between inversion capacitance and the field
effect mobility is excellent for n-channel devices. Nevertheless, no significant trend was found
for p-channel MOSFET; a of similar field effect mobility was shown by all gate dielectric
formation process. The correlation between inversion capacitance and the field effect mobility
at elevated temperature was also found in n-channel MOSFETs and the limiting factor for
field effect mobility is discussed. This results from the inversion MOS capacitor are useful to
understand the operation of 4H-SiC devices over a broad range of temperatures in order to aid

the advancement of CMOS process for high temperature digital and analogue applications.
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Chapter 5

3D Structures for Silicon Carbide Transistors

5.1 Fabrication and characterization of 3-Dimensional MOS capacitors 4H-SiC by

PECVD as gate dielectric

The characteristics of 3-Dimensional 4H-SiC MOS capacitors fabricated using reactive ion
etching are described. 4H-SiC MOS capacitors with different trench sizes were fabricated and
studied by scanning electron microscope. An enhanced accumulation oxide capacitance, Cox
has been observed on 3-D MOS capacitors in comparison to planar MOS capacitors. The
increase of oxide capacitance, C'ox is proportional to the increase of surface area of the 3-D
MOS capacitors. Nevertheless, the increase of Cox deviates from the theoretically calculated
oxide capacitance due to the anisotropic deposition rate of SiO on trench structures by plasma

enhanced chemical vapour deposition (PECVD) as reported in [127].

Three samples with different dielectric formation (post-oxide annealing) have been studied to
observe the changes in the electrical characteristics of the MOS capacitors. The characteristics
of 3-D MOS capacitors, such as the flatband voltage (Vrp), effective oxide charge (Ngrr), and
interface state density (Dj) with a different number of trenches and different sidewall planes
were also investigated. The proposed approach can be utilized to fabricate high-performance

4H-SiC MOSFET or high-sensitivity gas sensor.

Silicon carbide metal-oxide-semiconductor transistors have been a remarkable component in
power modules in automation, industrial machines and home appliances [19]. In comparison to
conventional devices, SiC-MOSFETs have demonstrated a significant reduction in power loss
due to the low on-state resistance. 4H-SiC is capable of providing excellent performance for
high voltage, high frequency, high temperature and high power devices which leads to increased
efficiency and reliability of power electronics systems due to its superior material properties
such as wide bandgap, high electrical breakdown voltage and high thermal conductivity [6].
This emerging technology has made rapid progress in the last decade and it is expected to play
an important role in energy saving and emission reduction. However, the field effect mobility
in SiC MOSFETS is still low (only about 4% of the bulk mobility) in comparison to silicon
MOSFETs (50% of the bulk mobility) due to high defect density at the SiC/SiO; interface. To
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fully utilize the properties of SiC, several methods have been considered to reduce the interface
state density and increase the mobility [80, 89, 102]. One of the attractive approaches is that of
a multigate MOSFET that is capable of increasing the drain current, minimizing short channel
effects and improving electrostatic integrity [127]. The multigate structure can be applied to
SiC complementary metal-oxide-semiconductor (CMOS) and MOS sensors, as well as relating

to power devices [137].

The FinFET structure provides a viable route to alleviate challenges relating to electrical
performance and power consumption [230]. In silicon technology, Fin / 3D structure is used to
suppress short-channel effects such as threshold voltage roll-off, drain induced barrier lowering
and subthreshold swing (.5) [231]. In SiC technology, it also provides higher carrier mobility
(due to higher inversion mobility on (1120) or (11000) sidewall), especially at gate voltages
near the threshold voltage, because they occupy less area than planar MOSFETSs and multiple
fin heights also can be achieved rather easily [127, 132]. The fin structure has the potential
to be extremely promising for silicon carbide field effect transistors. This is because higher
inversion mobility on the sidewall such as (1120) and (11000) plane in comparison to (0001)
plane effectively increase the drain current per channel area. The drain current and gate control
of a 3-D structure can be improved by the sidewall and corner effect respectively as reported in
previous research [231, 232]. However, due to its hardness and high bond strength of SiC which
makes it resilient to harsh environments, wet etching has been proven not to be feasible in order
to pattern SiC [21, 233]. This has become an obstacle for the fabrication of 3-D structures in
SiC technology because this property makes it difficult to be etched in typical acid or base
solutions. Indeed the only techniques for chemical etching of SiC employ molten salt fluxes,
hot gases, electrochemical processes or plasma etching. For these reasons, most attention is
now focussed on dry etching methods for SiC, which have been developed for high power, high
temperature electronics. RIE and ICP are viable processes that can be implemented to pattern
SiC. Even having low etch rates (typically hundreds of angstroms per minute), RIE is capable
of producing highly anisotropic features with little undercutting or micro trenching [139]. The
key to having a smooth surface is the realisation of sharp, smooth edges on masking features.
In a SiC MOSFET, the interface between the SiC and the gate dielectric is crucial for the device
performance. Physical damage to the trench and the resulting formation of a high density of
interface states will result in a low inversion channel mobility [234] and poor oxide quality.
Besides the oxide quality, 3-D MOS structures also require conformal step coverage of the gate

oxide.
In order to exploit the benefits of new structures for MOSFETs, it is important to understand
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the limitations of 3D MOS capacitors. In this study, 3-Dimensional MOS capacitors with
a different number of trenches were fabricated using RIE. The 3-D gate structures of MOS
capacitors were investigated by scanning electron microscope (SEM). The characteristics of 3
Dimensional MOS capacitors, such as flatband voltage (Vrp), effective oxide charge (Ngrr)
and interface state density (D;;) were studied. Within this work, the performance of 3-
Dimensional MOS capacitors on different off-angles were also reported. Moreover, the effect
of incorporating nitrogen and hydrogen by post-oxide annealing in Ny and forming gas are
discussed based on flatband shift and interface state density. The proposed approach can be

utilized to fabricate high-performance MOSFETsS for logic circuit and sensor applications.

5.1.1 Device fabrication

A dedicated mask set has been designed to enable the simultaneous processing and
characterization of planar and 3-D capacitors. As shown in Fig 5.1, two types of planar MOS
capacitors were fabricated; non etched and etched. The non etched planar MOS capacitors are
protected / covered with a metal mask during the etching process, where the non etched planar
MOS capacitors are open / not covered. This is to study the effect of the etching process to the
device characteristics in regard to the surface damage that will result in higher interface trap
density. For the 3-D MOS capacitors, different trench sizes on the top and bottom trenches.
As the trench sizes are reduced, the surface area of the 3-D MOS capacitors is increased due
to the contribution from the sidewalls area. The 3-D MOS capacitors are also fabricated with
different off angles from 0° to 90° at each 15° to investigate the effect of different sidewall
plane to the characteristic of MOS capacitors such as flatband voltage, Vrp, effective oxide

charge, Ngrr and interface state density, Dj.

Fig 5.2 shows the process flow for the fabrication of 3-D MOS capacitors. 4° off angle 4H-SiC

samples with a nitrogen concentration of 5.8 x 10 cm™3

were used as the starting material.
A Ti (5 nm) / Nickel (100 nm) layer was deposited by e-beam as a mask layer for the etching
process. RIE was used to form the 3-D / trench structure on the epilayer. After the removal of
the metal mask and sample cleaning, SiOy with a thickness of 30 nm was deposited by plasma
enhanced chemical vapour deposition (PECVD) with power of 20 W using N2O, SiH4 and
N, at 350°C. Subsequently, the samples were annealed at 1000°C for 10 minutes in Ny gas
environment to densify the oxide. Then, a stacked metal of Ti (5 nm) / Nickel (100 nm) was

deposited to form the back contact using e-beam evaporation. The samples were subsequently

annealed for 200 s at 1050°C with flowing forming gas (100 sccm) to form nickel silicide based
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Ohmic contact. Finally, aluminium was employed as a gate metal with size area of 200 um X
200 pm. Pysical vapour deposition (PVD) was used to deposit the metal gate in order to get

conformal coverage of metal deposited on the top, bottom and sidewall of the structure.

5.1.2 Result and Discussion

Fig 5.3 shows SEM images of a) the surface roughness on the sidewall of the trench structure,
b) the 3-D MOS capacitor prior to metallisation, c¢) the cross section of the 3-D MOS capacitor

and d) the metal coverage on the trench structure. The 3-D gate structures were formed
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Figure 5.1: Schematic diagram of the cross-section of 3D MOS capacitors (top) and the

illustration of mask design for 3-D MOS capacitors (below).
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with a negligible micro-trenching and low surface roughness on the sidewall. The images
show that the 3-D gate structures of the 4H-SiC MOS capacitors were succesfully fabricated
with excellent trench profile and metal coverage. The size of the 3-D / trench sizes of
MOS capacitors, top (1), bottom (B) and height (H) used in the following discussions are
summarized in Table 5.1. For example, TIOB10 is a 3D MOS capacitor with the top finger
having a width of 10 um and the bottom of the trench of 10 pm. The height of the 3-D trench

structures were fixed at 3 um.

The additional area on the sidewalls 3-D structures increases the active area for the MOS

Sample cleaning

Formation of 3D gate
structures by RIE

Gate dielectric
formation

Back contact (TV
Nicke!)

Metallization
( Aluminium)

Figure 5.2: Process flow of the fabrication of 3-D MOS capacitors.

Table 5.1: Summary of the size parameters for 3-D MOS capacitors.

Sample name Total Surface Area (um~2) Description
Planar (non-etched) 400 planar MOS capacitor
Planar (etched) 400 planar MOS capacitor
T10B10 508 (27%) Top=10 pm, Bottom=10 ym
TS5BS 616 (54%) Top=5 pm, Bottom=5 pm
T4B5 640 (60%) Top=4 pm, Bottom=5 pm
T3B5 664 (66%) Top=3 pm, Bottom=5 pm
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28Ky K18, 808 1 3ien

Figure 5.3: SEM images of a) Surface roughness of trench on sidewall, b) 3-D MOS capacitor

before metallization, ¢) Cross-section, d) 3-D trench after metallization.

capacitors and consequently results in higher oxide capacitance as described by Equation 5.1.

Cox = (5.1

The electrical measurements were performed using a Keithley 4200 parameter analyser and
a Cascade Summit probing station. In all measurements, the voltage was swept from
accumulation region to depletion region and vice-versa at rate of 0.1V/s. Fig 5.4 depicts the
C-V characteristics of 3-D 4H-SiC MOS capacitors with different trench sizes. The oxide
capacitance, Cox of the 3-D MOS capacitor increased with the number of trenches or surface
area as described by Equation 5.1. Fig 5.5 shows the parallel-mode conductance, G'p measured
at 1 MHz on different of 3-D MOS capacitors. The conductance peak increases in magnitude
and becomes broader as the surface area increases. The relation of oxide capacitance, Cox
with surface area was studied by comparing experimental and data with theoretical predictions
using Equation 5.1. As can be seen from the data in Fig 5.6, the experimental oxide capacitance
is higher than the theoretical predictions. The origin of this discrepancy is the deposition profile

of the PECVD SiO; that results in thinner gate oxide on the sidewall, in comparison to that on
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Figure 5.4: C-V curves of 3-D MOS MOS capacitors with different trench sizes measured at
1 MHz. For example, T10B10 is a 3D MOS capacitor device with a width of 10 ym on the top

and bottom trench.

the top plane [127]. The gate oxide thickness on the sidewalls can be estimated by Equation 5.2.

€SEOAP1a1’1aI‘ 8SEOALSidewaH
Tox, Planar CTOX7 Sidewall

Cox, Total = (5.2)

The data in Fig 5.7 show the increase of oxide capacitance, ACox with increased surface area,
AA from the sidewall of trench structures. From this analysis, an oxide thickness of ~20 nm
was determined on the sidewall of 3D-MOS capacitors. The ratio of the thickness of the gate
oxide on the sidewall to the gate oxide on the planar is about 0.67, which is in good agreement

with data published in [127].

Fig 5.8 shows the interface state density as a function of energy for planar and 3-D MOS
capacitors extracted using the Terman method. There is no significant difference in the
interface state density for planar non-etched and etched planar MOS capacitors, however,
the Dj; of 3-D MOS capacitors increased with the sidewall area in MOS structures. The
origin of the additional Dj; in 3-D MOS capacitors may be due to the damage induced on
the sidewalls and trench corners of 3-D structure during the etching process. This indicates

that the etching process has produced more significant damage on the sidewall in comparison
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Figure 5.5: G-V curves of 3-D MOS MOS capacitors with different trench sizes measured at
1 MHz.
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Figure 5.7: Increment of oxide capacitance, ACox with additional area on the sidewalls.

to the planar surface. The flatband voltage, Vrp of the 3-D MOS capacitors are slightly larger
(approximately 0.1 to 0.2 V) in comparison to the planar MOS capacitors which were both
—0.2 V. The effective oxide charge, Ngrp of 3-D MOS capacitors is slightly lower with a

2

value of 4 to 5 x 10 cm~? in comparison to planar MOS capacitors with a value of 6 x

10 em—2.

5.1.3 3-D MOS capacitors with different off angles

It has been reported that different planes on SiC exhibit different characteristics of surface
roughness and interface state charge [50]. In order to study the effect of incorporating different
sidewall planes in 3-D MOS structures, the electrical characteristics were investigated using
C-V and Conductance-Voltage (G-V') techniques. The oxide capacitance, Cox of the 3-D
strucuture with different off angles are shown in Fig 5.9 for four of the structures described
in terms of their physical trench dimensions. However, the data show no sidewall planes
dependence on the Cox as the oxide capacitance, Cox are almost the same across different
sidewall plane of 3-D MOS capacitors as the capacitors are rotated at each 15° with different

off angles from 0° to 90°. The flatband voltage and effective oxide charge of 3-D MOS
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Figure 5.8: Interface state density as a function of energy of 3-D MOS capacitors with different
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Figure 5.9: Oxide capacitance of 3-D MOS capacitors on different off angles.
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Figure 5.10: Interface state density as a function of energy for 3-D MOS capacitors on different

off angles extracted using Terman method.

capacitors do not show significant variation with different sidewall planes with values between
0.1 and 0.2 V and 5 and 6 x 10'' cm~2 respectively. The data in Fig 5.10 show the interface
state density as a function of energy for 3-D MOS capacitors fabricated on different sidewall
planes extracted using the Terman method. The dependence of different sidewall planes on
the inteface state density is within the uncertainty in the data. Data reported in literature
suggest that [58, 124, 235] the interface state density on the sidewall planes such as (1120)
plane and (1100) are lower, but there is no significant change in the interface state density
observed in the data. This is might be due to the 4° off angle of the starting material that
results in the sidewalls not being fully aligned with the crystallographic planes. This is also
due to the fact that characteristics of the 3-D MOS capacitors are not based on planes on
the sidewalls, they are the combination of planar and the sidewall orientations. This is to be
expected for devices manufactured on commercial wafers. The trench structures formed using
RIE consist of surfaces that deviate from the perfect/ideal sidewall orientations resulting in
a complicated morphology. Furthermore, the characteristics of the planar planes which are
dominating the enhanced capacitance of the 3-D MOS capacitors and might result in similar
device characteristics even when the capacitors are rotated to different off angles. The damage

created during RIE process to form trench structures can also be considered as a factor for high
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density of interface states that gives rise to anomalous electrical behaviour.

5.2 3-Dimensional 4H-SiC MOS capacitors grown by atomic layer deposition of Al>O3

The move to nanoscale transistors has been the key enabler in the realisation of high
performance electronic systems. In order to facilitate the continued reduction in physical
dimension of devices to the nanometer scale, 3-D structures, in the form of FinFETs [236]
are an area of active research in silicon technology in order to minimise short channel effects.
These 3-D structures are often formed by etching features in the surface of the semiconductor to
form devices (that include the sidewalls) which result in higher levels of gate control and hence
enhanced performance. However, silicon technology cannot function in environments where
the temperature exceeds 175 °C, as commonly found in a wide range of industrial applications.
In these environments, 4H-SiC has become the most suitable candidate for next generation
electronic devices for deployment in extreme environments [5, 58] because of the chemical
stability of the carbon — silicon bond. The hexagonal crystal structure of silicon carbide results
in significantly different surface chemistry of the sidewalls in comparison to the planar (0001)
surface — a situation that does not occur in silicon. Hence, the realisation of nanoscale 3-D
transistors in silicon carbide is a greater challenge than in silicon because of the influence of

the chemistry of the sidewall.

The demand for high performance, miniaturised resilient electronic circuits operating in
environments where the temperatures exceed 300°C has grown significantly in the last few
years, with SiC offering solutions due to its superior electrical properties [148, 237]. At present
4H-SiC devices with gate lengths in excess of 1 ym have been used to demonstrate simple
circuits in automation, aerospace and home appliances [19]. The challenge of maintaining
the electrostatic integrity of a short channel MOSFET at high temperatures has limited the
aggressive scaling of silicon carbide devices, however the enhanced control of the 3D gate
structure in a FinFET could mitigate this, leading to significant potential enhancements in

performance for high temperature logic circuits.

For the multi-ym scale MOSFETs being researched at the present time, one of the main
technological concerns in 4H-SiC technology is that of electrically active defects at the SiOs/
SiC interface, leading to a high density of interface states (Dj;) near the conduction band
edge, resulting in low effective inversion channel mobility [67, 111]. This appears to reduce

the current capability of 4H-SiC MOSFETs, which means that the performance is below
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that predicted theoretically. The effective mobility is reduced by Coulombic scattering by
trapped charges [141], interface states and fixed oxide charges, which decreases the number
of free carriers in the channel [113]. The reported [48, 147, 238] channel mobility in 4H-SiC
MOSFETs has increased due to the development of post-oxidation annealing techniques using
nitrogen [58] and phosphorus [59], which act to passivate defects at the SiO2/SiC interface.
However, the extracted mobility characteristics are still significantly lower than the technical
capability of the material, so further improvements are still required to realise the true potential

of the technology.

In power device technology, an attractive approach to increase the channel mobility is to use a
vertical trench MOSFET structure which utilizes the sidewall of the trench, typically the (1120)
face, to enhance the drain current and improve gate control [58, 235]. The vertical trench
power MOSFET structure produces good device performance with high channel density and
low resistance. It is well known that different surface orientations of 4H-SiC have anisotropic
electrical properties and show differing oxidation rates and surface roughness values. An
enhanced drain current has been demonstrated by the use of a 3-D gate structure power
MOSFET owing to the anisotropic mobility properties of 4H-SiC on different planes. This
indicates that the development of 3-D structures offers a route to high performance nano—
scale devices that are capable of operating in high temperature environments, because 3-D gate

MOSFETsS have better control of short—channel effects [127, 132].

The inability to control the threshold voltage in FinFET structures in a manner similar to that of
a planar MOSFET is a critical challenge in the realisation of nanoscale transistors in materials
such as silicon carbide. Hence, a systematic study is required to identify the effect of the
sidewall surface on the device characteristics, which is vital if this technology is to be used for

nanoscale devices.

One of the challenges in fabricating FinFET structures is the etching process to realise the 3-
D gate structure which might cause damage to the surface and result in a high interface state
density [234]. In this study, 3-D MOS capacitors have been fabricated on 4H-SiC, alongside
planar (etched) and planar (non-etched) structures, as shown in Figure 5.11, to investigate the
effect of the 3-D gate structure on the characteristics of the gate capacitor (the critical part of
a MOSFET device). As the surface area of 3-D MOS capacitors is larger in comparison to the
conventional planar capacitor on the same footprint, it is expected that 3-D MOS capacitors
will give higher capacitance compared to the planar capacitor. The planar capacitors on etched

and non-etched surfaces act as a reference to understand the characteristics of the trench bottom
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and top surface of the finger that comprise the 3-D MOS capacitors. 3-D MOS capacitors with
different sidewall planes were also investigated, by rotating the angle of the etched fingers on

the wafer surface in multiples of 15° with respect to (1120).

5.2.1 Experiment and evaluation method
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Figure 5.11: Schematic illustration of the cross-section of 3-D gate structure MOS capacitor.

A schematic cross-section of the MOS capacitor with 3-D gate structure is shown in Fig 5.11.
The height of the gate structures were 1.3 pm and the width of the top finger was varied between

10 and 1 pm whilst the bottom trench is fixed at 5 and 10 pm.

4° off-axis 4H-SiC samples with a 10.6 pm thick epitaxial layer with a nitrogen concentration
of 6 x 10'S cm™3 were used as the starting material. A SFg and O plasma with power of
200 W at a pressure of 30 mTorr was used to etch trenches of depth of 1.3 um in a reactive
ion etching (RIE) process. After the removal of metal mask, the surface was recovered using
a sacrificial oxidation process, followed by BHF dip to remove any process related damage
prior to the dielectric deposition. 40 nm of Al,O3 was deposited by ALD at 200°C using
using trimethylaluminum (TMA) and H»O as precursors. A Ti (5 nm) / Ni (100 nm) stack was
deposited on backside of the wafer and annealed for 200 s at 1050°C in forming gas using an
RTP process. Aluminium was deposited using PVD to act as the gate metal and patterned to

give contacts with dimensions of 200 um x 200 pm.

5.2.2 Results and Discussion

The data in Figure 5.12 show SEM images of a typical 3-D MOS capacitor with the top finger

having a width of 1 pm, the bottom of the trench of 5 ym with a height difference of 1.3 um.
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As can be observed in the image, the 3-D structures were fabricated with an excellent trench

profile that shows no evidence of fencing or trenching at the foot of the sidewalls.

The data in Fig 5.13 show the C-V and G-V characteristics of the 3-D MOS capacitor
structures with different sidewall areas. The data is plotted as a function of gate overdrive
(Vo — Vpp) based on the flatband voltage extracted for the planar structures. In the legend,
T refers to the width of the finger and B the width of the trench in pum. The capacitance
data show an enhancement in the accumulation capacitance, which increases with the sidewall
area. The increase in the capacitance as a function of the capacitor surface area is shown
by the data in Fig 5.13, with a 43% enhancement observed. The linear relation between the
accumulation capacitance and the surface area of the capacitor indicates that the ALD process
used for the growth of the AlyOs3 is conformal, with identical film thicknesses on the sidewalls
and (0001) planes. This is in contrast to what is typically observed with thermally grown
SiO9 on SiC, which is significantly thicker on the sidewalls, resulting in a reduction in the
capacitance increase with the formation of a 3D structure [132, 235]. The capacitance data
in the figure also show what appears to be a second MOS depletion characteristic located at
Ve — Ve =~ 2 V. Using standard analysis (the difference in capacitance at each step of the
gate voltage is proportional to the doping concentration), the dopant concentration related to

the two regions can be extracted — giving 6.0x10'® cm™3 for the lower voltage (at around

Figure 5.12: SEM images of a typical 3-Dimentional gate structure of 3-D MOS capacitor

formed by RIE using Ti/Ni as a mask.
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Vg — Ve = 0 V), which is related to the (0001) surface and 1.0x10'® cm™3 for the higher
voltage section (Vg — Vrp ~ 2 V), which is related to the sidewall. The dopant concentration
of the lower voltage matches the dopant concentration in the epilayer used to fabricate the
devices, whilst the higher voltage one is significantly higher, as reported previously for SiOq

based dielectrics on SiC [239].
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Figure 5.13: 1 MHz C-V and G-V characteristics of 3D MOS capacitors at room temperature.

The data in Fig 5.14 also show the variation in peak conductance for the capacitors. The planar
devices show a single conductance peak, located at the flatband voltage that is fully symmetric,

suggesting that the dielectric / SiC interface is of high quality. The 3D structures that showed
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evidence of the second capacitor in the characteristics also show a second conductance peak
that is located at (Vo — Vgp) = 2.5 V. The influence of the sidewall angle on the additional
capacitance and conductance characteristics observed in the data from Fig 5.13 was also studied
in this work. However, there is no significant difference observed in terms of either the
accumulation capacitance or the height of the conductance peak with changes in the angle.
One possible explanation for the lack of a significant difference in the characteristics is related
to the tilt angle of the trench sidewalls from the actual crystal plane since the 3-D MOS
capacitors were fabricated on a commercial 4° off wafer [240]. Reduction of the offcut angle
may yield a greater level of clarity in this regard, however the data presented here is relevant
to the realisation of devices on commercially available production grade wafers. For the data
reported here, for one 3-D structure, the data includes contributions from two planes of (1120)
and (1120) on the same structure. It was reported that the mobility of (1120) is only half that of
(1120), which is the opposite plane[240]. The magnitude of the second peak height scales with
the surface area of the sidewalls, as shown by the data in Fig 5.13. The different heights of the
peaks in the conductance — voltage characteristics are related to the capacitance of the traps at
the SiC/SiO; interface and the trap generation / recombination time constant. The conductance,

Gp, normalised by the angular frequency of the exciting voltage can be expressed as
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Figure 5.14: Variation in capacitance and conductance with sidewall surface area.
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where C; is the capacitance of the interface traps and 7, the lifetime of the trapping state.

In order to identify the influence of Cj on the peak height, the distribution of interface
state density as a function of energy for the 3D capacitor structures with different sidewall
areas is shown by the data in Fig 5.15. The interface state density was extracted from quasi
static capacitance measurements using the C' — ¢ technique, which accurately measures the
concentration of interface state density including fast trap (respond to higher than 1 MHz) at
the dielectric interface [121]. The unetched planar capacitors that were fabricated alongside
the 3D structures show the expected exponential dependence of Dy with energy, with a value
of 1 x 10'2 em~2eV~! at (E¢c — E) = 0.2 eV, which is comparable to data published in the
literature for a range of dielectrics on 4H-SiC [45, 76]. The etched planar MOS capacitors
exhibit a slight increase in the interface state density near the conduction band [239]. As can
be seen from the data in the figure, the value of Dj; close to the conduction band increased with
the sidewall area. The legend for each capacitor describes the width of the finger (T value) and
the width of the trench (B value). The data in Fig 5.16 show a linear relation between the area

of the sidewall and the interface state density that has been extracted from the C' — v technique
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Figure 5.15: The distribution of interface state density as a function of energy within the
bandgap, extracted using the C' — v technique for 3D MOS capacitors with different sizes.

Planar capacitors of etched and non-etched were also included in the figure as a reference.
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Figure 5.16: Interface state density of 3-D MOS capacitors near conduction band, E. —

E=0.2 eV as a function of sidewall area, extracted using C' — ¢ technique.

close to the conduction band. The two data points at zero sidewall area relate to the unetched
surface (lower point) and the etched surface (upper point) confirming that the additional surface
roughness does not play a significant role in the interface state density values reported. The
data show a factor of 3 increase in Dj; for the T1BS5 structure in comparison to the TSB5, which
correlates with the increase in conductance peak height seen in Fig 5.13. Hence, the difference
in the conductance peak height with changes in the capacitance is thought to arise from trapping

states at the SiC/SiO; interface, rather than changes in the recombination / generation lifetime.

These results are in good agreement with those published for FinFET structures in other
materials, including silicon and InGaAs [241, 242] where the interface state density at the
sidewall is high in comparison to that at the top surface. In silicon FinFET technology, the
surface damage and sidewall profile have became issues for the electrical characteristics. In
order to improve the surface of the trench structure on the sidewall, previous reports in the
literature state that hydrogen annealing is effective in reducing surface roughness and hence
improve the electrical characteristics such as gate leakage, subthreshold slope and drain-

induced barrier lowering in SiC [243].

The origin of the higher flatband voltage for the sidewall component of the characteristics can

be described by the difference in the polar nature of the two different surfaces. The observed
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shift in the flatband voltage for the two conductance peaks cannot be explained by the observed
shift in the position of the Fermi level that arises from the different dopant concentrations
extracted from the capacitance — voltage characteristics. The Fermi level will rise by 0.125 V,
which is an order of magnitude lower than the 2 V shift observed in the conductance data. The
effect of different crystallographic surfaces on the characteristics of polar semiconductors has
been described previously [244] and the increased voltage is related to the higher density of

unsatisfied chemical bonds that are formed on the sidewall of the 3D structure.

The existence of the non-ideal features in the positive capacitance and conductance
characteristics of the 3D structures will not degrade the behaviour of the transistor when
operated in a circuit. When operating in the on-state, the bias on the capacitor is such that
the surface of the semiconductor is inverted, forming the conductive channel. For the data
presented here, this equates to the application of a negative bias where the characteristics of the

3D structure are identical to those of the planar devices.

The data in Figure 5.17 show the leakage current density through the AloO3/SiC junction. The
data show the critical electric fields of 3.4 MVcm ™! for the planar and 3.2 MVcem™! for the
3D structures. These values are comparable to the 4 to 5 MVcem ™! reported in the literature for
amorphous Al;O3 on Si [205], which indicates that the high temperature annealing does not
result in the formation of an underlying SiO- layer. The breakdown field for the 3D structure
is lower than for the planar device, suggesting that the inclusion of the sidewall reduces the
oxide quality but the conduction band offset is unchanged, indicating that the sidewalls do not
have a significantly higher surface charge density than the planar (0001) surface. This supports
the hypothesis that the increase in Dj; for the 3D structures is related to the high density of
unsatisfied chemical bonds at the surface of the sidewall. However, the breakdown field for
both the planar and 3D structures remains above 3 MVem ™!, which is sufficient to form an

inversion layer and hence operate the transistor.

5.2.3 Summary

The data show that 3-D gate structures (Fin MOS) capacitors, a key component of nanoscale
MOSFETs, hold the promise of achieving high capacitance densities on the same footprint
area, with a demonstrated enhancement of 43%. The enhancement of the accumulation
capacitance is linearly dependent on the sidewall area of the capacitor. The capacitance—voltage

characteristics for the 3D structures show evidence of a second depletion behaviour at a higher
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Figure 5.17: Leakage current density through the AloOj3 film, for both planar and 3D structures.

flatband voltage than those observed in a purely planar device and this second flatband voltage
is identical to the location of a second peak in the G /w-V characteristics. The chemistry
of any unterminated chemical bonds on the sidewall is different to that of the planar (0001)
surface and this results in the observed second flatband voltage in both the C-V and G/w-V
characteristics, as well as the observed increase in the interface state density, D;;. This work
shows that the 3D structure is highly promising for the fabrication of high temperature logic

devices for extreme environments.

5.3 Analysis of 3-Dimensional 4H-SiC MOS capacitors grown by atomic layer

deposition of Al,O3 at high temperatures

1 MHz C-V measurements were performed at temperatures up to 300°C. The data in
Figure 5.18 show the change in accumulation capacitance as a function of temperature for
3-D-MOS capacitors with planar MOS capacitors as a reference. As can be seen from the data,
the accumulation capacitance of the capacitors (planar and 3-D MOS) increases almost linearly
with temperature, indicating that the properties of the AloO3 dielectric layer have a temperature

dependence [245-247]. This observation suggests that the origin of this behaviour is the AloO3
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dielectric layer because it occurs in both planar and trenched structures. Besides, this might
also be due to the temperature dependence of dielectric constant, « that is proportional to the
oxide capacitance, in this case x value changes from 6.5 to 8 with temperature [248]. The data
in Figure 5.19 show the change in flatband voltage as a function of temperature for both planar
and 3-D capacitors. The data indicate that the change in flatband voltage between forward and
reverse bias sweeps increases with temperature. In general, the change of the flatband voltage
reduces for 3-D MOS capacitor with larger sidewall surface area. We conclude that this is due
to the incorporation of a surface orientation in the sidewall (including the (1120) orientation),
where the flatband voltage was reported to have a lower temperature dependence in comparison

to the conventional planar (0001) surface, in agreement with [235].

5.4 Effect of post oxidation annealing (POA) on the 3D MOS capacitor

5.4.1 Effect of post-oxide annealing on the electrical and interface 4H-SiC/SiO2 3D

MOS capacitors

The effect of post-oxide annealing (POA) using nitrogen gas (N3) at 1000°C for 10 minutes
and forming gas (5% Hs in N3) at 1150°C for 200 s on 3-D 4H-SiC metal-oxide-semiconductor
with different trench sizes and sidewall planes was investigated. These temperatures are
selected because they can be used for the formation of back contact. It is assumed that no
oxidation process took place during POA and the thickness of SiO5 remained the same. For the
combined treatment sample (N2 + forming gas), the samples underwent the POA process first
and then were annealed in forming gas during the formation of the nickel silicide back contact.
The data in Fig 5.20 show the effect of annealing in N2 gas and combined (N3 + forming gas) on
the C'-V characteristics of the 3-D MOS capacitors measured at 1 MHz at room temperature
with as-deposited sample as a reference. The gate voltage was swept from accumulation to
depletion and vice-versa. All samples demonstrate a small hysteresis (clock-wise), indicating
the small amount of the slow traps in the gate oxide. In comparison to the as-deposited sample,
the C-V curves of the samples that have been annealed are shifted in the negative direction,
resulting in a lower flatband voltage which is within 0.1 V of the ideal flatband voltage. The
C-V curves for the samples annealed in (N2) and combined gas (N3 + forming gas) overlie,
indicating that the process during the formation of back contact after POA of the gate dielectric
did not affect the C'-V characteristics. Both annealing processes also reduce the amplitude of

the defect related bump visible near the flatband which originates from interface states that
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Figure 5.18: Change in oxide capacitance from 1 MHz C-V characteristics as a function of

temperature for 3-D MOS capacitors showing samples with different trench sizes.
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Figure 5.19: Change in flatband voltage from 1 MHz C-V characteristics as a function of

temperature for 3-D MOS capacitors.

appear in the conductance signal at different voltages for the as-deposited sample as shown in

Fig 5.21. The interface state density of the samples extracted using the Terman method are

148



shown in Fig 5.22. The data in Fig 5.22 show that annealing process at 1000°C has succesfully
reduced Dj; by approximately one order magnitude in comparison to the as deposited sample.
It is well known that Ho or forming gas annealing has limited effect in reducing D, [4] because
H> has a large diffusion barrier in SiO2 and requires a relatively high temperature. However,
the result of combined gas annealing shows that there is a noticable decrease in Dj; deeper in

the bandgap (E.—F >0.4 eV) and this is in a good agreement with previously reports [66].

5.4.2 Effect of post-oxide annealing on the electrical and interface of 4H-SiC/Al,O3; 3D

MOS capacitors

This section reports on the effect of forming gas annealing on the C-V characteristics and
stability of AloO3/SiC MOS capacitors deposited by atomic layer deposition (ALD). C-V and
I1-V measurements were performed to assess the quality of the AloOg layer and the Al,O3/SiC
interface. The results provide an indication the possibility to improve the performance of

Al>03/SiC capacitors 4H-SiC devices by optimizing the annealing temperature.

The need for highly reliable dielectric films for SiC devices has become increasingly urgent
to enable their deployment in hostile environments, such as those found in aerospace and oil
and gas exploration. SiOq is the most popular gate dielectric owing to its superlative material
properties [98]. However, SiO2 has limitations for devices that operate at high temperatures
or with high electric fields [59]. The static dielectric constant of SiO2 (3.9), which is low in
comparison to that of SiC, results in a high electric field in the SiO9 for devices operating at
high voltages. Therefore, a new highly reliable dielectric with permittivity similar to that of
SiC is required. A range of dielectrics including hafnium dioxide (HfO3), aluminium oxide
(Al203) and lanthanum oxide (La2O3) have been investigated in terms of performance and
reliability [100]. Al,Os3 is a potential high-x material with conduction and valence band offsets
of 1.7 eV and 1.2 eV respectively, sufficient to prevent electron and hole injection [101]. The
band offset can be further increased by the deposition of a thin layer of SiOy before AlO3

deposition [102].

High channel mobility in 4H-SiC MOSFETs with AlpOg3 gate dielectric has been previously
demonstrated [86]. The interfacial properties of AloOg/ SiOo/ SiC was reported to be better
than AlxOs3/ SiC in terms of leakage current and interface state density, Dj; [96]. It has been
reported that post-oxide annealing (POA) of AlyOs in Hy at 500°C reduced Dj; to the level

of 10" cm=2 eV~! in the mid-gap of 6H-SiC. However, due to significant charge trapping
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Figure 5.20: C-V characteristic of 3-D MOS capacitors with different annealing.
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Figure 5.21: G-V characteristic of 3-D MOS capacitors with different annealing.
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phenomena in the oxide and at the interfaces, significant hysteresis in the C-V characteristics
and deviation in flatband voltage with different bias voltages were observed [96, 104]. More
recently reports indicate that post deposition hydrogen treatment is a promising technique
for the reduction of Dj; at the 4H-SiC / Al;Og interface; however the stability of C-V
characteristics remains to be determined. Hence, this work reports the first systematic study
on the effect of annealing temperature in a hydrogen rich ambient on 4H-SiC/ Al;O3 MOS

capacitors.

5.4.3 Experimental

N-type 4H-SiC, 4° off axis epilayers with a nitrogen concentration of 5.8x 10 cm™3

were
used in this experiment. First, the samples were cleaned using solvents, then treated with
piranha solution prior to standard RCA cleaning followed by sacrificial oxidation at 1150°C
for 1 hour. 40 nm of amorphous AlyO3 was deposited on HF dipped 4H-SiC samples by means
of atomic layer deposition at a substrate temperature of 200°C. Trimethylaluminum (TMA)

and H2O were used as precursor and oxygen source respectively. Ho gas carrier was used for

the purging process. The samples were subjected to post-oxide annealing at 450°C and 1050°C
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in forming gas (5% of Hx diluted in N2). Aluminium was evaporated for the gate metal. For the
formation of the back contact, titanium (5nm) / nickel (100nm) were deposited on the highly

doped back side of the samples and annealed at 1050°C for 200 s in forming gas.

5.4.4 Result and Discussion

Electrical characteristics of the MOS capacitors after annealing at different temperatures
(as-deposited, 450°C and 1050°C using a rapid thermal annealing) were investigated. The
hysteresis data in Figure 5.23 (left) show that the stability of the C-V curves and flatband
voltage were significantly improved after annealing at 1050°C. From the data in Figure 5.23
(right), it can be seen that the oxide capacitance drops with increasing annealing temperature
with the data point for 1050°C showing a reduction of approximately 20% in comparison to
the as deposited sample. This decrease in capacitance may be due to changes in the bulk
permittivity of the AlyO3 or the formation of a thin (4.5 nm) SiO» layer at the AlO3/SiC
interface. The oxygen required to form this layer would originate from residual oxygen from

the amorphous AloO3 depostion [249].

The data in Figure 5.23 show the hysteresis extracted from C-V curves for samples annealed
at different temperatures. C-V" measurements were performed from accumulation to depletion
and vice-versa to determine the hysteresis. The as-deposited samples show large hysteresis in
the C'-V characteristics of approximately 2 V. The hysteresis of the C-V curves reduces with
annealing temperature with the samples annealed at 1050°C exhibiting a hysteresis of 0.2 V,
indicating a significant reduction in mobile charged defects, often ascribed to oxygen vacancies

or carbon impurities in the AlyOs3 film [250].

To further investigate the stability of the C-V characteristics, the measurements were repeated
3 times on fresh capacitors. The data in Figure 5.24 show that the C-V curves shift to more
positive bias for repeated measurements in comparison to the as-deposited samples. The
magnitude of the shift reduces with increasing annealing temperature, with a minor variation
observed in the samples annealed at 1050°C. This indicates that the effect of negatively charged

defects can be reduced by increasing the temperature of the post-oxide anneal.

The stability of the flatband voltage for different start voltages (the voltage at which the voltage
sweep starts during the C-V measurement) was also investigated. To obtain more insight into
the previous data, the C'-V measurements were also collected with starting voltages of 5, 7 and

10 V and stop at -5 V. The data in Figure 5.25 show that the stability of flatband voltage with
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different applied voltages improves with increasing annealing temperature. The C-V curves
were shifted to the negative, indicating that the magnitude of negative charge in the oxide has
reduced. The data for the capacitors annealed at 1050°C indicates that it is possible to form
Ohmic contacts after the deposition of the high-~ film, offering a simpler fabrication process

for a MOSFET, because 1050°C is used in ohmic contact formation [249].

The density of interface traps, Dj; was extracted using the C' — 15 technique and the data
are shown in Figure 5.26. The data show that annealing reduces Dj; close to the conduction
band, offering the opportunity for significant improvements in the field mobility in MOSFET

structures.

To examine the effect of POA on the leakage current and oxide breakdown voltage, current
-voltage (/-V') measurements were performed in accumulation region at room temperature.
The data in Figure 5.27 show the J-E characteristics of the samples annealed at different
temperatures. From the data in Figure 5.27, it is clear that the sample annealed at 1050°C
exhibits the lowest breakdown field of 3 MV/cm in comparison to 5.5 and 7.3 MV/cm for
unannealed and annealed at 450°C samples respectively. This trend is expected considering that

the crystallization temperature of AloOj3 is approximately 1000°C [9] and the likely formation
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of an interfacial layer at the Al,O3/SiC interface, which is not effective for the supression of
the leakage current [84, 249]. Although it has been previously reported that POA has improved
the insulating properties of AloO3 ALD film on silicon [210], in this work, the insulating
properties of AloO3 layer in term of leakage current and oxide breakdown degrade with the
increasing anneling temperatures even at moderate temperature of 450°C indicating that the
Al>Oj3 crystallisation initiates around temperature. The results presented excellent agreement

with work published elsewhere [107].

5.5 Conclusion

3-Dimensional MOS capacitors were realized by plasma enhanced chemical vapour deposition
(PECVD) of SiO», yielding an enhanced oxide capacitance, Cox which scales with increasing
surface area. The analysis of the oxide capacitance enables the determination of the thickness
of oxide on the sidewall to be around 20 nm. In comparison to the planar MOS capacitor, the
interface state density of the 3-D MOS capacitors increased with the number of trenches due to
the surface damage on the sidewall during the etching process by RIE. The effect of nitrogen
and hydrogen incorporation into SiO2/SiC interface are studied on device characteristics
including the flatband voltage, effective oxide charge and interface state density. Post-oxide
annealing in nitrogen environtment significantly reduces the interface state density in entire

energy range for PECVD SiOs.

The 3-D MOS capacitors demonstrate higher accumulation capacitance in comparison to planar
MOS capacitors. Atomic layer deposition is a very promising technique for depositing gate
dielectric for the 3-D structure MOS capacitors due to its properties for providing conformal
coverage of high aspect ratio structures. Nevertheless, the data show that Dj; increased with
the sidewall surface area. Despite the increase in the density of interface traps on the sidewalls,
the development of 3-D structures in SiC offers significant promise for the realisation of high-
performance MOSFET devices in the future. In addition, the 3-D MOS capacitor also has
a different temperature dependence of flatband voltage in comparison to conventional planar

MOS

The use of POA in hydrogen rich ambient is a suitable route to the realisation of high
performance MOSFET structures and enables flexibility in terms of the process flow and overall
thermal budget. Hydrogen passivation by annealing in forming gas, which has been previously

considered to be ineffective has shown good results for AloO3/SiC MOS characteristics.
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Formation of thin layer SiO9 at the interface can be taken into account for the reduction of
oxide capacitance of AlyO3/SiC MOS capacitors after annealed at 1050°C. Nevertheless, the
data shows that although the annealing process at 1050°C improves the electrical and interface
characteristics of AloO3/SiC, the reliability properties of AloO3 in terms of leakage current
and oxide breakdown voltage degrade, most likely due to the crystallization of AlsOg layer
approximately at 1000°C. The finding results suggest that the optimization of POA in hydrogen
gas between 500°C to 1050°C is the key to improving the electrical and interface characteristics

of AlyO3/SiC.
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Chapter 6

Conclusions and future work

6.1 Summary

This thesis focused on the issues related to SiC interface based on MOS and MOSFET
devices including interface state density, flatband voltage, threshold voltage and field effect
mobility. As presented in chapter 2, SiC technology with excellent materials properties offers
superlative solutions, especially in extreme environments where silicon technology has reached
the limit. Although SiC devices are now commercially available, there is still plenty pf
room for improvement to fully utilise the advantages of the material properties for electronic
applications. One of the crucial challenges for 4H-SiC MOSFETs is to increase the field
effect mobility in the channel, which is plagued by the high interface trap density. Post oxide
annealing in nitrogen gas environment or nitridation have become standard processes for the
fabrication of MOSFETSs with acceptable channel mobility, typically around 35 cm?V ~ts~1,
only about 4 % of bulk mobility. POA using phosphorus gas such as POCl3 or PoO5 converts
SiO; into phospho-silicate glass (PSG) and has succesfully improved the channel mobility
by a factor of 3 in comparison to nitridation. However, PSG is a polar material that induces
instability to MOS devices characteristics especially at high temperatures. In chapter 3, the
effect of phosphorus inclusion on SiO2 was investigated by electrical measurements on MOS
capacitors at high temperatures and using different bias stress at high electric fields. The results
showed that the incorporation of phosphorus at the SiO»/SiC interface results in a reduction
in the interface state density near the conduction band and an increase in the instability of
VEB, V1, and Vgpr at high temperatures. It is also found that the phosphorus increases the
instability of the characteristics attributable to the injection of electrons from the semiconductor
to the SiO9. Therefore, the accumulated negative charge in phosphorus-doped SiOy due
to injection of electrons enhanced by the existence of mobile charge is responsible for the

enhanced positive shift in C-V and I-V characteristics.

In chapter 4, the effect of different dielectric formation on the performance of CMOS
devices was studied based on the characteristics of MOS capacitors, MOSFETs and inversion

MOS capacitors. Important parameters such as interface state density, flatband voltage and
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effective oxide thickness extracted from the C-V characteristics of MOS capacitors were
used to assess the quality of gate dielectrics at room and elevated temperatures. The results
obtained from the MOS capacitors were then compared to the MOSFET characteristics. The
results from an n-type MOS capacitor is strongly correlated with n-channel MOSFET, but
no correlation was found for p-type MOS and p-channel MOSFET. This suggests that the
carrier trapping mechanism at the SiC/SiOq interface for n-channel is different with the p-
channel, thus resulting in the inconsistant trend. The temperature dependence of MOSFETs
parameter including threshold voltage, field effect mobility and subthreshold swing were
investigated. The reduction of the band gap and electron detrapping at elevated temperatures
are cause the field effect mobility to increase with increasing temperature for both n and p-
channel MOSFETs. However, the field effect mobility for p-channel MOSFET saturates at
a temperature of approximately 200°C and slightly decreases at higher temperatures due to
the high resistance of the p-channel. Finally, the correlation between inversion capacitance
from the inversion MOS capacitor and field effect mobility from MOSFETSs was investigated.
The results show that the inversion MOS capacitor is a reliable test structure to determine the

performance of MOSFETs at room and high temperatures.

Chapter 5 involved a study into the performance of 3-Dimensional MOS capacitors formed in
n-type 4H-SiC. Since thermal oxidation cannot be used for the formation of the gate dielectric
due to anisotropic growth on the different faces, PECVD and ALD were utilized in this work.
The investigation involved both electrical and physical characterisation at room and elevated
temperatures. The linear enhancement of oxide capacitance with increasing surface area was
observed on the 3 structures of both PECVD and ALD MOS capacitor samples with the latter
demonstrating conformal coverage with high aspect ratio strucutres. The interface density on
the sidewall is high in comparison to the top surface due to the surface damage resulting from
the etching process. The chemistry of the surface plane on the sidewall is different to that of
the (0001) planar and exhibits a different temperature dependence of the flatband voltage. This
work shows that the 3-D gate structure MOS capacitor is a key component of SiC FinFETs and

highly promising for high temperature logic devices.

6.2 Future work

The inclusion of phosphorus atoms at SiC/SiO is promising to improve the field effect
mobility. However, the stability and realibility at both room and high temperatures are

important so that the advantagous effect of phosphorus incorporation is not wasted. The
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optimization process for the incorporation of phosphorus is required to improve the stability of
flatband voltage while maintaining the performance. For example, reducing the thickness of

the PSG interfacial passivation layer has been proven to improve the threshold voltage stability

The effect of different dielectric formation on n and p-channel 4H-SiC MOSFET was
investigated. This work has contributed to the understanding of carrier transport and mobility
limiting mechanisms associated to SiC/SiO» interface. It is very challenging to obtain a process
gate dielectric formation that works excellently on both n and p-channel. Until today, there
is still a lack of a compehensive study in the literature describing the challenge of optimizing
CMOS devices. For instance, low frequency 1/f noise measurement may provide further insight
into the role of oxide trapping on mobility. The utilization of high-~ materials, different surface
plane such as (1120) plane and (1100) on p-channel are also interesting topics to be studied in

the future.

High capacitance density 3D MOS capacitor was demonstrated in comparison to the planar
MOS capacitor on the same footprint. This result is very promising for the fabrication
of FinFETs. Further investigation on reducing the surface roughness on the sidewall of
3D structure is required to improve the performance of MOS system for FinFETs. Hs
annealing was reported to be effective to round-off the corners of the fin, smooth the surface
on the sidewall and hence improve the electrical characteristics including the gate leakage,

subthreshold voltage and drain induced barrier lowering.

The fabrication of 3D-MOSFET/ FinFET 4H-SiC is an interesting and promising effort
in improving the performance of drain current in 4H-SiC MOSFET. ALD is a favourable
technique to deposit conformal gate dielectric on trench or 3D structure due to its capability
to deposit an atomic layer with a excellent precision. The impact of high-k material as a
gate dielectric is still a hot topic amongst researchers. The utilization of sidewall plane and
larger surface area could have significantly exhibit higher mobilities and relevance for future

technology.
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