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Abstract

High-temperature electronics find use in extreme environments, like data
logging in downhole drilling for geothermal energy production, inside of high-
temperature turbines, industrial gas sensors and space electronics. The sim-
plest systems use a sensor and a transmitter, but more advance electronic
systems would additionally require a microcontroller with memory. Silicon
carbide (4H-SiC) integrated circuits target high-temperature electronics, al-
though the current integration level is low due to immature process technol-
ogy and non-volatile memory has not been demonstrated. SiC CMOS would
allow highly dense integrated circuits for microcontrollers and random ac-
cess memory (RAM). Ferroelectric capacitors could serve as high-temperature
non-volatile memory devices.

In this work, significant efforts have been taken to develop a SiC CMOS
process and ferroelectric capacitors. SiC CMOS is challenging and mostly un-
explored technology. A recessed channel transistor design was investigated.
Several key challenges in the SiC CMOS process was identified, leading to a
polyoxide-based field oxide, a deposited gate-dielectric process, reproducible
Ni-Al semi-salicide contacts to p-type SiC, and a high-temperature CMP-
enabled two-level TiW-based metallisation. Self-aligned cobalt silicide con-
tacts were investigated, and was found to produce low-resistance ohmic con-
tacts to n-type SiC. Inverters and ring oscillators that operate at 200 ◦C were
achieved in this recessed channel SiC CMOS process. It was found that steam-
treating the gate oxide interface produced both NMOS and PMOS transistors
that could be used for circuits. However, the reliability suffered due to poor
PMOS performance. Wafer-level statistical measurements of interface trap
density was performed on NMOS transistors treated by steam, dry oxygen
and nitrided by nitrous oxide. A deposition and etch process for ferroelectric
capacitors, using vanadium-doped bismuth titanate as ferroelectric material,
was developed. High-temperature operation was demonstrated, and several
scalability challenges for the etched process was identified.

The implication of this thesis is that while operational recessed channel
SiC CMOS was demonstrated at high temperature, more promising tech-
nologies like ion implanted bulk transistors should be investigated instead,
due to the numerous difficulties in optimising both NMOS and PMOS with
this recessed channel design. The presented recessed channel process technol-
ogy can be used to fabricate short channel length NMOS-logic. Ferroelectric
capacitors is a good candidate for high-temperature non-volatile memory ap-
plications, although more work is needed in the CMOS integration.

Keywords: bismuth titanate (Bi4Ti3O12), CMOS, ferroelectric capacitor,
field oxide, inverter, metallisation, metal oxide semiconductor field effect tran-
sistor (MOSFET), ohmic contacts, ring oscillator, semiconductor processing,
silicon carbide (4H-SiC).
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Sammanfattning

Högtemperaturelektronik används i extrema miljöer, såsom borrhålslogg-
ning för geotermisk energiutvinning, inuti högtemperaturturbiner, industri-
gassensorer och rymdelektronik. De enklaste systemen använder sig av en sen-
sor och en radio, men mer komplicerade system använder sig dessutom av en
mikrokontroller med minne. Integrerade kretsar i kiselkarbidsteknik (4H-SiC)
är lämpade för högtemperaturelektronik, men den nuvarande integrationsni-
vån är låg p.g.a. den nuvarande omogna processtekniken. Icke-flyktiga minnen
för högtemperaturtillämpningar har inte demonstrerats. CMOS-elektronik i
kiselkarbidsteknik (SiC CMOS) skulle möjliggöra mikrokontroller och direkt-
minne (eng. random access memory, RAM) tack vare den höga integrations-
tätheten. Ferroelektriska kondensatorer kan fungera som icke-flyktiga min-
neskomponenter för högtemperaturtillämpningar.

Denna avhandling presenterar ett omfattande utvecklingsarbete av SiC
CMOS och ferroelektriska kondensatorer. SiC CMOS är en utmanande och till
stor del outforskad teknologi. En recessad kanal transistordesign undersöktes.
Några nyckelutmaningar identifierades för SiC CMOS processen. Dessa utma-
ningar resulterade i en polyoxidbaserad fältoxid, en deponerad grinddielekt-
rikum process, reproducerbara Ni-Al halv-självlinjerade kontakter till p-typ
kiselkarbid, och en högtemperatur CMP-möjliggjord tvånivås titanvolfram-
baserad metallisering. En självlinjerad koboltsilicid-kontaktprocess undersök-
tes, och det visade sig att den gav lågresistiva ohmska kontakter till n-
typ kiselkarbid. Inverterare och ringoscillatorer som fungerar vid 200 ◦C
kunde demonstreras med denna recessad kanal transistordesign. Ångbehand-
lad grindoxidgränssnitt ger fungerande NMOS- och PMOS-transistorer som
kunde användas för CMOS kretsar. Dock så led pålitligheten hos CMOS-
kretsarna p.g.a. PMOS transistorernas låga prestanda. Statistisk mätning
av gränssnittsfälltäthet på skivnivå genomfördes för NMOS transistorer som
hade blivit behandlade med ånga, torr syrgas och nitriderade via lustgas.
En deponering- och etsprocess för tillverkning av ferroelektriska kondensa-
torer, där det ferroelektriska materialet var vanadiumdopat vismuttitanat,
togs fram. Högtemperaturfunktionalitet påvisades, och flera nedskalningsut-
maningar hos den etsade processen identifierades.

Trots att den recessade kanal SiC CMOS processen var bra nog för att de-
monstrera högtemperaturkretsar, så visar resultatet av denna avhandling att
det kan finnas bättre alternativ till denna process. Inneboende processutma-
ningar i transistordesignen i sig gör det svårt att optimera NMOS och PMOS
transistorer som är bra nog för CMOS. Jonimplanterade bulktransistorer är
mer lovande. Den utvecklade processen kan användas för att tillverka NMOS-
logik med kortkanalstransistorer. Ferroelektriska kondensatorer är en lämplig
kandidat som icke-flyktigt minne för högtemperaturtillämpningar, men mer
arbete krävs för CMOS-integration.

Nyckelord: CMOS, ferroelektrisk kondensator, fältoxid, halvledartillverk-
ning, inverterare, kiselkarbid (4H-SiC), metallisering, MOSFET, ohmska kon-
takter, ringoscillator, vismuttitanat (Bi4Ti3O12).



vi

Graphical abstract. I developed recessed channel SiC CMOS and ferroelectric
capacitor processes for high-temperature applications.
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Grafisk sammanfattning. Jag utvecklade processer för att tillverka recessad kanal
SiC CMOS och ferroelektriska kondensatorer för högtemperaturtillämpningar.
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Table 1.1: A few high-temperature applications (>125 ◦C) that high-temperature
electronics are used for. Most extreme environments are a combination of two or
more harsh properties, which include chemically corrosive (Chem. Corr.), high
acceleration (High-g), high voltages (High-V ), radiation (Rad), thermal cycling
(Therm. Cycl.) and high pressure (High-P ) conditions. Spacecraft can suffer
from vibrations and mechanical shock during launch/entry. Venus surface lander
is highlighted. Temperatures and applications found in [1, 2, 3, 4, 5, 6, 7, 8, 9, 10,
11, 12, 13, 14].

Application Typ. Temp. (◦C) Peak Temp. (◦C) Other Cond.

Power generation / power electronics

Geothermal 175–350 500 Chem. Corr.

Turbines 300–500 1000 Chem. Corr, High-g

SiC power modules 600 High-V

Industrial processes

Gas sensors 100–600 600 Chem. Corr.

Spacecraft

Orbiters >350 Rad., Therm. Cycl.

Mercury (Surf.) -170 – 400 427 Therm. Cycl.

Venus (Surf.) 380–480 500 Chem. Corr., High-P

Jupiter (Atm.) 450 High-P
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Introduction

This chapter introduces the field of high-temperature electronics (Sec. 1.1, a sum-
mary can be found in table 1.1), and introduces the outline of this monograph (Sec.
1.2).

1.1 High-temperature electronics and memory devices

Ordinary commercial of the shelf silicon microelectronics fail in the most extreme of
environments. Extreme environments include, but is not limited to, high-radiation
environments, chemically-corrosive environments, high-temperature environments
and combination of several harsh conditions [7, Ch. 1]. A high-performance com-
mercial gaming computer can peak around 80 ◦C at 100 % graphical processing
unit operation, whereas US military applications are rated for 125 ◦C [7, Ch. 1].
High-temperature environments include anything above this 125 ◦C limit. There
is no upper limit, but most materials will not withstand 1000 ◦C for any extended
time.

High-temperature electronics are used in high-temperature environments. Bulk
silicon CMOS, the most common semiconductor electronic platform, is generally
limited to below 200 ◦C operations because of junction leakage. Silicon on in-
sulator (SOI) can extend the operational temperature up to 300 ◦C [15]. Micro-
electromechanical systems have demonstrated operation at 500 ◦C [16]. Vacuum
thermionic device (vacuum-tubes) can be used in high-temperature environments
[7, p. 18]. Wide bandgap (WBG) semiconductor devices, the subject of this thesis,
have demonstrated operation in a wide range of high temperatures, 125–800 ◦C.
There are several possible applications of interest where the temperature is high,
like geothermal power production, high power density applications, gas sensors for
industrial applications and space exploration.

Geothermal power production uses the heat of the Earth to heat up injected
water into steam, which drives an electromagnetic turbine that generates electrical
power [7, Ch. 13]. The heat reservoir lies several kilometres (2–3 km) below the

1



2 1. INTRODUCTION

surface of the Earth, and the reservoir temperature is targeted at 175–225 ◦C [12]
to 325–350 ◦C [7, Ch. 76]. High-temperature electronics can be used during the
well-drilling, which occurs at temperatures of 225 ◦C but can reach 350 ◦C [7,
Ch. 76], and inside of the turbine [7, Ch. 13]. An example of a WBG application
is the use of silicon carbide (SiC) integrated circuits together with SOI electronics
inside of power turbines, where the temperature can reach 450 ◦C (not necessarily
geothermal steam, but could be a gas-power turbine) [7, Ch. 13]. It is mounted on
the turbine blade and transmits sensor data wirelessly.

WBG materials like SiC, gallium nitride (GaN) and gallium oxide (β-Ga2O3),
are suitable for power devices. An ideal SiC unipolar power device has a lower
on-state resistance compared to an ideal unipolar silicon power device for the same
breakdown voltage [17]. Thanks to the capability of SiC electronics to operate
at high temperature, power modules could be designed to operate at high power
densities (resulting in higher junction temperature) by minimising weight, volume
and cooling fans and fins. The SiC power devices would need to be integrated
together with high-temperature SiC integrated circuits that can drive the power
devices [5, 10]. While not targeting any specific high-temperature application or
environment, this approach will benefit any general high-power application or high-
temperature environment.

For industrial applications, gas sensors that operate at high-temperatures are
very beneficial. They can be used for in-line monitoring of industrial production
processes. These devices can use catalytic metals, like platinum and palladium, to
modulate the charge carriers through the field-effect of a WBG semiconductor, like
SiC, in order to detect hydrogen, hydrocarbons, ammonia and carbon monoxide.
The temperature range of interest is 100–600 ◦C [2, 13].

Extraterrestial environments are often extreme. Long-duration planetary ex-
ploration of the inner planets Mercury and Venus will likely require electronics that
can operate at the ambient temperatures. The gravity well of Mercury cannot sus-
tain an atmosphere, and the absence of an atmosphere causes extreme temperature
variations across the planet. The peak temperature is 427 ◦C, much higher than
what SOI electronics can handle. Missions orbiting Mercury, like the BepiColombo
[14], are designed to withstand temperatures in excess of 350 ◦C by a combination
of a mirror-finish and cooling fins in the shadow to radiate heat into space. While
Venus is further away from the Sun than Mercury, the surface temperature is higher,
∼460 ◦C, although it varies with altitude [4]. At some point in its planetary history,
Venus suffered from a runaway greenhouse effect that caused it to trap intense heat
inside of its atmosphere. The atmosphere is 96.5 % at. carbon dioxide, at a surface
pressure of 93 bar (∼90× that of Earth surface atmosphere, or the equivalent pres-
sure of ∼1 km below the surface of the ocean) [4]. Carbon dioxide is a supercritical
fluid at these conditions. It has clouds of sulphuric acid. The Soviet Union had a
successful line of surface missions to Venus, the Venera probes. Venera 13 and 14,
launched in 1981, took photographs of the surface, and operated for a record of 2
h before failing. No surface mission has been launched since. Numerous research
groups have proposed that WBG devices and integrated circuits could be used for
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space exploration, with Venus surface missions in particular being of interest for
SiC integrated circuits [6, 8, 9, 11].

One of the most basic high-temperature applications is sensing using sensor
devices, like the gas sensor [2, 13], seismic accelerometer [18] and photodiode
[19, 20, 21, 22]. Another basic high-temperature application is radio electronics
(both receivers and transmitters), which allow remote control of sensors and trans-
mission of sensor data [7, Ch. 13], [23, 24, 25]. Sensor systems become possible
with the addition of integrated circuits. An analogue amplifier can boost the out-
put signal of the sensor. If the signal is converted from analogue to digital, the
data transmission becomes less sensitive to noise. Examples of high-temperature
amplifiers and analogue to digital converters can be found in [26, 27, 28, 29, 30].
A power supply unit is needed to regulate the power to the different electronic
systems [31, 32]. The next improvement would be the addition of microcontroller
and memory for processing and storage of data [9], which gives systems like the one
presented in Fig. 1.1. This particular system is being pursued in the Working on
Venus project, a KTH project funded by the Knut and Alice Wallenberg Founda-
tion. The objective is to demonstrate high-temperature electronics that can operate
in a harsh environment, like Venus. While the system in Fig. 1.1 is intended for a
Venus lander, it could conceivably be used in other applications with appropriate
changes. A summary of high-temperature applications can be found in table 1.1.

Memory technology for high-temperature applications is a mostly unexplored
field. The simplest memory device, latches and flip-flops, has been demonstrated
in SiC technology [33, 34]. Very recently, static random access memory (SRAM)
was demonstrated in SiC JFET technology [35]. The basic SRAM cell is a cross-
coupled inverter memory cell, similar to the latch. The cell has fewer transistors
than the latch, which increases density but sacrificies the well-defined logic levels.
The read-out requires sense amplifiers. Any logic family can implement SRAM.
However, SRAM loses its data when powered off, and thus belongs to the category
of volatile memories. SRAM can behave as non-volatile memory if its quiescent
power consumption is low and it is always connected to a battery. The other
volatile memory is the dynamic random access memory (DRAM), which stores
data as charge on a capacitor. A linear capacitor minimises its energy by reducing
its charge, and thus the charge is not thermodynamically stable. Any leakage
current will discharge the capacitor, which inevitably leads to memory loss. DRAM
requires that the memory is read and restored with a period that is shorter than the
discharge time. Despite the disadvantage of the constant memory refresh, DRAM
was for the longest time the technology driver for silicon integrated circuits. The
memory cell is only one transistor and one capacitor, and can have a higher bit
density than SRAM, which requires six transistors in the CMOS implementation.
High-temperature SiC integrated circuits with DRAM has not been demonstrated,
to the best of my knowledge.

The most basic non-volatile memory is the read-only memory (ROM). This is
defined during design as a presence or absence of a connection in a memory array.
It cannot be reprogrammed. More advanced is the one-time programmable ROM



4 1. INTRODUCTION

Figure 1.1: An advanced system for high-temperature sensors. In this example, the
system is powered by a radioisotope thermoelectric generator (RTG) and regulated
by a power supply unit (orange blocks). A radio allows communication with the
external world, and includes an oscillator, a mixer and amplifiers (pink blocks).
The sensors measure, the amplifiers boost, and the analogue to digital converters
(ADC) convert the analogue signals to digital signals (green blocks). The micro-
controller operates based on instructions received from the radio, and can store
data and instructions in the memory system (blue blocks). This thesis is rele-
vant to the microcontroller (transistors and CMOS logic) and the random access
memory (SRAM and non-volatile ferroelectric memory). The dashed line markes
the boundary between outside world and internal electronics, although dedicated
shielding might not be necessary for SiC electronics [11]. This figure is based on
[9, Fig. 10], [CC-BY-NC-SA 4.0], and the design is proposed to be used in a Venus
lander.

(OTPROM). It uses an antifuse (like a dielectric film) to program the data once.
Once the antifuse breaks, it cannot be restored, hence "one-time programmable".
For complex integrated circuits, the non-volatile RAM (NVRAM) is of greatest
interest. Like SRAM and DRAM, NVRAM can be programmed several times (>
106, some can even be programmed > 1012), but it retains its data without external
power. The ideal NVRAM has the speed of SRAM, the density of DRAM, and non-
volatility. Currently, there are several different non-volatile memory technologies
being investigated.

The floating gate MOSFET (FGMOS) and SONOS transistors ("SONOS" de-
scribes the use of a nitride charge storage layer inside the gate dielectric) are
memory-functionalised MOS-transistors. Charge is injected into the gate dielec-
tric by either channel hot electron injection or by Fowler-Nordheim tunneling. The
injected charge changes the threshold voltage. It is physically located in the floating
polysilicon gate in FGMOS or inside the nitride layer in SONOS. It stays in the
floating gate/nitride layer for very long time, which is its memory retention mech-

https://creativecommons.org/licenses/by-nc-sa/4.0/
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anism. This memory device is a kinetic non-volatile memory (one state is more
stable than the other), but the time for discharge is several years, unlike DRAM.
The memory is erased by Fowler-Nordheim tunneling. This technology is currently
the driving technology for silicon integrated circuits, as it is used in Flash mem-
ory and solid-state drives (SSDs). NAND-Flash (FGMOS/SONOS connected in
series) achieves the highest bit density of all memory technologies (one transistor
per memory cell). Its greatest weakness is its slow programming speed [36, 37].

Phase change memory (PCM) found great success in optical storage memory,
like compact disks (CDs). Phase change memory relies on materials that can easily
change state, typically between amorphous and polycrystalline. The limiting step is
the crystallisation time, and as such the practical materials are materials that can
quickly crystallise, like the chalcogenide glassy semiconductor GeSbTe. The state
is switched by Joule heating. A slow and medium-temperature pulse crystallises
the film, a short and high-temperature pulse causes it to amorphise [38, Sec. 26.6],
[39]. PCM is an example of a kinetic memory.

Resistive memories (RRAM or ReRAM) is a catch-all for a large category of
memory devices that relies on change in resistivity. They are typically either oxy-
gen vacany-based or conductive-ion based. In both cases, a conductive filament is
formed through an insulator, and the filament can be broken and re-formed many
times. An example of such a memory device is Au/SiC/Cu, where metallic ions
form a conductive filament through SiC [40]. Another design uses Ti/HfOx/TiN
[41], which is an example of oxygen vacany filament memory. This memory tech-
nology is highly scalable and is of considerable interest [39, 42]. RRAM is another
kinetic memory.

Spin torque transfer magnetoresistive memory (STT-MRAM) stores memory
as magnetisation direction. A typical device uses a stack of CoFeB/MgO/CoFeB
(actual devices are often more complicated), together with interfacial perpendicular
anisotropy (the magnetisation points out of the film). The CoFeB are the magnetic
layers and MgO is a tunneling barrier. One of the two magnetic layers is a reference
layer (the magnetic direction is fixed) and the other magnetic layer has a freely
changable magnetic direction. Programming is performed by using spin-polarised
currents that exert torque on the free layer, which switches the magnetic direction.
Read-out is based on the tunneling magnetoresistive (TMR) effect. If the two
magnetic layers point in the same direction, the spin-polarisation is parallel and
electrons experience little tunneling scattering (low resistance). If the layers point in
antiparallel directions, the spin-polarisations are opposed and the electrons scatter
during tunneling (high resistance). There are many different designs for MRAM,
and the interested reader is referred to [43, Sec. I, Ch. 4]. A properly designed
STT-MRAM memory cell is a thermodynamically stable memory (both states are
approximately equally stable).

Ferroelectric memories (FRAM or FeRAM) was one of the first non-volatile
memory technologies demonstrated [44]. It uses ferroelectric materials, which has
two stable polarisation states. It behaves largely like a non-volatile version of the
DRAM memory. The major disadvantage of FRAM is the destructive read-out.
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To read the memory cell, it is forced into one state (assumed to be postive state),
and the current is measured. A large current is needed when the capacitor stores
a large amount of charge, which is indicative that it changed state from negative
to positive. If the current was small, it was already in the positive state. The data
must be written back to the memory cell after the read-operation. Ferroelectric
capacitors are thermodynamically stable memory elements.

All memory technologies have their advantages and disadvantages with respect
to certain applications. Most of the non-volatile memory technologies require the
use of a field-effect device as an access transistor because of the required bipolar
programming. Bipolar programming is programming that depends on the sign
of the voltage/current. Bipolar junction transistors (BJTs) and diodes can be
used for any memory technology that uses unipolar programming. Unipolar pro-
gramming depends on the amplitude of the voltage/current. Of the non-volatile
memory technologies, only PCM and a few RRAM technologies use unipolar pro-
gramming. BJTs cannot be used as an access transistor for STT-MRAM and
FRAM, because these require bipolar programming. Only the MOSFET is com-
patible with FGMOS/SONOS because FGMOS/SONOS are memory functionalised
MOSFETs. Junction and metal-semiconductor FETs (JFETs and MESFETs) are
compatible with all technologies except FGMOS/SONOS. SRAM can be used for
high-temperature applications as long as the circuit technology that it is imple-
mented in can support high-temperature applications. DRAM is unlikely to be
used for high-temperature applications, as its power consumption is high and re-
quires low-leakage currents (leakage currents typically increase with temperature).
PCM is almost entirely based on the glassy chalcogenide semiconductors that crys-
tallise around 150 ◦C – they cannot remain in their programmed state for long time
at high temperatures. RRAM might be operational at high temperatures, but it is a
very immature technology – its true capabilities remain to be tested. STT-MRAM
can operate up to ∼200 ◦C, which is limited by ferromagnetic/antiferromagnetic
properties of the materials, chemical stability of the materials and the TMR effect,
which becomes weaker with increasing temperature. FRAM is the best candidate
for high-temperature applications. There are ferroelectric materials that retain
their properties at high-temperature and many materials have been investigated for
high-temperature applications (not necessarily memory applications but for piezo-
electric applications). FGMOS/SONOS might work at high temperature, but it
requires highly mature high-temperature MOSFET process technology before it
can be properly evaluated. It can likely fulfill the retention requirement of a non-
volatile memory, unless the retention loss is thermally activated. The endurance
(the number of times the memory cell can be programmed) at high temperature is
questionable, due to the increased possibility of dielectric breakdown at high tem-
perature and high electric fields. A summary of the memory technologies can be
found in table 1.2.

Combining SiC CMOS with FRAM could enable non-volatile memory technol-
ogy that can operate at high temperature.
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Table 1.2: Memory technology overview. Due to the lack of research in the field of high-temperature memory technology,
the possibility of high-temperature operation can only be speculated. High-temperature SRAM has been demonstrated
[35]. MOSFET technology is compatible with all state-of-the-art non-volatile memory technologies.

Memory technology BJT (y/n) MESFET/JFET (y/n) MOSFET (y/n) High-temperature operation (y/n)

SRAM y y y y

DRAM n y y n?

PCM y y y n

RRAM y y y y?

STT-MRAM n y y n

FRAM n y y y?

FGMOS/SONOS n n y y?
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1.2 Thesis overview

I was participating in the Working on Venus project at KTH. My work and research
focused on the microcontroller and memory system, with primary focus on the
memory. The research, which resulted in this thesis, was broken down in two main
objectives,

1. Demonstrate a SiC CMOS process as a platform for high-temperature digital
electronics

2. Demonstrate a ferroelectric capacitor process for high-temperature non-volatile
memory

A working SiC CMOS process can be broken down in several sub-objectives,

• Demonstrate both NMOS and PMOS transistors that can be used in inte-
grated circuits

• Develop a process module for selective doping

• Develop a field oxide process module

• Develop a gate module (includes gate electrode and gate dielectric) that allows
field-effect modulation of both electrons and holes in 4H-SiC

• Develop a contact module that gives low-resistance ohmic contacts to both
NMOS and PMOS

• Develop a high-temperature metallisation for high-temperature integrated cir-
cuits

Likewise, the ferroelectric process can be broken down in several sub-objectives,

• Deposit or transfer the ferroelectric material to the SiC substrate

• Develop an etch process for patterning electrodes and ferroelectric materials

This work resulted in the publication of four papers (PAPER I, PAPER II,
PAPER III and PAPER IV), appended in this monograph thesis. This monograph
comprehensively details the work required to demonstrate SiC CMOS and ferro-
electric capacitors on SiC. The outline of the rest of the monograph is as follows,

https://link.springer.com/article/10.1007%2Fs11664-017-5447-3
https://www.scientific.net/MSF.924.389
https://link.springer.com/article/10.1007%2Fs11664-019-07020-0
https://ieeexplore.ieee.org/document/8660420
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Chapter 2: Material properties of silicon carbide and bismuth
titanate
The two materials silicon carbide and bismuth titanate and their properties are
presented in detail. It is argued that high-temperature electronics require wide
bandgap semiconductors, and silicon carbide is one of the most suitable wide
bandgap materials for integrated circuits. Ferroelectricity and some ferroelectric
materials are presented, and it is shown that bismuth titanate has several desirable
properties for high-temperature non-volatile memory applications. Finally, some
of the implications of the material properties for the design and processing of the
devices are discussed.

Chapter 3: Design of devices and circuits
A overview of the current state-of-the-art devices and circuits in high-temperature
electronics in SiC technology is presented. The recessed channel MOSFET, the
transistor design used in this thesis, is presented and compared to the traditional
ion-implanted bulk MOSFET. The design of the recessed channel MOSFET is dis-
cussed. The chapter ends with some circuit design specific for high-temperature
applications.

Chapter 4: Process modules and results
Three versions of the SiC CMOS process flow is presented, with each version ad-
dressing the faults of the previous versions. Six process modules, where a module
is a collection of process steps, are presented. These modules include,

• Etching SiC

• Forming the field oxide using polyoxide

• Forming gate oxide, treating the gate oxide interface and gate electrode pro-
cessing

• Self-aligned low resistance ohmic contacts to n-type SiC, and semi self-aligned
contacts to p-type SiC

• A two-level chemical-mechanical polishing enabled TiW-based high-temperature
metallisation

• A laser ablation process for depositing ferroelectrics, and a mixed reactive ion
etching and ion beam etching process for patterning ferroelectric capacitors

Finally, a summary of the different process flow versions is presented.
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Ch. 5: Devices and circuits results
The results of the different SiC CMOS process flows are presented. The advanced
electrical characterisation methods charge pumping and ultrafast pulsed I − V are
used to estimate interface and near-interface trap defects. Different gate oxide in-
terface treatments are compared. Results of the ferroelectric capacitors are also
presented, and include measuring the transition temperature and pulsed measure-
ment at high-temperature.

Ch. 6: Conclusions and future outlook
This thesis ends with concluding remarks. The future of SiC CMOS and ferroelec-
tric capacitors is discussed.





Figure 2.1: A 100 mm 4H-SiC wafer, processed during the last process flow trial.
And it all started with the SiC material itself.

12
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Material properties of silicon
carbide and bismuth titanate

Ex nihilo nihil fit. The processed wafer in Fig. 2.1 started from a pristine silicon
carbide wafer, chosen for its material properties and suitability for the intended
application: high-temperature electronics. The two materials silicon carbide and
bismuth titanate were studied in this thesis. Silicon carbide was used as the semi-
conductor material of the transistors. Bismuth titanate was used for ferroelectric
capacitors, which can be used for non-volatile memory applications.

In this chapter, the properties of silicon carbide and bismuth titanate are pre-
sented. The materials are discussed within the context of high-temperature appli-
cations, and are compared to other similar materials. Finally, the importance of
anisotropic material properties is discussed in the context of my devices.

2.1 Silicon carbide

Silicon carbide (SiC) is a refractory, wide bandgap (WBG) group IV semiconductor
compound. It is the primary semiconductor material used in my thesis. SiC is not
one material, but over 200 known materials, all with the chemical formula SiC.
The polytypism and crystal structure is discussed in Sec. 2.1.1. The essential
property that distinguishes a semiconductor from an insulator is the ability to
modulate the charge inside the material by doping it. The intrinsic and extrinsic
charges are discussed in Sec. 2.1.2. The refractory nature and wide bandgap of SiC
enables high-temperature application, but SiC is not the only material with these
properties. In Sec. 2.1.6, it is discussed how the intrinsic properties of SiC makes
it an attractive material for high-temperature electronics.

13
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TITANATE

Figure 2.2: Basic building blocks of SiC. Each silicon atom is bonded to four carbon
atoms in tetrahedral bonding. It is easiest to describe SiC by using the double layer.
Since carbon is always bonded to silicon, and vice versa, it is sufficient to consider
a hexagonal double layer that contains a layer of carbon and a layer of silicon. The
hexagonal positions shown in this figure form the starting double layer, the "A"
layer, which all layers are stacked upon.

2.1.1 Crystal structure and polytypism
The periodic crystal structure determines the functionality and properties of the
material. The crystal structure and polytypism of SiC is covered in this section.

Each silicon atom is bonded to four carbon atoms, and each carbon atom is
bonded to four silicon atoms. The bonding is in a tetrahedral (four-sided dice, d4)
configuration. The tetrahedral is shown in Fig. 2.2.

When building the SiC-crystal, the order must always be Si-C-Si-C... because
of the bonding. In a well-chosen coordinate system, all elements lie in a plane. In
a hexagonal system, all elements lie in planes with the norm to c-axis, and in the
simple cubic system the planes have the norm in [111]. Since each Si-plane is always
tied to a C-plane and vice versa, it is useful to discuss the crystal in terms of the
double layer, which is the combination of a Si-plane and a C-plane. In the simplest
description of the double layer, the carbon (or silicon) atom is placed above (in
c-axis) the silicon (or carbon) atom. The first double layer is shown in Fig. 2.2.
This kind of layer is called an ’A’-layer.

The tetrahedral bonding must be taken into consideration when placing the
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Figure 2.3: The three different stacking positions. A-layer can be placed on a B- or
a C-layer, B-layer can be placed on an A- or a C-layer, and C-layer can be placed
on an A- or a B-layer. The atomic sites are schematically shown in the upper right.

second double layer. It is not possible to stack the double layers directly on top of
each other because the bonding would not be tetrahedral. Instead, the next double
layer must be shifted in the a-plane in relation to the previous layer. There is a
rotational symmetry in the stacking order. It can be placed at ’B’-sites in Fig.
2.3, or by an equivalent stacking with 180◦ rotation (’C’-sites). The only stacking
rule is that same layer in sequence is forbidden (A on A, B on B, C on C), since
tetrahedral bonding is necessary. A can be placed on B and C, B can be placed on
A and C, and C on A and B. The minimum number of layers is two for a periodic
crystal (wurtzite crystal), but there is no upper limit on the number of layers.
Each different sequence is a type, and SiC has at least 200 known types. Only
the types with three (ABC), four (ABAC) and six (ABCACB) double layers are
of technological importance. The ABC type is the only type with cubic symmetry,
and is known as 3C in Ramsdell notation, which is typically used in the literature.
The ABAC (or equivalent ABCB) and ABCACB have hexagonal symmetry and are
known as 4H and 6H, respectively. Other types can have rhombohedral symmetry,
such as 15R. The 4H-SiC polytype is shown in Fig. 2.4.

It should be stressed that the [0001] crystal (and the crystal unit cell) always
terminates either in a Si-plane or a C-plane. The silicon terminated surface at
(0001) is "Si-face" and the carbon terminated surface at (0001̄) is "C-face". Besides



16
2. MATERIAL PROPERTIES OF SILICON CARBIDE AND BISMUTH

TITANATE

Figure 2.4: 4H-SiC. The numbers refer to the vertical placement of atoms, with 1
at the bottom and 4 at the top. A ball-bond model in forced perspective is also
schematically shown.

the Si- and C-faces, there are three face families that are commonly discussed.
{112̄0} are the a-faces (not to be confused with the in-plane a-plane), {11̄00} are
the m-faces, and the 4H-only family {033̄8} (3 × {011̄ 8

3}, the 6H equivalent is
{011̄4}) have no name. The different faces are projected on the a-plane in Fig. 2.5.
{0001} is isomorph to the cubic {111}, {112̄0} are isomorph to {110} and {033̄8}
to {001} [45]. Commercially available SiC wafers are [0001]-terminated, possibly
with a off-axis cut towards <112̄0>, and thus each side of the wafer is terminated
either with silicon atoms or carbon atoms.

Since the types have different symmetry, they have different functionality. The
3C crystal is cubic with space group F4̄3m in the Hermann-Mauguin notation, and is
described by a face-centred cubic (FCC) lattice, and the available space group sym-
metry operations are rotoinversion (90◦ rotation, followed by inversion) in {100},
120◦ rotation in {111} and mirroring in {110}. The point group corresponding
to the space group is 4̄3m, which lacks inversion symmetry. Since the inversion
symmetry is not available (the crystal is not preserved under the operation [x,y,z]
→ [-x,-y,-z]), the crystal is said to be non-centrosymmetric. Non-centrosymmetric
crystals exhibit piezoelectricity. The hexagonal crystals, like 4H and 6H, belong to
the space group P63mc, and are described by a primitive lattice, and the available
space group symmetry operations are screw along c (60◦ rotation and a translation
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Figure 2.5: Projection of some important faces on a-plane. The m-faces form a
hexagon and the a-faces form a hexagram. The {033̄8}-planes cut through the
crystal in 3D, and requires three unit cells to properly show its periodicity.

of r̄ = (0, 0, 0, c/2)), mirror in a-face, and glide (mirror in a m-face, followed by
translation of r̄ = (0, 0, 0, c/2)). 6mm is the point group corresponding to the space
group P63mc. 6mm exhibits pyroelectricity, as there is a unique rotation axis which
is preserved in all symmetry operations, and there is no inversion symmetry. There
is a permanent dipole moment in the crystal along the c-axis [46]. The spontaneous
polarisation of 4H-SiC is very weak, 1.1 µC/cm2 at 2 K [47]. More information on
space groups and point groups can be found in [48]. The piezoelectric constants of
3C- and 6H-SiC can be found in [49, Ch. 3].

The different periodicity in crystal means that the types have different band
properties. 3C has the typical body-centred cubic (BCC) Brillouin zone, just like
silicon. The Brillouin zone of a hexagonal unit cell in real space is a hexagonal unit
cell in reciprocal space. The valence band maxima is at Γ for the polytypes and the
valence bands are quite similar [50]. The conduction band minima are at different
locations for different types. All types exhibit indirect bandgap, and consequently
absorbs and emits light poorly (a high purity semi insulating wafer looks like a glass
or sapphire wafer, completely transparent). The bandgap varies from 2.36 eV for 3C
to 3.26 eV for 4H at room temperature (RT) [17]. The valence band is energetically
close to each other for the different polytypes, and the substantial energy difference
lies in the conduction band [51, 52, 53, 54], or equivalently the electron affinity (χe).



18
2. MATERIAL PROPERTIES OF SILICON CARBIDE AND BISMUTH

TITANATE

The valence band lies about 7 eV from the vacuum energy for all polytypes [52]
(assumed 0.95 V electron affinity of silicon dioxide, SiO2 [55]), and the conduction
band lies about 3.6 eV from vacuum for 4H-SiC (same as electron affinity) [17]. The
electron mobility varies between the different types, perhaps due to the different
conduction bands. The hexagonal types have anisotropic mobility – the mobility
parallel to c-axis differs from the mobility perpendicular to c-axis (a-plane). 4H
shows the smallest anisotropy [17, 56], and has a mobility of 1020 cm2/V s in
a-plane and 1200 cm2/V s along c-axis [17].

The molar concentration of silicon atoms is almost the same for both silicon
and SiC. The length of the Si-C bonds are about half of that of Si-Si bonds, and
are much stronger. The bonds are a mix of covalent and ionic, with an ionicity of
11 % (Pauling’s definition) [17]. Several material properties differ between silicon
and SiC because of the difference in bond-energy. A useful metric is the bond
dissociation energy (BDE), which gives the Si-Si bond-energy as 227 kJ/mol and
the Si-C bond as 355 kJ/mol [57]. SiC is more chemically inert than silicon. The
minimum energy to break a covalent bond to generate an electron-hole pair is much
bigger in SiC than silicon.

Three polytypes are of technological importance: 3C, 4H and 6H. 3C can be
grown in boules at low temperature (<1900-2000 ◦C). 3C is unstable at higher tem-
perature and 6H growth is preferred. A consequence of the low-temperature growth
is that the growth-rate is slow (0.1-0.2 mm/h) compared to the other polytypes
(0.3-0.8 mm/h) [17, Ch. 3]. 3C can be grown by homoepitaxy on 4H/6H-SiC or
heteroepitaxy on silicon. The possibility of growing 3C on silicon provides intriguing
device processing possibilities, such as SiC-on-insulator (SiCOI) [58, 59, 60, 61, 62]
or heterojunction devices. Unfortunately, 3C-SiC and silicon are severely lattice
mismatched (20 % mismatch, 3C-SiC on silicon experiences tensile stress) and ex-
tended defects plague the material [17, Ch. 4]. 3C-SiC is currently being studied
and developed, with prominent projects like the EU H2020 project CHALLENGE
[63].

6H was historically the most important polytype, but 4H-SiC is today the most
important. At least three different technological advancements were necessary for
4H-SiC. First, the seeded sublimation (modified Lely method) was developed by
Tairov and Tsvetkov and reported in 1978-1981 [64, 65], which provided a new
method of growing SiC boules. From this technology, it became possible to easily
grow 4H-SiC by using 4H/6H-SiC (0001̄) seeds (1989-1990) [66]. Secondly, step-
controlled homoepitaxy of 4H-SiC was demonstrated in 1994 [67]. The third ad-
vancement was the demonstation of high-performance Schottky barrier diodes on
4H-SiC [68]. The key process technologies for 4H-SiC power devices had been
demonstrated [17, Ch. 4]. When considering the choice of 4H and 6H for power
devices, 4H is intrinsically better than 6H thanks to its 10× higher bulk electron
mobility parallel to the c-axis. The change from 6H to 4H was natural when the
process technology allowed it.

Table 2.1 summarize important material properties of the technologically im-
portant polytypes and silicon.
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Table 2.1: Material properties of technologically important polytypes and silicon.
Data from [17, 49, 56, 57, 69]. TEC is thermal expansion coefficient.

Property Silicon 3C 4H 6H

a (nm) 0.543 0.436 0.308 0.308

c (nm) n.a n.a 1.008 1.512

Bond length (pm) 235 189 189 189

TEC/10−6 (1/K) 2.6 3.0 3.1–3.2 4.5

BDE (kJ/mol) 227 355 355 355

E
(300 K)
g (eV) 1.12 2.36 3.26 3.02

E c,⊥c (MV/cm) 0.25 1.4 2.2 1.7

E c,‖c (MV/cm) n.a n.a 2.8 3.0

vsat/107 (cm/s) 1.0 2.5 2.0 2.0

µn,⊥c (cm2/V s) 1350 1000 1020 450

µn,‖c (cm2/V s) n.a n.a 1200 100

µp (cm2/V s) 480 100 120 100

εr,⊥c (1) 11.9 9.72 9.76 9.66

εr,‖c (1) n.a n.a 10.32 10.03

λ (W/cm K) 1.5 4.9 4.9 4.9

Ec,min / gc X / 6 X / 3 M / 3 ML / 6

χe (V) 4.01 4.50 3.60 3.84

mn,‖/m0 (1) 0.92 0.667 0.33 2.0

mn,⊥/m0 (1) 0.19 0.247 0.42 0.48

mh,‖/m0 (1) 0.7 ∼0.9–1.5 1.75 1.85

mh,⊥/m0 (1) 0.3 ∼0.6 0.66 0.66

Space group Fd3̄m F4̄3m P63mc P63mc

Point group m3̄m 4̄3m 6mm 6mm

Functionality Dielectric Piezoelectric Pyroelectric Pyroelectric



20
2. MATERIAL PROPERTIES OF SILICON CARBIDE AND BISMUTH

TITANATE

0 100 200 300 400 500

T [ ◦C]

10-8

10-4

100

104

108

1012

1016

n
i
[c
m

−3
]

Silicon

4H-SiC

Figure 2.6: Intrinsic carrier concentration of SiC and silicon. Bandgap narrowing
is included for both materials.

2.1.2 Charge carrier density and methods of doping
The temperature behaviour of the intrinsic carrier concentration is modelled by Eq.
2.1, 2.2, 2.3 and 2.4,

ni =
√
NcNv exp [−Eg/2kBT ] [L−3], (2.1)

Nc = Nc(T ) = 2gc
[

2πmckBT

h2

]3/2
[L−3], (2.2)

Nv = Nv(T ) = 2gv
[

2πmvkBT

h2

]3/2
[L−3], (2.3)

Eg = Eg(T ) = E(0 K)
g − αBGT

2

T + βBG
[ML2T−2], (2.4)

where ni is the intrinsic concentration, Nc and Nv are the effective density of
states of the conduction band and valence band, Eg and E(0 K)

g are the bandgap at
any temperature and at absolute zero, respectively, kB is the Boltzmann constant,
T is the absolute temperature, gc and gv is the number of equivalent conduction
band valleys and valence band peaks (there is only one valence band peak for both
Si and SiC), mc and mv are the density of state effective masses of the conduction
band and valence band, h is the Planck constant, and αBG and βBG are fitting
parameters. The intrinsic carrier concentration is plotted in Fig. 2.6.

SiC can be doped with boron and aluminium for p-type doping, and with ni-
trogen and phosphorus for n-type doping [17, 56]. Aluminium is preferred over
boron for two reasons. Ion implanted boron exhibit transient enhanced diffusion,
whereas aluminium does not. The ionisation energy is lower for aluminium com-
pared to boron, 200 meV vs. 285 meV. Both nitrogen and phosphorus are suitable
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n-type dopants. Nitrogen is typically used for in-situ doping and phosphorus for
ion implantation. Phosphorus has an advantage for very high doping due to its
higher solid solubility compared to nitrogen, 1×1021 cm−3 vs. 2×1020 cm−3. The
dopants are active when placed substitutional in the crystal, which are BSi, AlSi,
PSi and NC. The ionisation energy of phosphorus and nitrogen depends on the ex-
act placement in the crystal, unlike boron and aluminium. Depending on whether
the position is in a hexagonal or cubic sublattice, the energy will be different. The
ionisation energies are 50 meV and 92 meV for nitrogen, and 53 meV and 93 meV
for phosphorus. The low energy occurs for dopants at hexagonal sites and high
energy at cubic sites. There is one hexagonal site per cubic site in 4H (’A’ is cubic
and ’B’ and ’C’ are hexagonal in ABAC ordering, ’B’ is cubic and ’A’ and ’C’ are
hexagonal in ABCB ordering), other types have different ratios. 3C has only cubic
sites and 2H has only hexagonal sites.

Incomplete ionisation is a problem for highly doped SiC. The degree of ionisation
is given by Eq. 2.5 and 2.6 [56],

DOIa = N−a
Na

= 1
1 + ga

N−a
Nv

exp
(

∆Ea
kBT

) [1], (2.5)

DOId =
N+
d

Nd
= hs/(hs + cs)

1 + gd
N+
d

Nc
exp

(
∆Ed,h
kBT

) + cs/(hs + cs)

1 + gd
N+
d

Nc
exp

(
∆Ed,c
kBT

) [1], (2.6)

whereDOIa andDOId are degree of ionisation of acceptors and donors, N−a , Na,
N+
d and Nd are concentration of ionised acceptors, acceptors, ionised donors and

donors, ga and gd are the degeneracies of holes and electrons, ∆Ea, ∆Ed,h, ∆Ed,c
are the ionisation energies of acceptors, donors at hexagonal sites and donors at
cubic sites, and hs and cs are the number of hexagonal and cubic sites. The ionised
dopant concentration is plotted at two different temperatures in Fig. 2.7. A practi-
cal implication of temperature dependent degree of ionisation is that the parasitic
series resistance in source/drain varies with temperature, with higher resistance at
lower temperature.

Table 2.2 lists the parameter values of Eq. 2.1, 2.2, 2.3, 2.4, 2.5 and 2.6 for SiC
and silicon.

The available methods for doping are

• Neutron transmutation

• Diffusion

• Ion implantation

• In-situ doping during epitaxy
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Figure 2.7: Ionised dopant concentration vs. dopant concentration. At higher
temperature, the degree of ionisation increases and allows a larger amount of free
charge carriers. Calculations use data for aluminium and nitrogen for p-type and
n-type, respectively.

Neutron transmutation is only of interest for power devices that requires uniform
n-type doping. Diffusion was used early on in SiC process technology, but it has
largely been abandoned. The substrate quality degrades at the conditions required
for reasonable diffusion rates, which is at temperatures in the range 2000–2300 ◦C
[17, 56]. Ion implantation and in-situ doping are the only two viable options for
selective p- and n-type doping. The last two methods will be discussed in some
detail.

In-situ doping is simply adding a precursor during the chemical-vapour deposi-
tion (CVD) growth [17, 56]. The precursors are trimethylaluminium (Al2(CH3)6,
TMA) and nitrogen gas (N2) for Al- and N-doping, respectively. The doping can
be controlled by site competition [17, Sec. 4.2]. Carbon and nitrogen compete
for C-sites and aluminium and silicon compete for Si-sites. Controlling the C : Si
ratio by adjusting the flow ratio of propane (C3H8) to silane (SiH4) allows tuning
the doping. Increasing the C : Si ratio increases the aluminium incorporation and
decreases the nitrogen incorportation. Decreasing the ratio has the opposite effect.
The dopants are substitutionally placed during growth, and do not require an ac-
tivation anneal. Epitaxial growth is typically blanket growth, although there are
reports on selective growth using graphite masking [70].

The activation anneal and damage recovery is performed at a minimum of
∼1200 ◦C for high n-type and ∼1700 ◦C for high p-type dose [17, 56]. Few materi-
als can withstand the high-temperature anneal at 1700 ◦C. Importantly, polycrys-
talline silicon (polysilicon or poly) and silicon dioxide (SiO2) cannot be present on
the surface during the anneal. Silicon melts around 1400 ◦C, and the SiO2 becomes
a viscous fluid at the anneal temperature. This has important implications for de-
sign of transistors and the process, as detailed in Sec. 3.2. Although the anneal
removes some of the point defects due to the implantation, it cannot remove all.
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Table 2.2: Parameters for intrinsic and extrinsic charge carriers.

Property Silicon 4H-SiC

mc/m0 (1) 0.32 0.39

mv/m0 (1) 0.54 0.91

E
(0 K)
g (eV) 1.169 3.295

αBG/10−4 (eV/K) 4.9 8.2

βBG (K) 655 1800

N
(300 K)
c /1019 (cm−3) 2.7 1.8

N
(300 K)
v /1019 (cm−3) 0.99 2.2

n
(300 K)
i (cm−3) 6.1× 109 8.3× 10−9

hs/(hs + cs) (1) 0 0.5

cs/(hs + cs) (1) 1 0.5

ga (1) 2 4

gd (1) 2 2

∆Ea (meV) 57 200

∆Ed,h (meV) n.a 50

∆Ed,c (meV) 44 92

Preferred p-type dopant Boron Aluminium

Preferred n-type dopant Phosphorus Nitrogen

The defect concentration can be on the order of 1015 cm−3 after the anneal [71].
The surface is roughened, due to SiC sublimation under atmospheric pressure at
high temperature. The partial pressure of silicon is higher than carbon, meaning
that more silicon than carbon leaves the surface. Using a graphite capping layer
prevents sublimation and surface roughening. To prevent too much damage during
high dose implantation (> 3 − 4 × 1015 cm−2), the substrate is typically heated
to 500 ◦C. SiO2 is typically used as masking material, since photoresist cannot
withstand these temperatures. If the dose exceeds the critical dose for amorphisa-
tion, there is no guarantee that it will recrystallise to the desired polytype. More
information on ion implantation can be found in [17, 56, 71].
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Table 2.3: Melting and boiling point, and BDE of silicon carbide etch products at
standard pressure. Data from [17, 56, 57, 72, 73].

Etch product m.p. (◦C) b.p. (◦C) BDE (kJ/mol)

CO -205 -192 1072

CO2 - -79 526

CF4 -183 -128 544

CCl4 -23 77 297

CBr4 94 190 235

SiO2 1713 2950 470

SiF4 -95 -90 669

SiCl4 -70 57 403

SiBr2 5.4 155 370

2.1.3 Options for etching SiC

There are many ways to wet etch silicon. Hydrazine (N2H4), potassium hydroxide
(KOH) and tetramethylammoniumhydroxide (N(CH3)4OH, TMAH) can anisotrop-
ically etch silicon. A mixture of nitric acid (HNO3) and hydrofluoric acid (HF) will
isotropically etch silicon by oxidising the surface, followed by etching the oxide. SiC
can be wet etched with molten salts (KOH at 450 ◦C). It is possible to etch doped
SiC selectively by electrochemical and photoelectrochemical etching, although the
etch is rough and non-uniform [17, Sec. 6.2.3]. The only device-relevant etch
method for SiC is dry etching.

Dry etching SiC can be done in several ways. Ion-beam etching (IBE) is a
purely physical etch that sputters away the material. It is relatively slow compared
to other etch methods and has a tendency to generate residues, due to the lack
of volatile products. However, it will arguably produce the most anisotropic etch
profile possible. More common than IBE is reactive-ion etching (RIE), which has
both a physical and chemical component. SiC-RIE is in many regards similar to
silicon-RIE, as both typically use F-, Cl-, or Br-based etches.

The plasma generates active species that sputter (if charged) or chemically
reacts (if neutral) with the material. What etch chemistry is favourable can be
predicted by comparing the BDE. Monocrystalline silicon (BDE 227 kJ/mol) can
be etched by fluorine, chlorine and bromine since the etch products are more stable
(higher BDE, 669, 403 and 370 kJ/mol). The opposite reaction is highly unlikely
– the silicon tetrafluoride (SiF4) would not produce fluorine and silicon in contact
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with silicon. SiO2 (BDE 470 kJ/mol) can be etched by fluorine, as the etch product
is more stable (660 kJ/mol), but the chloride and bromide products are not. Etching
SiC is more complicated than silicon due to the inclusion of carbon. All the silicon
etch products are more stable than SiC (BDE 355 kJ/mol), but the carbon etch
products with chlorine (297 kJ/mol) and bromine (235 kJ/mol) are less stable than
SiC. This is not an issue. The carbon layer is sputtered away during the etch
[56], which allows further etching. Endothermic reactions can be driven by ion-
bombardment (one of two possible ion-enhancement mechanism), which provides
energy. The desorption of the etch products can be the etch-limiting step. The
desorption is either spontaneously (purely chemical) or by sputtering mechanism
(second possible ion-enhancement mechanism). Regarding the chemical desorption,
the melting point and boiling point are usually used as comparative metrics. The
fluorine etch products have lower melting point than the chlorine and bromine
products, and as such have higher vapour pressure for a given temperature. Carbon
tetrafluoride (CF4) and SiF4 would boil and evaporate from the surface at room-
temperature etch. Oxygen, which readily reacts with SiC, cannot be used as etchant
as SiO2 is not volatile. It is commonly observed that fluorine-based etches give the
highest etch rate [17, 56]. The BDE and the boiling points of the etch-products are
given in 2.3, respectively. Examples of studies on etching includes [74, 75, 76, 77, 78].

Fluorine has a low sticking coefficient and high chemical component, which
results in isotropic etches. Chlorine has a low chemical component, and requires
more RIE-action, which results in anisotropic etches. The etch profile could be
tuned by selecting an appropriate etch condition for a mixed F- / Cl-based etch.

Etch gases for SiC are typically nitrogen trifluoride (NF3), CF4 or sulphur hex-
afluoride (SF6), chlorine (Cl2) and hydrogen bromide (HBr). Additives include O2,
N2, argon and helium.

It should be noted that the two most common masking materials, photoresist
and SiO2, contain the species that are designed to be etched (carbon and silicon, re-
spectively). Masking is a problem for deep etches since the etch selectivity between
mask and SiC is often poor [17, 56].

2.1.4 State-of-the-art gate oxide processing
SiO2 can be thermally grown on SiC. It is an exceptional passivation material. It is
insoluble in water (unlike the germanium oxides), a solid under standard conditions
(unlike the carbon oxides), it has a very wide bandgap of 9 eV, it can be patterned by
buffered hydrofluoric acid and carbon-fluoride based plasma, it has a high dielectric
strength (∼10 MV/cm), and a high melting temperature of >1700 ◦C. Its relative
permittivity is low, 3.9, which is its main disadvantage for highly-scaled silicon
CMOS, but it is not a significant issue for 1 µm gate-length SiC CMOS. While SiC
and SiO2 are separately exceptional, the combination makes for poor interfaces.

The state-of-the-art gate oxide process for SiC CMOS is likely the Raytheon
HiTSiC process. Unfortunately, they have revealed almost nothing about their
gate process, and as such their results could not be used for my process. Given
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their channel mobilities [79], they most likely used nitrided gate oxides. The state-
of-the-art gate oxide process for power devices is nitrided gate oxide, in which the
oxide is grown/deposited and annealed in either nitric oxide (NO) or nitrous oxide
(N2O). The SiO2 film may or may not be directly grown in NO/N2O. Power devices
are almost exclusively NMOS-devices, and as such the PMOS-device performance is
almost entirely unknown. There are few reports of PMOS-transistors with nitrided
gate oxide. The best PMOS-device performance was reported for wet oxide growth.

Interface traps (ITs) and near-interface state traps (NITs) are not a major issue
in silicon technology. The thermal SiO2 is grown close to perfect and the number of
defects inside the oxide is on the order of 1017 cm−3 eV−1 or lower [80, 81, 82]. As-
grown oxide has several defects at the SiO2 / silicon interface due to dangling silicon
bonds, and the defect density is on the order of 1011 cm−2 eV−1 [83]. Forming
gas anneal (FGA, 10 % H2 in N2) at low temperatures (350–450 ◦C) passivates
the dangling bonds and reduce the defect density to below 1010 cm−2 eV−1. SiC
is of course different. The observed oxide quality is not as good as on silicon,
with a defect density on the order of 1018 cm−3 eV−1 or higher [84, 85, 86, 87,
88]. The interface defect density is significantly larger, from 1012 cm−2 eV−1 deep
in the midgap to 1013 cm−2 eV−1 close to the bands [84, 87, 89, 90]. FGA at
low temperatures does not reduce the defect density and higher temperatures are
required. The origin of the defects are different from silicon, as dangling bonds
(alone) cannot account for the high defect density [91]. Afanas’ev et al. have
proposed that carbon clusters at the interface could form defect bands that would
match the observed ITs [92, 93, 94]. There have been theoretical works on possible
SiO2 defects that could be the origin of the NITs [95, 96]. It should be noted that
some intrinsic oxide defects are not energetically available in the SiO2 / silicon
system because of the electron affinity (4.05 eV) and bandgap (1.12 eV) of silicon,
while the defects would be available in the SiO2 / SiC system because of the different
electron affinity (3.60 eV) and bandgap (3.26 eV) of SiC.

Different passivation methods have been attempted. Low-temperature (950 ◦C)
H2O or wet O2 treatment for 3 h was used to passivate traps close to the valence
band of 6H-SiC [97], and later used for 4H-SiC [98, 99]. In [98], it was shown that
the procedure reduced the hole traps by a factor of 3×. However, it increases traps
closer to the conduction band [98]. The electron mobility is reportedly low in this
process, ∼1 cm2/Vs [100]. There is no significant oxide growth at this temperature.
A 3.3 nm oxide would grow on bare Si-face 6H-SiC according to the parameters in
table I.2.

Nitridation is a popular method for passivation. NO is commonly used, but its
toxicity may prohibit its use. Nitrous oxide (N2O) is safer to store than NO and
serves as an alternative nitrogen-source. Its nitriding mechanism is identical to that
of NO but not as effective. First, N2O decomposes above 950 ◦C into nitrogen gas
and atomic oxygen [101, 102],

N2O (g) → N2(g) + O (g) [N] (2.7)
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Table 2.4: Relative ratios of N2O-decomposition/reaction products at different tem-
peratures. Data from [102, Fig. 1].

Temperature (◦C) N2 (%) O2 (%) NO (%)

950 62.7 29.5 7.70

1000 61.9 28.7 9.3

1050 61.2 27.9 10.9

1100 60.3 26.9 12.6

This step limits all other possible reactions [102, 103]. The activation energy is
2.5 eV [102] – increasing the temperature from 950 ◦C to 1100 ◦C would increase
the decomposition rate by a factor of 13×. Once atomic oxygen is available, it
reacts with nitrous oxide,

N2O (g) + O (g) → N2(g) + O2(g) [N] (2.8)

N2O (g) + O (g) → 2NO (g) [N] (2.9)
The end products are N2, O2 and NO. The chemistry is more involved, with

at least 21 reactions [102]. Steady-state is reached within 10 s at 950 ◦C [101].
Other NOx compounds may temporarily form, but all reactions end in the three
products N2, O2 and NO. The three products occur at different ratios at different
temperatures, as seen in table 2.4. As the temperature increases, the relative ratio
of NO increases and becomes closer to the NO-only reaction. The oxidation rate
also rapidly increases at higher temperature [17].

Decomposition occurs close to the wafer in rapid-thermal processing (RTP)
tools. Atomic oxygen can react with the wafer before other reactions may occur, and
as such the resulting nitridation will differ from a furnace for the same temperature
and time [103].

The nitridation reaction cause nitrogen to pile up at the interface between oxide
and SiC. The amount of nitrogen is given by [104, Eq. 1]

ηN (t) = η*
N (1− exp(−t/τN )) + cN [L−2], (2.10)

where ηN is the amount of nitrogen at the interface, η*
N is the saturation limit,

t is the time, τN is a rate-constant and cN is an offset constant. The rate-constant
and saturation limit of NO-nitridation at 1175 ◦C is 38 min and 5.8× 1014 cm−2,
respectively. It was pointed out in [104] that 100 N-atoms (∼ 1014 cm−2) are
required to passivate 1 defect (∼ 1012 cm−2).

Nitrided oxides have a lower net total amount of ITs over the entire bandgap
as compared to dry oxides [105]. In [105], the IT density close to the bands was a
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factor ∼ 2× lower for N2O-grown oxides as compared to O2-grown oxides. In [84],
the IT density in midgap was a factor ∼ 5× lower for nitrided oxides compared to
as-oxidised oxides. In addition, the NIT density was a factor ∼ 3× lower. However,
nitridation introduces new traps with their own characteristics. The new traps
close to the conduction band are characterised by an unusually large cross-section,
10−12–10−10 cm2. These large cross-sections indicate that nitridation introduces
Coulomb attractive traps [106, 107]. Nitridation introduce hole traps that may
lie in the SiOxNy-interfacial layer [104]. Consequently, excessive nitridation is not
desirable [17].

The channel mobility is not the bulk mobility. Defects at the SiO2 / SiC interface
and near-interface can be a significant source of scattering events. The mobility
is limited by Coulomb scattering at low fields [108, 109, 110, 111]. Since the IT
density is high in the SiO2 / SiC system, a lot of the charges are trapped and are not
mobile. This phenomenon can lead to underestimating the mobility, because the
mobile charges are overestimated [108]. A measure of the true inversion mobility is
given in [108, Eq. 16],

µFE = µinv
1 + q2DIT /Cinv

[M−1T2I], (2.11)

where µFE is the field-effect channel mobility, µinv is the inversion mobility,
DIT is the density of IT and Cinv is the inversion capacitance. Note that this
expression was specifically derived for field-effect channel mobility, not the effective
channel mobility (µeff ) [108]. µFE is more often reported in SiC literature than
µeff , despite that µeff is less ambiguous than µFE [112].

A model of channel mobility as a function of temperature and electric field is
given in [110, Eq. 3, 13, 14],

1
µLF (T ) = 1

µB(T ) + 1
µSP (T ) + 1

µC(T ) + 1
µSR(T ) [MT−2I−1], (2.12)

vsat(T ) = v300 K
sat ×

(
T300 K

T

)ηµ
[LT−1], (2.13)

µT (T ) = µLF (T )[
1 + (µLF (T )×E ‖/vsat(T ))βµ

]1/βµ [M−1T2I], (2.14)

where Eq. 2.12 is Mathiessen’s rule, Eq. 2.14 is Thornber’s model of mobility,
µLF , µB , µSP , µC , µSR are low-field, bulk, surface phonon, Coulomb and surface
roughness mobility, vsat and v300 K

sat are the velocity saturation at any temperature
and the velocity saturation at 300 K, T300 K is 300 K, µT is the total mobility,E ‖
is the lateral electric field component, and βµ and ηµ are modelling parameters. In
[110], the parameters are βµ = 2 and ηµ = 0.5. For lowE ‖, Eq. 2.14 reduces to
µT (T ) ∼ µLF (T ). Since Coulomb scattering is known to dominate in SiC MOS-
FETs at low-fields, µLF (T ) ∼ µC(T ). Consequently, µT (T ) ∼ µC(T ). There is a
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detailed model of µC(T ) in [110]. To first order it is directly proportional to T . The
more detailed behaviour takes into account how many traps are occupied at a given
temperature. At very high fields, the charges are forced close to the surface, where
roughness can dominate. The importance of step bunching for transistor design is
discussed in Sec. 2.3.

Channel mobility depends on two SiC properties: doping and crystal face.
Higher body doping gives lower channel mobility [111, 113]. The theoretical max-
imum mobility is on a-faces and m-faces, as the charge carriers travel parallel to
c-axis. More importantly is that the IT density is lower on the other faces than
Si-face. In silicon technology it is observed that IT density depends on the atomic
surface density, which is {111} > {110} > {100}. The isomorphic faces in SiC are
{0001} > {112̄0} > {033̄8}. It has been observed that channel mobility is higher
on a-faces, m-faces and on {033̄8}-faces than Si-face [17, 45, 114, 115]. This can
lead to counter-intuitive results, like that step bunching may increase the apparent
channel mobility [116, 117]. Each macrostep is composed of the Si-face terrace and
an a-face edge. The more macrosteps, the more relative amount of a-face along the
channel (a perfect on-axis surface would be 100 % Si-face and as such be the worst
case), and consequently higher mobility and lower DIT . Although the macrosteps
increase mobility, it is noted that it may cause reliability issues [117].

As a rule of thumb for silicon CMOS, the channel mobility is half of the bulk
mobility, and the hole mobility is half of the electron mobility. This rule of thumb
does not apply for SiC. Actual electron channel mobilities can be single digit [84,
87, 89, 91, 100, 118] to about 30 cm2/V s [84, 89, 105, 113, 119], significantly
smaller than the peak bulk mobility (∼1020 cm2/V s). Hole channel mobility is
occasionally studied, with the mobility typically in the single-digits [89, 91], with a
few reports at or above 10 cm2/V s [79, 99, 113, 114]. Table 2.5 presents mobility
results for different anneals.

High-κ materials are occasionally studied on SiC [17, 56, 119, 120, 121, 122,
123, 124, 125, 126, 127, 128, 129, 130, 131, 132, 133]. A high-κ material is a
dielectric material with a relative permittivity higher than 3.9 (SiO2). There are
three common arguments to study high-κmaterials on SiC. First, it may be possible
that another material combination than SiC/SiO2 can provide a low defect dense
interface/near-interface [120, 130, 131, 132]. The second reason is relevant for
power devices. The dielectric boundary condition at the interface demands that
the displacement field in SiC is matched by the displacement field in the oxide in
the absence of charges at the interface. SiC power devices can handle displacement
fields up to 2.5 µC/cm2 (2.8 MV/cm in SiC) before avalanche breakdown. However,
the maximum displacement field in SiO2 should not exceed 1.4 µC/cm2 (4 MV/cm
in SiO2, see also Sec. 3.2.3), and as such the SiO2 reliability limits the highest
voltage rating of a power device. There are other materials, like Al2O3, AlN and
SiNx, that may sustain higher displacement fields without degradation [119, 121,
122, 123, 124, 125, 126, 127, 129]. Third, there are reports in the literature that
some high-κ dielectrics provides higher device reliability in extreme environments
(notably radiation environment) [128, 132].
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Table 2.5: Mobility reported in the literature for different anneals. Details can be
found in the references.

µ (cm2/V s) Anneal / Growth
Okamoto et al. [99]

Hole mobility 10.3 Dry
12.5 Dry+Wet
15.6 Wet

Okamoto et al. [89]
Electron mobility 6.2 pyro.

30.4 pyro.+NO
Hole mobility 5.5 pyro.

5.6 pyro.+NO
Habersat et al. [84]

Electron mobility 8.1 As-ox.
27 NO POA

Noborio et al. [105]
Electron mobility 21 N2O-grown

32 N+- Al+-imp.
26 N2O PDA
32 NO PDA
36 Depo. SiNx/SiO2
30 SiO2+depo. SiNx/SiO2

Noborio et al. [114]
Hole mobility <1 O2-grown

7 N2O-grown
10 N2O PDA

Salinaro et al. [87]
Electron mobility 0.22 O2 PDA

2.83 N2O PDA
17.59 NO PDA

Albrecht et al. [113]
Electron mobility 15.5–34 Not reported, varied doping
Hole mobility 8.2–10.2 Not reported, varied doping

Anders et al. [91]
Electron mobility 1 N2O-grown

17 N2O-grown + NO POA
Hole mobility 6 N2O-grown + NO POA

Idris et al. [79]
Electron mobility 10.25–12.31 Not reported (Raytheon HiTSiC)
Hole mobility 3.65–5.30 Not reported (Raytheon HiTSiC)
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Integrating high-κ materials into a CMOS process to replace SiO2 is non-trivial
[134]. There are many different concerns that needs to be taken into account, like

• Interface property to semiconductor

• Leakage current over or through barrier

• Leakage current due to polycrystalline dielectric

• Interface property to gate electrode

• Process integration

The Al2O3/SiC-system is arguably the most well studied high-κ/SiC-system.
When considering the material properties of thin film Al2O3, it would seem to
satisfy most of the requirements. It has a high-κ in the range 6–9 [125, 127, 131, 132]
and wide bandgap in the range 6–7 eV [125, 127]. The wide bandgap provides low
leakage current by tunneling/thermionic emission mechanisms, as the electron/hole
barriers are sufficiently high (1.15–2.05 eV for electrons, 1.59–1.87 eV for holes) [125,
127, 131]. However, Al2O3 is known to have defects that give fixed charges [120,
122, 125, 131, 132]. The high-temperature processing required in SiC processing
can cause the amorphous film to crystallise into its γ-phase [124, 126]. While
this improves the material properties like permittivity and bandgap [135, 136], it
also causes leakage current by grain-boundary mechanisms [125]. Al2O3 can cause
threshold voltage shift by modifying the work function of n-type doped polysilicon
[137]. Although there are studies that claim that the Al2O3/SiC-system provides
a good interface, there also studies that show that some SiO2 is needed at the
interface to provide a stable interface [122, 123, 133, 138, 139]. Finally, and perhaps
most critically, integration requires patterning capability, something which almost
no MOS-capacitor study addresses. Amorphous Al2O3 can be wet etched with
buffered HF and aluminium etchant with relative ease. Crystalline Al2O3 can be
etched, with some difficulty, using BCl3/Cl2-based RIE.

The properties of Al2O3 depends on how it is processed, with different deposition
methods giving different as-deposited properties [131, 140]. Atomic layer deposition
(ALD) is a common method to deposit Al2O3, which typically uses trimethylalu-
minum [TMA, Al2(CH3)6] as aluminium precursor and an oxidant. The oxidant
can be dionised water or ozone, and the choice of oxidant will impact the properties
[141, 142].

2.1.5 State-of-the-art contact processes
The state-of-the-art contact process splits contacts to n-type 4H-SiC and to p-type
4H-SiC, although there are many attempts at fabricating simultaneous contacts.
The contact to n-type 4H-SiC is almost exclusively nickel silicide (see table 2.6).
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The contact process to p-type 4H-SiC is more varied, likely due to poor repro-
ducibility, poor specific contact resistance and manufacturability challenges. Most
common is to have an Al-mixture (see table 2.7).

There are some challenges when it comes to the chemistry of the contact for-
mation to SiC, as compared to silicon,

1. SiC is chemically unreactive.
2. Metals can form silicides, carbides, or both.
3. The Schottky barrier height cannot be small to both n-type and p-type for a

single uniform contact.
4. The valence band is 7 eV from vacuum, much larger than any metal work

function (4–5 eV).
5. The Fermi energy is partially pinned [143].
6. High doping is difficult.
7. Patterning.
The first challenge requires that the contacts are formed by sintering a metal in

intimate physical contact with SiC at high temperatures, such as 1000 ◦C. These
temperatures are much higher than encountered for the corresponding silicon con-
tacts. As an example, nickel forms ohmic contacts to SiC at 950 ◦C, but at < 600
◦C for silicon. Self-aligned silicide processing becomes difficult if the first phase of
formation occurs only at high temperatures. This challenge overlaps the patterning
challenge. There are a few exceptions for p-type contacts. Ge-Ti-Al forms ohmic
contacts at 600 ◦C by annealing in ultra-high vacuum (UHV) for 1800 s [144], tita-
nium at 700 ◦C if the surface has been destroyed and converted into 3C-SiC [145],
and Ni-Ti-Al at 800 ◦C [146, 147, 148], although Ni-Ti-Al is very process sensitive.

The presence of carbon makes forming contacts to SiC more difficult than sili-
con. Some metals will form only silicides (like nickel, cobalt and platinum), others
will form only carbides (like aluminium), and some will form both (titanium, tung-
sten and tantalum). The presence of carbon in silicide-based contacts has been
hypothesised to be deleterious, and some research groups investigate contacts with
multiple elements (like Ni-W) with the intent of binding the carbon to the secondary
metal [149, 150].

In the Schottky-Mott limit of contacts, the sum of the Schottky barrier heights
equals the bandgap of semiconductor. A perfectly balanced contact would have
a Schottky barrier height of 1.6 eV to SiC, too large for ohmic contacts. This is
true for a single uniform contact, but it is possible to have non-uniform contacts
that have small barrier heights to both n-type and p-type. An example is the
phase-segregation annealing based Pt-Ti contact, which forms both platinum sili-
cide (PtSix, low barrier height to p-type) and titanium carbide (TiC, low barrier to
n-type) [151]. It is more common to use separate contacts when the device requires
low resistance ohmic contacts to both n-type and p-type. Nickel is typically used
for contacts to n-type and an aluminium-based contact (typically combined with
either nickel or titanium) to p-type [17, 56].

Given the valence band energy and the typical metal work function, it should
not be possible to form ohmic contacts to p-type SiC. In the Schottky-Mott limit
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of contacts, the barrier height should be 2–3 eV. However, the work function only
partially contributes to the Schottky barrier height. It has been observed that the
Fermi energy is partially pinned [143].

True ohmic contacts use quantum mechanical tunnelling to overcome the Schot-
tky barrier. The barrier width is set by the depletion width (Wdep), which depends
on the doping as ∝ 1/

√
N . High doping gives narrow barriers that can easily be

tunnelled through. It is technically challenging to highly dope SiC. Ion implanta-
tion induces a large amount of defects, and if the dose is too high the crystal is
irreversably damaged. In-situ doping is limited to 2× 1019 cm−3 for nitrogen and
2–5×1020 cm−3 for aluminium [17, 56].

Table 2.7 and 2.6 presents a few ohmic contact studies on SiC. Contacts to
p-type typically give specific contact resistance on the order of 10−4 Ω·cm2 and
contacts to n-type give 10−6 Ω·cm2.

2.1.6 Silicon carbide as a high-temperature material
As seen in Fig. 2.6, the intrinsic carrier concentration is lower in SiC compared to
silicon over the entire temperature range. The key difference lies in the bandgap
difference, since ni ∝ exp(−Eg/2kBT ). SiC is a WBG material, silicon is not.

There are two important consequences of having a low ni at high temperature.
First, the doping stays extrinsic (|N−a − N+

d | >> ni) at high temperature and
reverse biased pn-junctions are rectifying. Secondly, the bulk leakage current in
pn-junctions is low, since the bulk leakage current is proportional to n2

i (injection
limited) or ni (if generation/recombination current dominates).

WBG semiconductors are necessary for high-temperature electronics applica-
tions. However, SiC is not unique in having a wide bandgap. There are other tech-
nologically relevant WBG materials, like GaN, ZnO, β-Ga2O3 and diamond. These
materials have their own advantages and disadvantages, but SiC is fairly unique
in that all of its material properties are suitable for high-temperature applications.
Only diamond has better intrinsic properties for high-temperature applications.

The refractory nature of a material can be evaluated by its melting point (Tm)
or by its Debye temperature [164]. The Debye temperature is a measure of the
temperature necessary to excite every phonon mode of a material, and as such is
fundamentally linked to the materials lattice, mechanical properties and vibrations.
The Debye temperature is given by Eq. 2.15,

TD = h̄s̄

kB

(
6π2n

)1/3 [Θ], (2.15)

where TD is the Debye temperature, h̄ is the reduced Planck constant, s̄ is
the mode-averaged (one longitude, two transverse modes in a 3D crystal) speed of
sound in the material (fundamentally linked to a materials elastic coefficients and
mass density) and n is the atomic number density. The higher the TD of a material
is, the more refractory the material is [164]. While several WBG materials have
larger bandgap than SiC, SiC has a much higher TD and Tm than most of the other
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Table 2.6: Low resistance ohmic contacts to n-type SiC. Experiments with im-
planted regions are marked (impl), the rest uses in-situ doped epitaxy. NR means
not reported, NV is near vacuum. Nd is the donor concentration and ρC is the
specific contact resistance.

Metal Temp. (◦C) Time (s) Cond. Nd (cm−3) ρC (Ω·cm2)

Co-Si
[159]

800 180 10 % H2
in Ar,
Furnace

1.1× 1019 1.5× 10−6

Co-Si
[160]

950 60 N2,
RTP

1× 1019 3.8× 10−5

Ni [161] 960 600 Vacuum 4.2× 1018 8× 10−5

Ni [146] 950 60 RTP 1× 1019 6.94× 10−6

Ni [162] 950 60 N2,
RTP

> 1× 1019 5× 10−6

Ni-Si
[159]

800 180 10 % H2
in Ar,
Furnace

1.1× 1019 1.4× 10−5

Ni-Si
[163]

800 180 N2,
RTP

1× 1019 1.73× 10−6

Ni-W
[149]

1000 1800 Ar, Fur-
nace

2× 1019 2.9× 10−5

Ni-W
[150]

1000 120 N2,
RTP

1× 1018 3.2× 10−5

Ni-Al
[155]

1000 300 UHV 1.3× 1019 1.8× 10−4

Ti3SiC2
[158]

950 60 Ar,
RTP

1.5× 1019 5× 10−4

Pt-Ti
[151]

1000 10 NV 7× 1018 7.3× 10−4

Ti [145] 700 NR NR impl 2.1× 10−6
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Table 2.7: Low resistance ohmic contacts to p-type SiC. Experiments with im-
planted regions are marked (impl), the rest uses in-situ doped epitaxy. NR means
not reported, NV is near vacuum. Na is the acceptor concentration and ρC is the
specific contact resistance.

Metal Temp. (◦C) Time (s) Cond. Na (cm−3) ρC (Ω·cm2)

Ni-Al
[152]

800 NR UHV 6–9×1018 5× 10−3

Ni-Al
[153]

1000 120 Ar,
RTP

1 × 1019

(impl)
3× 10−5

Ni-Al
[154]

1050 600 NR 1× 1019 4.9× 10−4

Ni-Al
[155]

1000 300 UHV 7.2× 1019 1.2× 10−2

Ni-W
[149]

1000 1800 Ar, Fur-
nace

3× 1020 9.5× 10−6

Ni-
Ti-Al
[146]

815 60 RTP 1× 1018 6.75× 10−4

Ni-
Ti-Al
[147]

800 90 Ar,
RTP

3–4×1019 1.5× 10−5

Ni-
Ti-Al
[148]

800 120 N2,
RTP

2× 1019 1.8× 10−5

Ge-
Ti-Al
[144]

600 1800 UHV 4.5× 1018 1× 10−4

Ti-Al
[156]

1000 120 UHV 1× 1019 1× 10−5

Ti-
Al-W
[157]

1100 NR Ar,
RTP

1 × 1020

(impl)
5.8× 10−4

Ti3SiC2
[158]

950 60 Ar,
RTP

5× 1018 Not ohmic

Pt-Ti
[151]

1000 10 NV 2.5× 1020 7× 10−5

Ti [145] 700 NR NR impl 1.3× 10−3
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materials. A SiC pn-junction could survive at 2000 ◦C, but silicon, ZnO and β-
Ga2O3 would melt. Group IV semiconductors are characterised by high refractory
nature in comparison to their bandgap [164]. Only diamond is more refractory than
SiC when considering TD and Tm (considering only the technologically relevant
WBG semiconductors).

Silicon, SiC, GaN and diamond have excellent bulk mobilities, whereas β-Ga2O3
and ZnO suffers. Incidently, both β-Ga2O3 and ZnO have issues with p-type doping.
The valence band of β-Ga2O3 is calculated to be flat, and as such would exhibit
high hole mass and consequently low hole mobility [165]. More information on ZnO
and β-Ga2O3 can be found in [166, 167, 168]. Diamond has the highest mobilities
of the WBG materials.

GaN has a good balance of properties. It is possible to build high electron
mobility transistors (HEMTs) with AlGaN/GaN. Both AlN and GaN belongs to the
same space group as 4H-SiC (P63mc) and as such both are pyroelectric materials.
AlN, in particular, has strong piezoelectric strain coefficients. The biaxial strain
induced at the interface between AlGaN/GaN generates a polarisation in AlGaN
that is compensated in GaN. The compensated charge at the interface forms a 2D
electron gas (2DEG) [169]. The HEMT may be electrostatically controlled by a
MOS-capacitor, giving a MOS-HEMT [170]. Its one drawback is challenging bulk
growth. GaN is typically heteroepitaxially grown on silicon, sapphire or SiC. Both
HEMTs and MIS-HEMTs have been characterized at high temperature (400 – 600
◦C) [171, 172, 173].

Diamond is intrinsically best, but device fabrication is currently very immature.
Substrate size is limited to less than a few centimetres. It does not have a native
stable oxide, and as such MOSFET fabrication is challenging. It is possible to
fabricate PMOS transistors by allowing random adsorbants from air to attach to
a hydrogen terminated diamond surface. These adsorbants induce a permanent
dipole-moment that attracts holes and forms a 2D hole gas (2DHG) [174, 175].
Normally-on PMOS transistors have been shown to operate at 400 ◦C and PMOS
NOR-logic at 300 ◦C [176, 177].

SiC is the second-best material for high-temperature electronics: it has wide
bandgap, high TD and Tm, high bulk mobilities and a fairly mature process tech-
nology. SiC has two key advantages compared to diamond and GaN: it is possible
to grow SiO2 and large diameter substrates are available.

The material properties of technologically relevant WBG materials are given in
table 2.8.

2.2 Bismuth titanate

Ferroelectric materials form a relatively small group of materials that has high func-
tionality. They have unique optical and electrical properties due to the spontaneous
polarisation that can be reversed. The ferroelectric materials find applications in
non-linear optics, pyrometers, piezoelectric actuators and non-volatile memory de-
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Table 2.8: Properties of WBG semiconductors and silicon. Data from [49, 164,
165, 166, 167, 178, 179]. TD and Tm are the Debye temperature and melting point
temperature, respectively.

Semiconductor Eg (eV) TD (K) Tm (K) µn (cm2/Vs) µp (cm2/Vs)

Silicon 1.12 640–645 1687 1350 480

4H-SiC 3.26 1126–1200a 2830b 1020–1200 120

ZnO 3.4 399–416 1975 226 ∼150c

GaN 3.4 821 2791 1245 350

β-Ga2O3 4.85 872 1800 <220 No p-type

Diamond 5.5 1870–2200 4100d 2800 1500
a Data taken for 6H, which has the same mechanical properties as 4H (see [17,
table 2.6]).

b No stochiometric liquid phase, no stable solid phase above temperature.
c It is reportedly difficult to achieve p-type ZnO.
d At high pressure, 12.5 GPa.

vices. Ferroelectricity is presented in Sec. 2.2.1. Some of the ferroelectric complex
oxides have material properties that may enable high-temperature memory devices.
Bismuth titanate is one of these materials, and it is discussed, along with other no-
table ferroelectric materials, in Sec. 2.2.2.

2.2.1 Introduction to ferroelectricity
Ferroelectricity is a rather recently discovered physical property in the history of
science. It was discovered by Valasek in 1920 while investigating Rochelle salt
(KNaC4H4O6-4H2O) [180]. Materials that exhibit ferroelectricity are rare, likely
due to the many requirements on the symmetry of the crystal. The crystal must
be pyroelectric, which requires that it is non-centrosymmetric and has a unique
rotation axis. These conditions give a spontaneous polarisation. In addition to the
previously stated conditions, the spontaneous polarisation must be reversable by an
electric field. SiC is pyroelectric but the direction of the spontaneous polarisation
is not switchable, thus it is not a ferroelectric material.

Since all ferroelectric materials are pyroelectric materials, and all pyroelectric
materials are piezoelectric materials, and all piezoelectric materials are dielectric
materials, ferroelectric materials have an exceptional amount of functionality (illus-
trated in Fig. 2.8). As an example, one of the main applications of the ferroelectric
material lead zirconate titanate is in piezoelectric actuators.
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Figure 2.8: Venn diagram of material electric functionality. Some applications for
different functionalities are pointed out. A ferroelectric material could in theory be
used for all applications.

The microscopic picture of ferroelectricity is treated with the Berry-phase theory
of polarisation [181, Ch. 2], [182]. The spontaneous polarisation is due to ionic and
electronic displacement current density under adiabatic change from centrosym-
metric phase to non-centrosymmetric phase. It can be demonstrated using periodic
boundary conditions (Born-von Kármán boundary condition) on the crystal, and
as such there are no surfaces. Ferroelectricity is fundamentally a bulk property.

While the microscopic description is interesting, the simpler Landau model (or
Landau-Devonshire for ferroelectric systems), a macroscopic mean-field model, is
more useful to phenomenologically describe ferroelectricity. The Landau model is
general enough that it has been applied to ferromagnetic materials, superconductors
and ferroelectric materials. The mean-field models are more accurate the larger the
averaging effect is of the order parameter (polarisation for ferroelectrics). Bulk
ferroelectrics have long-range electrostatic interactions and mean-field models work
well for these systems.

It is observed that ferroelectric materials have a phase transition at some tem-
perature T0. At temperatures higher than T0, the material is paraelectric and the
spontaneous polarisation (P ) is zero. As the crystal cools down below T0, the ma-
terial undergoes a phase transition to ferroelectric and |P | > 0. It is assumed that
|P | is small close to T0. The free energy density of the crystal (Φ) is assumed to
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depend on |P |. Since |P | is small, it is assumed the Φ can be expressed as a power
series of P ,

Φ(T, P,E ) = c′2 · (T − T0)
2 P 2 + c4

4 P
4 + c6

6 P
6 −E · P [ML−1T−2], (2.16)

where cx is the relevant power coefficient. This equation is the Landau model.
Only even terms are included in the summation by a symmetry requirement. The
quadratic term has an explicit temperature dependence. The power series trunca-
tion is typically either to 4th order or 6th order, but higher terms may be included.
4th order truncation gives continuous phase transitions (appropriate when there is
no symmetry change, like liquid water to steam) and 6th order gives discontinu-
ous transitions (appropriate for symmetry change, like ice to liquid water). Ferro-
electrics have a change in symmetry and are best described by 6th order truncation.
4th order has c′2 and c4 positive, while 6th order has c′2 and c6 positive and c4 neg-
ative. In this work, Eq. 2.16 uses a convention where the coefficients are divided
by the exponent of the order parameter. Others may use another convention.

This model is very simple but very powerful. Most ferroelectric properties are
correctly predicted (qualitatively) by appropriate minimisation of Φ(T, P,E ). The
Landau model will correctly predict (qualitatively) that the...

• ... electric susceptibility (χ) is discontinuous at T0

• ... χ is proportional to 1/(T − T0) for T > T0

• ... P is a hysteretic function ofE for T < T0

• ... coercive field (E c) is approximately a linear function of T − T0 for T < T0

The Landau coefficients have been reported for a few ferroelectrics [181, App.
A]. To properly extract the Landau coefficients requires a well defined bulk crys-
tal and measurement over a very wide temperature range, including temperatures
above the transition temperature. This is rarely practiced. Ferroelectric materials
are more often characterised by T0, remnant polarisation (Pr, Pr = P (E = 0))
and coercive field (E c, P (E =E c) = 0).

Two of the properties, Pr andE c, is given by the ferroelectric hysteresis loop,
which is shown in Fig. 2.9. The hysteresis loop is a necessary but not sufficient
requirement of ferroelectric materials – lossy dielectrics show hysteresis loop, but
they are not ferroelectric [183]. There are two states, positive and negative po-
larisation. The ferroelectric remains in the positive state (P > 0) as long as the
applied electric fieldE satisfiesE > −E c. IfE < −E c, the ferroelectric switches to
the negative state (P < 0). The ferroelectric remains in the negative state (as long
asE <E c. Switching to positive state requiresE >E c. Since there are two stable
states that can be switched between by applying an electric field, it is an electronic
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Figure 2.9: Hysteresis loop of a ferroelectric. The direction of hysteresis is shown
by dashed arrows. |E c| and 2Pr is shown in the figure. The hysteresis loop itself is
calculated from the Landau model at 300 K using parameters for barium titanate
[184].

memory device. It is desirable to have materials with high Pr for device applica-
tions. The 1T-1C memory is read by forcing the ferroelectric into positive state by
applying +E Read > +E c and measuring the transient current. If the memory was
already in the positive state, the integrated charge corresponds to P+

s − P+
r , with

Ps = P (+E Read). If the state was negative, the integrated charge corresponds to
P+
s − P−r . The difference in measured charge between the two different cases is
P+
r − P−r = 2Pr. The larger the 2Pr, the faster the sense amplifier can determine

which state the ferroelectric was in. The major disadvantage of the 1T-1C memory
is that the read-out is destructive and the data needs to be written back after every
read operation.

The third property, T0, can be directly measured from measuring the capaci-
tance (C) while ramping the temperature from below T0 to above T0. The sus-
ceptibility (χ, C ∝ ε0(1 + χ)) is discontinuous at T0. Below T0, the capacitance
will increase with increasing temperature and reach a maximum at T0. As the
temperature increases beyond T0, the capacitance decreases in accordance with
Curie-Weiss law (χ ∝ 1/(T − T0)). The change in χ–T is shown in Fig. 2.10a).
An indirect method is to linearly extrapolate from the temperature dependence of
E c. Ferroelectricity is lost at T0 and as suchE c(T = T0) = 0. The ferroelectric
properties are weakened the closer T is to T0 (T < T0), and as such both Pr and
E c decreases as T increases.E c in particular reduces almost linearly with T . It is
possible to estimate T0 from extrapolating fromE c–T data. The change inE c–T is
shown in Fig. 2.10b). More information on the Landau model and how to compute
parameter values from it can be found in App. E.
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Figure 2.10: Temperature dependence of χ andE c. a) χ increases with increasing
T (T < T0). For T > T0, χ ∝ 1/(T − T0). T0 is 120 ◦C in this example. b)E c

decreases with increasing T (T < T0) and drops to 0 at T0 (120 ◦C). The properties
are calculated using the Landau model and parameters for barium titanate [184].

2.2.2 Material properties of bismuth titanate
The technologically relevant ferroelectric materials are typically complex oxides.
These oxides often include two elements in addition of oxygen, and the crystal
structure is often perovskite (ABO3) or Aurivillius (Bi2mAn−mBnO3(n+m), layered
crystals that stack [Bi2O2]2+ layers and perovskite-like [An−1BnO3n+1]2− layers).
Of special interest for non-volatile memory applications are

• Lead zirconate titanate (Pb(Zr,Ti)O3, PZT), a perovskite

• Hafnia (o-HfO2), an orthorhombic ferroelectric

• Strontium bismuth tantalate (SrBi2Ta2O9, SBT), Aurivillius structure

• Bismuth ferrite (BiFeO3, BFO), a rhombohedral ferroelectric

• Bismuth titanate (Bi4Ti3O12, BiT), Aurivillius structure

PZT, SBT, BFO and o-HfO2 will be briefly discussed. The focus of this section
will be BiT and related materials. It should be noted that all materials need to be
crystalline. Thin films are typically textured polycrystalline after annealing at high
temperature. As such, a comparative metric is the process temperature necessary
to crystallise the material.

PZT is an alloy of antiferroelectric PbZrO3 and ferroelectric PbTiO3. The ex-
act mixture is often close to 50 % or PbTiO3 rich. The 50 % mixture is close
to the morphotropic boundary and gives exceptional piezoelectric properties. The
PbTiO3 rich mixture gives remnant polarisation (2Pr) of about 60 µC/cm2 along
<111>, making it very suitable for 1T-1C memory applications. The transition
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temperature depends on the mixture, but has an upper limit of 490 ◦C for PbTiO3.
The morphotropic mixture has a transition temperature of about 370 ◦C [38]. The
major issue of PZT and related materials is the inclusion of lead, which is a po-
tent neurotoxin and is subject to the regulation of hazardous substances directive
(RoHS). While PZT is arguably the most well studied ferroelectric material and
still being studied today, lead-free alternatives are investigated. Integration of PZT
on SiC has been investigated [185, 186]. The thin film processing temperature is in
the range of 350–700 ◦C [38, 187, 188, 189, 190].

o-HfO2 is of great interest, as it is already an accepted material in silicon
CMOS technology. HfO2 can assume a non-centrosymmetric orthorhombic crystal
structure that is ferroelectric. The orthorhombic structure is stabilised by adding
dopants (<20 % mol), such as Si, Y and Al [191]. 2Pr is around 20–40 µC/cm2

andE c around 1–2 MV/cm [191, 192, 193]. The transition temperature is a modest
500 ◦C [192, 194]. The ferroelectric properties are suitable for 1T memory transis-
tors, where its highE c and low 2Pr are beneficial [193]. The process temperature
is reported to be in the range 450–1000 ◦C [191].

SBT has a complex crystal structure. The Aurivillius designation is m = 1,
n = 2, A = Sr, B = Ta. The crystal structure along the c-axis is, from top to
bottom, Bi2O2 layer, a perovskite bilayer (SrTa2O7), a second Bi2O2 layer, an
offset perovskite bilayer and finally a third Bi2O2 layer. The c-lattice parameter is
2.498 nm, which can be compared to the a- and b-lattice parameters, 0.5506 nm
and 0.5534 nm, respectively. The ferroelectric polarisation lies in a–b plane, and is
fairly weak, with a 2Pr of 10–20 µC/cm2. It has a high transition temperature of
570 ◦C. The process temperature is typically very high, 650–800 ◦C [195, 196, 197].

BFO has many exceptional properties. While its chemical formula would suggest
perovskite, it is too highly distorted from the cubic symmetry to be considered per-
ovskite. Instead, it is rhombohedral. It is a multiferroic material – it exhibits both
antiferromagnetic and ferroelectric properties. The Neél temperature (transition
temperature between antiferromagnetism and paramagnetism) is 370 ◦C, and the
ferroelectric transition temperature is very high, about 830 ◦C. It also has high 2Pr,
about 100 µC/cm2 along its pseudo-cubic <111> / <0001> hexagonal direction
[198].E c is in the range of 250–330 kV/cm [199, 200]. The process temperature is in
the range 365–600 ◦C [199, 200, 201]. It has been considered for high-temperature
application [200].

BiT belongs to the Aurivillius group, just like SBT. The Aurivillius designation
is m = 1, n = 3, A = Bi, B = Ti. The perovskite like layer is Bi2Ti3O10. The
Bi-ion is trivalent (Bi3+) and Ti-ion is tetravalent (Ti4+). Typical values of the
lattice constants at RT for a, b and c are 0.5445–0.5450 nm, 0.5406–0.5411 nm and
3.281–3.284 nm, respectively [202, 203, 204, 205, 206]. The ferroelectric symmetry
of the crystal is disputed. The symmetry seems to be monoclinic [203, 206, 207],
either space group B1a1 or P1a1, although XRD and neutron diffraction have been
fitted to orthorhombic B2cb [202, 204, 205]. An argument against orthorhombic
B2cb is that the multicomponent polarisation observed for BiT is incompatible with
this symmetry [206]. The B1a1 symmetry will briefly be described. The crystal is
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body-centred cubic (BCC, P1a1 indicated that the crystal is primitive), only the
unity-operation reproduces the crystal with respect to a (no glide, mirror, screw,
etc.), glide in b (mirror in b-face, followed by translation of r̄ = (a/2, 0, 0)) and only
the unity-operation reproduces the crystal with respect to c. As such, both a and c
have low-symmetry and can exhibit spontaneous polarisation. The corresponding
point group is m (only mirror in b).

The major ferroelectric component is along a-axis, with ceramic capacitors
showing remnant polarisation (2Pr) of >40 µC/cm2 [207, 208]. The minor compo-
nent is along c-axis, with a spontaneous polarisation about 4 µC/cm2 [207].E c is
50 kV/cm along a-axis and 7.8 kV/cm along c-axis [207].

The ratio a/b is 1.007 at room temperature. At around 675 ◦C, the distortion
between a and b disappear and the crystal becomes tetragonal [209, Fig. 4, a and b
appears to be switched]. The phase transition is discontinuous [202, 207, 210, 211].

BiT is a WBG semiconductor with a bandgap of 2.9–3.1 eV [212] and is in-
trinsically p-type due to its defect chemistry [213]. Bismuth is volatile at high
temperature and may be lost during processing. The lost bismuth generates vacan-
cies (V′′′Bi) that accepts three electrons (creating three holes) [208, 214]. The vacancy
is paired with loss of oxygen, resulting in oxygen vacancies (V••O ) that donates two
electrons. The vacancies lies in the perovskite layer and becomes highly conductive.
A consequence of the localised defects is that conduction becomes anisotropic – the
[Bi2O2]2−-layers are insulating and prevents conduction along c-axis, but conduc-
tion is possible in a-b plane (along the perovskite-blocks). BiT is often doped to
improve its properties and to reduce its conductivity. Doping is by A-site substitu-
tion, B-site or both. A-site substitution is highly successful, as replacing Bi with a
more stable trivalent element means that the paired V′′′Bi-V••O defects are prevented
to form. A-site substitution can be quite high (around 20 % at.) and might bet-
ter be considered alloying. The substitution is by lanthanides, and examples from
the literature are lanthanum [215], praseodymium [216], neodymium [217, 218],
samarium [219], holmium [220] and erbium [221]. A-site substitution stabilises the
crystal, but in doing so reduces the transition temperature by several hundreds of
kelvin [216, 219, 222]. A-site subsitution is unsuitable for high-temperature appli-
cations because of the reduced transition temperature. B-site substitution is less
successful than A-site, as it cannot prevent the V′′′Bi defect from forming. However,
B-site doping is usually not done with tetravalent elements but instead done with
higher valencies (5+ or 6+). The doping is n-type and compensates the p-type
doping of the V′′′Bi-defect. The substitution is by transition metals, and examples
from the literature are vanadium [208, 214, 217, 223, 224, 225], zirconium [218],
niobium [223], molybdenum [220] and tungsten [223]. The substitution is less than
1 % and the transition temperature only reduces by a few kelvin [208, 225]. As such,
B-site doping is suitable for high-temperature applications. Choi et al. showed in
a comparison between vanadium, niobium and tungsten that vanadium gave the
lowest leakage currents [223]. Vanadium is pentavalent (V5+) and changes the
stochiometry somewhat (Bi4−x/3Ti4−xVxO12, BiTV).

Thin films have demonstrated 2Pr of 11–64 µC/cm2 andE c of 40–180 kV/cm,
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with process temperatures in the range of 600–750 ◦C [215, 217, 218, 220, 223, 224].
The ferroelectric materials are compared in table 2.10. It is emphasised that

there is a considerable spread of values in the literature, and thin film materials
behave different from bulk films.

2.2.3 Overview of ferroelectric processing
Ferroelectric processes are divided into capacitor over field oxide (COFO) or capac-
itor over plug (COP). Historically COFO was the process of choice until chemical-
mechanical polishing (CMP) became an accepted process. COFO places the fer-
roelectric capacitor over the thick field oxide. The capacitor needs to be offset
to provide connection to the bottom electrode. COP places the capacitor over a
tungsten plug, which provides electrical connection to the bottom electrode. COP
does not need an offset cell, and as such the area of the capacitor could be reduced
without reducing the effective ferroelectric area.

Thin film ferroelectric materials can be grown by a variety of methods, like
sputtering-based methods [187, 194, 201, 226], CVD-based methods [186, 189, 192,
227, 228], pulsed laser deposition (PLD) [185, 190, 197, 215, 224, 229, 230] and
chemical solution deposition (CSD) [188, 195, 196, 199, 200, 216, 217, 218, 219,
220, 223]. All methods have their advantages and disadvantages. The common
challenge of ferroelectric material growth are growing films...

• ... that are stochiometric

• ... that have correct orientation

• ... over large areas

• ... over 3D geometry

• ... with high-temperature processes

Etching compounds like BiTV by RIE requires taking into consideration the
possible etch products from each element. Several possible etch products are shown
in table 2.9. The chlorides have low melting point, although bismuth bromide has
somewhat lower melting point. As such, Cl-based RIE is a good choice. However,
none of bismuth etch products can be considered "volatile". It should be clarified
that bismuth is volatile at high temperature, but RIE is typically performed at
relatively low temperatures. Both F-based etches and Cl-based etches have been
investigated for etching BiT, and generally the highest etch rates are achieved at
80 % Ar / 20 % Etchant (CF4 / Cl2) [231, 232, 233, 234]. The etch mechanism of
BiT and related materials (like SBT) is strongly dependent on ion-assisted etching.
Argon contributes to the etch by both sputtering and by ion-assisted chemical
reactions [235]. Too little relative amount of argon leads to too little ion-assistance
effect, too much and there is little chemical-assistance.
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Table 2.9: Volatility of etch products of BiTV and platinum in RIE.

Material Etch product m.p. (◦C) b.p. (◦C)

Ti
TiF4 377

TiCl4 -24 136

TiBr4 39 230

V
VF5 19 48

VCl4 -24 148

Pt
PtF6 61 69

PtCl4 370

PtBr4 180

Bi
BiF3 649

BiCl3 227 447

BiBr3 219 462
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Table 2.10: Ferroelectric properties of some NVM-relevant materials. Data from [38, 187, 188, 189, 190, 191, 192, 193,
195, 196, 197, 199, 200, 201, 215, 217, 218, 220, 223, 224, 236].

Ferroelectric PZT o-HfO2 SBT BiT BFO

Chem. form. Pb(Zr,Ti)O3 HfO2 SrBi2Ta2O9 Bi4Ti3O12 BiFeO3

Structure Perovskite Orthorhombic Aurivillius Aurivillius Rhombohedral

2Pr (µC/cm2) 40–80 20–40 10–20 10–60 100

E c (kV/cm) 50 1000-2000 10–100 40-180 250–330

T0 (K) 640 770 840 948 1100

Proc. Temp. (◦C) 350–700 450–1000 650-850 600–750 360–600
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The bare minimum of a ferroelectric capacitor is two electrodes and a ferroelec-
tric material sandwiched between the electrodes. The ferroelectric capacitor is typ-
ically either a metal-ferroelectric-metal (MFM) capacitor or a metal-ferroelectric-
semiconductor (MFS) capacitor. The MFM is relevant for 1T-1C memory and
MFS for 1T memory. While it is emphasised that ferroelectricity is a bulk prop-
erty (see Sec. 2.2), the addition of the electrodes, whether they be metallic or
semiconducting, influences the properties of thin film ferroelectric materials.

The ferroelectric has a spontaneous polarisation throughout the bulk, and ac-
cording to the dielectric boundary condition must induce a polarisation at inter-
faces. As such, there is an induced polarisation in the metal/semiconductor (in
the absence of fixed charges at the interface). However, neither the metal nor the
semiconductor can thermodynamically sustain spontaneous polarisation because
neither are ferroelectric (this discussion assumes non-ferroelectric semiconductor).
The energy of the entire system, not the energy of the ferroelectric alone, must be
minimised at equilibrium conditions. The influence of the electrodes are quantified
through their reciprocal capacitance 1/Ce ∼ λ/εe, where λ and εe are the rele-
vant thickness and permittivity of the electrode, respectively. An infinitely small
reciprocal capacitance (equivalent to λ = 0) would not induce any energy penalty
for the ferroelectric. A non-zero energy penalty means that the ferroelectric phase
becomes destabilised and reduces the transition temperature [181]. This discussion
can also be understood from the concept of the depolarisation field (E d). The volt-
age drop over a MFM with symmetrical electrodes is V =E FEdFE +E e(2λ), and
the dielectric boundary condition at the electrode/ferroelectric interface requires
that εeE e = ε0E FE + (P − σ), where σ is the surface charge density at the MF
interface andE FE is the field through the ferroelectric. Solving forE FE from these
two equations gives

E FE =
V − 2λ

εe
(P − σ)

dFE + 2λ ε0
εe

[MLT−3I−1] (2.17)

For the case that V = 0, Eq. 2.17 givesE FE(V = 0) = −E d 6= 0. The
depolarisation field always points in the opposite direction of the polarisation. In
the ideal limit of λ → 0, the depolarisation field reduces to 2λP/dFEεe. An issue
with the depolarisation field is that the electric field over the electrodes can cause
charge injection that compensates the polarisation (origin of σ) [237].

In order to preserve the ferroelectric phase, the electrodes must have as small
λ as possible. The depletion width of the semiconductor depends on the doping,
with λ = Wdep = P/qN , thus 1/Ce = λ/εe = P/qεeN . Higher doping is better,
but for 1T applications the doping is typically low (1015–1017 cm−3). Even if the
highest doping is used, it is limited to ∼ 1021 cm−3. The depletion width is 6.2 nm
for a moderately high polarisation (∼ 10 µC/cm2) and high doping (∼ 1020 cm−3).
The corresponding depletion width in a metal is much narrower since the amount
of conduction electrons is ∼ 1023 cm−3. The charges inside the metal is treated as



48
2. MATERIAL PROPERTIES OF SILICON CARBIDE AND BISMUTH

TITANATE

a plasma, and the induced polarisation of the plasma gives depletion widths on the
order of the Thomas-Fermi screening length, which is given by

λTF =

√
εh̄2

q2me

(
π4

3ne

)1/3
[L], (2.18)

where me is the electron mass and ne is the electron concentration of the
electrode. The screening length of platinum, with an electron concentration of
6.6× 1022 cm−3, is 58 pm. Metal electrodes are more "ideal" electrodes than semi-
conductor electrodes.

The electrode should form intimate contact with the ferroelectric. Since the
device relevant ferroelectric materials are often oxides, it is important that the
electrodes do not spontaneously oxidise and reduce the ferroelectric. The ferroelec-
tric becomes depolarised by the interfacial layer according to the previous discussion
if the electrode forms interfacial insulating oxides. The electrode options are noble
metals (platinum, iridium, gold, silver) or conductive oxides (strontium ruthenia,
SrRuO3, iridia, IrO2, lanthanum strontium cobalt oxide, La0.5Sr0.5CoO3).

Platinum is arguably the most common bottom electrode material used. The
platinum is dense and has a (111)-oriented microstructure when deposited at 400–
500 ◦C [189, 238, 239], and serves as an excellent growth template for ferroelectric
materials. Sputter deposition at low temperatures gives compressively strained
films that relax by forming hillocks during high-temperature processing [240, 241].
Increasing amount of hillocks increases the likelihood of short-circuit failure in SBT
capacitors [240]. Platinum can become tensile strained at room temperature after
relaxation at high-temperature annealing due to differences in TEC between plat-
inum and silicon [240, 241]. As such, it is likely that internal stresses of platinum
on SiC will be different from platinum on silicon, because the TEC is different for
silicon and SiC (see table 2.1). Platinum is a noble material and does not easily
bond to other materials. It has characteristically poor adhesion to SiO2. An adhe-
sion layer is needed between platinum and SiO2, and the adhesion layer is typically
titanium or titania (TiO2 or possibly oxidised titanium, TiOx). The crystalline
structure of TiO2 can influence the ferroelectric growth [189]. TiO2 has better
adhesive properties than titanium for high-temperature processes [239]. In addi-
tion, TiO2 remains stable during the high-temperature oxidation process required
for ferroelectric processing, unlike titanium [238]. The TiO2 thickness influence
the platinum and ferroelectric films [239]. Other adhesion layers, like tantalum and
Ta2O5 (possibly oxidised tantalum, TaOx), have been investigated as adhesion layer
[242, 243, 244], with mixed results. The top electrode, too, influence the properties
of the ferroelectric capacitor [190, 245].

Oxide electrode have been investigated primarily for PZT. PZT has poor en-
durance on platinum electrodes, but achieve high endurance on oxide electrodes
[188, 246, 247, 248]. Endurance is the measure of how many times the memory
device can be switched without wearing out. The oxide electrodes act either as
oxygen vacancy sinks or enhance charge injection relaxation [249]. SBT has ex-
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cellent endurance on platinum and oxide electrodes are typically not needed. BiT
has been investigated on oxide electrodes [250, 251, 252, 253]. A challenge with
using SrRuO3 is that the (001) orientation must be avoided, otherwise BiT grows
c-axis oriented [251, 253]. (111) oriented SrRuO3 gives a good BiT orientation,
(104) [251]. A practical solution to get (111)-oriented SrRuO3 is to grow it on
Pt(111) [253]. Reactive sputtered IrO2 (100) gives (111)-(110) oriented BiT with
good ferroelectric properties [252].

It is known in that hydrogen reduces ferroelectrics like PZT and SBT and
severely degrades their ferroelectric properties [254]. The resistivity of BiT de-
creases with increasing hydrogen exposure, and it loses its fatigue-free behaviour
[255]. Hydrogen exposure can occur in forming gas anneal and PECVD deposition
of SiO2 and SiNx. Both metallic hydrogen barriers [256, 257] and dielectric hydro-
gen barrier [258, 259, 260, 261, 262] have been investigated, with Al2O3 being a
noteworthy and commonly cited dielectric hydrogen barrier.

The simplified process is the most standard ferroelectric MFM capacitor evalua-
tion process, with numerous publications using this process flow [187, 188, 189, 190,
192, 199, 200, 215, 216, 218, 219, 220, 223, 224, 247]. The ferroelectric is grown on a
platinised wafer, followed by depositing a top contact (often gold or platinum, but
occasionally silver or a conducting oxide) that is patterned by lift off or a shadow
mask. Very rarely is the top contact etched. More advanced processes include con-
sideration of etching ferroelectric capacitors and the inclusion of hydrogen barrier,
but these reports are comparatively rare [196, 197, 256, 257, 258, 260, 262, 263].

2.3 Implications of material properties

The properties of SiC and BiTV was discussed in the previous two sections. The
material properties has important implications for device fabrication and design.
The anisotropic nature of the materials, in particular, proved very important for
my devices. I neglected to take the anisotropy of SiC in consideration in the second
CMOS batch, which resulted in poor transistor performance.

Commercially available 4H-SiC wafers are typically (0001) oriented with an off-
axis cut of 4◦ towards (112̄0). The highest mobility in SiC is achieved for vertical
devices, like power devices and the low power bipolar junction transistors, where
conduction is parallel to the c-axis. The low power devices that I designed were
lateral devices, and as such the conduction is in a-plane, which has the lowest
mobility. A consequence of the 4◦ off-axis cut is that step bunching occurs. Step
bunching is the apparent emergence of macrosteps from many microsteps [17, p. 88].
These large terraces are 2-8 nm in height and extend a few 100 nm parallel to
[112̄0], but several millimetres parallel to [1̄100]. Unbeknownst to me, I designed
the transistors to have the current conduction parallel to [112̄0], which may give a
lower mobility than conduction along [1̄100] due to the inclusion of step bunching
[264]. If I had taken this anisotropic behaviour into account when doing the original
design, I would have rotated the transistors by 90◦ to be oriented like the devices
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in [116, Fig. 3]. The anisotropy has some direct consequences for fabrication of
3D transistors. The top-surface is the Si-face (0001), which is polar and has only
silicon atoms exposed (if on-axis cut). Trench geometries, which are present in
trench power MOSFETs and recessed channel transistors, have sidewalls that are
partly a-face or m-face. The a-face is non-polar and has 50-50 % silicon/carbon
atoms exposed. The anisotropic crystal gives different chemical properties, which
are most noticable in oxide growth (App. I). I did not properly take this anisotropy
into account when designing the process for the second version of the SiC CMOS
process flow. The consequence was that the oxide grew too thick in the wrong place
and caused the severely degraded transistor performance seen in process version 2
(see Sec. 5.1.2). The device related crystalline anisotropy of my recessed channel
devices is shown in Fig. 2.11.

Knowing the material properties enables us to predict new phenomena. I hy-
pothesised that metallic systems that provide low resistance ohmic contacts to
p-type 6H-SiC should also provide low resistance ohmic contacts to p-type 4H-SiC.
Consider that it is observed that the energy difference between the vacuum energy
(E0) and valence band edge energy (EV ) is almost the same between polytypes
(E0 − EV ∼7.1 eV) [51, 52, 53, 54]. In 1996, Nils Lundberg and Mikael Östling
showed that directly reacting cobalt with 6H-SiC gave low resistance ohmic contacts
to p-type 6H-SiC [265]. If the contact they found was a Schottky-Mott like ohmic
contact, the Schottky barrier height for holes should be almost the same to 4H-SiC,
and as such also a low resistance ohmic contact to p-type. With the recent finding
that nickel silicide could be self-aligned [162], I considered that cobalt silicide could
be a candidate as a self-aligned contact to p-type 4H-SiC. This study resulted in
PAPER III (see Sec. 4.4.1 for process details and results).

The strong anisotropy of BiTV requires that it is either a-axis or c-axis oriented.
The a-axis provides the best ferroelectric properties, but also the worst insulating
properties. It is difficult to grow perfectly epitaxially grown (100) BiT because of its
crystal structure, and as such it is better to have a randomly oriented polycrystalline
film, where the grains have partial a-axis orientation, like textured (117). A simple
metric for non-c-axis orientation is the relative intensity of the strongest (00l) peak
to (117) peak in x-ray diffraction measurements: the smaller the I00l/(I117 + I00l),
the more non-c-axis oriented the film is.

https://link.springer.com/article/10.1007%2Fs11664-019-07020-0
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Figure 2.11: a) Definition of directions. The 4◦ off-cut is taken into account. b)
Consider a SiC sidewall. The top and flat surface is Si-face and the sidewall is
a-face. A thermal oxide is grown. The oxide on the sidewall is thicker than the
oxide on the flat surfaces. c) A recessed channel device. A consequence of having
thick sidewall oxides is that the oxide in the corners (pointed out) is much thicker
than the rest of the channel, and as such difficult for the gate to control. d) A 3D
sketch of a recessed channel device, with exaggerated step bunching. The surface
appears rough along the channel length because of the step bunching. If the channel
had been rotated by 90◦ along c-axis, the surface would be rough along the channel
width and had less influence in the scattering, which depends on how charge carriers
move along the channel length.



Figure 3.1: 4bMCCMOS mask pattern. I designed the layout of the recessed chan-
nel transistors, the process control structures and basic circuits, like the 101-stage
ring oscillator. Muhammad Shakir at KTH ELE is acknowledged for designing the
4-bit microcontroller and arithmic logic units (ALUs).
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Design of devices and circuits

The first step to fabricating CMOS is to design the transistors and circuits. Ana-
lytical models allow simple prediction of the transistor behaviours. While CMOS
is difficult to fabricate, its logic circuits are fairly easy to design. Transistor and
circuit design also includes drawing the layout, like that of the 4bMCCMOS ("four
bit microcontroller and SiC CMOS") mask shown in Fig. 3.1.

In this chapter, an overview of the current state of digital circuits in SiC tech-
nology is presented in Sec. 3.1, with an emphasis on the field-effect transistor
technologies. The bulk transistor, the recessed channel transistor, and the design
of transistors are covered in Sec. 3.2. Finally, the circuit design, with emphasis on
wide- and high-temperature operation, is presented in Sec. 3.3. Appendices F and
G provide detailed information on the electrostatics of the bulk transistor and the
λ-based layout rules.

3.1 Overview of logic families in SiC technology

There are several different logic families that are currently under consideration for
SiC technology. These include two BJT-based logic families and three FET-based
logic families. The different families will be briefly presented at a high abstraction
level. It should be emphasised that each logic family and transistor implementa-
tion will have its own advantages and disadvantages. The implementation of the
inverter (NOT-gate) and NAND2-gate will be used as examples for the field-effect
transistors. The NAND2-gate is a fundamental gate for logic design because it is
functionally complete.

3.1.1 Logic with bipolar junction transistors
The basic BJT can be described as two back-to-back connected PN-diodes, either
NPN or PNP. The following description is for the NPN, the PNP is simply the com-
plement of NPN. The NPN is an asymmetric device, n/p/n+, with n the collector,

53
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p the base and n+ the emitter. Varying the potential between collector and emitter
has little effect on the current from collector to emitter because the collector-base
is reverse-biased, and prevents current flow. If the base-emitter is forward biased,
the emitter injects electrons into the base. These electrons diffuse and are collected
by the collector, which generate a steady-state current from collector and emitter.
The electrons that go into the base are equal to the holes that go into the emitter.
This is a parasitic current that reduces the input impedance. The ratio between
the base current and the collector current is the common emitter current gain, and
should be much larger than 1. The BJT is described as a current controlled cur-
rent source, unlike the FETs that are better described as voltage controlled current
sources. Detailed description of BJTs can be found in textbooks [36, 266].

The BJT does not require a critical gate oxide. A SiC BJT could likely oper-
ate up to its intrinsic temperature, provided that the contacts, metallisation and
passivation all can handle the operating temperature. The BJT does require low
resistive contacts to both n-type and p-type. It is challenging to fabricate PNP-
transistors with high common emitter current gain, because the current gain of the
PNP is proportional to the µp/µn-ratio, which is low in SiC. In practice only NPNs
are fabricated and optimised. The absence of PNP-transistors is most often solved
by using linear resistors in their place, but scalability greatly suffers by using resis-
tors. A limitation of BJT transistors is the lack of an ohmic operating region, and
consequently dense pass logic cannot be implemented with BJT transistors. The
input impedance of BJTs can be low if the current gain is poor, which is typical
of 4H-SiC BJTs. BJT technology is compatible with unipolar resistive memory
devices.

Two logic families are commonly used in BJT technology, emitter-coupled logic
(ECL) and transistor-transistor logic (TTL). SiC-ECL is presented in Sec. 3.1.1.1
and SiC-TTL in Sec. 3.1.1.2.

3.1.1.1 Emitter-coupled logic

ECL is based on using a differential amplifier to determine the logic state. It is
very sensitive to small variations in input voltage, but also generate small output
voltages. Because the voltage swing is small, the charge stored on parasitic ca-
pacitance nodes is also small and can quickly be charged/discharged. BJTs have
large drive current capability and can quickly sink or source the current necessary
to charge/discharge nodes. As long as the transistors operates in non-saturation
region, they can be quickly turned on/off because there is little charge stored inside
the reverse-biased collector/base junction. All of these features means that ECL
is extremely fast. Another unique advantage of ECL is that it generates comple-
mentary output signals, and as such all INV gates are also buffer, and all NOR2
gates are also OR2 gates. The disadvantage of ECL is its power dissipation, which
is high even in standby. The default functionally complete logic gate is NOR2.

SiC-ECL was first implemented in 4H-SiC technology and was pioneered by
Luigia Lanni at KTH in 2012 [267, 268, 269, 270]. NOR2 gates and ring oscilla-
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tor was demonstrated up to 600 ◦C, which was considered the upper limit of the
aluminium-based metallisation [269].

3.1.1.2 Transistor-transistor logic

TTL is suitable for dense logic applications thanks to its ease of adding additional
inputs to a logic gate (increasing X in NANDX). The basic INV gate is fairly
complex, but there are several versions of it. The input stage is always the common
base amplifier, but the phase splitter and push-pull output amplifier can be replaced
with a common emitter amplifier, although fan-out suffers. A third version of the
basic gate is to use an open collector amplifier as output stage (common emitter but
without pull-up resistor), which can act as a high-impedance output stage. This
allows multiple gates to be connected to the same output-node without conflict,
provided all are connected to a common pull-up resistor. As such, TTL offers
many advantages compared to ECL for logic design. The disadvantage is its slow
speed.

Lee, Singh and Cooper (Applied Materials and Purdue University) demon-
strated the first SiC TTL INV gate 2008, in 4H-SiC technology [271]. These devices
were operational up to at least 350 ◦C [271, 272]. More recently, KTH has been
investigating TTL circuits, with NAND2, INV and ring oscillators having been
demonstrated up to 600 ◦C [273, 274]. I designed a 64 bit TTL-SRAM memory
system for the 4 bit TTL microcontroller, implemented in KTH SiC BJT technol-
ogy, that was designed by Muhammad Shakir. The circuit design was performed in
LTspice [275] and based on ideas from CMOS SRAM/DRAM circuits in [37, 276],
using BJT SPICE models by Raheleh Hedayati [30], memory cell design found in
[36, Sec. 9.1.3] and verified by implementing a TTL-based finite-state machine
that performed the March C- algorithm [277, Sec. 12.2]. Poor process yield caused
only part of the memory system to work. More information on the 4 bit TTL
microcontroller can be found in [278].

3.1.2 Logic with field effect transistors
FETs is a large family of devices, all of which relies on the field effect modulation
of charge carriers. These include metal-semiconductor FETs (MESFETs), junction
FETs (JFETs) and metal oxide semiconductor FETs (MOSFETs). There are other
FET devices, like HEMTs (see GaN technology in Sec. 2.1.6), but these won’t be
covered here.

The characteristic features of FETs, as compared to BJTs, is that the input
impedance is very high and they exhibit an ohmic behaviour under certain condi-
tions (gate voltage high enough to turn the transistor on and low drain voltage).
As a very general rule, the input impedance is the lowest for MESFETs, which has
only the Schottky barrier height as the limitation, followed by the JFET, which
can have a high potential barrier which is set by the bandgap, with the MOSFET
having the highest input impedance set by the gate dielectric thickness and the
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potential barrier set by the dielectric/semiconductor interface. The MOSFET has
a large amount of defects either at the interface or near it which cause considerable
amount of noise. JFETs are generally preferred for low-noise amplification, as they
can have lower amount of defects. MESFETs have advantages for RF applications,
thanks to its highly conductive metal-gate. FETs are compatible with almost all
memory technologies thanks to their ohmic behaviour in on-state, but only MOS-
FETs are compatible with floating gate and SONOS memory devices, since they
are memory functionalised MOSFETs.

Processing-wise, the MESFET is arguably the easiest to fabricate, with the only
requirement being two doped regions (typically n+ and n), one metal that provides
a high enough Schottky barrier height to n-type, and low resistance ohmic contact
to n+. The JFET requires three doped regions (typically n+, n and p+), but it only
requires low resistance ohmic contact to n+, as high current should not be passing
through the p+-gate. The n-channel MOSFET (NMOS) is the most complicated
single transistor technology, with at least three doped regions (n+, p and p+), a gate
dielectric, a gate electrode, and low resistance ohmic contact to n+. Complementary
MOSFETs (CMOS) is the most challenging, as it requires fabricating high quality
NMOS transistors and p-channel MOSFETs (PMOS) at the same time. CMOS
requires at least four doped regions (n+, p, n and p+), a gate dielectric that has
low enough defects that it can modulate both holes and electrons, a gate electrode
with suitable work function for both n-type and p-type semiconductor, and low
resistance ohmic contacts to both n+ an p+. Details on the MESFET and JFET
devices can be found in textbooks like [266, Ch. 7], this thesis is about the CMOS.
Like the SiC BJT, a SiC JFET can likely work up to the intrinsic temperature,
provided that contacts and metallisation can handle the operating temperature. A
SiC MESFET would be limited by thermionic gate leakage at high temperature
and at worst by metal/SiC reactions. The SiC MOSFET is limited by gate oxide
degradation that cause parametric yield loss over time or at worst by dielectric
breakdown.

A consequence of the way that JFET and MESFET devices are fabricated is that
they are normally-on, which complicates circuit design. CMOS, in general, is easy
to fabricate normally-off in germanium-, silicon- and SiC-technology. Normally-on
circuit design is covered in Sec. 3.1.2.1, static NMOS logic is covered in Sec. 3.1.2.2
and static CMOS logic is covered in Sec. 3.1.2.3.

3.1.2.1 Level-shifted and normally-on MESFET/JFET

A normally-on transistor cannot be turned off with only one power supply (Vdd and
GND). The solution is to use a level-shifting stage that is connected to a second
power supply (Vss) that is lower than GND. This is a disadvantage compared to
BJT-based circuits and normally-off FET circuits that typically only requires one
power supply. Since these circuits do not use complementary transistors, some of the
pull-ups and pull-downs are implemented with resistors that limit scalability. Work
is being performed at Kyoto University to fabricate complementary normally-off SiC
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JFET (SiC CJFET) [279, 280], and very recently both normally-off p-JFET and n-
JFET on the same wafer (75 mm, high-purity semi-insulating) were demonstrated
to be operational up to 400 ◦C [280].

Digital circuits were demonstrated with 4H-SiC MESFETs by Alexandru et al.
of CNM-IMB in 2013 [34, 281, 282]. Basic gates like INV, NAND2, NOR2 and
complex gates like XOR, data flip-flop (DFF) and toggle flip-flop (TFF) have been
demonstrated to work up to at least 300 ◦C.

Research on JFET devices for circuits in 6H-SiC goes all the way back work by
NASA in 1966 [283]. In 2008, Krakowski of NASA Glenn Research Center proposed
how to make logic circuits with normally-on SiC JFETs. The following year, several
articles on SiC JFET logic circuits was published [284, 285, 286, 287]. The output
since then has been prolific [11, 35, 288, 289, 290, 291] and represents an impressive
technology development. Not only has very complex circuits like 16 b SRAM been
demonstrated [35], but also 60 day operation of a ring oscillator in a high fidelity
Venus atmosphere simulator [11], a yearlong demonstration of circuit operation at
500 ◦C in air [291] and operation at 800 ◦C [290].

The INV and NAND2 gates using level-shifted logic with normally-on devices
are shown in Fig. 3.2. The design was originally proposed by Krasowski [292], and
was later used in the MESFET logic design by Alexandru et al. [293].

3.1.2.2 Static NMOS

Static NMOS has many advantages compared to the other circuit families. The
use of MOSFETs gives transistors with high input impedance and normally-off
behaviour. NMOS are excellent transistors for sinking current, but poor current
sources. The pull-down network is always enhancement-mode NMOS transistors,
but variations exist in how the pull-up network is designed. The simplest solution
that is rarely used in practice is to use a pull-up resistor. It is difficult to correctly
match the resistance of a resistor to that of an NMOS. Instead, NMOS are used
as pull-ups. The use of NMOS-only devices means that the circuits are highly
scalable. An NMOS gate can be faster than the corresponding CMOS gate for the
same size because the slow PMOS is avoided. The NMOS pull-up has three common
designs that are presented in table 3.1. The disadvantage of NMOS logic is that the
quiescent power consumption is high when the gate output is low, because there
is a low-impedance path from Vdd to Vss through both the pull-up and pull-down
transistor. Another disadvantage is its lower noise margin compared to CMOS
(depends on the design). More information on NMOS logic can be found in older
textbooks, like [294, Sec. 3.3].

In 1994, Xie, Cooper and Melloch of Purdue University demonstrated static
NMOS in 6H-SiC, which was also the first demonstration of monolithic digital
integrated circuits in 6H-SiC technology [295]. Several complex digital gates, like
XNOR and half adders, were demonstrated to be operational up to at least 300 ◦C.
It used the non-saturating enhancement-load design. High-temperature inverters
and ring oscillators (up to 200 ◦C) using depletion-load was demonstrated in 2000
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Figure 3.2: Normally-on JFET INV and NAND2 gate. a) The inverter is composed
of two stages: a common source amplifier as input stage and a common drain
amplifier with a voltage divider as output stage. If the input A is high, N1 conducts
and sinks current. N1 is stronger than R1 in the voltage division and the voltage is
pulled to ground. To turn N1 off, A must be lower than ground potential, since N1
is normally on at A = 0 V. R1 is stronger than N1 when N1 is off and the node is
pulled high. Note that N2 is on irregardless of if the node is pulled to Vdd or ground.
The source of N2 follows the voltage of the gate, with an offset corresponding to
Vp. As a first approximation, the source can assume the values {+|Vp|, Vdd}, if the
finer details of the load-condition is ignored. The voltage divider (R2 and R3) will
give an output value Y that is between Vs (N2) and Vss. Vss must necessarily be
< −|Vp| < 0 to allow Y < −|Vp|. If Y < −|Vp|, the next stage input transistor will
turn off (like N1 in this inverter). b) Adding a transistor (N2) in series with N1
turns the inverter to NAND2. R1 pulls up the gate of N3 if either A or B are low.
Only when both A and B are high is the gate of N3 pulled low.

by Schmid et al. of DaimlerChrysler/Cree [296]. The first 4H-SiC demonstrations
were performed by Le-Huu et al. of Robert Bosch GmbH/Fraunhofer IISB in
2010–2011 [297, 298], and surprisingly using resistive-load. General Electronics
demonstrated their first digital circuit (a ring oscillator) in 4H-SiC in 2014, using
enhancement-load, possibly the saturated kind, although it should be noted that
they have been working on NMOS-based analogue electronics since at least 1996
[299, 300, 301]. Kuroki et al. of Hiroshima University recently demonstrated NMOS
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Table 3.1: Different NMOS logic designs. The designs are saturating enhancement-
load (Sat E-load), non-saturating enhancement-load (Non-Sat E-load) and
depletion-load (D-load). E is enhancement-mode NMOS, D is depletion-mode
NMOS. The saturating enhancement-load design is simplest but suffers from poor
pull-up. The non-saturating enhancement-load design solves this problem by adding
a second power supply (Vgg > Vdd + Vt) that allows the NMOS to pull-up all the
way to Vdd and never saturates (always ohmic). The depletion-load design uses a
depletion-mode transistor that clamps Vg to the output, which is the same as Vs,
thus Vgs = 0. A depletion-mode NMOS is a normally-on transistor. The addition
of depletion-mode transistors increases process complexity. The high level Vhl dif-
fers between the different designs, the low level Vll is determined by the relative
strenght of the pull-down network to the pull-up network. The ion implantations
are assumed to be n+ source/drain, p+ body contact, possible threshold voltage
adjustment, and n implantation for depletion-mode behaviour. An epitaxial p-well
has been assumed.

Design Sat E-load Non-Sat E-load D-load

Pull-up transistor E E D

Pull-up Vg Vdd Vgg Vout (= Vs)

# Power supplies 1 2 1

Vhl Vdd-Vt Vdd Vdd

Vll ∼ Vss ∼ Vss ∼ Vss
# Ion implantations 2-3 2-3 3-4

logic and "pseudo CMOS" for extreme environment applications [302]. The NMOS
logic has been popular in SiC technology, with at least five different groups that
either have or are currently working on it.

The INV and NAND2 gates using depletion-load are shown in Fig. 3.3.

3.1.2.3 Static CMOS

What CMOS pays in process complexity, it earns in circuit simplicity. CMOS
only requires one power supply, although more may be added for threshold voltage
control. The PMOS transistors form the pull-up network and the NMOS transistors
the pull-down network. Because of the complementary nature of CMOS, the PMOS
transistors are off when the NMOS transistors are on and vice versa. There is no
low-impedance dc-pathway from Vdd to Vss and consequently the quiescent power
consumption is very low. The major power consumption occurs when transitioning
from one output to the other, as both NMOS and PMOS are partially on at the



60 3. DESIGN OF DEVICES AND CIRCUITS

Figure 3.3: Depletion-load NMOS INV and NAND2 gate. a) If A is low, the
enhancement-mode NMOS E1 is off. The depletion-mode D1 transistor is normally-
on and conducts current. Vgs is clamped at 0 V (Vg = Vs), and as such always source
the same amount of current, provided that Vds > Vgs − Vt = |Vt|. It will quickly
pull Y up to |Vt| of D1, after which it will behave as a resistor and slowly pull up
towards Vdd. If A is high, E1 is on and sinks current. Since it tries to pull down
Y → 0, Vds of D1 goes to Vdd, and D1 enters saturation and provides a constant
current. E1 needs to be much stronger than D1 to pull down Y . b) The NAND
adds an enhancement-mode NMOS (E2) in series with E1. If either A or B are low,
D1 pulls up Y . Only when both A and B are high can E1 and E2 pull down Y .

same time. Because PMOS is an excellent current source, and NMOS is an excellent
current sink, the voltage output is rail-to-rail. Since resistors are not needed and
everything is designed with transistors, the circuits are highly scalable. The noise
margin approaches half of the power supply for well designed circuits, and thus
digital CMOS circuits can have good noise immunity. The disadvantage of static
CMOS is its slow speed compared to some other circuit designs.

The first SiC CMOS circuit in 6H-SiC technology, an operational amplifier,
was demonstrated by Slater, Lipkin and Johnson of Cree in 1995 [303]. The first
demonstration of digital SiC CMOS was by Ryu et al. of Purdue university [304,
305, 306]. Ring oscillators and INV were demonstrated up to 300 ◦C, and XOR,
half-adders and flip-flops at room temperature. Since then, a few different groups
have investigated SiC CMOS, like Okamoto et al. of National Institute of Advanced
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Industrial Science and Technology (AIST) [100, 307], Albrecht et al. of Fraunhofer
IISB [113], Soler et al. of IMB-CNM [308] and Masunaga et al. of Hitachi [309, 310].
The most prolific group has been Raytheon [33, 311, 312, 313, 314, 315] and their
collaboration with Newcastle University [79, 90, 316, 317, 318] and University of
Arkansas [10, 29, 32, 319, 320, 321, 322]. Despite of this impressive output, very
little has been revealed of their SiC CMOS process called "HiTSiC",

• Selective doping by ion implantation, 4–6 (p+, n+, n-well, p-well, threshold
voltage adjustment) [311, 312, 314] with carbon cap protection during anneal
[315]

• "Thick field oxide is formed" [311, 312], or "grown" [314, 315]

• "Thin gate dielectric is formed" [311, 312], or "grown" [314, 315]

• Doped polysilicon gate electrodes [311, 312, 313, 314, 315]

• "Nickel based contacts are formed on the doped regions" [311, 312]

• "[...] a refractory metal interconnect is deposited and patterned" [33, 312, 313,
314, 315]

• "[...] an oxide layer is deposited for final passivation" [311, 312], or "with
suitable barrier layer" [314, 315]

• "[...] finished with a gold layer on the bond pad sites" [313, 314, 315]

The gate dielectric has an equivalent oxide thickness (EOT) of from 33–36 nm
[315] to 40 nm [33, 312], the power supply is 15 V [33, 311, 312, 313, 314, 315] and
the channel length is 1.2 µm in circuits [311]. Two level poly-electrodes were used
to form linear capacitors [33, 313, 314, 315]. It is claimed in the paper by Martin et
al. that the same gate oxide layer is used for both NMOS and PMOS [316]1. The
mobility in the short-loop process is ∼12 cm2/Vs and ∼4 cm2/Vs for NMOS and
PMOS, respectively [79]. Given the mobility values, it is likely that Raytheon is
using a nitridation process. It should be noted that, to the best of my knowledge,
Raytheon has not described their gate oxide process [33, 79, 90, 311, 312, 313, 314,
315, 316, 317, 318]. It was stated by Caley et al. that a challenge of designing
circuits in the Raytheon CMOS process was its lack of two level metallisation [320].
Complex digital circuits, like finite-state machines [320], digitally controlled pulse-
width modulator [322] and data converters (both digital to analogue and analogue
to digital) [29] have been demonstrated up to 300–400 ◦C.

The INV and NAND2 gates are shown in Fig. 3.4.

1It is claimed in the paper that the EOT is different, 34 nm for NMOS and 42 nm for PMOS.
However, calculation of capacitance equivalent thickness (CET) using data in table 1 gives 29.6
nm and 29.3 nm for NMOS and PMOS, respectively.
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Figure 3.4: CMOS INV and NAND2 gate. a) If A is high, N1 is on and P1 is off.
The output is pulled low. If A is low, N1 is off and P1 is on. The output is pulled
high. Since N1 is on when P1 is off and vice versa, there is no dc path between
Vdd and Vss, and the static power dissipation is low. Vt of the transistors can be
tuned by body biasing (Vbp and Vbn), although this is rarely used in practice and
the body potentials are connected to the power supplies, Vbp = Vdd and Vbn = Vss.
b) The NMOS transistors are connected in series and the PMOSs are connected in
parallel. If either A or B are low, one of the PMOS transistors are on and pulls
up the output. When both A and B are high, both N1 and N2 are on and pull
down the output. Neither of the PMOS transistors are on. It is common to have
the NMOS transistors share the same body potential (Vss), and likewise the same
with PMOS transistors (Vbp = Vdd). This causes a body effect in transistor N2.
The threshold voltage of N2 is higher than the nominally identical N1 while the
source of N2 is higher than GND (such as during the high to low output transition).
N2 can be weaker than N1 due to the body effect and limits the overall pull-down
network. Reduction of the body effect speeds up circuits.

3.2 CMOS transistors

CMOS requires at least two transistors: PMOS and NMOS. In this section, the
conventional bulk transistor will be presented in Sec. 3.2.1, followed by the un-
conventional recessed channel transistor in Sec. 3.2.2. Some of the different design
decisions of the recessed channel SiC CMOS transistors are presented in Sec. 3.2.3.
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3.2.1 Bulk transistor
Generic bulk transistors in both silicon technology and silicon carbide technology
are shown in Fig. 3.5. Several process technology advancements have enabled small
transistor sizes in silicon technology, like self-aligned ion implantation to gate and
self-aligned silicide contacts to gate (salicide). Silicon carbide process technology
is immature by comparison, and several process steps cannot be self-aligned. SiC
NMOS transistors in 6H-SiC technology have been demonstrated that used self-
aligned ion implantation [323, 324, 325, 326]. The solution was to anneal the
source/drain ion implant at low temperature (900–1200 ◦C) for as long time as
possible in order to reduce the sheet resistance without degrading the gate oxide
interface, with the best result achieved at 1200 ◦C for 3–5 min [326]. To the best
of my knowledge, self-aligned ion implanted SiC NMOS transistors have not been
presented in 4H-SiC technology. It is unlikely that SiC PMOS transistors in 4H-
SiC technology can be fabricated by self-aligned ion implantation for the forseeable
future, due to the current state of ion implantation technology. Anneals in excess
of 1700 ◦C are required for adequate damage recovery and dopant activation, which
is a too high temperature for gate integrity to be maintained. SiO2 will turn into
a viscous fluid at this temperature and polysilicon would melt. Elahipanah et al.
demonstrated very recently that silicides could be self-aligned to contact openings
to SiC [162], and may in the future be developed to a true salicide process (self-
aligned to gate, no lithography needed to open contact holes).

The operations of the bulk transistor are shown schematically in Fig. 3.6. For
gate voltages (Vgs) less than the flatband voltage (Vfb), the transistor is in accumu-
lation (Fig. 3.6a). For gate voltages between flatband and threshold voltage (Vt),
the p-type region is being depleted. For gate voltages higher than the threshold
voltage, the inversion channel can be formed provided that there is a source for
minority charges (Fig. 3.6b). Minority charges can be generated from the bulk,
but this process is slow. In narrow bandgap materials like germanium, the process
is fast enough that the generation is on the time-scale of ∼10 µs at room temper-
ature, for silicon it is >1 ms, and even longer for SiC at room temperature. The
bulk generation is proportional to the intrinsic charge concentration (ni), which is
proportional to exp(−Eg/2kBT ). A SiC MOS-capacitor without a minority charge
source will not show inversion in a typical C − V measurement because the mi-
nority charges are not generated fast enough to respond to the ac-signal, even at
high temperatures of ∼500 ◦C. The source (as in source/drain) is a minority charge
source for the transistor and allows the inversion layer to form.

A common definition of the threshold voltage, based on the electrostatics of the
MOSFET, is given by

Vt ≈ Vfb + 2ψB +
√

2εSiCqN−a · 2ψB
Cox

[ML2T−3I−1] , (3.1)

where, ψB is the body potential (approximately Eg/2q for typical dopings), εSiC
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Figure 3.5: Generic bulk transistors in silicon and silicon carbide technology. B =
Body, S = Source, D = Drain, G = Gate. a) Silicon bulk transistor. 1) The field
oxide (FOX) can be formed by masked thermal oxidation (local oxidation, LOCOS)
or by shallow trench isolation (STI). 2) The source/drain ion implantation is self-
aligned to the polysilicon gate. 3) The highly conductive silicide is self-aligned
to the gate. 4) The silicide forms low resistance ohmic contacts to both n-type
and p-type simultaneously. b) Silicon carbide bulk transistor. 1) The FOX cannot
be thermally grown on SiC by LOCOS (see App. I). 2) The source/drain ion
implantation is performed before gate module, preventing self-alignment. 3) The
silicide is lithographically defined in relation to the gate due to immature salicide
technology. 4) Separate contacts are often required to achieve low resistance ohmic
contacts to p-type and n-type.

is the permittivity of SiC, N−a is the ionised acceptor doping of the body (replaced
with N+

d for n-type in PMOS) and Cox is the area normalised gate dielectric ca-
pacitance. The transistor designer can primarily set the threshold voltage through
its square-root dependence of doping and through its linear dependence of gate
dielectric thickness (1/Cox = dox/εox, where dox is the gate dielectric thickness and
εox is the permittivity of the gate dielectric).

The current of the MOSFET depends on the gate voltage and drain current. If
Vgs < Vt, the transistor is in subthreshold and the current is given by

Id ≈ µeff
W

L
Cox(m− 1) ·

(
kBT

q

)2
· e

q(Vgs−Vt)
mkBT ·

(
1− e

−qVds
kBT

)
[I], (3.2)

where Id is the drain current, µeff is the effective mobility, W is the width of
the channel, L is the length of the channel and m is the bulk charge factor (1–1.4
for a well-designed transistor). The current in subthreshold is low, but it varies
exponentially with gate voltage. The subthreshold swing (SS, the reciprocal of the
number of decades of current per added mV to the gate voltage) is a measure of
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Figure 3.6: Four operating regimes of the generic bulk transistor. a) The gate is
negative and attracts holes to the gate dielectric interface. The holes accumulate.
b) The gate voltage is biased at flatband condition, for which the surface Fermi
energy of the semiconductor is aligned to the bulk Fermi energy. c) The gate is
positively charged and modulate the surface potential to inversion. The electron
density at the interface is equal to the hole density in the bulk. d) The highly
positive gate voltage forms an electron channel from source to drain, and externally
the transistor behaves as a resistor.

the quality of the MOSFET. A good MOSFET has a subthreshold swing close to
ln(10)kBT/q. The transistor transitions sharply from off-state to on-state, and the
leakage current in off-state is low. A low SS also means that the capacitive coupling
between gate and channel is good. A poor MOSFET has a subthreshold swing that
is much larger than ln(10)kBT/q. This is typical for transistors with high DIT ,
because SS ∝ m ∝ q2DIT /Cox. The transistor does not have a clear on/off state
and the off-state leakage current can be high. In the absence of interface traps, the
bulk charge factor is m = 1 + Cdep/Cox, where Cdep is the depletion capacitance.
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Figure 3.7: Modelled output characteristics, or Id–Vd, of an ideal long channel SiC
NMOS device. The NMOS has a body doping of 2× 1016 cm−3, a flatband voltage
of 0 V, a width of 100 µm, a length of 2 µm, a mobility of 1 cm2/Vs and a gate
oxide capacitance corresponding to 35 nm SiO2. Calculations assume 500 ◦C. The
current is linear at low drain voltages and saturate at high drain voltages. Higher
gate voltages increases the current. The point of saturation (Vdsat) increases with
increasing gate voltage. The threshold voltage is about 3 V.

If Vgs > Vt, the transistor is in inversion and the current is given by

Id = µeff
W

L
Cox

(
Vgs − Vt −

mVds
2

)
· Vds [I] (3.3)

The current is an approximate linear function of gate voltage at low drain volt-
ages. At Vds > (Vgs − Vt)/m, the transistor saturates and achieves its maximum
current,

Id = µeff
W

L
Cox

(Vgs − Vt)2

2m [I] (3.4)

The current is a quadratic function of gate voltage in saturation. The modelled
current of an ideal long channel SiC NMOS device is shown in Fig. 3.7.

More information on the bulk transistor can be found in textbooks like [36, 37,
266] and in App. F.

3.2.2 Recessed channel transistor
The classic bulk transistor has been a mainstay in silicon technology since its
first practical demonstration in the 1960s [327]. In the 1960s–1970s, other designs
emerged that attempted to improve or replace the bulk MOSFET, like the Schottky-
barrier MOSFET (not to be confused with the MESFET) [328], the V-groove
VMOSFET (not to be confused with the recessed channel transistor) [329, 330]
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Figure 3.8: A generic recessed channel SiC NMOS transistor. The difference be-
tween a bulk transistor (Fig. 3.5) and the recessed channel device is the trench
between source and drain. There are two corners pointed out. These have signifi-
cant impact on device performance, as will be discussed.

and the recessed channel transistor (or grooved MOSFET) [331]. More recently, it
has met competition from fully-depleted silicon on insulator (FDSOI) technology
and FinFET technology. The recessed channel transistor is the subject of my thesis.
A generic recess channel transistor is shown in Fig. 3.8.

Nishimatsu et al. of Hitachi demonstrated the first recessed channel devices
[331]. The key motivation was to fabricate devices that had better short-channel
capabilities than the bulk transistor. Short-channel effects (SCEs) includes channel
length modulation (saturation drain current varies with drain voltage), velocity
saturation (lateral field is too high and charge carriers cannot be accelerated any
further), drain-induced barrier lowering (DIBL, drain voltage modulates threshold
voltage) and threshold voltage roll-off (threshold voltage decrease with decreasing
gate length) [36, Sec. 3.2]. Unique to the recessed channel transistor is that the
source/drain junction depth is negative. The depletion width from the drain/body
PN-diode does not quite extend into the channel region because of curvature of the
channel recess. Thus, the channel length behaves as if it is "longer" than drawn.
The SCE immunity of recessed channel devices has been demonstrated in a number
of papers [332, 333, 333, 334, 335].

The recessed channel transistor behaves as one ideal planar transistor in se-
ries with two parasitic corner MOS-transistors [332]. These corner transistors are
deleterious to the performance of the transistor. They reduce the saturation drain
current by 50–70 %, as compared to a similar planar bulk transistor [336, 337].
They have higher threshold voltage than the ideal planar transistor because of a
concave-corner effect. The gate has poor control of the corner transistors due to
geometrical effects, which increases the apparent threshold voltage [332, 334]. The
threshold voltage of a cylindrical shaped transistor can be approximated as [332,
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Eq. 3, 5, 6]

Vt ≈ Vfb + 2ψB + qN−a Wdep

εox
· (r +Wdep/2) · ln

(
r

r − dox

)
[ML2T−3I−1], (3.5)

where all symbols have the same meaning as for Eq. 3.1. The depletion width
Wdep and cylinder radius r increases the threshold voltage. The depletion width is
an implicit function of the surface potential for a cylindrical transistor,

ψs = qN−a
2εSiC

{
(r +Wdep)2 ln (1 +Wdep/r)−

Wdep · (r +Wdep/2)} [ML2T−3I−1], (3.6)

where ψs is the surface potential (see App. F for details, ψs = 2ψB at Vgs =
Vt). The predicted threshold voltage is shown in Fig. 3.9a). For sharp trenches,
the threshold voltage is high. Round corners (larger radius) reduce the threshold
towards the planar limit.

The corner has a strong influence on the subthreshold swing, too, as seen in
Fig. 3.9b). The more round the corner is (the larger the radius), the better the
electrostatic control is and subthreshold swing decreases [332, 336, 337, 338]. The
subthreshold swing for the cylindrical MOSFET is [332, Eq. 13]

SS ≈ ln(10) · kBT
q

(
1− εSiC ln(1− dox/r)

εox ln(1 +Wdep/r)

)
[ML2T−3I−1] (3.7)

Control of the channel profile is important [266, Sec. 6.5.3]. The corner can be
rounded by thermal oxidation in silicon technology [334]. Isotropic "chemical dry
etching" is another method [339].

The recessed channel transistor behaves in most regards like a bulk transistor
and have the same I − V behaviour. The ideal normal long channel behaviour
emerges when the gate voltage is sufficiently high that the corner transistors are
driven strongly on [332]. At low gate voltages, the current is limited by the corner
transistors.

One of the disadvantages noted with the device design is the parasitic capac-
itance is high compared to self-aligned bulk transistors [334, 336]. It should be
considered that the gate is capacitively coupled to the drain through the gate oxide
with an overlap corresponding to the sum of the lateral overlap (drawn or process
induced) and the junction depth. The gate-drain capacitance behaves as a Miller
capacitance in circuits and greatly reduces switching speeds.

Two-dimensional simulations of the recessed channel device shows that the sur-
face potential peaks at the corners and thus behave as potential barriers [336]. The
potential barrier is a function of corner radius, with decreasing barrier for increas-
ing radius. The barrier disappears for infinite radius, corresponding to a planar
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Figure 3.9: Modelled threshold voltage and subthreshold swing of a cylindrical
SiC NMOS with a body doping of 2 × 1016 cm−3 and a flatband voltage of zero
volt. The gate dielectric thickness is 35 nm (SiO2). Both the threshold voltage
and subtreshold swing approaches the planar transistor at large curvature. a) The
threshold voltage. b) Subthreshold slope.

bulk transistor. It provides some of the SCE immunity, notably against the DIBL
effect [337].

The hot-channel injection is suppressed in the recessed channel device because
the curvature reduces the lateral electric fields [332, 333, 334, 335, 337, 338, 340]. It
also means that the avalanche breakdown voltage is higher [332]. However, it was
found that the time dependent dielectric breakdown was faster for recessed channel
devices as compared to planar devices [340].

The primary application of recessed channel devices seems to be access tran-
sistors (recessed channel array transistor, RCAT) in memory devices, like DRAM
[336, 339, 340, 341]. The properties of the recessed channel is suitable: the transis-
tors have low leakage current, they suppress SCEs and have small lateral dimen-
sions. It should be noted that they are integrated together with planar transistors
for memory support [339].

There have been three previous publications on recessed channel devices in
silicon carbide technology. The first demonstration was by Scharnholz et al. of
University of Technology Aachen in 2001 [342]. The primary motivation was not
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to prevent SCEs, but to avoid the use of ion implantation. Malm et al. of KTH
added a polysilicon gate to the KTH BJT technology in order to investigate the
effects of a gated base [343]. In doing so, it also formed recessed channel MOSFET
devices because of the mesa etch geometry that these transistors have. However, the
performance of these devices were poor and showed inversion characteristics only
at high temperature (>175 ◦C). Kurose et al. of Hiroshima University recently
demonstrated recessed channel devices at the international conference of silicon
carbide and related materials [344]. The intention was to fabricate "self-aligned"
and "low parasitic capacitance" devices2. The important result was their finding of
the variation of channel recess. Different channel recesses gave different extracted
threshold voltages and field mobilities, with deeper etches having higher threshold
voltages and lower field mobilities.

The recessed channel transistor design that I used was primarily motivated by
the desire to develop a CMOS process that was close to the already successful in-
house BJT process. It was of interest to determine if there were any advantages
in fabricating SiC MOSFET devices without ion implantation. Ion implantation
is known to cause damage in SiC, most notably the Z1/2 recombination centre.
Aluminium implantation, if not properly optimised, can cause significant reverse
biased leakage in p+n-diodes, like those in PMOS-transistors (drain/body) [345,
346]. The recessed channel transistors in this thesis are compared in Fig. 3.10 to
the complementary BJT transistors that Luigia Lanni developed [347]. There are
clear similarities. The design of the recessed channel devices is covered in the next
section (Sec. 3.2.3).

3.2.3 Design of recessed channel SiC CMOS transistors
The design of the transistors was performed at the start of the PhD study, in autumn
of 2014. At the time, Luigia Lanni had developed the in-house SiC BJT process
[348] and Raytheon had published a few papers on SiC CMOS [33, 311, 312, 313].
The transistor design followed some of design rules for silicon VLSI design [36],
constrained by the in-house process capability [348] and based on some of the
Raytheon results [33, 311, 312, 313]

Lanni et al. had demonstrated lateral PNP transistors with a trench length of
2 – 4 µm [347]. This limitation was due to the process at the time. The stepper, a
GCA/Ultratech ALS 2035, used g-line (Hg 436 nm) exposure and had a resolution
of ∼1 µm and typical alignment errors of 150 nm. In addition, the SiC etch was
known to enlargen features [348]. 2 µm channel length was considered a safe design,
whereas shorter channel lengths could not be guaranteed. The transistors used in
circuits had a gate length of 2 µm, but shorter channel length transistors were
added as test transistors (down to 1 µm).

The mesa etches in the SiC BJT process was typically about 0.8–1.3 µm. The
rule of thumb was that the etch was the epitaxial layer thickness and 10 % overetch.

2Recessed channel devices are neither self-aligned nor do they have low parasistic capacitance.
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Figure 3.10: Recessed channel SiC CMOS and SiC BJT, all-epitaxy design. a) Schematic design of recessed channel
transistors used in this work. b) Complementary BJT technology, adapted from [347, Fig. 1].
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The SiC BJT process requires three etch steps (EMIT, BASE, COLL), whereas the
SiC CMOS process requires five (NPLUS, PWELL, PPLUS, NWELL, ISOL). In
order to keep the topography manageable, the epitaxial layers were initially set
to 0.5 µm, with the first etch targeted at 550 nm (0.5 µm and 10 % overetch).
Some physics based device simulations showed that low performance BJTs, both
vertical NPNs and lateral PNPs, could conceivably be added as a CBiCMOS process
(compare Fig. 3.10a) and b). In order to improve the common emitter current gain,
the thickness of the lowly doped regions (NWELL and PWELL) were reduced to
450 nm. It was uncertain at the time if the process was capable of even shallower
etches. A highly doped p-type layer was added between the bottom n+-layer and
the n-type substrate in order to isolate the PMOS transistors from each other and
from the substrate, similar to the works of [267, 271].

The gate oxide thickness was initially set by a result by Kuroki et al. [118].
They found that the threshold voltage shift with temperature was lower for 20 nm
gate oxides as compared to 10 nm gate oxides. This result was the primary reason
for using 20 nm thick gate oxide in the first version of the SiC CMOS process flow
(see also Sec. 4.3.1).

The power supply for the circuits were set to 15 V. The choice of power supply
was motivated by the successful demonstration of Raytheon [33, 311, 312, 313], who
used 15 V power supply. In addition, the SiC ECL circuits operated at 15 V. It was
hoped that the SiC CMOS could interface with SiC ECL for mixed-circuit design,
in which case it would have been beneficial to use a common power supply.

The transistors demonstrated by Raytheon had considerable threshold voltage
shift with temperature [311, Fig. 4]. The CMOS circuits would fail if they became
normally-on, which was considered at the time a cause for concern. They also used
threshold voltage adjustment in order to fix the threshold voltage [311], and it was
assumed that they increased the threshold voltage3. Since the threshold voltage
is determined by the doping (see Eq. 3.1), high enough doping would guarantee
high enough threshold voltage. However, high doping gives narrow depletion widths
and high depletion capacitance, which increases the bulk charge factor. For proper
transistor design, the bulk charge factor should be m ≤ 1.4 [36, Sec. 4.2.2]. In
order to compromise between high threshold voltage and large depletion width,
a high-low non-uniform doping profile was adopted [36, Sec. 4.2.2]. The surface
would be highly doped, and the body would be lowly doped. As long as the surface
is completely depleted, the depletion region extends into the lowly doped region
and decrease the capacitance. The depletion width needs to be wider than ∼130
nm for a 20 nm gate oxide in order to reduce the bulk charge factor below 1.4.
The uncertainty in channel recess would be on the same order as the targeted over
etch, ∼50 nm. Thus, the transistor should still be operational even if the over etch
would be exactly 0 nm. After some trial and error, I found that a surface doping
of 2×1017 cm−3 of 125 nm depth (75 nm assuming 50 nm channel recess), and
body doping of 2×1016 cm−3 would satisfy these requirements. The doping profile

3They don’t specify if they increase or reduce the threshold voltage.
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Figure 3.11: Doping profile of the non-uniform body and depletion widths. Solid
lines are doping profile and dashed lines are depletion widths. a) Case of 75 nm
surface doping depth (50 nm overetch). The depletion width extends 150–200 nm
into the body. b) Case of 125 nm surface doping depth (0 nm overetch). The
depletion width is about 110–130 nm.

and the estimated depletion widths are shown in Fig. 3.11. The practical result
of higher surface doping, provided that the depletion width extends beyond the
surface doping region, is that the threshold voltage increases,

∆Vt ≈
qN−s xs
Cox

= qDI

Cox
[ML2T−3I−1], (3.8)

where N−s is the ionised surface doping, xs is the surface doping depth and DI

the dose (relevant for threshold voltage adjustment by ion implantation). For the
20 nm gate oxide, the threshold voltage shift is about 1.4–2.3 V, for 35 nm gate
oxide it is 2.4–4.1 V.

Several layout rules came directly from the SiC BJT process. The contact holes
and vias were drawn very large, 4 µm × 4 µm, in contradiction with typical λ-based
rules with λ = 1 µm. Besides adding more mesa etches, the SiC CMOS process
differed by the introduction of ACTIVE and POLY masks. More information on
the layout of the transistors and the λ-based rules can be found in App. G.
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Figure 3.12: Schematic drawing of doping profile of epitaxial layers. A different
version of this figure was published in PAPER IV, Fig. 1a) [CC-BY 3.0].

Figure 3.13: SIMS data from one of the epitaxially grown wafers. a) Source/Drain
of NMOS. b) p-well of NMOS. c) Source/Drain of PMOS, body contact region of
NMOS. d) n-well of PMOS. e) Body contact region of PMOS. f) p-type isolation
layer, isolates transistors from substrate. g) n-buffer/n-type substrate. Note the
high-low doping profile of the wells in b) & d). SIMS service provided by Evans
Analytical Group [350].

The epitaxy was grown by Norstel [349] on six 100 mm wafers. The doping
profile is schematically shown in Fig. 3.12 and the secondary ion mass spectroscopy
(SIMS) profile of the dopants are shown in Fig. 3.13.

It was found that the gate oxide in the first version of the SiC CMOS process
flow broke easily at high temperature with the intended power supply. The issues
is that the maximum possible electric field was 7.5 MV/cm (15 V/20 nm). While

https://ieeexplore.ieee.org/document/8660420
http://creativecommons.org/licenses/by/3.0/
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Figure 3.14: Design triangle of a 1 µm transistor, with 10 V power supply and
maximum gate dielectric field of 4 MV/cm. The centroid is 315 nm maximum
depletion width and 35 nm gate oxide thickness. The transistor behaves properly
as long as (Wdm, dox) is inside the shaded triangle.

not high enough to cause time-zero dielectric breakdown, it would cause time-
dependent dielectric breakdown. In order to mitigate this effect, the second version
had a thicker gate oxide, 30 nm and a maximum possible electric field of 5 MV/cm.
Given some of the challenges with the processing in the second version with poor
gate conformality (see Sec. 5.1.2), a thickness of 35 nm was chosen for the third and
last version. This last oxide thickness was chosen based on the gate oxide thickness
in the comparable 2 µm technology node in silicon technology [36, Table 4.2]. It
is also the same thickness that Raytheon use in their short loop experiments [79].
The gate oxide reliability was investigated in the literature. It appears that reliable
operation is possible for 3–4 MV/cm [351], and Raytheon’s circuits operate at 15 V
power supplies for 35–40 nm gate oxide thicknesses (3.75–4.3 MV/cm) [79].

In revisiting the transistor design, I’ve found that the optimum design for 35
nm gate oxide thickness is not 2 µm channel length and 15 V power supply, but
1 µm channel length and 10 V power supply. It can be seen from the design
triangle in Fig. 3.14, with the boundaries set by high electric field in gate dielectric
(Vdd/dox <4 MV/cm), short channel effects (assuming a bulk transistor, L/(Wdm+
εSiCdox/εox) > 2, whereWdm is maximum depletion width) and subthreshold slope
(determined from bulk charge factor, m < 1.4) [36, Sec. 4.2.2]. Since the recessed
channel transistor inhibits SCEs, it is optimal to increase the depletion width by
reducing the doping.
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Table 3.2: Channel widths of the test inverter featured in this thesis, the standard
inverter and the standard NAND2. Widths are given in µm, the channel length in
all cases is 2 µm.

Gate PMOS NMOS

INV (test) 60 40

INV 60 10

NAND2 60 40

3.3 CMOS circuits

Several different CMOS circuits were designed. Besides the inverter and ring oscil-
lator featured in this thesis, NAND-gates, XOR, DFF and an 8 bit Johnson counter
(frequency divider), SRAM memory cells (6T and 10T) were implemented, but not
tested. In addition to the CMOS, a non-saturation mode NMOS-logic inverter was
added in case the PMOS transistors would not work.

The β-ratio (drive current ratio) was assumed to be 6/1 (NMOS 6× stronger
than PMOS) based on the results of Raytheon [33, 311, 312, 313]. The channel
widths of the standard gates is given in table 3.2.

A few unconventional circuit designs were taken to ease high-temperature /
wide-temperature operation. The threshold voltage is a function of reverse-bias
voltage of the source/body PN-diode. The more reverse-biased the diode is, the
more depletion charge is stored in the diode. Since the threshold voltage depends on
the charges in the transistor, the additional charge increases the threshold voltage
as

∆Vt =
√

2εSiCqN−a
Cox

·
(√

2ψB − Vbs −
√

2ψB
)

[ML2T−3I−1], (3.9)

where Vbs is the voltage difference between body and source. The threshold
voltage can be reduced by forward biasing the PN-diode, but the body leakage cur-
rent increases exponentially with Vbs > 0. The circuits were designed to have four
power supplies, Vbp (connected to the body of the PMOS), Vdd (high signal level),
Vss (low signal level, GND) and Vbn (body potential of NMOS). The differences
between the power supplies are Vbp ≥ Vdd > Vss ≥ Vbn. The threshold voltage of
either transistor polarity could be adjusted to improve noise margin, provided that
only a small adjustment would have been needed.

The second design choice for high-temperature / wide-temperature operation
was to use a two-phase clock. Depending on how the sequential circuit design is
implemented, there could be race conditions that cause glitches. When the circuits
were being design, there were no SPICE models and few options for timing/delay
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Figure 3.15: 10T SRAM memory cell. N4T and P1T forms one inverter(INVT),
N4C and P1C forms another inverter (INVC). The output of INVT is the input of
INVC and vice versa. These two inverters form a bi-stable latch. The memory is
physically stored as charge on nodes QT and QC , which is held by parasitic capac-
itance and restored by the transistors. The wordline (WL) accesses the memory
cell. If the write enable (WE) is low, the bitlines do not have access to the in-
ternal storage nodes QT and QC . The on/off-state of N2T and N2C is the same
as N4T/N4C because they share the same gate. As such, the memory cell can be
read by having WL high without disturbing QT and QC by having WE low. The
memory cell can be written to when both WL and WE is high.

analysis. A two-phase clock ensures that a master-slave DFF is guaranteed to be
opaque. The two-phase clock implementation of a master-slave DFF is shown in
Fig. 3.16 4. The penalty of using this design is the addition of an input pin and
the complication of generating a non-overlapping two-phase clock.

The intention was to design and fabricate highly complex circuits, like a mi-
crocontroller and SRAM memory. The traditional 6T SRAM memory cell can be
found in textbooks [36, Sec. 9.1]. A weakness of the 6T memory is the potential
read-disturb error, because the noise-margin is reduced during the read operation.
The memory design used a 10T design, shown in Fig. 3.15. The advantage of 10T
design is that it separates the read and write operations, and thus removes the
read-disturb error. The penalty is a more complex design and area penalty.

Reliability of memory circuits could be improved by implementing parity bits for
error detection/error correction by Hamming code [352]. While this was considered,
it was ultimately not used. The microcontroller was designed for a 4 bit word
length. Implementing Hamming code [7,4] (7 bits total, 4 data bits) would allow
the detection and correction of a single bit error from any of the four data bits.

4The inverter in the circuit can be removed by Boolean reduction. The output D̄+ Φ̄1 can be
fed into the input of the NAND2 instead of using an inverter to generate D̄. This was overlooked
during design.



78
3.

D
ESIG

N
O

F
D

EV
IC

ES
A

N
D

C
IR

C
U

IT
S

Figure 3.16: Master-slave DFF, implemented in SiC CMOS with only NAND2 and one inverter. The two-phase clock has
no overlap (Φ1 cannot be high level at the same time as Φ2). The data is stored on the master (M) latch when Φ1 = 1.
While Φ1 = 1, Φ2 = 0 and the slave (S) latch holds the previous value. There is a period of time between the fall of
Φ1 and rise of Φ2. During this time, M holds the data and S holds the previous value. When Φ2 = 1, S changes state
to the same state as M. Since Φ1 = 0 while Φ2 = 1, M cannot change state. The output of S latch cannot be its own
input in the same clock cycle because M does not change output when M changes output. Thus, all race conditions are
eliminated.
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However, three parity bits would be required, increasing the number of memory cells
by 75 %. In addition, the Hamming code [7,4] implementation requires XOR gates
for parity generation, parity check, syndrome decoding and bit correction. The
XOR gate is one of the most difficult gates to minimise its area. It requires either
4× NAND2 gates (4 transistors/gate, 16 transistors in total) or 12 transistors if
implemented in AND-OR-INV static CMOS logic (see [37, Fig. 12.18], two inverters
need to be added). The error correction would have required too much chip area
for our intended experiments and were not implemented. This implementation lies
in the future.

Finally, the circuits were supported by various periphery devices, like resistors
and PN-diodes. Like the SiC BJT process, the resistors were implemented in the
bottom n+-layer. No circuit was designed with resistors, but they were added to
connect the body power supplies to the signal power supplies to reduce the number
of probes needed. The different parasitic body diodes were used as electrostatic
discharge (ESD) protection, based on the design in [37, Sec. 4.3]. The ESD pro-
tection can be seen in Fig. 3.17a) and the resistor in Fig. 3.17b). It was found
during the testing of an NMOS-logic inverter fabricated in the second version of
the SiC CMOS process flow that there was a power supply short circuit through
this resistor and the substrate diode (see Sec. 5.1.2 for details). All periphery de-
vices (ESD and resistors) were disconnected from the power supplies for the third
version by re-drawing the metallisation. Given the processing results for the high-
temperature metallisation (see Sec. 4.5.3), it would be more suitable to implement
resistors in the polysilicon layer (300–500 Ω/2), if high precision is not demanded.
The short-circuiting would be avoided because it cannot form PN-diodes with the
p+-buffer or substrate.
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Figure 3.17: Periphery devices. The devices were disconnected from the power
supplies in the third version of the SiC CMOS process flow due to the accidental
short-circuiting of diodes and resistors through the p+-buffer. a) ESD protection by
using parasitic body diodes. b) Resistor used to clamp the PMOS body potential
Vbp to Vdd if not separately biased.





Figure 4.1: Die photo of a 4bMCCMOS die, taken during the last SiC CMOS
process flow. The die size is 10.5 mm × 10.5 mm.
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Process modules and results

Three different process flows of SiC CMOS was tested. Each new process flow
changed the process steps in order to address the deficiencies of the previous flow.
At the end of the processing, wafers with chips like the one shown in Fig. 4.1 had
been fabricated and were ready for characterisation.

While the process steps are interdependent, as each process step limits the
options of the next, they can be grouped into modules. A module could conceivably
be transferred to another unrelated process, provided that thermal budget and other
restrictions are met.

In this chapter, the six process modules that I developed and used are presented.
The evolution and development of the modules are discussed. The simplified fer-
roelectric process was published in PAPER I. The results of the contact processes
were published in PAPER II and PAPER III. The SiC CMOS process as a whole
was presented in PAPER IV. Two support processes, cleaning and lithography, can
be found in the App. H.

4.1 SiC mesa etching

SiC etching is a simple yet important process technology. The first process step
is likely etching alignment marks into the wafer. Trench power MOSFETs and
recessed channel MOSFETs are based on etching trenches into the material. Selec-
tive doping can be achieved by etching epitaxial layers with different dopings. SiC
etching was used for all three purposes in this process.

The options for etching SiC was presented in Sec. 2.1.3. The in-house process
that was used is presented in Sec. 4.1.1.

4.1.1 In-house process
Instead of using ion implantation to achieve selective doping, the in-house SiC BJT
process used etching of epitaxial layers to define differently doped regions. The
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recessed channel MOSFET design was based on the same idea. A standardised etch
module was developed by other KTH PhD students [348, 353, 354, 355]. The SiC
etch process module is the only module that did not change significantly between
the different process flows.

The SiC CMOS process requires five etch steps, named NPLUS, PWELL,
PPLUS, NWELL and ISOL. NPLUS etches the top n+-epitaxial layer and par-
tially into the p-layer. The target etch depth was 490+50 (540) nm, with the 50
nm corresponding to the p-layer etch. This was one of the most critical steps in the
process. Not only was it the first process step, but it also determined the perfor-
mance of the NMOS transistors. The next step, PWELL, etches the p-layer down
to p+-layer (target was 470 nm). This step was not very critical, as it was sufficient
to simply reach the p+-layer. PPLUS was the next critical step, as it etches the
p+-layer into n-layer (target 527 nm). This step determines the performance of the
PMOS transistors. The remaining two steps were non-critical. NWELL etches the
n-layer down to n+-layer (target 452 nm), and ISOL etches the n+-layer down to
p+ to isolate the PMOS-transistors (target 500 nm).

The first alignment marks are formed in the NPLUS etch. Alignment marks are
well-defined patterns that steppers use to reduce the overlay error. The NPLUS
alignment marks are stable and well defined enough to last throughout the entire
process. The SiC CMOS process was designed with sufficiently relaxed design
margins that the NPLUS alignment marks could be used for almost the entire
process (see Sec. 4.5.3 for the exception) without causing alignment errors that
lead to faults.

An Applied Materials Precision 5000 (P5000) Mark II MxP etch chamber was
used to etch SiC. This chamber is used for etching semiconductor materials, such as
silicon, germanium and SiC. It is designed to achieve a high density plasma by the
use of an external magnetic field. Ordinary reactive ion etching (RIE) or magnet-
ically enhanced reactive ion etching (MERIE) is possible with this etch chamber.
The original etch recipe was based on a single-crystalline silicon etch recipe that
uses Cl2 and HBr in MERIE-mode. Photoresist was used as masking material. The
benefit of using photoresist instead of a hardmask is that it reduces the number of
process steps (no deposition / pattern transfer and hardmask strip is required), and
that the etch profile can be slightly tuned by resist sidewall engineering. The profile
of the resist sidewall is partially transferred to the etched material. The issue of
using photoresist is resist reticulation, where it breaks and redeposits somewhere
else on the wafer. The microparticulate resist can mask the etch and cause micro-
masking. SF6 and He-O2 was added to inhibit micromasking.

The etch rate is carefully measured during the processing in order to achieve the
best possible precision in reaching a targeted etch depth. The only in-situ measure-
ment capability is optical emission spectroscopy (OES), but it can only determine
the presence or absence of molecules in the plasma. It is not sensitive enough to
distinguish dopant ions, which could have been used to determine which etch layer
is being etched. As such, it is not possible to monitor etch rate or etch depth
in-situ. The in-house practice was to perform each mesa etch in three steps, and
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perform step-height measurement after each step. The etch depth is estimated by
two independent measurements. The photoresist thickness is measured with a Leitz
interferometer and the combined etch depth and photoresist thickness is measured
with a Tencor profilometer. The profilometer pressure/force needs to be set as low
as possible (exerted force was set to 9.81 mN) to minimise photoresist deforma-
tion. The etch depth can be estimated by subtracting the photoresist thickness
from the step height. The etch depth is measured at nine points across the wafer
(north, northwest, northeast, west, middle, east, southwest, southeast and south)
to generate statistics. Once the etch depth is sufficiently close to the targeted etch
depth, the photoresist is stripped (typically oxygen plasma) and the etch depth is
accurately measured with the profilometer.

It turned out that this multi-etch step and characterisation practice was un-
warranted. The accuracy of the resist/etch depth estimation became progressively
worse with each mesa etch compared to the real etch rate, and the real etch rate
was steady. Four wafers were etched together for the second version of the SiC
CMOS process flow (one wafer) and the last version (three wafers), with each wafer
being measured accurately after each mesa etch at nine different points for a total
of 180 data points. The average etch rate decreases with every mesa etch. The etch
rate does not vary statistically significant across the wafer. The grand average etch
rate and the average sample standard deviation was 152 nm/min and 4.9 nm/min,
respectively. The etch rate data are presented in tables 4.1 and 4.2. As can be
seen from the tables, the etch rate does not vary significantly enough to warrant
the high amount of etch characterisation. The selectivity to photoresist was poor,
with a photoresist etch rate of ∼200 nm/min.

RIE induces etch damage by ion bombardment of the SiC surface, similar to ion
implantation but at a much lower energy (the RIE energy is 0.1–1 keV, ion implan-
tation is about 10–100 keV). It can displace atoms and generate interstitial/vacancy
defects. These interstitial/vacancy defects are physically located a few nanometers
from the surface. To remove the damaged surface, the wafers undergo sacrificial
oxidation. The wafers were oxidised in O2 for 3 h at 1100 ◦C in a Thermco 5500
furnace. It grows an oxide that consumes the original SiC surface. Assuming an
undamaged (0001) surface and the Deal Grove-model (see App. I), the oxide thick-
ness is about 19 nm and the consumed SiC thickness is about 8 nm. The oxide was
stripped with hydrofluoric acid (HF).

The mesas that form an NMOS device can be seen in Fig. 4.2.
The etch module was finished at this point and was followed by the field oxide

module (see Sec. 4.2).
The etching process flow is shown in Fig. 4.3.
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Table 4.1: Mesa etch data collected from four processed
wafers, grouped into mesa etches. Each mesa was measured
at nine points across each wafer. Data in parenthesis is
one sample standard deviation. Wafers are referred to by
their serial number, AI-LF014-xx. Etch rates in nm/min.
Etch was performed with Applied Materials P5000 Mark
II MxP chamber dedicated for semiconductor etching. The
settings are SF6 (30 cm3/min)/Cl2 (15 cm3/min)/HBr (30
cm3/min)/He-O2 (10 cm3/min), 5.3 Pa, 300 W and 3 mT.

Wafer W13a W14b W16c W17d

NPLUS 157 (3.6) 158 (3.3) 160 (3.8) 160 (3.3)

PWELL 152 (2.1) 153 (2.8) 153 (2.6) 156 (4.3)

PPLUS 150 (2.7) 149 (2.9) 151 (2.1) 153 (3.4)

PWELL 149 (3.0) 150 (2.1) 151 (2.3) 155 (2.1)

ISOL 145 (1.7) 145 (1.9) 146 (1.3) 150 (3.3)
a Wafer processed for second version of SiC CMOS pro-
cess flow. Used 4bMCCMOS pattern.

b Processed for last version. Was later used for pyrogenic
steam split. Used 4bMCCMOS pattern.

c Used in last version. Was used for dry oxide split. Used
4bMCCMOS pattern.

d Used in last version. Nitrided gate oxide. Used second
version of SiC CMOS pattern.
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Table 4.2: Mesa etch data collected from four processed
wafers, grouped in wafer location. The major flat is located
south, the minor in west. Each wafer location was measured
five times, one for each mesa. Data in parenthesis is one
sample standard deviation. Wafers are referred to by their
serial number, AI-LF014-xx. Etch rates in nm/min.

Wafer W13a W14b W16c W17d

North 149 (4.2) 150 (4.6) 150 (4.1) 152 (4.4)

Northwest 149 (4.2) 149 (5.0) 151 (5.3) 151 (6.0)

Northeast 149 (5.0) 150 (5.5) 150 (5.0) 153 (5.1)

West 150 (4.9) 151 (3.8) 153 (4.9) 156 (3.0)

Middle 148 (3.2) 148 (4.2) 149 (3.7) 153 (1.1)

East 151 (4.9) 150 (4.5) 152 (4.9) 154 (3.6)

Southwest 152 (4.1) 153 (5.3) 153 (5.0) 157 (4.6)

Southeast 153 (3.7) 153 (5.4) 153 (5.1) 157 (4.0)

South 155 (6.5) 156 (6.4) 157 (7.7) 160 (4.6)
a Wafer processed for second version of SiC CMOS process
flow. Used 4bMCCMOS pattern.

b Processed for last version. Was later used for pyrogenic
steam split. Used 4bMCCMOS pattern.

c Used in last version. Was used for dry oxide split. Used
4bMCCMOS pattern.

d Used in last version. Nitrided gate oxide. Used second
version of SiC CMOS pattern.
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Figure 4.2: Recessed channel SiC NMOS 100×5 transistor. The five different mesas
can be seen. This particular wafer was used to develop the FOX process and shows
sign of test processing. a) Entire transistor. b) Zoomed in part of the etch steps.
The five edges are pointed out. 1: NPLUS, 2: PWELL, 3: PPLUS, 4: NWELL, 5:
ISOL. Compare this figure to Fig. 4.3.
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Figure 4.3: Etching process flow. 1) The wafer is cleaned and NPLUS lithography
is performed. 2) The top n+-layer is etched. 3) The resist is stripped in O2 plasma.
In 4–6), the PWELL is formed, in 7–9) the PPLUS is formed, and in 10–12) the
NWELL. The last steps, 13–15), isolate the PMOS transistors from each other and
give access to the underlying p+-layer. Once all etch steps are compete, the wafer
undergoes a sacrificial oxidation to remove etch damage.
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4.2 Field oxide

The field oxide (FOX) is the thick oxide film between the inactive semiconductor
regions and the gate electrode interconnects. It serves four purposes in this pro-
cess. First, it ensures that there is no leakage current between the gate electrode
and the inactive semiconductor. Second, the thick oxide film reduces the parasitic
field effect in the inactive semiconductor between transistors. The semiconductor
surface risks accumulating or inverting, which could cause short circuiting between
transistors, if the surface would only be covered with the thin gate oxide. Third, it
speeds up circuits as compared to if the surface was only covered with the thin gate
oxide by reducing the capacitive coupling between gate electrode interconnects and
the substrate. Fourth, it provides surface passivation, which reduces the recom-
bination/generation diode leakage current between drain and body (it is reverse
biased during normal transistor operation). The actual transistors are fabricated
in the openings of the FOX, which is called the active regions.

Sec. 4.2.1 presents the process that was used in first process flow version, which
was directly adopted from the SiC BJT in-house process. Sec. 4.2.2 presents the
process that was developed specifically to address the challenges of thick patterned
thermal oxides over 3D geometry SiC transistors.

4.2.1 PECVD SiO2

This process was directly adopted from the in-house SiC BJT process, and goes all
the way back to the SiC power BJT process [356]. It has been refined over time
to provide better current gain for both the low power design and the high power
design [348, 353, 354].

The basic premise is to deposit a thick SiO2 film by plasma enhanced chemical
vapour deposition (PECVD) and anneal it in nitrous oxide (N2O). The PECVD
film gives a thick oxide and the anneal improves the interface, and consequently the
current gain of the BJT [356, 357]. The SiO2 can be opened either by wet etching
with buffered hydrofluoric acid (BHF) or by MERIE.

The SiC CMOS process did not deviate much from these SiC BJT processes,
except that the P5000 CVD chamber was used to deposit the PECVD-film, whereas
the SiC BJT processes used an Oxford Industry Plasmalab 80Plus. 50 nm PECVD
SiO2 was deposited using a low deposition rate recipe (SiH4 and N2O). The interface
was nitrided (N2O) at 1250 ◦C for 1 h. The net oxide thickness on Si-face was
thinner by 1.7 nm after the anneal, likely due to densification of the PECVD film.
Following this step, a 450 nm PECVD SiO2 film was deposited to increase the
oxide thickness. This second film was densified by using a rapid thermal processing
(RTP) tool, which rapidly heats the wafer with lamps. The anneal was in nitrogen
ambient for 10 s at 950 ◦C.

At this point, there were two options: the FOX could have been etched by wet
etching in buffered hydrofluoric acid or by dry MERIE. BHF may have worked
well. A Vecco SSEC 3300, a single wafer wet processing tool, was qualified at this
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point in time, and it had BHF installed. This would have allowed a controlled
timed wet etch. It would also remove the SiO2 on the sidewalls. However, it
had its disadvantages. Wet etching induces significant undercut and it is difficult
to maintain profile control under masked etch. The wet etch process demands
excellent adhesion between SiO2 and photoresist, otherwise the liquid may creep
under the resist and start etching under masked areas. Furthermore, the PECVD
SiO2 has pinholes and voids that causes accelerated wet etching, and can cause
localised uncontrollable etching. Plasma etching seemed more process friendly in
comparison. Photoresist masking does its job and the etch profile is controllable.
Plasma etching is virtually necessary to scale devices to smaller sizes. At the time,
wet etching with BHF was considered a device processing dead-end – it might
work for large devices but future processes with scaled devices would suffer. It was
considered desirable to use plasma etching as much as possible in the integrated
circuits.

The etch was performed in the P5000 Mark II dielectric etch chamber. The
MERIE uses CF4, CHF3 and Ar. This etch is highly anisotropic and selective
to semiconductors by polymer inhibitor action [83]. CF4 etches both SiO2 and
silicon/SiC. CHF3 coats the surface with polymers that inhibit the etch, but argon
sputtering removes the polymers anisotropically. The polymer growth is preferential
on semiconductor surfaces, which provides etch selectivity. The total etch time was
230 s for a nominal 570 nm etch depth (20 % overetch, the actual film thickness was
close to 470 nm). The endpoint did not trigger, which was natural. The small open
areas of the active region generates very little CO which participate in the plasma,
and as such the CO signal at 484 nm [358] is very weak and change in intensity is
difficult to detect. The resist was stripped with O2 plasma.

At this point, the FOX module was finished and the next step was to proceeded
with the gate stack module (see 4.3). It was later found that the FOX module
had failed because the process gave a very thick sidewall oxide (see Sec. 5.1.1).
To understand this, consider a perfectly straight sidewall of 550 nm height. If a
thin film is deposited conformally over the sidewall, the height of the film is not
the thickness of the film – it is maybe the sum of twice the thickness and the
height (depends on a few different details). As such, when the anisotropic etch was
being performed, it cleared the flat surfaces where the oxide thickness was thin,
but it could not remove all the oxide on sidewalls. This can be intentionally used
in processing, like sidewall transfer lithography and nitride spacers for self-aligned
silicon MOSFETs. Even if this would have been taken into account, the nitridation
step at 1250 ◦C would likely have contributed further with giving a thick sidewall
oxide because of anisotropic oxide growth.

Even if all the sidewall oxide had been taken fully into account, this process
suffered from another issue. Since the FOX was being opened by MERIE, it induces
etch damage in the active areas – the very same area where the sensitive gate oxide
would be formed. The process would have needed to undergo sacrificial oxidation
to compensate for this damage, which was neglected.

The PECVD SiO2 FOX process flow is shown in Fig. 4.4.
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Figure 4.4: PECVD SiO2 FOX process flow, used in the first version of the SiC
CMOS process flow. 1) The wafer is cleaned in preparation of FOX deposition.
The source, channel and drain of the NMOS is shown. 2) The FOX is deposited
by PECVD and nitrided in a furnace. The deposition is conformal and there is
a FOX on the sidewalls. 3) Lithography is performed to define ACTIVE. 4) The
FOX is etched by MERIE. The etch is highly anisotropic and cannot remove the
FOX on the sidewalls. 5) The photoresist is stripped and the wafer is cleaned. 6)
The corner of the source/drain is zoomed in. The thick FOX covers part of the
corner of the channel.

4.2.2 Polyoxide
It was clear that adapting the SiC BJT process modules directly was not the path
to success. It was considered that the process could be salvaged if BHF patterning
was used, but it was also considered if there was another option to PECVD SiO2.
A new approach to fabricate the FOX was tested: patterned polyoxide.

The SiO2 etch recipe for P5000 was originally developed and optimised by Ap-
plied Materials. Unfortunately, there was not much room for tuning the process
with regards to profile control and selectivity, since the available gases were lim-
ited. The difficulty lies in the chemical bonding of SiO2, which is very strong. Only
fluorine-based etch chemistry is thermodynamically favourable. Silicon etch, by
contrast, had a large amount of options. The MxP semiconductor etch chamber
had HBr, Cl2, He-O2, SF6 and CF4, and the etch could be designed to be bromine-,
chlorine- or fluorine-based in order to optimise etch profile and selectivity. The idea
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was to pattern a deposited polysilicon film by MERIE, which would be easier than
patterning SiO2, and convert the patterned polysilicon to SiO2. The Deal-Grove
model was used to model the conversion from polysilicon to SiO2. The Deal-Grove
model is covered in App. I.

The polysilicon deposition was already established. An Expertech low pressure
CVD (LPCVD) tool allowed polysilicon and amorphous silicon deposition by silane
decomposition. Silicon is deposited amorphous at temperatures below 570–600 ◦C
and polycrystalline above [83, Sec. 9.3.2]. The silane decomposition is thermally
activated, and the deposition rate is faster the higher the temperature. Since the
intention was to have fairly thick films, polycrystalline silicon was deposited at
620 ◦C, which gave a nominal deposition rate of 8.2 nm/min. The penalty of high-
temperature deposition is higher as-deposited surface roughness, but this has yet
to be proven to be detrimental for the SiC CMOS process.

The patterning of the polysilicon film was performed with MERIE. The active
areas needed to be protected during the etch in order to prevent etch induced
damage. The solution was to have a buffer SiO2 film between the SiC surface and
the polysilicon film. The polysilicon film would be etched selectively to SiO2, and
the SiO2 would protect the SiC during the over etch. The top polysilicon film
would be converted into a polyoxide after the etch. The entire SiO2 film would be
thinned with either diluted HF or BHF to open the active regions. This idea was
based on some of the in-house silicon CMOS processes. The SOI processes cannot
have a SiO2 MERIE process to stop on the silicon body because the thin silicon film
(∼20 nm) would be etched through and removed. Instead, the oxide is thinned with
MERIE and opened with 1 % HF using SSEC. The buffer SiO2 formation varied
between the second and third version of the SiC CMOS process flow. In both cases
a nominal 40 nm polysilicon film was deposited, but the oxidation process differed,
as presented in table 4.3. The proposed polyoxide process flow is shown in Fig. 4.5.

A 160 nm polysilicon film was deposited on the buffer SiO2 (20 min deposition
with LPCVD tool) that would be patterned, etched and transformed to the FOX. A
dedicated polysilicon etch was developed for this etch process. Different approaches
are discussed in [83, Sec. 10.3.2.2] to etch polysilicon. The used approach was based
on a two-step process. First, the etch would be partially isotropic, in contrary to
conventional wisdom. LPCVD polysilicon is deposited conformally over topography
and complete removal of polysilicon over the steps was needed. Otherwise, there
would be issues with gate oxide conformality, same as the PECVD FOX process.
The polysilicon would be etched on the sidewalls at the same time as the polysilicon
on the flat areas by having a partially isotropic etch. The remaining polysilicon on
the steps would be much thinner than initially when the flat areas would be cleared.
When the flat areas were cleared, the etch would switch to a high selectivity etch to
overetch the sidewalls. A complication of the topography was that inhibitor-based
selectivity had to be avoided.

The native SiO2 on the polysilicon must be removed prior to the polysilicon
etch. CF4 was used, which has poor selectivity between SiO2 and polysilicon [83,
Sec. 10.3.2.2, table 10.3], to strip the native oxide.
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Table 4.3: Difference in polyoxide buffer formation between different process flow
versions. The last process flow version reduced the amount of oxidation growth in
order to limit anisotropic oxidation of SiC. A completely converted 40 nm polysili-
con film gives about 90 nm thermal SiO2 (∼2.25×). Very little oxide growth occurs
on SiC (0001), thus the oxide thickness is almost entirely determined by the polysil-
icon thickness. Oxidation was performed with one of the Thermco 5500 oxidation
furnaces.

SiC CMOS version 2

Proc. Param. Temp. (◦C) Time (min) Gas

Step 1 (Ox.) 1100 90 O2

Step 2 (Nitride) 1100 10 N2O

Step 3 (Ox.) 1100 90 O2

Step 4 (Anneal) 1100 60 N2

SiC CMOS version 3

Proc. Param. Temp. (◦C) Time (min) Gas

Oxidation 1000 10 H2O

The first step, the partially isotropic etch, could have been done in two ways.
One option was to use CF4 together with He-O2, which would give a highly isotropic
and selective etch [83, Sec. 10.3.2.2]. Selecting an appropriate ratio between
CF4/He-O2 could be tricky – as O2 increase, the fluorine generation increases up
to a point, after which increasing O2 dilutes the fluorine content and the silicon
surface becomes oxidised [359, Sec. 2.IV]. The option that was used was SF6-based
etch. An advantage with SF6 is that it provides higher etch selectivity than CF4
(without O2 additive) [83, table 10.3]. Working with a pure fluorine-plasma proved
challenging. After some process development, which required finding appropriate
pressure (see Fig. 4.6), power and gas flow, a repeatable process with an accept-
able degree of anisotropy and controllable etch rate was achieved. A difficulty with
fluorine-based etch is the microloading effect. The etch rate becomes pattern de-
pendent. The etch rate is a function of the [F]/[Si]-ratio, with the [F] approximately
constant for a given plasma setting. Increasing [Si] (larger open areas) reduces the
[F]/[Si]-ratio and the etch rate slows down. The etch time was calibrated by etch
tests prior to etching the sharp wafers. These test wafers had very thick polysili-
con and allowed measuring the etch depth by using the Tencor profilometer. The
etch time was determined by linear interpolation between 10 s and 20 s. The etch
time for 150–160 nm polysilicon with the ACTIVE pattern was 15–17.5 s (∼600
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Figure 4.5: Polyoxide FOX process flow, used in second and last SiC CMOS process
flow. 1) The wafer is cleaned in preparation of FOX formation. The channel and
inactive areas are pointed out. 2) Highly conformal poly is deposited by LPCVD.
3) The poly is converted into polyoxide. Oxide growth stops once the polysilicon
has been consumed. 4) A second poly is deposited. 5) Litography defines ACTIVE
areas. 6) The poly is etched in partially isotropic MERIE. This allows poly on
sidewalls to be removed. 7) The resist is stripped. 8) The wafer is cleaned and
the patterned poly is transformed into polyoxide. 9) The polyoxide is thinned in
buffered or diluted hydrofluoric acid until the ACTIVE areas are opened.

nm/min). The etch is characteristically centre-fast.
Fluorine-based etch provides selectivity between silicon and SiO2, but it is not

very high. Bromine- and chlorine-based etches provide very high etch selectivity
in the absence of carbon [83, 360, 361]. Photoresist is a source of carbon, which
lowers the selectivity. However, the use of photoresist could not be sacrificed.
The conventional hardmask for polysilicon would be SiO2, but the issue would be
transferring the pattern from photoresist to SiO2, which is the major challenge in
this process. The highest etch selectivity is achieved with HBr and He-O2. The
addition of oxygen oxidises any carbon inside of the chamber, which prevents it from
reducing SiO2. Reduced SiO2 is silicon-like SiOx, which can be more easily etched
by bromine radicals. High amount of oxygen oxidises polysilicon into SiOx, and the
etch proceeds by sputtering the oxide, and consequently only flat surfaces are etched
[360]. SiOxBry etch products may redeposit on sidewalls and act as inhibitor [362].
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Figure 4.6: Effect of pressure on anisotropy in SF6-based MERIE. The polysilicon
film is 530 nm for both cases. The lines, openings and dots are drawn to be 2 µm.
a) 6.7 Pa and degree of anisotropy is 75 %. b) 20 Pa and degree of anisotropy is
40 %. Increasing pressure decreases anisotropy, which is seen by the narrower lines
and the larger openings in b) compared to a).

Although all of these mechanisms are beneficial in a typical silicon CMOS process,
they are all detrimental for this process: photoresist masking and non-inhibitor
etch was required. A HBr-only etch recipe was designed, which achieved an etch
selectivity of ∼30 and a polysilicon etch rate of 94 nm/min (edge-fast). A 3 µm
polysilicon film could be etched with a selectivity of 30 and a buffer thickness of
100 nm. The second version of the process flow etched the 163 nm polysilicon film
for 109 s, giving an overetch of ∼100 %. The final process flow version increased
the etch time to 143 s for 150 nm polysilicon (150 % overetch).

The oxidation and thinning of the polyoxide FOX varied between the different
process versions, as detailed in table 4.4.

At this point, the FOX process was complete and the next process module,
the gate stack module (Sec. 4.3), could proceed. The FOX and active region was
imaged in scanning electron microscopy (SEM), as seen in Fig. 4.7.

4.3 Gate stack

The gate stack is arguably the most critical process module, as it determines most
of the MOSFETs properties. The gate oxide must have the correct capacitance
(thickness) and it must have low defect concentration at the interface and near
interface to control the channel by modulating the charge carrier density through
the field effect. The recessed channel transistor adds a challenge to an already
challenging module: the gate oxide must be uniform (same thickness everywhere)
over a 3D geometry.

The gate stack module is not only the gate oxide but also the gate electrode.
The gate electrode determines the threshold voltage and effective gate oxide capac-
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Table 4.4: Difference in polyoxide FOX processing between different process flow
versions. The last process flow version reduced the amount of oxidation growth in
order to limit anisotropic oxidation of SiC and changed etchant to increase etch
rate. A completely converted 160 nm polysilicon film gives about 360 nm thermal
SiO2 (∼2.25×). Very little oxide growth occurs on SiC (0001), thus the oxide
thickness is almost entirely determined by the polysilicon thickness. Oxidation was
performed with one of the Thermco 5500 oxidation furnaces. Wet etch time was
accurately controlled by using the Vecco SSEC 3300.

SiC CMOS version 2

Ox. Proc. Param. Temp. (◦C) Time (min) Gas

Step 1 (Ox.) 1100 180 O2

Step 2 (Anneal) 1100 10 N2

Step 3 (Re-Ox.) 950 90 H2O

Etch Proc. Param. Etch rate (nm/min) Time (min) Etchant

Wet etch 7.8 19 1 % HF

Final thickness: ∼310 nm

SiC CMOS version 3

Ox. Proc. Param. Temp. (◦C) Time (min) Gas

Oxidation 1000 60 H2O

Etch Proc. Param. Etch rate (nm/min) Time (min) Etchant

Wet etch 76 2.27 BHF

Final thickness: 230 nm
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Figure 4.7: Corner of an NMOS 100×2. The red areas are source/drain, the green
area the channel and the purple area the FOX.

itance. The resistance of the gate electrode degrades the highest possible switching
frequency of the transistors.

The state-of-the-art gate oxide processes in SiC technology were presented in
Sec. 2.1.4. No in-house process existed before SiC CMOS. The gate electrode
process is presented in 4.3.2. The gate oxide processes that was developed for SiC
CMOS are presented in Sec. 4.3.1.

4.3.1 Gate oxide process
The gate oxide process always started with a cleaning step, regardless of previous
process modules. Since SiO2 was present on the surface (FOX), the wafers could
not be exposed to long HF cleans. SSEC was used to have a short and timed 1 %
HF clean to remove any native oxide. Following that, the wafers were cleaned with
RCA clean.

The gate oxide processes were based on ALD films from the very start of SiC
CMOS. ALD is an accepted industry method for depositing state-of-the-art di-
electrics in silicon technology, and the deposition is highly conformal which suits
the trench-like geometry. The ALD tool is a Beneq TFS 200, a 200 mm single-wafer
tool. It was upgraded with a loadlock during this study.

The process development was initially trial-and-error based and unsystemati-
cally collected. The core findings were that high-temperature annealing1 (≥1000
◦C) was necessary to achieve small hysteresis (NNIT < 1012 cm−2, with NNIT the

1Thanks goes to Sethu Saveda Suvanam, formerly of KTH ELE, for suggesting this. See his
thesis [363] for more information.
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number density of near-interface traps) in C − V measurements. The anneals were
intended to form a high quality interface and the ALD films added thickness to the
gate oxide. Whenever a new anneal was tested, the hysteresis was measured and
verified that it was low, and the next iteration adjusted the thickness by varying
the number of ALD cycles. The MOS-capacitor tests were performed on 10 mm
× 10 mm pieces with lowly doped n-type epitaxially grown SiC (1016 cm−3). 500
nm aluminium film was sputtered on the pieces using an Applied Materials En-
dura, with the pieces being placed in grooved stainless steel 100 mm carrier wafers.
The aluminium film was patterned by contact lithography and wet etched using
aluminium etchant (45 ◦C for 1 min). Electrical measurements were done by top-
to-top measurements, with large capacitor areas as admittance ground contacts.

The Al2O3 process used in the first version of the SiC CMOS process flow is
covered in Sec. 4.3.1.1 and the different SiO2 processes are covered in Sec. 4.3.1.2.
An overview of the different gate oxide processes can be found in table 4.5.

4.3.1.1 Aluminium oxide

As discussed in Sec. 2.1.4, Al2O3 has some integration challenges. Having a SiO2-
interface provides good performance, as both net negative fixed charge and inter-
face defect density are reduced [122, 123, 133, 138, 139]. Since n-type polysilicon
would be used as gate electrode, it was desirable to avoid Fermi-level pinning [137].
High-temperature annealing was considered necessary to achieve low oxide defect
concentration (low NNIT ), and as such Al2O3 would crystallise and have grain-
boundary leakage paths [125]. To avoid all these issues, it was decided to use a
ONO-like gate oxide structure, like the one in [128]. First, a layer of SiO2 would
be deposited, followed by a layer of Al2O3, and finally a second layer of SiO2.

SiO2 was deposited at 350 ◦C by using a commercial precursor AP-LTO-330
from Air products and ozone as oxidant. An Al2O3 deposition recipe that uses TMA
and ozone as oxidant at 350 ◦C was developed. The high temperature is motivated
by keeping the ALD-chamber temperature constant when changing from SiO2 to
Al2O3 (or from Al2O3 to SiO2). Ozone produces lower amounts of hydroxides
(-OH) in the deposited film and generally improves film properties, compared to
using dionised water as oxidant [141, 142]. The deposition rate for both recipes is
about 0.1 nm/cycle.

It was found during the trial and error MOS-capacitor process that Al2O3 is an
excellent diffusion barrier. Four SiC samples were nitrided in N2O at 1250 ◦C for
1 h. The sample with ∼20 nm ALD-SiO2 gave a capacitance equivalent thickness
(CET) of 33.5 nm, whereas the 6 nm SiO2 / 13 nm Al2O3 / 10 nm SiO2 sample
gave a CET of 21.7 nm. The most plausible explanation for this result was that
a ∼10 nm nitrided SiO2 grew in the absence of Al2O3. The other two samples
had different Al2O3 thickness, 19.5 nm and 26 nm, while keeping the SiO2 film
thicknesses (6+10 nm) constant. By measuring the variation of capacitance and
Al2O3 thickness, a relative permittivity of 8.5–10.4 could be estimated for annealed
Al2O3. The process was intended to nitride the interface, but since Al2O3 blocked
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Table 4.5: Summary of the different gate oxide processes used in SiC CMOS. The
depositions were performed with thermal ALD at 350 ◦C using a Beneq TFS 200.
The precursors were AP-LTO 330 for SiO2 and TMA for Al2O3, with ozone used
as oxidiser for both. The deposition rate is ∼0.1 nm/cycle for both processes.
Oxidation and nitridation was performed in a Thermco 5500 furnace.

Version 1 2 3

Wafer W11 W12 W13 W14 W16 W17

First SiO2 deposition

Cycles 85 235 200 300 300 300

Oxidation/nitridation

Temp. (◦C) 1150 1150 1100 1050 1050 1050

Time (min) 10 60 180 10 10 10

Gas N2O N2O O2 O2 O2 N2O

Anneal

Temp. (◦C) - - 1100 1050 1050 1050

Time (min) - - 60 60 60 60

Gas - - N2 N2 N2 N2

Re-oxidation

Temp. (◦C) - - 950 950 - -

Time (min) - - 180 10 - -

Gas - - H2O H2O - -

Second deposition process

Al2O3 cycles 130 - - - - -

SiO2 cycles 85 - - - - -

Oxidation/nitridation

Temp. (◦C) 1150 - - - - -

Time (min) 60 - - - - -

Gas N2O - - - - -

Final capacitance equivalent thickness

CET (nm) 21 25 29 34 34 34
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Figure 4.8: HRTEM image of Al2O3-based gate stack used in the first version of
the SiC CMOS process flow. The interfacial SiO2 layer is 7.7 nm thick, the Al2O3
is 12.8 nm and the capping SiO2 layer is 7.4 nm.

the nitridation, the nitridation had to preceed the Al2O3 deposition. The solution
was to first deposit SiO2, nitride it, and deposit the Al2O3/SiO2-stack on top of
the nitrided SiO2-film.

A high-resolution transmission electron microscopy (HRTEM) image of the gate
oxide stack is shown in Fig. 4.82.

Although the gate oxide process was complete, more Al2O3 processing remained.

2Fredrik Gustavsson, currently at Swerim, is acknowledged for having performed the focused
ion beam (FIB) sample preparation and for having operated the TEM.
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Figure 4.9: Gate process flow with Al2O3 used in the first version of the SiC CMOS
process flow. 1) The wafer is cleaned in preparation for the gate deposition. The
source/drain and channel is pointed out. 2) SiO2 is deposited by ALD and nitrided.
This step determines the interface properties. 3) Al2O3 and SiO2 is deposited by
ALD and annealed in furnace. Al2O3 adds physical thickness without significantly
increasing capacitance. It is also an excellent chemical barrier and protects the
channel. The SiO2 film is used to give a good interface to the polysilicon electrode.
4) The in-situ doped polysilicon gate is deposited by LPCVD. 5) Lithography is
performed to define POLY. 6) The polysilicon electrode is etched by anisotropic
MERIE. 7) The photoresist is stripped, the wafer is cleaned, and the polysilicon is
activated by annealing.

During the contact processing, the gate oxide had to be etched to allow access to
the highly doped regions. The process is straightforward for the case of SiO2-
only gate dielectric, but complicated for the Al2O3. Crystalline Al2O3 is a difficult
material to etch. After having etched through the protective SiO2 films and the SiO2
capping layer, the etch slows down once it reaches Al2O3. There was a standard
aluminium-etch recipe in P5000 that uses BCl3 and Cl2. The etch rate of Al2O3
with the standard aluminium etch recipe was determined to be about 20 nm/min.
To ensure complete etch-through, the gate oxide was etched with the aluminium
etch recipe for 40 s (∼13 nm), followed by pre-clean in the Applied Materials Endura
(see Sec. 4.4).

The gate process flow with Al2O3 is shown in Fig. 4.9.
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4.3.1.2 Silicon dioxide

The SiO2 processes was straightforward through all versions of the SiC CMOS
process flow: the bulk of the film was deposited by ALD, followed by annealing
to enhance the bulk properties. Furthermore, the anneal grows a SiO2 film at the
interface that is of high quality and determines the interface properties.

In the first version, the 235 cycles of ALD-SiO2 film was deposited (∼23.5
nm), followed by annealing the dielectric in N2O for 1 h at 1150 ◦C. The primary
motivation for this process was the success of nitrided deposited oxides in the in-
house SiC processes [348, 353, 354, 356, 363], the result of Kuroki et al. [118],
and the benefit of using deposited oxides for trench geometry [17, 56]. The highest
common temperature of the two oxidation furnaces (Thermco 5500), 1150 ◦C, was
chosen as the process temperature.

I had learnt of the re-oxidation process and its benefits for PMOS transistors
[97, 98, 99] by the second version process flow. The key-weakness for CMOS in the
first version of the process flow was the non-functional PMOS transistors (see Sec.
5.1.1), and the use of re-oxidation was adopted to address this issue. To ensure
that the interface would be decent, a 10 nm oxide would be grown through a 20 nm
deposited ALD-oxide. It was found through some trial-and-error MOS-capacitor
development that oxidising the surface at 1100 ◦C for 3 h gave close to desirable
results. The oxide was annealed in nitrogen for 1 h at 1100 ◦C. Finally, the oxide
was re-oxidised in pyrogenic steam for 3 h at 950 ◦C. A scanning TEM (STEM)
image of the gate oxide is shown in Fig. 4.10.

By the third and final SiC CMOS process flow version, the Deal-Grove models
in App. I was used to model the anisotropic oxide growth. The oxide thickness
on flat surfaces was increased to 35 nm, based on what was being used in silicon
technology for 2 µm gate lengths [36, Table 4.2]. The benefit of going to thicker
oxides with ALD is that the relative difference of sidewall oxide to flat-surface oxide
becomes smaller, or in other words a more conformal gate oxide can be achieved.
The interface still needed to be oxidised to achieve a high quality interface, but at
the same time the grown oxide on the a-face had to be kept close to that of the
Si-face. The solution to this was to do both short (10 min) and low-temperature
oxidation (1050 ◦C). The choice of temperature was based on the results of Woerle
et al. [364], who showed that a low defect density interface could be achieved at
low temperatures. As this was going to be the last trial, all three remaining wafers
were used and a three-way split was designed,

• Oxidise in O2 at 1050 ◦C for 10 min, anneal in N2 for 1 h at 1050 ◦C and
re-oxidise in pyrogenic steam for 10 min at 950 ◦C

• Oxidise in O2 at 1050 ◦C for 10 min and anneal in N2 for 1 h at 1050 ◦C

• Nitride in N2O at 1050 ◦C for 10 min and anneal in N2 for 1 h at 1050 ◦C

A 300 cycle ALD-SiO2 film was deposited (∼30–33 nm) before the oxidation
step in all three cases.
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Figure 4.10: STEM image of SiO2 gate stack from second version of the SiC CMOS
process flow. The physical thickness of the gate oxide is about 31 nm.

The gate process flow with SiO2 used in the last version of SiC CMOS is shown
in Fig. 4.11.

4.3.2 Gate electrode process

The gate electrode is done in two steps: a deposition step and an etch step.
The Expertech LPCVD furnace was used for the polysilicon electrode deposi-

tion. The film is deposited using SiH4 at 560 ◦C, which is lower than the crystallisa-
tion temperature of silicon, and as such it grows amorphous and smooth. The SiH4
decomposition is thermally activated and thus is greatly reduced at low tempera-
ture. Since ion implantation is not used in this process, doping must be achieved
using other methods. Phosphine (PH3) is added in-situ during the deposition to
get n-type doping. The recipe is designed to give as high doping as possible (as
low resistivity as possible, or close to the solid solubility limit). Adding dopants
to the deposition changes the deposition condition, and the deposition rate reduces
in the case of phosphine [73, 83]. The combined effect of both low temperature
and adding PH3 reduces the deposition rate from ∼8 nm/min (used in polyoxide
process, see Sec. 4.2.2) to ∼0.5 nm/min. The deposition time was 150–180 min.
The sheet resistance measured on monitor wafers after activation (800 ◦C for 10 s
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Figure 4.11: Gate process flow with SiO2, used in version 2 and 3 of the SiC CMOS
process flow. 1) The wafer is cleaned in preparation for the gate deposition. The
source/drain and channel is pointed out. 2) SiO2 is deposited by ALD to add
thickness to the gate oxide. The interface is either oxidised, nitrided or re-oxidised
in pyrogenic steam. This step determines the interface properties. 3) The in-situ
doped polysilicon gate is deposited by LPCVD. 4) Lithography is performed to
define POLY. 5) The polysilicon electrode is etched by partially isotropic MERIE.
6) The photoresist is stripped, the wafer is cleaned, and the polysilicon is activated
by annealing.

in N2 using RTP) were 167–336 Ω/2 and the thickness was about 70–120 nm as
measured by ellipsometer. The thickness and deposition time was adopted from
the in-house silicon CMOS process.

The first version used part of the in-house silicon CMOS polysilicon etch. The
etch used Cl2 and HBr together with He-O2 and endpoint was provided by moni-
toring the 470.5 nm signal. There were two major differences. First, silicon CMOS
uses titanium nitride (TiN) between the polysilicon gate and the dielectric (which
may be a high-κ material). In an effort to have a chemically stable gate stack
module, it was decided not to have a metal gate and consequently no TiN. Second,
photoresist was used as mask out of convenience, whereas silicon CMOS used SiO2
hardmask. The decision to use photoresist as mask had two implications. First,
use of photoresist avoided the SiO2 sidewall masking, and as such polysilicon could
be etched over the topography. This was beneficial for the process. The second
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Figure 4.12: The poly gate electrode of an NMOS 100×2 is shown, image taken
from the third version of the SiC CMOS process flow. The cyan-grey area is the
polysilicon, the purple areas are FOX and gate oxide.

implication was that the etch selectivity was poor with photesist in a Cl2/HBr etch,
as previously discussed (see Sec. 4.2.2).

The second and third version of the process flow used the SF6 and HBr-only
recipe used for FOX processing (see 4.2.2). The fluorine-part of the etch recipe
suffers from microloading, as such the etch rate was very different for the mostly-
open area etch compared to the mostly-closed area etch. The endpoint signal,
triggered by the change of the fluorine emission signal intensity at 703.7 nm [359,
table 1.5], occured at an average of ∼23 s for ∼100 nm, giving an etch rate of
∼260–270 nm/min. The HBr overetch step was set to 84 s, corresponding to 130 %
overetch.

The amorphous silicon was crystallised and dopants activated by annealing the
wafers with RTP, 30 s in nitrogen gas at 800 ◦C. In the first and second version
of the process flow, the SiC wafers were put on quartz-pins. By the time of the
last version, a dedicated graphite box for the RTP had been acquisitioned, and
it was used for all SiC anneals. This short anneal allowed quick verification that
the polysilicon etch was complete by electrically measuring open-circuit structures.
At least five structures were measured on each wafer (north, west, east, south and
middle of the wafer).

Once the polysilicon process was complete, the gate was covered with ALD-SiO2
to protect it from the processing in the next module, the contact formation 4.4.

The poly gate electrode is shown in Fig. 4.12 and the open circuit structure in
Fig. 4.13.
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Figure 4.13: The open circuit test structure, image taken from last process flow
version. This structure is used to evaluate if there are any polysilicon stringers
along the edge. The edge is clean, as seen in the SEM, and electrically the resistance
was unmeasurably high (open circuit).

4.4 Contacts

Ohmic contacts are necessary to allow current flow from and to the metallisation
into and out of the semiconductor device. The resistance of the ohmic contacts
contribute to the parasitic resistances of a MOSFET. A good contact is a contact
with a insignificant voltage drop at the drive current of the transistor – or low
resistance with regards to the intrinsic channel resistance. A bad ohmic contact
(high resistance or non-linear I−V ) on the source/drain guarantees a bad transistor.

The in-house process SiC contact process was neither manufacturing-friendly
nor repeatable at the start of SiC CMOS. Contacts to n-type SiC was based on
evaporating nickel, pattern the contacts with lift-off and anneal the wafer in the
RTP tool. Contacts to p-type SiC was based on evaporating Ni/Ti/Al, pattern the
contacts with lift-off (LO), anneal the wafer in the RTP tool, and hope for the best.
The old in-house process was covered in detail by K. Smedfors [146, 365].

During the first SiC CMOS process version, H. Elahipanah proposed that we
should investigate if nickel silicide could be self-aligned to contact holes. Self-aligned
silicide, or salicide, is a common process in silicon technology [366, 367, 368, 369],
dating back to the titanium salicide process in the 1980s [370]. The premise is
simple: the nickel reacts with SiC and forms a silicide, but nickel does not react
with SiO2. The unreacted nickel is stripped selectively to the silicide. A second
anneal transforms the Schottky contact into an ohmic contact. The study ended in
a publication [162].



108 4. PROCESS MODULES AND RESULTS

The state-of-the-art contact processes were discussed in Sec. 2.1.5. The self-
aligned nickel silicide contact process was a mainstay of the SiC CMOS process, and
is presented in Sec. 4.4.1. One of the contributing failures of the first SiC CMOS
process flow version was the non-reproducible Ni-Ti-Al contact process, which is
presented in Sec. 4.4.2. The failure of Ni-Ti-Al lead to the investigations of two
alternative systems, Ni-Al (used in version 2 and 3) and self-aligned cobalt silicide.
The self-aligned cobalt silicide process is presented in Sec. 4.4.1 and was published
as PAPER III, and the Ni-Al contact process is presented in 4.4.2 and was published
as PAPER II.

4.4.1 Self-aligned silicide processes
The self-aligned nickel silicide process started by opening contact holes to the n+-
regions inside the active areas. The active areas were protected by the gate oxide
and the gate encapsulation oxide. The SiO2-films were etched in the P5000 Mark II
dielectric etch chamber using CF4/CHF3/Ar, which is a standard SiO2 etch recipe.
This etch is selective and stops on SiC. Unlike the issues found in the PECVD-
FOX processing (see Sec. 4.2.1), this etch was straightforward. The openings were
always to flat-surfaces and thus there were no issues with etching SiO2 over steps.
The surface damage were consumed by the subsequent silicidation.

The nickel deposition was performed in the Applied Materials Endura. The
surface is pre-cleaned in-situ in two steps. First, the wafer is de-gassed to desorb
any moisture. Second, the surface is sputtered with argon ions to remove any
native oxide or foreign matter from the surface. 100 nm of nickel was deposited by
magnetron sputtering.

The next step was to initiate the reaction between SiC and nickel. The wafers
were annealed in a Mattson 100 RTP Systems, a single wafer RTP tool. It uses
lamps to heat the substrate and an optical pyrometer to estimate the temperature
of the substrate. The power to the lamps are controlled in a feedback loop. The
tool was upgraded during the last version of the SiC CMOS process. A graphite box
had been acquired, which allowed accurate temperature control of the substrate. A
silicon wafer with a mounted thermocouple was placed inside of the graphite box,
and the pyrometer observed the emitted infrared light from the graphite box. The
thermocouple data was used to calibrate the pyrometer. The key assumption is that
anything placed inside of the graphite box would be heated to the same temperature
as the box (given sufficient time), and that the temperature of the graphite box was
correctly measured. In addition to the graphite box, an O2 meter had been installed
to check the oxygen content inside of the chamber. The chamber was purged with
nitrogen until the oxygen content was less than one parts per million (v/v) before
ramping up to process temperature. Wafers processed prior to process flow version
3 used emitted light from the SiC wafers to measure the wafer temperature. The
first step anneal was performed at 600 ◦C for 60 s in N2. The nickel reacted only
with the SiC in the open areas, where it formed Ni2Si, and was left unreacted on
SiO2.

https://link.springer.com/article/10.1007%2Fs11664-019-07020-0
https://www.scientific.net/MSF.924.389
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Figure 4.14: Dark-field STEM image of contact to n-type SiC. The Ni2Si grows
under the SiO2.

The unreacted nickel was stripped by spraying Piranha (H2SO4 mixed with
H2O2, also called sulphuric peroxide mix, SPM, see App. H) on the wafer using
SSEC. Piranha etches nickel with very high selectivity to nickel silicide. Following
the nickel strip, the wafer was annealed again. This second anneal step was per-
formed at 950 ◦C for 60 s in N2. The contacts turns into ohmic contact in this
step.

Once the nickel contact process was complete, it was encapsulated in SiO2 to
protect it from the contact to p-type process (see Sec. 4.4.2 and Sec. 4.4.3).
This increased the oxide thickness in the active areas, and had to be taken into
consideration for future processing.

The first SiC CMOS version was the first in-house integrated circuit process
that used the self-aligned nickel contacts. The TEM study performed for the first
processed SiC CMOS wafers offered an opportunity to investigate the new nickel
contacts. As seen in Fig. 4.14, the Ni2Si grows into SiC, as observed in silicon tech-
nology and in accordance with the auricupride rule [368]. Nickel diffuses through
the silicide and reacts with SiC, and forms further silicide at the silicide/SiC inter-
face. The silicide encroach under the oxide and forms a bird’s beak. The silicide
thickness is 160 nm, which is roughly consistent with the expected thickness for
100 nm nickel on silicon to Ni2Si [368].
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Figure 4.15: STEM image of contact to n-type SiC. The oxide thickness has been
reduced compared to the first version of the SiC CMOS process flow (see Fig. 4.14).
EDS identifies that the black line in the Ni2Si, about 25 nm from the interface, is
a region of high concentration of carbon.

The wafers processed in the second version of the SiC CMOS process flow were
studied by TEM, too. This time energy-dispersive x-ray spectroscopy (EDS) was
performed to characterise the contact. Surprisingly, it was found that the carbon
aggregated about 25 nm from the interface, as seen in Fig. 4.15.

The cobalt silicide process, proposed to be investigated in Sec. 2.3, was super-
ficially similar to the nickel silicide process3. The experiments were performed on
10 mm × 10 mm pieces, and some of the pieces had epitaxy with different dopings.
Three different sets of pieces were used, and can be found in table 4.6. Substrate
samples (set 1) were prepared to investigate the interface reaction between cobalt
and SiC, as it was uncertain at what temperature the first phase would form. Previ-
ous results had shown cobalt reacting at quite low temperature with polycrystalline
6H-SiC for furnace anneals, around 600 ◦C [371, 372]. It was uncertain if cobalt
would provide ohmic contacts to n-type, p-type, neither or both, thus multiple dop-
ing combinations were prepared. The second set had both high n-type and p-type

3Andrea Ferrario, formerly of KTH ELE, is acknowledged for performing the processing under
my supervision.
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doping and allowed studying contacts to both p-type and n-type at the same time4.
The third set had a much higher p-type doping. It was reasoned that if the cobalt
silicide proved to be a low resistance ohmic contact to p-type, then the specific
contact resistance to p-type would be lower on the third set compared to the sec-
ond set. Mesas were etched to provide selective doping (see Sec. 4.1 for details on
etching). Set 3 only had one mesa etch (layer 1, p+-epitaxy), whereas the second
set had two mesa etches (layer 1 and layer 2). After mesa etch and sacrificial oxi-
dation, the wafers were diced into pieces for further processing. The equivalent of a
FOX process (see Sec. 4.2 for details on FOX) was performed by depositing 50 nm
ALD-SiO2, and anneal it with the RTP tool. The contact holes were opened with
MERIE CF4/CHF3/Ar, as usual. The fabricated samples included transfer length
method (TLM) structures to allow extraction of specific contact resistance.

The samples were cleaned by dipping them in diluted HF (< 1 % v/v) for a
few seconds in Electrum laboratory (Kista) before going to Ångström laboratory
(Uppsala) for cobalt deposition. The time between the clean and deposition was
about 1–2 h because of the travel time.

A Lesker CMS-18 magnetron sputter was used for the deposition5. It was op-
erated in direct-current magnetron sputtering (DCMS) mode with an average dis-
charge power of 130 W. The sputtering gas was argon at a pressure of 1.1 Pa and
a mass flow of 80 sccm. At these conditions, the deposition rate was 2.33 nm/min.
The deposition rate was calibrated immediately before sharp deposition. The TLM
samples were coated with 10 nm cobalt and the XRD samples with both 10 nm and
40 nm cobalt. The thin cobalt on the TLM samples was motivated by reducing
the amount of released carbon and the thick cobalt on XRD was motivated by hav-
ing clear XRD signal. Unlike the Endura processes, the samples were not in-situ
cleaned before metal deposition.

The XRD samples were anneal at different temperatures and time to determine
a process window for silicidation, as seen in Fig. 4.16. The as-deposited films
do not show any crystallinity, which is likely due to nanocrystallinity of the as-
deposited film. The Uppsala operators claim that the crystallinity can be detected
by other structural characterisation methods, like grazing-incidence XRD (GIXRD)
[373]. Annealing the cobalt/SiC sample at 600 ◦C for 1 min in N2 gives a peak
at 2θ = 44.3◦ that corresponds to cubic cobalt (111). High-temperature anneal
at 750 ◦C gives sharper peaks at 44.3◦ and at 52◦, corresponding to cubic cobalt
(200). It is not until annealing at 800 ◦C that a CoSix peak clearly appears, at 45.5◦,
corresponding to CoSi (210). There is a second peak at 44.3◦ that is not revealed
until the cobalt film is stripped with Piranha. This peak corresponds to Co2Si
(021), and is inferred by the fact that Piranha etches cobalt highly selectively to
CoSix. The CoSi signal is clear at 850 ◦C. The cobalt silicide formation temperature
is higher than what was found in [371] but lower than [372] (although the lowest

4Katarina Smedfors, formerly of KTH EKT, is acknowledged for having performed the sample
preparation (mesa etch and dicing). Compare this set to the work used in [146, 160].

5Thanks goes to Tomas Kubart at Ångström laboratory for helping us with the deposition.
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Table 4.6: The different samples (10 mm × 10 mm) used in the Co-salicide exper-
iment. Set 1 was substrate pieces and used for XRD and SEM studies. Set 2 had
both high n-type and p-type doping and allowed to study cobalt silicide contact
simultaneous to n-type and p-type. Set 3 had high p-type doping. Concentration
given in cm−3, thickness in µm.

Set 1

Doping Concentration Thickness

Substrate n-type ∼3×1018 325

Set 2

Doping Concentration Thickness

Layer 1 n-type 1×1019 1

Layer 2 p-type 1×1018 1

Substrate n-type ∼3×1018 325

Set 3

Doping Concentration Thickness

Layer 1 p-type 1×1019 0.2

Layer 2 n-type 1×1016 0.8

Layer 3 p-type 5×1018 1

Substrate n-type ∼3×1018 325

tested temperature in [372] was 850 ◦C). A mixed system of Co2Si (021) and CoSi
(210) exist in our samples, which has been observed previously in silicon technology
[374] and in the cobalt/6H-SiC study in [371]. The cobalt silicide process shows a
great disadvantage compared to the nickel silicide process: the first step annealing
temperature is high. This high temperature may cause yield-related issues, most
notably due to the cobalt/SiO2 reactions at 800 ◦C in the presence of oxygen
contamination [375]. The reaction temperature between cobalt and 4H-SiC might
be lowered if the interface could be cleaner: a de-gassing step and pre-clean might
help. In addition, the pre-clean step may soften the SiC surface and assist in the
cobalt/SiC reaction.

Some of the XRD samples were imaged in SEM, as seen in Fig. 4.17. It was
clear from the SEM images that the cobalt/SiC system was more complicated than
initially expected. The thin cobalt film in Fig. 4.17a) had given agglomorated
CoSix, and as such it was not a continuous film. Agglomoration occurs for thin
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Figure 4.16: XRD spectra of CoSix/SiC. The as-deposited film does not show
enough large-grain crystallinity to be detected by θ–2θ scans. The cobalt film
crystallizes at 600◦C. The cobalt silicides form at 800◦C and above by RTP, 60 s.
The initial cobalt thickness was 40 nm for all samples. Figure and caption appear
as originally published in PAPER III, [CC-BY 4.0]. A PANalytical Empyrean with
monochromated Cu Kα,1 radiation was used to measure the XRD spectra.

films [374] and is prevented by using thicker films, but the thick cobalt film in Fig.
4.17b) had clearly broken, possibly due to strain [376]. There might be an optimal
thickness between 10 nm and 40 nm for which continuous CoSix-films exists.

We found that the CoSix forms reliably by annealing at 800 ◦C for 60 s, which
was used as the first annealing step for the TLM samples. The unreacted cobalt
was stripped with Piranha. The samples were annealed with temperatures in the
range of 850–1000 ◦C in steps of 50 ◦C to determine at what temperature, if any,
the contacts become ohmic. Following this second step, measurement pads were
deposited and patterned, similar to the metallisation in Sec. 4.5.

Only the contacts to n-type SiC gave low resistance ohmic contacts. A high
anneal temperature of 1000 ◦C for 60 s was required to get low resistance contacts
to n-type. The contacts to p-type, even for high doping, showed ’S’-curve, typical
of two back-to-back Schottky diodes, as seen in Fig. 4.18. This result did not
support the hypothesis that the cobalt silicide contacts that Lundberg and Östling
[265] found was a Schottky-Mott contact, since low resistance ohmic contacts were
not achieved to p-type 4H-SiC (see discussion in Sec. 2.3).

The specific contact resistance was extracted from TLM structures, with the
TLM plot shown in Fig. 4.19. The estimated sheet resistance of four TLM struc-
tures was in the range 101–194 Ω/2, which was a large range of values but the
mean value (133 Ω/2) was in good agreement with the results of Smedfors et al.
[160], who used nominally identical samples in her studies. The results do not sup-
port the hypothesis that the cobalt silicide short-circuited the contacts, and as such
they were self-aligned to contact holes. The estimated specific contact resistance

https://link.springer.com/article/10.1007%2Fs11664-019-07020-0
http://creativecommons.org/licenses/by/4.0/
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Figure 4.17: SEM image of cobalt silicide, formed at 800◦C, RTP and 60 s from
cobalt/4H-SiC. The unreacted cobalt has been stripped. (a) The sample had 10
nm initial cobalt thickness. The CoSix forms hexagonal islands by agglomeration.
Since CoSix is cubic/orthorhombic, it appears to grow textured partially in the
{111} direction. (b) The sample had 40 nm initial cobalt thickness. The CoSix
film has broken and forms dendric-like structures, as seen in the center right-hand
side part of the figure. The surrounding 4H-SiC surface appears blistered, which
indicates that the cobalt had a reaction with the 4H-SiC before breaking. Note that
the magnification is higher in (a) than (b). Figure and caption appear as originally
published in PAPER III, [CC-BY 4.0].

was 4.3×10−4 Ω·cm2. This specific contact resistance is high compared to similar
studies. Multilayer Co/Si contacts achieve values in the range 1.8×10−6–3.8×10−5

Ω·cm2 [159, 160, 377], and self-aligned nickel contacts achieve 5×10−6 Ω·cm2 [162].
More work is needed if the self-aligned cobalt silicide contacts are to be competitive.
However, this is to the best of my knowledge the second demonstrated self-aligned
contact system to SiC.

The process flow of self-aligned silicide contacts is shown in Fig. 4.20.

4.4.2 Ni-Ti-Al contact to p-type
The use of Ni-Ti-Al contacts dates back to the SiC power BJT process in 2007
[378]. While titanium and aluminium can be etched with Cl2-based RIE, nickel
cannot be easily plasma etched due to the lack of volatile halides. These contacts
were patterned by lift-off lithography, a process technology that is used when no
better option is available (like etching) [73, Sec. 23.5.1]. IBE was an option, but
the process used at the time suffered from photoresist burning.

The lithography was different from the ordinary process. Micro resist technology
LOR was used together with SPR 700-1.2 to get a bilayer lift-off resist, with the
LOR developing an undercut during the development. The SPR 700-1.2 was used
as an ordinary photoresist and gave the contact opening pattern. The photoresist

https://link.springer.com/article/10.1007%2Fs11664-019-07020-0
http://creativecommons.org/licenses/by/4.0/
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Figure 4.18: I−V curves from measured contact pairs. (a) shows contacts to p-type
4H-SiC and (b) shows contacts to n-type 4H-SiC, both with a doping concentration
of 1019cm−3. The contacts to p-type 4H-SiC show ’S’ curve and are non-ohmic. The
contacts to n-type 4H-SiC are ohmic after annealing at 850◦C and the resistance
decreases with higher anneal temperature. The solid lines are for contacts annealed
at 850◦C and the dashed lines for contacts annealed at 1000◦C. Note that the
voltage scale differs for n-type and p-type, while the same current scale is used.
Figure and caption appear as originally published in PAPER III, [CC-BY 4.0].

was hardbaked in a convection oven, as typical for all etch steps. The SiO2 film
was etched with MERIE CF4/CHF3/Ar.

The next step was depositing the Ni-Ti-Al stack. The wafers were cleaned with
BHF for a few seconds immediately before metal deposition.

Lift-off process requires that as little metal as possible is deposited on the side-
walls of the photoresist. Sputtering provides good step coverage, which unfortu-
nately disqualifies it from lift-off processing. E-beam evaporation is more suitable,
as it has a high cosn θ deposition distribution and consequently very poor step
coverage [83, Sec. 9.2.2.1]. The wafers were loaded into an e-beam evaporation
Provac PAK 600 Coating system. The deposition was performed simultaneously
on both wafers used in the first SiC CMOS version. The two wafers were loaded
on a hemispherical wafer holder that rotated. A benefit of using this system was
that the deposition rate is measured in-situ by the use of a quartz mass oscillator.

https://link.springer.com/article/10.1007%2Fs11664-019-07020-0
http://creativecommons.org/licenses/by/4.0/


116 4. PROCESS MODULES AND RESULTS

−40 −30 −20 −10 0 10 20 30

d [µm]

0

20

40

60

80

100

120

R
to
t
[Ω

]

2Rc

−2LT

Figure 4.19: TLM boxplot of cobalt silicide contacts to n-type 4H-SiC, annealed at
1000 ◦C. The whiskers show the range of total resistance (Rtot) values of the four
measured TLM structures. The contact resistance (2Rc) is given by the intercept
at zero separation distance (d). The transfer length (2LT ) is given by the intercept
at zero resistance. The separation distance of the contacts were 5 µm, 10 µm, 15
µm, 20 µm and 25 µm, and the width was 100 µm. Figure and caption appear as
originally published in PAPER III, [CC-BY 4.0].

A serious disadvantage of evaporation systems is the lack of pre-clean options. De-
gassing is difficult with photoresist, since it cannot be heated above ∼100 ◦C. It
can’t sputter the surface to remove any adsorbed particles or native oxide because
it is not a sputter. 10 nm of nickel, 15 nm of titanium and 85 nm of aluminium
was evaporated.

The lift-off was performed by submerging the wafers in chemical remover. Ultra-
sonic stimulation was used to ensure complete removal of photoresist. The lift-off
process was not satisfactory, as there was a lot of metal-residues remaining, as seen
in Fig. 4.21.

The metal stack was annealed with the Mattson RTP tool. The process was
known to produce ohmic contacts at 815 ◦C for 1 min [146], but for whatever reason
the in-house contact process was drifting. It was requiring progressively higher and
higher temperature to get decent ohmic contacts. The contacts on one wafer was
annealed for a total of 150 s at 815 ◦C in argon and a functional yield of 8/9 was
achieved. The second wafer was annealed for a total of 150 s at 815 ◦C and 90 s at
820 ◦C, and only produced a functional yield of 3/9.

Not only was the contacts to p-type SiC poor, but they also spread outside of
their lithographically defined areas and short-circuited devices, as seen in Fig. 4.22.
This process is likely the reason why the PMOS transistors were short-circuited in
the first SiC CMOS version (see Sec. 5.1.1). After almost a decade of use in the
Electrum laboratory, it was time to find a better contact to p-type SiC.

The process flow of lift-off patterned Ni-Ti-Al contacts is shown in Fig. 4.23.

https://link.springer.com/article/10.1007%2Fs11664-019-07020-0
http://creativecommons.org/licenses/by/4.0/
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Figure 4.20: Process flow of self-aligned silicide contacts, used in all versions of SiC
CMOS. 1) Lithography defines openings to n-type (NCONT). 2) The contact holes
are opened by MERIE. 3) The photoresist is stripped and openings are cleaned.
4) The metal film (Ni or Co) is deposited. 5) The metal reacts with exposed SiC
at high temperature and forms a silicide in the openings. 6) The unreacted metal
is stripped. A second anneal transforms the Schottky contacts to ohmic contacts.
The cobalt version of the process was presented in PAPER III.

4.4.3 Semi-salicide Ni-Al contact to p-type

The first self-aligned nickel contacts were fabricated on TLM pieces (K. Smedfors’
left-over samples, see [146, 160]), which would be the basis for H. Elahipanah’s
study [162]. The nickel silicide has a high sheet resistance and is difficult to directly
probe it. In order to reduce the sheet resistance and to enable easier probing, some
aluminium was deposited on top of the silicide and patterned with RIE. Since a
new p-type contact was needed (see Sec. 4.4.2), Ni-Al was considered a possible
alternative/replacement6. One of the self-aligned nickel samples with aluminium
was annealed at 450 ◦C, which was the lowest temperature that the RTP tool could
controllably heat at. The contacts to p-type were measured, and it was found that
the contacts were still rectifying. Reasoning that the contacts may be ohmic at
850 ◦C, given that Ni-Ti-Al gives ohmic contacts at this temperature, the sample
was annealed again at 650 ◦C (halfway between 450 and 850 ◦C). Surprisingly, the

6I acknowledge that Hossein Elahipanah suggested that we should study this contact.

https://link.springer.com/article/10.1007%2Fs11664-019-07020-0
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Figure 4.21: A ring oscillator with lift-off defined contacts to p-type SiC. There is
a very noticable retention of metal on the PMOS-transistors (top row transistors).

contacts to p-type were ohmic.
While the self-aligned nickel contacts required a high-temperature step, it was

found that it was not necessary for these contacts. The nickel silicide could be self-
aligned at 600 ◦C and the Ni-Al reaction could be performed within a temperature
window of 500–700 ◦C7.

The Ni-Al process was tested on a full 100 mm wafer to qualify the process
before using it in the SiC CMOS process. The wafer had the following epitaxy,
from top to bottom: 200 nm p-type of 1019 cm−3 / 800 nm n-type 1016 cm−3

doping concentration / 1 µm p-type of 5 × 1018 cm−3 (same as set 3 in table
4.6). TLM mesas were etched using the NPLUS mask (4bMCCMOS version) to
provide selective doping (see Sec. 4.1.1). FOX was formed by the polyoxide method
detailed in Sec. 4.2.2. A dummy gate oxide was deposited in the active areas (20
nm ALD-SiO2 and 80 nm PECVD-SiO2). Contact holes were opened.

10 nm of nickel was sufficient for this type of contact. Deposition was performed
with the Endura, with in-situ clean before deposition. The nickel was reacted with
SiC by annealing at 600 ◦C in N2 for 60 s using the RTP tool. The unreacted nickel
was stripped with Piranha using SSEC.

Time was spent on developing a new aluminium deposition recipe in Endura.
The standard recipe has a deposition rate of ∼800–860 nm/min. The target thick-
ness was 90 nm, which ensures that the aluminium to nickel ratio exceeds 80 % at.
concentration, which is the condition for which Al3Ni formation becomes favourable
and the specific contact resistance is low [152, 153]. 90 nm can be deposited in 6–

7Shuoben Hou at KTH ELE is acknowledged for finding the process window, see [355, Sec.
4.3.2].
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Figure 4.22: Ni-Ti-Al contacts after annealing. The contact texture is very rough,
and the contact has very noticably spread outside of its lithographically defined
area. These two process control contacts, with a separation distance of 20 µm, are
short-circuited.

7 s, which was considered too fast for controllable deposition. This development
was fairly easy, as the deposition rate was found to be a linear function of power.
The power was set to 750 W, which gave a deposition rate of ∼67–74 nm/min. The
sharp processes had a deposition time of 81 s with this recipe. It was found that
the deposition was reproducible for all wafers loaded into the tool except for the
very first wafer. A dummy wafer had to be processed ahead of the sharp wafer.

The intention was to pattern the aluminium with RIE (P5000). The standard
etch recipe was too fast for endpoint detection, since the etch would be completed
in 8–10 s. Like the Endura deposition, the etch rate can be somewhat slowed down
by reducing the power to allow the OES system detect the endpoint.

After the aluminium was patterned, it was alloyed with Ni2Si by annealing the
wafer at 600 ◦C in N2 for 60 s. The surface was imaged in SEM before continuing
the process (see Fig. 4.24).

The wafer was processed further by deposition of SiO2 and opening a via. At
this point in time, the first version of the SiC CMOS process flow had been finished
and it was known that the via process was inadequate, and a solution to achieve
high yield had not yet been found. In an attempt to get a clean via, it was etched
with 1 % HF for ∼6 s in SSEC after the ordinary MERIE etch. It was immediately
found that the contacts had badly reacted to the HF exposure, as seen in Fig. 4.25.
The Ni-Al contacts should not be exposed to HF. The contact resistance before
and after had changed as a consequence of HF exposure, but the contacts were still
low resistance ohmic contacts. The wafer was finished by deposition of metal and
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Figure 4.23: Process flow of lift-off patterned Ni-Ti-Al contacts used in the first
version of the SiC CMOS process flow. 1) Lithography defines openings to p-type
(PCONT). 2) The contact hole is opened by MERIE. 3) The openings are cleaned
with buffered hydrofluoric acid. 4) The metal stack is evaporated. 5) The metal
stack is lifted off and remains only in the openings. 6) The stack is annealed and
has a reaction with SiC.

patterning it for measurement pads, as seen in Fig. 4.26.
166 dies were measured to generate statistics of the specific contact resistance.

97 % of the measured TLM structures produced a specific contact resistance less
than 10×10−4 Ω·cm−2, which was taken as the upper functional yield limit. The
average specific contact resistance was 6×10−4 Ω·cm−2. It compares well to other
contacts to p-type 4H-SiC, which shows typical values in the range 9.5×10−6–
1.2×10−2 (see table 2.7 and references therein).

Since the TLM structures provide information about sheet resistance at the
same time as specific contact resistance, the two properties could be tested for
correlation. The causal link would be variation in epitaxial doping. If the doping
matter for the specific contact resistance, then it is expected that the two properties
are positively correlated [145]. However, the datasets were uncorrelated (Pearson
correlation coefficient was -0.049 for 166 samples), and the data did not support the
hypothesis. Manual verification by looking at the scatter plot revealed no specific
pattern, as seen in Fig. 4.28. The specific contact resistance is likely dominated by
a fluctuating Schottky barrier [145], not by variation in doping.
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Figure 4.24: SEM image of the corner of a contact (wafer), after contact formation.
Two types of regions are identified (dark/bright), indicating a non-uniform contact.
EDS identifies that the bright areas contain more Ni than the dark areas. Figure
and caption appear as originally published in PAPER II, [CC-BY 4.0].

The contacts were studied structurally twice, once during the development phase
and once after its implementation in the second version of SiC CMOS process flow.
The results can be seen in Fig. 4.29 and 4.30. During the development phase,
regions of Ni-Al, Al-C and Al-O was observed. Aluminium carbide (Al4C3) has
been observed previously for low resistance ohmic contacts to p-type 4H-SiC [152,
153]. Aluminium carbide was not, however, clearly seen in the SiC CMOS process.
In both cases AlOx was observed, but the origin of this oxygen contamination is
unknown.

The process, as presented in PAPER II, was implemented in the second version
of the SiC CMOS process flow. It served adequately, but as seen in Sec. 5.1.2,
there was aluminium residues from the metal etch. There were two solutions to
this: either the standard aluminium etch recipe can be used, or the aluminium can
be wet etched with the aluminium etchant.

The aluminium etchant was used to wet etch the aluminium in the last SiC
CMOS process. There were two reasons for this. First, the RIE etches had issues
with etching over steps and the aluminium etch is highly anisotropic in the presence
of photoresist [83]. Second, the aluminium etchant produces reproducible results
and was used to pattern the SiC MOS-capacitors. The wet etch would ensure that
there would not be an aluminium residues on sidewalls. While the wet etch served
adequately, the features smaller than 2 µm were lifted-off. Unfortunately, the wet
etch process requires large features for high yield.

https://www.scientific.net/MSF.924.389
http://creativecommons.org/licenses/by/4.0/
https://www.scientific.net/MSF.924.389
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Figure 4.25: Ni-Al contacts after opening via. a) How the contacts look like after
opening the via. b) How the contacts look like after being exposed to 1 % HF for
∼6 s. The texture changes, indicating that the contact metal is sensitive to HF.

Figure 4.26: Processed TLM structure. The separation distances are 5 µm, 10 µm,
15 µm, 20 µm and 25 µm.

The great sensitivity of the contacts to wet/RIE etching after the second step
anneal (when the aluminium is alloyed with nickel silicide) motivated the use of a
protective metal coating. TiW was used as a protective layer, for two reasons. First,
it was desirable to have as little aluminium as possible in the last version of the SiC
CMOS process (see Sec. 4.5.2 why aluminium is undesirable for high-temperature
applications). Second, TiW could be etched over steps with RIE thanks to the
partial isotropic component provided by the fluorine-plasma (see details in Sec.
4.5.3). A processed contact to p-type from the last version of the SiC CMOS
process flow can be seen in Fig. 4.31.
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Figure 4.27: Box plot of TLM-structures on the wafer after metallization. The
whiskers represent the range of measured resistance values. The dashed line rep-
resent the wafer averaged parameters. Figure and caption appear as originally
published in PAPER II, [CC-BY 4.0].

Figure 4.28: Scatter plot of sheet resistance (R2) and specific contact resistance
(ρC). Two different groups appear, which was due to local variation of sheet re-
sistance over the wafer. The specific contact resistance does not seem to correlate
with sheet resistance.

The key result of the semi-salicide Ni-Al process is that it managed to reduce
the process temperature from 1000 ◦C [152, 153, 154, 155] down to ∼600 ◦C. It
can be speculated that the success of the semi-salicide process is the separation of
two reactions, which if occuring simultaneously becomes competitive. The conven-
tional process has nickel in intimate contact with SiC while simultaneously being in
contact with aluminium. Upon heating, the intermetallic reaction between nickel

https://www.scientific.net/MSF.924.389
http://creativecommons.org/licenses/by/4.0/
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Figure 4.29: TEM image of a contact (piece). Spectrum analysis by EDS and
electron energy loss spectroscopy (EELS) identifies Ni-Al, Al-C and Al-O. EDS and
EELS only identify the composition, not phase. The Al4C3-phase is assumed based
on previous results [152, 153]. Figure appear as originally published in PAPER II,
caption has been rewritten for out-of-context clarity [CC-BY 4.0].

and aluminium may be assumed to dominate over the aluminium or nickel reac-
tion with SiC. The Al3Ni compound might be less reactive with SiC than nickel,
and requires high temperature before reacting. Nickel alone, however, reacts with
SiC at 600 ◦C and release carbon as precipitates (seen in Fig. 4.15). Aluminium
then breaks the nickel silicide film for temperatures above 400 ◦C [379] and forms
Al3Ni and aluminium carbide from the precipitates (although this was not clearly
observed in Fig 4.30). It is this second step that is proposed to give the ohmic
contacts to p-type SiC. The difference between the conventional process and the
semi-salicide process is that SiC has already reacted with nickel at 600 ◦C, instead
of the high-temperature reaction at 1000 ◦C with Al3Ni.

The process flow of semi-salicide Ni-Al contacts is shown in Fig. 4.32.

4.5 Metallisation

Interconnects are needed to connect transistors in integrated circuits, and to pro-
vide connections to the external world through measurement pads or bond pads.
The simplest of circuits can use polysilicon as local interconnects and one level of
metallisation. More complex circuits benefit greatly by having at least two levels
of metallisation. Higher levels require chemical-mechanical polishing (CMP).

The metallisation module is deceptively challenging. The metallisation needs
to be stable in regards to both the materials of the transistor and to the external
world. It needs to provide low resistance. And the yield must be high – a single
via opening failure or a single short circuit can be enough to kill a circuit.

The state-of-the-art metallisation is presented in Sec. 4.5.1. The aluminium
based metallisation that was used in the first and second version of the SiC CMOS
process flow is presented Sec. 4.5.2. The metallisation process was radically changed
for the last SiC CMOS process flow version after the failure of the aluminium

https://www.scientific.net/MSF.924.389
http://creativecommons.org/licenses/by/4.0/
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Figure 4.30: TEM image of a contact. The TEM sample preparation missed the
via, which is why the contact metal and metallisation are not in intimate contact.
EDS shows that there is oxygen at the SiC/Al3Ni interface. There is no clear region
with Al4C3 in the imaged area.
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Figure 4.31: A contact to p-type SiC. The contact itself is protected by TiW. Notice
that there are no metal residues over the different steps, because unreacted nickel
is stripped wet, aluminium is patterned wet, and TiW RIE has a partial isotropic
component.
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Figure 4.32: Process flow of semi-salicide Ni-Al contacts used in the last version of SiC CMOS. 1) Lithography defines
openings (PCONT). 2) Contact holes are opened. 3) The resist is stripped. 4) Ni is deposited. 5) The self-aligned silicide
is formed. 6) Unreacted Ni is stripped. 7) Al is deposited. 8) Lithography defines where Al remains (PCM). 9) The Al
is wet etched. 10) The resist is stripped. 11) Al is alloyed with Ni2Si. 12) Protective TiW is deposited. 13) Lithography
defines where TiW remains (PCM). 14) The TiW is etched. 15) The resist is stripped. The Ni-Al process was presented
in PAPER II.

https://www.scientific.net/MSF.924.389
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metallisation processed in the second version. The high temperature, CMP-enabled
two-level TiW based metallisation that was developed is presented in Sec. 4.5.3.

4.5.1 State-of-the-art high-temperature metallisation and
in-house process before SiC CMOS

In 2016, NASA Glenn Research Center presented their two-level metallisation [289],
which is arguably the state-of-the-art metallisation for high-temperature applica-
tions. TaSi2 is used as interconnects, and SiO2/Si3N4 films as overglass. Unfor-
tunately, this metallisation is not easily reproducible with the in-house equipment.
Silicon technology has greatly advanced its metallisation capability by copper dam-
ascene processing together with low-κ dielectrics. Metallisation higher than twelve
levels can be used. The key process enabler is CMP. Metallisation is practically
limited to two-level metallisation without CMP, because every process step adds to
the topography and makes the next step more difficult.

There were a few efforts in-house to develop high-temperature metallisation
before SiC CMOS (pre-2015). L. Lanni had investigated Pt/Ti-metallisation and
compared it to Al/TiW/Ti [380]. The Pt/Ti metallisation system suffered from
poor step coverage and via filling, likely due to evaporating platinum over large
topography. S. Mardani investigated different metallisation systems, like Ta/TaN
with Ag/Cu [381, 382] at Ångström laboratory, Uppsala. The blanket metallisation
tests showed some promising results, but these metallisation systems were never im-
plemented into a sharp SiC transistor process line. The Electrum laboratory forbids
the use of copper-processing because of the possiblity of cross-contamination. Sil-
icon and III-V materials are processed in Electrum laboratory, in addition to SiC.
Copper diffuses very rapidly through silicon and III-V materials at elevated process
temperatures. Copper forms deep level generation/recombination centres that kill
transistors and optoelectronic devices. No tool responsible at Electrum allows the
use of copper in their tools because of this. Copper-based metallisation is unlikely
to be used for any forseeable future. Ta/TaN with silver is possible by processing
in both Electrum and Ångström, but it most likely requires the development of a
silver-damascene process. At the time of this writing (spring 2019), development
of TiW polishing by CMP is planned but not implemented. It would also be neces-
sary to implement silver-electroplating to realistically implement a silver-damascene
process, a process that is currently unavailable in-house. A high-temperature dam-
ascene process lies far in the future.

When SiC CMOS started, a two-level metallisation had been developed for the
in-house silicon CMOS process. It was based on a traditional Al/TiW-stack. This
process was used in the first and second version of the SiC CMOS process flow,
although it was modified both versions. This process is covered in Sec. 4.5.2. It
became evident that aluminium was too unstable to use in the metallisation by
the second version. The newly acquired Axus Avanti 472 CMP with Titan carrier
head (the carrier head determines polishing uniformity) was qualified for processing
between version 2 and 3, and it was decided that all processes (SiC BJT, SiC CMOS
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and silicon CMOS) would use CMP for metallisation. While SiC BJT and silicon
CMOS stuck to Al/TiW metallisation, the SiC CMOS metallisation used only TiW
in order to survive high-temperature characterisation. The high-temperature two-
level metallisation with CMP is presented in Sec. 4.5.3.

4.5.2 Two-level aluminium-based metallisation
The metallisation module begins with the first via etch (VIA1). VIA1 opens contact
holes through SiO2 to the semiconductor contacts (contacts to n-type and p-type
4H-SiC) and polysilicon gate. The etch itself was described previously in Sec.
4.2.1. A consequence of the process order (polysilicon gate first, contacts to n-type
second and contacts to p-type last) is that the contact opening is in the reverse
order (contacts to p-type first, contacts to n-type second and polysilicon gate last).
When VIA1 is open to the contacts to p-type, there is still SiO2 on the contacts to
n-type and polysilicon gate. By the time that VIA1 is open to contacts to n-type,
the contacts to p-type have been exposed to the via etch for sometime. Likewise,
both the contacts to n-type and p-type are exposed to the via etch while the via is
being opened to polysilicon. This is not a major concern for the n-type contacts,
as the nickel silicide is quite resistant to the plasma etch. Of major concern is the
contacts to p-type, since it is very process sensitive and exposed to the via etch for
considerable time. One solution is to have a separate processes for opening VIA1
to contacts to p-type, but this would increase process complexity.

The first version of the first level of metallisation (ME1) was 100 nm of TiW,
followed by 500 nm of aluminium. Both TiW and aluminium was deposited in
the Endura. The TiW serves as a diffusion barrier for aluminium. In the absence
of TiW, the aluminium would be able to directly react with silicon (this process
module was originally designed for silicon CMOS) and cause spiking (the aluminium
target is pure aluminium, without any addition of silicon or copper). Aluminium
is one of the most highly conductive metals available, with a bulk resistivity of
27 Ω·nm. With this standard metallisation (Al/TiW), the sheet resistance is 55
mΩ/2.

There is a very noticable flaw with this metallisation and it plagues every in-
house process that uses aluminium: the lithography is very challenging. Aluminium
is a highly reflective material, and it can also be very rough if very thick. The first
challenge is for the stepper alignment system to discern the alignment marks from
the background signal. Laser scanning alignment (LSA) is the default alignment
method, but the challenge for this detection method is that aluminium scatters the
laser light everywhere and greatly raises the background signal. The consequence is
that the probability of false positive (the stepper believes it has found the alignment
mark, but it has not) increases, and causes alignment errors. Instead of LSA, field
image alignment (FIA) should be used, if possible. The second problem is that
the pattern transfer is very poor, for the very same reason as LSA has issues. The
UV-light is reflected and scattered everywhere and as such the photoresist is often
overexposed. This is aggrevated in the SiC processes (SiC CMOS and SiC BJT)
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because of the very large topography. The topography is purposefully tapered to
improve step-coverage, but it means that aluminium on the sidewalls acts as mirrors
that direct the UV-light into the photoresist from the sides. Metal-lines close to
topography has terrible pattern transfer. The natural solution to this issue is to use
anti-reflective coating (ARC) in the lithographic process, but this has never been
implemented in the in-house processes. Instead, everyone has their solution to the
aluminium lithography, most commonly by reducing the exposure dose compared to
other standard lithographic processes (<150 mJ/cm2 for Microposit SPR 700-1.2).

TiW, unlike aluminium, is a very dark and non-reflective metal. The used
solution to the aluminium lithography challenge was to coat the Al/TiW with 30 nm
TiW (the thickness is not very important), giving the TiW/Al/TiW metallisation.
The 30 nm TiW acts as ARC, and allow standard lithographic processes to be
used. Partially incoherent exposure was used for the exposures ME1 and ME2,
with standard exposure dose for the Microposit SPR 700-1.2 (150 mJ/cm2) in the
second version of the SiC CMOS process flow, together with field-image alignment
(see App. H for details).

The metallisation was etched in the rebuilt MxP chamber (P5000) using RIE.
TiW was first etched on time, using SF6 and Cl2. Once the top TiW layer had been
etched, the aluminium film was etched with BCl3 and Cl2. The film was etched on
endpoint, using OES that monitors emission intensity change at the wavelength of
396 nm (corresponding to aluminium [358]). When the film had been etched, the
intensity dropped because the reaction products stopped being generated. Once
the endpoint had been triggered, the last TiW etch proceeded, and was etched on
time. A complication of the Cl2-based etch is that it gives the aluminium-film an
AlCl3-coating. If exposed to moist air (basically as soon as it leaves the loadlock),
the AlCl3 hygroscopically transforms to HCl-acid and starts etching the aluminium-
film [359, p. 155]. This process was prevented in two steps. After the RIE, the
aluminium was exposed to CF4-O2 plasma at low power (without leaving the MxP
chamber). The intention was to transform the AlCl3 to either AlF3, a very stable
water-soluble salt, or AlOx. AlF3 is not hygroscopic, unlike AlCl3. The second step
was to wash the metal lines in dionised-water (preferably heated to 80 ◦C). AlCl3
and AlF3, if present on the surface, is washed away in this step and AlOx remains
as surface passivation.

Once the process of ME1 was complete, it was possible to measure transistors,
other devices, and test inverters. The complex circuits required the addition of
ME2.

Following ME1, an intermetal dielectric (IMD) was deposited. This was done in
two steps. First, a thin (50 nm) ALD-SiO2 film was deposited over the metallisation.
The ALD-SiO2 film is pinhole free and highly conformal, and as such will provide
excellent insulation for the metallisation. Secondly, a 350 nm PECVD-SiO2 film
was deposited to add thickness to the IMD. This increases the resistance and the
dielectric breakdown voltage, and reduces the capacitance between ME1 and ME2.
However, PECVD-SiO2 is not pinhole free, and as such will give yield issues by
shorting ME1 with ME2 in absence of the ALD-SiO2 film.
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The second via etch (VIA2) opened contact holes through the IMD. Since it
only needed to open contact holes to ME1, it was less demanding than VIA1,
which needed to open up to three different contacts simultaneously. It uses the
same lithography settings and etch settings as VIA1. ME2 is processed similarly
to ME1.

Once the metallisation was complete, the wafers were annealed in forming gas
(10 % H2 in N2) at 450 ◦C for 1 hour. This temperature is too low to affect the SiC
MOSFETs, but could serve to improve the connections between different metals by
reducing any metal-oxides.

No overglass was used in the first and second version of the SiC CMOS process
flow. This exposed ME2 to ambient atmosphere during high-temperature measure-
ments. ME1 was partially protected by the IMD.

The overall process was the same between version 1 and 2. As covered in Sec.
5.1.1, version 1 ME1 had low resistance connection to the semiconductor contacts,
whereas ME2 had high resistance connection to ME1. Two possible reasons were
considered:

1. The metallisation oxidises in O2-plasma

2. Etch residues remain

In the first version of the SiC CMOS process flow, the photoresist was stripped
with O2-plasma after VIA1, ME1, VIA2 and ME2. O2-plasma is an aggressive
oxidiser, and could potentially have grown an insulating metal-oxide on exposed
metal-surfaces. This would cause problems in VIA1/VIA2, as ME1/ME2 would be
deposited on the insulating metal-oxide. However, ME2 was deposited on vias after
a pre-clean step, which should have removed the metal oxide. Etch residues can be
polymers, formed by CHF3, or non-volatile etch products, like AlF3. The polymers
can be removed by CF4-O2-plasma.

In the second version, it was decided that the ex-situ O2-plasma strip would be
forbidden for all metal processes. This did not exclude the O2-plasma present in
the SiO2 etch process, which removes polymers after etch, or the aluminium etch
process, which converts AlCl3 to AlF3/Al2O3. The photoresist was stripped by
using a chemical remover and cleaned with organic solvents. Dionised water would
dissolve any AlF3 present on the surface. All metal depositions used an aggresive
14 nm pre-clean etch to remove any metallic oxides.

After a few hours (∼10 h) of high-temperature characterisation (500 ◦C) of
the transistors fabricated in the second version of the SiC CMOS process flow, it
was noticed in the probestation microscope that the colour of the polysilicon gates
started to change (see Fig. 4.33). This change occured over the entire sample
and occured for both electrically measured and non-measured devices. A MOS-
capacitor was scanned with EDS to investigate the cause of change. It was found
that more than half of the area had transformed from pure polysilicon to an AlSix-
mixture. TiW has failed as an aluminium diffusion barrier at this temperature,
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Figure 4.33: MOS-capacitors fabricated in the second version of the SiC CMOS pro-
cess flow. The polysilicon gate appears purple. a) As-processed MOS-capacitors.
Note that the polysilicon films are connected to the bottom pads. b) MOS-
capacitors after having been subjected to high-temperature (500 ◦C) for several
hours in air, while measuring transistors. The small capacitors have completely
changed colour to metallic grey, whereas the largest capacitors still have a bit of
purple-area remaining at the top. The pads are not scratched – these devices
have not been measured or subjected to electrical stress. c) SEM image of a large
MOS-capacitor with superimposed aluminium EDS signal. The MOS-capacitor is
partially covered with aluminium.

in agreement with previous studies [383]. The aluminium from the first level of
metallisation was dissolving the polysilicon gate and replacing it. This phenomenon
has been observed in studies on aluminium substitution technology (AST) [384].
The aluminium-based metallisation was clearly unstable at high temperatures.

The process flow of the aluminium based metallisation is shown in Fig. 4.34.

4.5.3 Two-level TiW-based high-temperature metallisation with
CMP

The results of the second version of the SiC CMOS process flow (see Sec. 5.1.2)
clearly demonstrated that TiW failed as an aluminium diffusion barrier at high tem-
peratures. The aluminium aggressively reacted with polysilicon and permanently
degraded the transistors. Aluminium was remove entirely from the metallisation
(except for the Ni-Al contacts) for the last version.

Removing aluminium from metallisation is not a trivial choice. Aluminium is
easy to sputter, easy to etch anisotropically (Cl2/BCl3), easy to etch on endpoint
by OES, it has very good conductivity, it has a natural passivation in the form of
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Figure 4.34: Process flow of the aluminium based metallisation used in first and second version of the SiC CMOS process
flow. 1) Lithography defines first via (VIA1). 2) Via is opened to poly and the semiconductor contacts. 3) The resist is
stripped. 4) The metal stack is deposited. 5) Lithography defines the first level metallisation (ME1). 6) The metallisation
is etched in several steps. 7) The resist is stripped. 8) The IMD is deposited. 9) Lithography defines second via (VIA2).
10) Via is opened to first level metallisation. 11) The resist is stripped. 12) The second level metallisation is deposited.
13) Lithography defines the second level metallisation (ME2). 14) The metallisation is etched in several steps. 15) The
resist is stripped.
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Al2O3 and good adhesion to SiO2. It took silicon technology several decades before
it introduced a realistic alternative to aluminium metallisation (copper damascene).

The options were practically limited. Pt/Ti could only be evaporated. Platinum
can be etched with RIE using fluorine-plasma [385]. It forms PtF6, which is volitile
enough that RIE is achieveable at 80 ◦C. However, it is forbidden to etch platinum
in P5000. Ag/TaN could be sputtered in Ångström laboratory (Uppsala). Silver
does not form volatile etch products and would required IBE. Nickel could be
deposited with the Endura, but would also have required IBE since it doesn’t form
volatile etch products in RIE. Developing an IBE process is a major challenge in
of itself (see Sec. 4.6.2 for more information), and as such none of these options
were particularly attractive. TiW was chosen for high-temperature metallisation,
because

• it can be deposited in the Endura (magnetron sputtering),

• it can be etched in P5000 (SF6/Cl2-RIE),

• it is a refractory metal alloy,

• it has good adhesion to SiO2,

• it has limited reactions with polysilicon for relevant operating temperatures
(≤ 500 ◦C).

TiW has its disadvantages. It has high resistivity, 900 Ω·nm. To achieve the
same sheet resistance as 500 nm of aluminium (55 mΩ/2), the TiW film thickness
would need to be 16.7 µm thick. Since this thickness is impractically thick, the
metal lines would need to be re-designed to be either shorter or wider in order to
accomodate the higher sheet resistance. The circuits were not redesigned between
process version 2 and 3, but future designs need to take this resistance into account.
Although TiW is a refractory metal alloy, it doesn’t form a stable passivation (TiO2
is somewhat stable but not WOx, and TiW is 70 % at. tungsten [83, p. 566]) and
as such cannot be exposed to air at high temperature.

An endpoint was added to the TiW etch process to improve the metallisa-
tion process by making the etch stop reproducibly. Like the polysilicon etch (see
Sec. 4.3.2), the etch is based on fluorine-plasma. The fluorine concentration in
the plasma is low during the etch because it constantly forms etch products with
tungsten (WFx). Once TiW is fully etched, the fluorine concentration increases
since it is being consumed more slowly by the SiO2 etch. The endpoint is triggered
when the fluorine emission intensity at 703.7 nm increases [358]. The etch was
characterised by open circuit test structure, as seen in Fig. 4.35.

The VIA1-process did not differ from the process in Sec. 4.5.2. Once VIA1
was opened, 500 nm of TiW was deposited as ME1. This thickness gives a sheet
resistance of about 1700 mΩ/2, 15× higher than the aluminium-based ME1. Since
there was no aluminium, the lithography process was simple and straight forward
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Figure 4.35: First level metallisation open circuit structure, image taken from the
last version of the SiC CMOS process flow. The TiW film is etched over step, as
seen by SEM and characterized by open circuit measurement.

(partially incoherent, standard dose). The metal lines were etched in P5000 using
the TiW etch recipe that had endpoint.

A major difference between process version 3 and the previous versions was the
addition of CMP. CMP could be implemented in several different places throughout
the process, although it was only seriously considered in two different places: before
VIA1 or before VIA2.

If CMP had been implemented before VIA1, the VIA1 etch would open up to
contacts on NPLUS first, then PPLUS, ISOL, polysilicon electrode and finally the
substrate contacts. The contacts to p-type was subjected to the via etch while
opening up to poly because of the ∼200 nm SiO2 film thickness difference. If CMP
would have been implemented before VIA1, the contacts to n-type on NPLUS would
have been subjected to the via etch for the equivalent SiO2 etch of ∼2 µm, in which
case the process margins would have needed to be ∼ 10× more relaxed. A possible
solution would have been to use multiple VIA1, like VIA1-NPLUS, VIA1-PPLUS,
VIA1-ISOL, VIA1-POLY and VIA1-SUB, but this would have greatly increased
the number of required lithographic process steps and the number of via-etches.
It could potentially cause yield issues to because it adds more process steps that
can fail. CMP before VIA2 would have a much more relaxed process tolerance
than VIA1. VIA2 only opens to ME1, and ME1/VIA2 is always on the FOX on
top of the substrate. The VIA2 would always be opened to the same etch depth.
Consequently, it was decided to implement CMP before VIA2.

To planarise a film, the film must be thicker than the topography. Since the
topography after ME1 was about 2.8 µm, the SiO2 film would need to be thicker
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than 2.8 µm. The big question was how thick it needed to be. After extensive
process development, the answer was: add 500 nm to the topography (3.3 µm
SiO2).

CMP is a combination of chemical and mechanical polishing. Only the top-part
of the topography is being polished at any given time, assuming an infinitely stiff
pad. The pad curves a bit to allow polishing the entire wafer simultaneously. CMP
is strongly pattern dependent, and the polishing rate is inversely proportional to
the pattern density. A low pattern density (few structures that add topography) is
polished fast (high polishing rate). A high pattern density (many structures close
to each other and quickly varing topography or very large structures) is polished
slowly. The slowest polishing rate is achieved for blanket wafers with 100 % degree
of planarisation (DOP). The polishing recipe that was used gave a blanket polishing
rate of ∼200 nm/min.

The transistors have roughly a pyramidal shape of ∼3 µm height and an area
of ∼10000 µm2, and the transistors are distributed regularly over the wafer. The
initial polishing rate is very high (>1000 nm/min), but quickly drops to the blanket
polishing rate (∼200 nm/min) as the DOP approaches 100 %. The planarisation can
be considered self-limiting. As long as the wafer is polished 1 min at a time and the
step height is measured after each polishing step, a SiO2 thickness of topography
+ 500 nm is more than enough to ensure 95 % DOP with safety margin. The
measured step height and polishing rate is shown for a wafer with 4bMCCMOS
pattern in Fig. 4.36.

The IMD was deposited in three steps. First, ∼50 nm ALD-SiO2 was deposited,
like in the previous two-level metallisation (see 4.5.2). The remaining ∼3300 nm
oxide (2800+500 nm) was deposited in two PECVD depositions. The P5000 CVD
chamber requires cleaning after every deposition, but every deposition is assumed
to only deposit a limited amount of SiO2-film. The chamber cleaning is generating a
flourine plasma from CF4 to strip SiO2. However, the plasma erodes the susceptor,
and thus excessive cleaning is highly undesirable. Particulate matter is deposited
if the chamber is not cleaned, and this matter is embedded in the deposited SiO2-
film, as such insufficient cleaning is also highly undesirable. At the time of the
CMP process development, it was not certain how much could be reliably deposited
without causing problems. There were issues with getting a reliable endpoint signal
from the cleaning etch, which aggrevated the issue. The PECVD-SiO2 film was
deposited in two steps, 143 s each (1650 nm), with a cleaning step of 150 s (about
2100 nm).

The sharp wafers were polished for 2+1 min to achieve a DOP of 98 %, or a
step height of ∼55 nm.

The next challenge was opening VIA2. Opening contacts in all the previous
processes required only an etch depth of a few hundred nanometers or less. The
via through the planarised SiO2-film would be about 2.8 µm. This via was deep
compared to previous processes and had to be evaluated. The ordinary lithogra-
phy process had to be changed to accomodate the very long via etch time. The
lithography process is covered in App. H.
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Figure 4.36: Polishing time, step height, polishing rate and degree of planarisation
for the 4bMCCMOS pattern. NMOS 100 × 100 transistors on a topography dummy
wafer (4bMCCMOS pattern) were measured with the Tencor profilometer. The
initial step height is 3000 nm, and the polishing rate is high (1200 nm/min). As
the step height decreases, and the DOP increases, the polishing rate decreases down
to 200 nm/min, which is the blanket polishing rate. In this sense, planarisation
is self-limiting – once it is close to 100 % DOP, the IMD is polished very slowly.
CMP was performed with the Axus Avanti 472 CMP with Titan head with Cabot
Microelectronics Semi-Sperse 25E slurry diluted in dionised water (1:1 v/v). The
actual polishing rate is primarily determined by the pattern and not the CMP
settings until the DOP approaches ∼100 %. a) Step height versus time. b) Polishing
rate versus DOP.

The P5000 Mark II dielectric etch chamber was not connected to a heat ex-
changer before the CMP process, and as such resist burning was an issue in some
specialised etch processes. The photoresist is exposed to an aggressive plasma envi-
ronment while etching the SiO2-film and it becomes increasingly hotter the longer
it is exposed to the plasma. The photoresist becomes very difficult to strip once
it has become burnt. The etch rate of SiO2 is 155 nm/min in the standard etch.
VIA1 required about 72 s etch, which is short enough that the resist would not
burn. To etch 2.8 µm would require at least 18 min etch, at which point there
were no guarantees. The chamber cathode was connected to a water cooled heat
exchanger (∼25 ◦C) to enable long plasma etches without burning the photoresist.

The etch rate of the standard SiO2 recipe is monitored with statistical pro-
cess control (SPC) to ensure reproducible results, but the process is monitored by
etching blanket wafers and measuring the etch depth optically by using an ellip-
someter. While this practice is fine for the purpose of determining process drift, it
is not sufficient for determining etch rate in deep vias with a photoresist mask. It
was known that the etch rate dropped for deep via etches, or at least it did before
the chamber upgrade, and as such it was motivated to determine the time to etch
depth accurately. The etch depth versus time was determined accurately for deep
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Figure 4.37: Etch depth versus time. Five dummy wafers with sharp VIA2 pattern
and very thick SiO2 was etched in steps of five minutes (5–25 min). The etch depth
of 100×100 µm2 openings were measured using the Tencor profilometer. The linear
term was 155±4 nm/min, and the quadratic term was -1.0±0.3 nm/min2. The etch
was performed with Applied Materials P5000 Mark II dielectric etch chamber, with
CF4 (5 cm3/min)/CHF3 (15 cm3/min)/Ar (50 cm3/min), 350 W, 20 Pa, 3 mT.

via etches, as seen in Fig. 4.37.
Given this result, 22 min etch time should have been more than enough to open

the 2.8 µm vias. However, the vias (at least the very big openings) were not entirely
clear even after 28 min etch. It is possible that the etch has some redeposition that
prevents very deep via etches. The via etch is almost completely vertical, but there
is some non-ideal pattern transfer, as seen in Fig. 4.38.

ME2 was 1 µm thick TiW-film, which gives about 900 Ω/2 sheet resistance.
Some special consideration for stepper alignment is necessary when planning a

planarisation process flow. Consider SiO2. The steppers can detect the alignment
marks through the SiO2 by both LSA and FIA detectors because SiO2 is optically
transparent. Thick metal is not optically transparent. In a non-planarised process,
the metal follows the topography of the underlying structures, which includes the
alignment marks. The stepper can detect the position of the alignment mark using
FIA detectors by imaging the topography of the metal. Consider now a thick metal
on a planar oxide. The stepper cannot detect the alignment marks through the
metal and the oxide/metal does not reproduce the topography of the underlying
alignment marks. It is virtually impossible to align to the underlying alignment
marks. This is shown in Fig. 4.39. There are several different solutions to this
issue. The easiest solution, and the one that was used, was to have alignment
marks included in VIA2-pattern. Another possiblity would be to have a separate
ALIGN-pattern which is etched into the planarised oxide, if the pattern for some
reason cannot be part of the via etch.
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Figure 4.38: Topography of the second via, from a test wafer. The actual SEM
image is of a TiW bar, deposited and patterned as second level of metallisation. The
deposited film reproduces the underlying topography of the via. All vias observed
on the test wafer showed this dish-pattern at the top of the via, which could indicate
resist erosion or chemical etch undercut by the in-situ CF4 cleaning step.

Once the TiW-film was patterned and etched, the wafers were subjected to
forming gas anneal. Following the anneal, the wafers were covered with ALD-
SiO2 (50 nm), PECVD-SiO2 (80 nm) and PECVD-SiNx (120 nm) as overglass
layer. The overglass protects the metal from ambient atmosphere, contaminants
and from scratching. A CMP step could have been added here, in which case the
PECVD-SiO2 thickness would need to be at least 1.5 µm (1000+500 nm) thick.
The overglass cut (OGC) was opened by RIE to give 88×88 µm2 openings to the
100×100 µm2 pads. The TiW is exposed in these regions.

Since TiW cannot be exposed to ambient atmosphere at high temperatures,
it must be chemically protected by a conductive bond pad metal (BPM). NASA
Glenn Research Center uses gold on Pt/Ir/Pt/TaSi2 as BPM [11, 386]. They use
two separate steps for the gold and Pt/Ir/Pt/TaSi2. Pt/Ir/Pt/TaSi2 has a diameter
that is larger than the contact hole, and is processed by RIE. Gold is separately
deposited and is lifted off to give a smaller diameter than the contact hole. This is
to prevent the gold from reaching the SiO2, which it can diffuse through. Electrum
laboratory does not have capability to deposit TaSi2 or iridium. Instead of gold
on Pt/Ir/Pt/TaSi2, the BPM was based on another high-temperature metallisation
investigated by NASA Glenn Research Center, gold on Pt:Ti [387]. Pt:Ti is an
alloyed target, which Electrum laboratory does not have either, but the e-beam
evaporator (Provac PAK 600 Coating system) has gold, platinum and titanium.

A new lift-off process, presented in App. H, was used instead of the old lift-
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Figure 4.39: Alignment marks in the CMP process. Photographs taken from a
test wafer. a) The test wafer has first level of metallisation, a planarised IMD and
opened vias. The alignment marks are within the pink circle. b) The same area as
in a) but after depositing the second level of metallisation. The opened vias can be
seen, but the alignment marks are impossible to see since the metal is opaque, and
topography is not reproduced on a planarised IMD.

off process used in the Ni-Ti-Al process (see Sec. 4.4.2). Unlike the Ni-Ti-Al
process, this process was not particularly sensitive since the features were big.
Having learnt from the Ni-Ti-Al process (see Sec. 4.4.2), the OGC photoresist was
stripped (remover) after the plasma etch and a separate lift-off lithography step was
used. Ti (50 nm)/Pt (200 nm)/Au (200 nm) was deposited by e-beam evaporation
(Provac PAK 600 Coating system). The thicknesses were chosen from the results
in [387, 388]. The metals were subsequently lifted off.

In addition to the CMOS wafers processed in the last version of the SiC CMOS
process flow, the high-temperature properties of the metallisation was evaluated
separately on silicon samples. Two silicon wafers were prepared. These wafers were
covered with SiO2 and had polysilicon gate electrodes. ME1 was added to these
wafers to investigate the TiW/polysilicon reaction. One wafer did not have over-
glass (PECVD-SiNx/SiO2), whereas the second wafer had overglass. The second
wafer was patterned in a checkerboard pattern to either have BPM or not (the TiW
is exposed in the OGC openings if not). The two wafers were diced to give two 1
cm × 5 cm pieces (2 × 8 dies on each piece). The final three test samples were

1. No overglass (piece from wafer 1)

2. Overglass without BPM (piece from wafer 2)

3. Overglass and BPM (piece from wafer 2)

These two pieces were put, individually, inside a small Joule-heated open-air
furnace. The pieces were exposed (individually) to ambient atmosphere for 100 h
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Figure 4.40: TiW-polysilicon high-temperature metallisation experiment. All sub-
figures show contact-chains. a), b), c) show as-processed contact chains, d), e), f)
after 100 h anneal in open-air furnace at 500 ◦C. a) & d) No overglass and no BPM.
The TiW reacts badly with high-temperature air and lose its defined features. The
contact-chain is open-circuit. b) & e) Overglass without BPM. The contact chain
appears well defined after anneal, but the measurement pad has reacted with air.
The contact-chain appears open-circuit. c) & f) Overglass with BPM. The con-
tact chain is well defined. The gold-surface has roughened, but the contact-chain
can still be measured. The polysilicon bars in all three annealed samples appear
unchanged compared to their references.

at 500 ◦C. Of the three tested versions, only the samples with both SiO2/SiNx over-
glass and BPM had measurable contact-chains (see Fig. 4.40) and TLM structures
after the high-temperature anneal (100 h in air at 500 ◦C). The n+-polysilicon film
of the reference sample (as-processed, overglass and BPM) gave a sheet resistance
of 282±6 Ω/2, and the TiW/poly specific contact resistance was 5.1±0.7 µΩ·cm2,
as extracted by four-probe measurement at room temperature of the TLM struc-
tures. The annealed sample gave 6.0±0.6 µΩ·cm2 and 506±6 Ω/2. The change
in specific contact resistance is not statistically significant, but the change in sheet
resistance is. The decreased sheet resistance may be due to dopant segregation to
grain boundaries or due to change in microstructure [83, p. 561]. It is stressed
that while the polysilicon resistance increased, the TiW/polysilicon metallisation
remained stable enough that it could be measured even after 100 h exposure to air
at 500 ◦C. This stability should be sufficient to characterise MOSFET devices at
high temperature without spontaneous metallisation degradation.

The process flow of the two-level TiW-based high-temperature metallisation
with CMP used in the last version of the SiC CMOS process flow is shown in
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Figure 4.41: Process flow of the two-level TiW-based high-temperature metallisation with CMP used in the last process
version of SiC CMOS. CMP is performed in step 9), after the thick IMD is deposited in step 8). The MERIE etch in 11)
is challenging due to the deep etch depth. A protective overglass is added in step 17). Steps 18-23) defines the openings
for measurement/bond pads. The TiW is at least partially protected from ambient atmosphere by the BPM.



4.5.
M

ETA
LLISAT

IO
N

143



144 4. PROCESS MODULES AND RESULTS

Fig. 4.41.

4.6 Ferroelectric capacitors

The challenge of ferroelectric capacitors processing is that the materials are exotic
for a baseline silicon CMOS process. Deposition and etching of these materials
are not often straightforward, and special care must be taken to avoid potential
cross-contamination.

Sec. 2.2.3 provides an overview of how to process ferroelectric capacitors. Sec.
4.6.1 describes a simple and very effective process for evaluating the intrinsic prop-
erties of a ferroelectric capacitor. An advanced process for integrating the ferro-
electric capacitors into the SiC CMOS process was developed, which is presented
in Sec. 4.6.2.

4.6.1 Simplified process: material characterisation
The simplified process was presented in PAPER I8. The SiC substrate pieces (10 mm
× 10 mm) were cleaned by RCA cleaning prior to processing. TiO2 was deposited
on the SiC surface by magnetron sputtering a titanium target and reacting it with
oxygen (reactive sputtering). The Ar/O2 gas mixture was 4:1 flow ratio, 60 W and
a pressure of 670 mPa. The sputter had a heater that allowed high-temperature de-
position. The deposition was performed at 550 ◦C. 200 nm platinum was deposited
on TiO2 in pure argon at a pressure of 400 mPa and a power of 40 W. The films
were in-situ annealed for 5 min in pure argon before cooling down and venting.
This magnetron sputter served its purpose well, but it should be noted that it was
limited to small substrate sizes (up to 50 mm samples). The platinum grew (111)
textured and acted as a suitable template to grow BiTV on. The edge of the sample
was painted with an Al2O3-slurry/film. Once dried, it acts as a high-temperature
masking material.

The BiTV target was fabricated in-house. It was prepared from Bi2O3, TiO2
and V2O5 powder. The powders were mixed in close to stochiometric ratio, some-
what bismuth rich (5 % extra Bi2O3 than needed), in ethanol for 2 h. The added
bismuth was to compensate for bismuth loss during the high-temperature sintering.
The mixture was calcined in air at 780 ◦C for 5 h, reground and uniaxially pressed
into a pellet. The pellet in turn was sintered in air at 920 ◦C for 2.5 h. The density
of the pellet was 94 % of the bulk density value of Bi4Ti3O12. As argued in Sec.
2.2.2, adding pentavalent vanadium slightly changes the stochiometry, and as such
the nominal stochiometry was Bi3.98Ti2.94V0.06O12.

The thin film BiTV was deposited using pulsed laser deposition (PLD). The
laser was a COMPex 110 KrF (248 nm) excimer laser. The laser pulse had an
energy density of 3 J/cm2 (measured in-situ with an energy monitor) and a pulse
frequency of 20 Hz. The target was rastered and rotated during the deposition

8Sergiy Khartsev at KTH ELE is acknowledged for having performed this process.

https://link.springer.com/article/10.1007%2Fs11664-017-5447-3
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Figure 4.42: Θ–2Θ XRD results. The strongest BiTV peak corresponds to (117).
There are several weak (00l) peaks together with non-c-axis peaks. No foreign
phases are present. Figure and caption appear as originally published in PAPER I,
[CC-BY 4.0]. The PANalytical Empyrean with monochromated Cu Kα,1 radiation
was used to measure the XRD spectra.

to reduce the wear of the target. The distance between the BiTV target and the
substrate was 5 cm and the chamber pressure was 9.3 Pa (oxygen gas background).
The substrate was mounted to a heater by using silver paste and was heated to
470 ◦C during the depostion. The deposition rate was 0.1 nm/shot (2 nm/s) under
these conditions. The deposited film was annealed in-situ at 650 ◦C in oxygen gas
(80 kPa). This PLD is good for quick and repeated experiment, as its chamber
occupies a small volume. It is intended for 50 mm samples. The Al2O3-slurry/film
was rehydrated and washed off, lifting off the BiTV film at the edge of the sample.
This allowed access to the bottom electrode.

The XRD spectra of the BiTV film on Pt/TiO2/SiC can be seen in Fig. 4.42.
No foreign phases, like pyrochlore phases, are detected by the XRD. The degree of
c-axis orientation is less than 1 %, as determined by the relative intensity ratio of the
strongest c-peak, (006), and the (117) peak [223]. The film was likely (117) textured
polycrystalline, but with a random component, based on the presence of other
peaks [(111), (200) and (228)]. The benefit of randomly oriented BiT is that the
polarisation is higher than pure c-axis oriented thin films [223], because a fraction of
the a-component becomes accessable. No peaks corresponding to crystalline TiO2
was detected. Either the peaks are too weak or the film is amorphous.

A stainless steel shadow mask was clamped to the sample. The shadow mask
has 250 µm openings that allow thin films to be deposited in the openings. 200 nm
gold contacts were deposited on the sample by thermal evaporation. The shadow

https://link.springer.com/article/10.1007%2Fs11664-017-5447-3
http://creativecommons.org/licenses/by/4.0/
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mask was removed, and gold remained only in the openings of the mask. The
sample was subjected to a final anneal in the small Joule heated open-air furnace
at 450 ◦C to reduce the leakage current.

A bit of creativity was needed to measure the very high transition temperature
of BiTV (675 ◦C). The high-temperature probestation used to characterize SiC
devices only goes up to 600 ◦C. A heating plate that could go up to 800 ◦C was
used. The sample was attached by silver paste to a sapphire film (500 µm thick,
provided electrical isolation), which in turn was attached to the heating plate with
silver paste. A thermocouple was welded to heating plate to measure the tempera-
ture independently. The temperature was ramped slowly to ensure approximately
thermal equilibrium between the ferroelectric capacitor and the heating plate.

4.6.2 Advanced process: preparation for CMOS integration

The advantage of the simplified process is that it quickly allows measurement of
the ferroelectric properties. However, it is not representative of usual integrated
circuit processing. The capacitors need to be deposited on SiO2, they need to be
patterned by etching and they need to be protected by an hydrogen barrier. Finally,
the intention was to do 100 mm wafer processing. This advanced processing was
the last process module to be developed, after the finalisation of the last process
version of SiC CMOS.

The SiO2 process had been mostly resolved. The key requirement was that the
surface would be smooth in order to allow as smooth growth of the TiO2/Pt(111)
stack as possible. The rougher the film is, the higher the local field can be in
the ferroelectric. Since the electric properties of ferroelectric films are strongly
non-linear, even small local deviations can have large impact on switching and
leakage current. Since the CMP process was established at this point, the surface
roughness of PECVD SiO2 as compared to polished SiO2 was investigated. 3300
nm of PECVD SiO2 was deposited in two steps (see Sec. 4.5.3 why it is two
steps) on a SiC wafer and annealed in nitrogen for 60 s at 600 ◦C using RTP to
degas any hydrogen in the film. The surface roughness was measured by atomic
force microscopy (AFM) to be 4.6 nm (root mean square, RMS). Following the
roughness measurement, the wafer was polished for 2 min and re-measured to be
0.3 nm (RMS). Polishing gives smooth surfaces, and as such it should be possible
to grow proper TiO2/Pt(111) stacks. The AFM images are shown in Fig. 4.43,
together with a SiC reference image.

The next step would be to deposit TiO2 and platinum in order to fabricate
platinised wafers. However, this turned out to be very challenging. The requirement
of the process was

• Both titanium and platinum must be available

• The titanium could be reactively sputtered to give TiO2
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Figure 4.43: 10 µm × 10 µm AFM images. a) SiC surface with a surface roughness
of 0.9 nm (RMS) / 0.7 nm (average roughness, Ra). b) 3.3 µm thick annealed
PECVD SiO2 film on SiC. The roughness is 4.6 nm (RMS) / 3.6 nm (Ra). c)
PECVD SiO2 film after 2 min polishing with CMP. Surface roughness has reduced
to 0.3 nm (RMS) / 0.2 nm (Ra).

• The substrate could be heated to 450–550 ◦C to allow platinum to grow (111)
oriented while being deposited

• The deposition would be uniform over a 100 mm wafer

The magnetron sputter used in the simplified process could do all things except
deposit a uniform film over a 100 mm wafer. No sputter in the entire MyFab
network, the open access cleanroom network in Sweden, satisfied all requirements.
The best compromise was to deposit TiO2 separately and use an AJA ATC Orion-8
sputter, dedicated for spintronics processing, to deposit platinum. However, this
process was never implemented due to lack of project time, tool down time of the
Beneq TFS 200 ALD for TiO2 deposition, and lack of access to the AJA sputter.
As such, an unresolved problem of the advanced process is how to fabricate 100 mm
platinised wafers.

The next few steps would involve etching platinum and BiTV. It was decided to
etch platinum by IBE using the in-house Oxford Instruments Ionfab 300 plus. It is
known from both the literature [359, ch. 6, Fig. 13] and from personal experience
that the substrate heats up during the aggressive ion-bombardement. Photoresist is
highly unsuitable since it becomes very difficult to remove once burnt. Photoresist
burning can in theory be avoided by having a low power density (low Ib × Vb),
but the etch rate suffers greatly with reduced power. Instead of photoresist as
mask, a hardmask was decided to be used. The in-house experience was to use
SiO2 as a hardmask during IBE [389, Sec. 5.8.4], although this would not work
for this process. First, the SiO2 would likely be deposited by PECVD, which
generates hydrogen. The platinum should protect the ferroelectric, but options
without hydrogen would be preferred. Second, stripping the hardmask would be
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Figure 4.44: Estimated etch rates of platinum, nickel, BiT and TiW at a beam
current of 75 mA and Ar+-ions. The etch rate is almost the same for all three
materials, indicating low etch selectivity. Sputtering yield of platinum and nickel
was modelled with [391], and BiT and TiW with [392].

tricky, as buffered HF may damage or etch BiT. One possibility would be to leave
it, although this would need to be taken into consideration for future step. Also,
it would not be possible to directly probe the top contacts as long as it would
remain. An alternative is to use a metallic hardmask [390]. The benefit would by
that the hardmask would be sputtered (no hydrogen) and it would provide electrical
connection to the top contact, and as such there was no immediate need of stripping
it. TiW was chosen as hardmask.

IBE is conceptually very simple and have fairly easy process models. The etch
rate was very roughly modelled to determine appropriate etch conditions,

v(Vb) = Y (Vb) ·
Ib

qAbn
[LT−1], (4.1)

where v is etch rate, Vb is beam voltage, Y is sputtering yield, Ib is the beam
current, Ab is the beam area (150 mm diameter for the Ionfab 300 plus) and n
is atomic number density of the sputtering target. Etch selectivity is difficult to
achieve in pure IBE since the only material selectivity is given by Y and n. Y is
a complex function of target atom, sputtering ion, beam energy (qVb) and incident
beam angle. The model in [391] was used to compute etch rate of platinum. The
model in [391] assumes monatomic targets. To the best of my knowledge, the
sputtering yield of the compound BiT has not been determined. To estimate the
compound yield, the model presented in [392] was used. As can be seen in Fig. 4.44,
there is almost no etch selectivity between TiW, Pt and BiT.

The Endura can easily sputter thick nickel films, and nickel is similar to plat-
inum (same elemental group). To estimate the real etch rate of platinum, a nom-
inal 425 nm nickel film (model platinum film) was deposited on 100 nm PECVD
SiO2/silicon. Nominal 1 µm TiW was deposited on 100 nm PECVD SiO2/silicon.
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Table 4.7: Ion beam etch test with nickel and TiW. The beam current was 75 mA
and beam voltage 400 V with a 20◦ incident beam angle. The total gas flow was
8 cm3/min, and was either 100 % argon or 50 % argon and 50 % nitrogen. Bulk
resistivity has been assumed for both materials, with bulk resistivities of 100 Ω·nm
and 900 Ω·nm for nickel and TiW, respectively.

Property Ni TiW

Etch Ar Ar/N2 Ar Ar/N2

t (min) 10 20

Rsh,pre (Ω/2) 0.216 0.819

dpre (nm) 462 1100

Rsh,post (Ω/2) 0.340 0.301 1.129 0.950

dpost (nm) 293 332 797 947

vreal (nm/min) 16.9 13.0 15.1 7.6

vmod (nm/min) 16.2 - 18.0 -

The sheet resistance was measured before and after etch with Ib = 75 mA and
Vb = 400 V. The etch rate was estimated from the difference in sheet resistance.
The flow ratio was also varied, with either 100 % Ar or 50–50 % Ar/N2 (total flow
was 8 cm3/min) to investigate if that would influence etch selectivity. Nickel and
platinum does not have any chemical reactions with nitrogen, but both titanium
and tungsten can form nitrides. The addition of nitrogen could change the TiW
etch through chemical interaction and thus change the etch rate. The etch rates
are presented in table 4.7. The real etch rate of nickel was close to the modelled
etch rate, whereas the model overestimated the etch rate of TiW. Mixing Ar/N2
provided higher etch selectivity between TiW and nickel than pure argon. However,
when testing on patterned wafer (TiW on Ni with openings) there was no obvious
etch selectivity (close to 1).

Four BiTV growth test samples without top contact were prepared during the
simplified process that were never used. These four samples were used to investigate
the etch rate of BiTV. To be able to determine the etch rate, and to be able to
re-use the samples for several tests, a hardmask was painted on the samples. The
hardmask was a Al2O3-based slurry. A thin wire was used to manually smear the
slurry on the surface of BiTV. The slurry was slowly dried by evaporating its water
content at ∼100 ◦C for a few minutes. This leaves an Al2O3 film that is several
tens of µm that protects the BiTV where it is painted. The hardmask could later
be removed by re-hydrating it in water, which turned it back into a slurry that
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could be mechanically removed by using a swab under running deionised water
and ultrasonic treatment. Once the hardmask was stripped, the step height was
measured using the Tencor profilometer.

As argued in Sec. 2.2.3, chlorine-based etch is suitable for etching BiTV us-
ing RIE. An initial RIE recipe was created in the P5000: 26.7 Pa, 350 W, 40
cm3/min Ar, 20 cm3/min Cl2. This recipe was designed based on already existing
etch recipes, and the etch tests in the literature that indicated that high amount
of argon is needed [231, 232, 233, 234]. The first test gave 8.9 nm/min, indicating
that a serious etch rate study was needed to increase the etch rate. A 23 factorial
experiment was designed. It was assumed that pressure and power would have an
influence, since both parameters determine the degree of chemical/physical interac-
tion. The third parameter was chosen to be the inclusion of BCl3, which should act
as an oxygen scavenger. There are some indications in the literature that adding
BCl3 increases the etch rate of PZT [393]. The measured etch rates and the effects
are shown in table 4.9. The highest etch rates were achieved when both pressure
and power was high, indicating that high amount of ions/radicals are needed to give
high etch rate. The power itself was not as significant as pressure (+0.4 nm/min
and +1.3 nm/min for power and pressure, respectively), indicating that it was more
important to have a chemical etching than a physical based etching. This is in con-
tradiction with the results of [231, 232, 233, 234], which indicated that the etch
needs to be physical. It should be noted that the previous studies used ICP-RIE
instead of RIE, which could be the difference. The chemical nature of the etch
was further confirmed with a smaller study, where power and chlorine content was
varied, as seen in table 4.8. Chlorine in of itself does not increase the etch rate, but
a large amount of chlorine radicals and ions does. The highest etch rate achieve
with RIE was 32.3 nm/min for 26.7 Pa, 700 W, 20 cm3/min Ar, 40 cm3/min Cl2. It
should be noted that the TiW etch rate is exceptionally high for these conditions,
>1 µm/min, and as such TiW cannot be used as an hardmask. Fortunately, it was
found that platinum was barely etched for these conditions, and the etch selectivity
was at least ≥3.2.

In order to avoid chlorinated skin on the surface, the passivation step (CF4/O2)
from the aluminium recipe was added as the last step. However, it was later learnt
that BiF3 is insoluble in water, and as such defeated the purpose using CF4. It was
not possible to separate CF4 and O2 in the metal etch chamber, as it is delivered
as a mixture. The cleaning recipe was changed to transferring the wafer to the
dielectric etch chamber and subject the sample to pure O2 plasma in order to
oxidise the surface. The O2 plasma is low powered (100 W), high pressure (26.7
Pa) with magnetic field activated (3 mT).

Two of the samples (etched but not stripped) were sent to MC2 (Chalmers) for
a test in their IBE tool9. The IBE tool is an Oxford Instruments Ionfab 300 plus
tool, the same model as the one in Electrum, with one key difference: they have
a working quadropole mass analyser for secondary ion mass spectroscopy (SIMS).

9Thanks goes to Mats Hagberg at Chalmers for operating the tool.



4.6. FERROELECTRIC CAPACITORS 151

Table 4.8: 22 factorial RIE experiment. The power (W) and chlorine flow ratio
(Cl2) was varied (Ar/Cl2 was either 2:1 or 1:2). Pressure was set to 26.7 Pa. Etch
was performed with the Applied Materials P5000 Mark II MxP chamber dedicated
for metal etching.

W (350 / 700
W)

Cl2 (33 / 67
% cm3/min)

v (nm/min) Id Effect
(nm/min)

-1 -1 8.9 Average +18.0

1 -1 >27 W +5.8

-1 1 3.8 Cl2 +0.03

1 1 32.3 W×Cl2 +1.3

The intention was to see if SIMS could detect the change of etch species. Vanadium
could not be measured, as the background signal from the chamber itself was very
high. The signal from 195Pt gives ∼5000 counts/s for a mostly platinum covered
surface, whereas 209Bi and 48Ti gave 5000–15000 counts/second and 2500–7500
counts/second respectively for a mostly BiTV covered surface. The SIMS signals
appear to follow the change of etch material, as the signal varied as expected (low
signal when no element is being sputtered, high signal while being sputtered). SIMS
can likely be used for endpoint detection. It should be noted that samples are only
10 mm × 10 mm in size – ordinary OES systems could not detect these small
changes. The samples sent to Chalmers are shown in Fig. 4.45, together with the
SIMS signals. A nickel-covered wafer was sent in addition to the BiTV sample in
order to determine if the etch rate was the same for the same setting (15.9 nm/min
for MC2 Ionfab 300 plus, 16.9 nm/min for Electrum Ionfab 300 plus).

At this point, all necessary etch process steps were established. The remaining
BiTV sample was covered with 311 nm platinum by magnetron sputtering (using
the small sputter as in Sec. 4.6.1). A large area of the platinum was lifted off
by using the Al2O3-slurry/film, which allowed measuring film thickness with the
Tencor Profilometer. The platinum was covered with nominal 800 nm TiW as
hardmask. Contact lithography was performed to give patterns with hexagons and
stars. The sample was put on a TiW coated carrier to appropriately load the etch
chamber to give a controllable etch rate. Following the TiW etch, the resist was
stripped (remover) and the sample was cleaned with solvents. The hardmask step
height (TiW/Pt) was measured (781 nm on average), along with the Pt/BiTV step
height (279 nm on average)

The platinum was etched in two steps. First, the platinum etch rate was assumed
to be 17–20 nm/min. Etching for 10 min would remove 170–200 nm, which would
still leave 100–130 nm remaining. The many different step heights were measured
after the 10 min etch (TiW/Pt was 841 nm [+60 nm], and Pt/BiTV was 239 nm
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Figure 4.45: Pieces etched in IBE tool equipped with a quadropole mass analyser.
a) A mostly BiTV covered sample (10 mm × 10 mm) mounted on a sapphire wafer
by taping it with Kapton tape. It is possible to see that the film has been etched
several times by the colour variation. The platinum signal is low up to 4 min,
where it likely etch through most of the BiTV and starts etch the bottom contact.
The titanium and bismuth signal drops at the same time. b) The mostly platinum
covered sample. There is a small pillar of BiTV, shown within the pink circle.
The platinum signal is high up until 10–11 min, where it starts dropping, which
corresponds with etching through the bottom contact. The BiTV pillar appears to
be detected, as there is a titanium and bismuth signal up to 8–9 min.
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Table 4.9: 23 factorial RIE experiment. The pressure (P), inclusion of BCl3 and power (W) was varied. The flow ratio
of Ar/Cl2 was kept 2:1. Flow of BCl3 was either 0 or the same as Cl2. Etch was performed with the Applied Materials
P5000 Mark II MxP chamber dedicated for metal etching.

P (1.3 / 26.7 Pa) BCl3 (0 / 25 % cm3/min) W (350 / 700 W) v (nm/min) Id Effect (nm/min)

-1 -1 -1 9.1 Average 14.8

1 -1 -1 8.9 P +1.3

-1 1 -1 7.5 BCl3 -0.2

1 1 -1 5.4 P×BCl3 -0.06

-1 -1 1 15.9 W +0.4

1 -1 1 >27 P×W +1.59

-1 1 1 16.5 BCl3×W +0.45

1 1 1 28.5 P×BCl3×W +0.175
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[-40 nm]). From the step heights and knowing the etch rate of TiW (15.1 nm/min),
it was possible to estimate the platinum etch rate as 21 nm/min (model gives 19.8
nm/min, fairly close). The platinum was etched for an additional 8 min to clear
the sample. The BiTV etch rate was monitored in the process and was estimated
as 13–17 nm/min, much lower than what the model predicted. The model gives
the upper limit of the sputtering yield because chemical bonding was ignored, and
as such it overestimates the etch rate.

The next step was to etch the BiTV film. The sample was mounted on a
SiO2 coated carrier wafer by using double-sided thermal tape. The 173 nm film
(estimated thickness) was etched for 485 s (700 W, 26.7 Pa, Ar/Cl2 1:2 flow ratio).
This step completely strips the TiW hardmask. SEM images of the fabricated
capacitors can be seen in Fig. 4.46. At this point, the MFM capacitor had been
fabricated and could be electrically characterised. The results from the etched
devices can be found in Sec. 5.2.2.

The next step would have been to add the hydrogen barrier. It could have been
fabricated by depositing Al2O3 by ALD and etched anisotropically to generate side-
wall Al2O3-film. The barrier property could have been evaluated by subjecting the
sample to forming gas anneal (although the hydrogen effect would be confounded by
the high-temperature anneal itself). However, this process was never implemented
due to lack of project time and tool down time of the Beneq TFS 200 ALD for
Al2O3 deposition. As such, an unresolved problem of the advanced process is the
fabrication of the hydrogen barrier.

The advanced ferroelectric process flow is shown in Fig. 4.47.
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Figure 4.46: Edge of a MFM capacitor. a) In-lens secondary electron detector. The
top platinum contact has fringes, indicating redeposition during the IBE. b) Off-
axis secondary electron detector. c) Backscattered electron detector. The material
contrast between platinum and BiTV is clear and it is possible to discern the
different layers.
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Figure 4.47: Advanced ferroelectric process flow. 1) TiO2 and Pt is deposited on
a clean SiC piece (10 mm × 10 mm). 2) BiTV is grown on Pt by PLD. 3) The
top electrode is sputtered on BiTV. 4) TiW hardmask is deposited in a magnetron
sputter. 5) Lithography defines the top contact (FE1). 6) The TiW hardmask is
patterned by RIE. 7) The resist is stripped. 8) Pt is etched by IBE. 9) BiTV is
etched in RIE. The TiW hardmask is quickly eroded, and Pt serves as the hardmask
in this step.



4.7. SUMMARY OF PROCESS EVOLUTION THROUGH DIFFERENT SIC
CMOS PROCESS VERSIONS 157

4.7 Summary of process evolution through different SiC
CMOS process versions

The five process modules used in SiC CMOS changed with each process version
iteration. Table 4.10 summaries the differences between versions. "Version 0" rep-
resents the in-house process modules that were available at the start of the SiC
CMOS process development. It should be noted that there was a general improve-
ment between version 1 and version 2/3 with the addition of the Nikon NSR TFHi12
i-line stepper that affected all process modules.
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Table 4.10: Summary of evolution of process modules through three SiC CMOS process versions.
"Version 0" represents the available in-house process modules before SiC CMOS.

Module Version 0 Version 1 Version 2 Version 3

SiC etch SiC BJT: MERIE Same as version 0 Same as version 0 Same as version 0

FOX SiC BJT: PECVD-
SiO2 with PDA (N2O)

Based on version 0,
used different tool

New poly-etch, first
polyoxide process

Improved polyoxide
process

Gate stack SiC MOS-capacitors
only, Si CMOS: poly-
gate and poly-etch

Used Si CMOS poly-
gate and poly-etch,
ALD-SiO2 and Al2O3
gate oxides

New poly-etch, at-
tempted to improve
PMOS gate oxide pro-
cess

Improved gate oxide
process

Contacts SiC BJT: Ni and Ni-
Ti-Al LO

Ni-salicide and Ni-Ti-
Al LO

Ni-Al semi-salicide Attempted to improve
Ni-Al semi-salicide,
added graphite box
for RTP

Metallisation Si CMOS / SiC BJT:
2-lv TiW/Al

Added TiW to im-
prove litho

Improved via-etch and
post-etch clean

Added CMP,
TiW only, added
SiO2/SiNx passiva-
tion and Au/Pt/Ti on
pads





Figure 5.1: Ring oscillator (RO). a) Photograph of a 101-stage RO. It occupies an
area of 0.95 mm × 1.7 mm (1.615 mm2). The circuit was designed to use four power
supplies (Vbp, Vdd, Vss, Vbn) to allow adjustable Vt. This feature was not used in this
measurement (Vbp = Vdd = 25 V, Vss = Vbn = 0 V). b) Oscillation at 200 ◦C of a
101-stage RO. The frequency (f) is 25 kHz. Figure appears as originally published
in PAPER IV, caption has been rewritten for out-of-context clarity [CC-BY 3.0].
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5

Devices and circuits results

In this work, three different process flows for fabricating SiC CMOS devices were
attempted. The devices were structurally and electrically characterised, with the
results presented in Sec. 5.1. The result of the third and final version of SiC
CMOS was published in PAPER IV, which included the functional ring oscillator
shown in Fig. 5.1. In addition to the SiC CMOS devices, ferroelectric capacitors
were characterised, with the results presented in Sec. 5.2. The results of the first
ferroelectric study was published in PAPER I.

5.1 SiC CMOS

Three SiC CMOS process flows were tried and characterised. The first version
was plagued with process related issues that was corrected for the second version.
The second version demonstrated NMOS transistors that had proper behaviour
at high temperature, but metallisation-related issues became evident during high-
temperature measurement. By the third and final version of the SiC CMOS process
flow, CMOS circuits could be demonstrated, operational at 200 ◦C. These transis-
tors were limited at high temperature by a periphery PN-diode leakage current.

The results of the first version of the SiC CMOS process is presented in Sec.
5.1.1, the second version in Sec. 5.1.2 and the last version in Sec. 5.1.3.

5.1.1 Process flow version 1
Fig. 5.2 shows an SEM image of a PMOS 10×2 (width 10 µm, length 2 µm). The
source and drain, raised above the body can be clearly seen, along with the contact
metallisation. Fig. 5.3 shows a STEM image of an NMOS 10×2 from the wafer
with Al2O3 gate-dielectric. The etch angle can be estimated as 20–30◦ from the
normal of the SiC surface (a perfect straight wall would have 0◦ angle). The corner
of the trench is smooth and rounded, and shows an approximate radius of 50 nm.
The geometry of angle of etch and radius of the corner influences the performance
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Figure 5.2: SEM image of PMOS sample, prepared for TEM. Contact, isolation
SiO2, polysilicon gate and the different junctions can be seen.

of recessed channel MOSFETs [332, 337, 338]. There is a hint of bow to the channel,
indicating microtrenching.

It is evident from Fig. 5.3 that there is a thick SiO2 film (∼200 nm) on the
walls and in the corner of the trench. This oxide film is detrimental to the transistor
performance, as the threshold voltage can be expected to be very high locally in the
corners, and poor subthreshold control results due to the weak gate control. The
SiO2 sidewall film is formed during the FOX processing, as discussed in Sec. 4.2.1
and Fig. 4.4. This finding motivated the change from PECVD FOX to polyoxide
FOX (see Sec. 4.2) used in process version 2 and 3.

The transistor performance was extremely poor at room temperature to the
point that it was not possible to determine if the transistor had an on-state. By
increasing the temperature, the threshold voltage was reduced and allowed a more
clear determination of an on/off-state for the NMOS transistors. The output char-
acteristics of the SiO2-split wafer can be seen in Fig. 5.4. The output characteristic
shows a few the characteristic features of an NMOS transistor, such as a super-
linear dependence of the gate voltage and saturation at high drain current. But the
long channel behaviour is poor – even though the capacitance equivalent thickness
(CET) of the SiO2-split is 25 nm and the gate length is 100 µm, the drain current
does not saturate at Vds = Vgs = 15 V.

The subthreshold characteristics were investigated. The transistors exhibited a
normal subthreshold behaviour at 500 ◦C, as seen in Fig. 5.5. It was of interest to
check if there was any dependence of drain voltage on the subthreshold properties.
There was a small shift when drain voltage varied. This could either have been a
short-channel effect (SCE), like drain-induced barrier lower (DIBL), although one
of the characteristic features of the recessed channel transistor is its immunity to
SCEs [337]. It was, however, observed that the 100 µm transistor did not exhibit
proper long channel behaviour (see Fig. 5.4). Another possibility was that it was
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Figure 5.3: STEM image of NMOS sample. Polysilicon and gate oxide are pointed
out. The gate-oxide is a SiO2/Al2O3/SiO2-stack. An undesirable SiO2 film is
present on the sidewall of the trench. The etch angle is about 20–30◦. The corner
is approximated by a circle with a radius of ∼50–60 nm.

some leakage current that depended on drain voltage. The subthreshold swing (SS)
was ∼900 mV/dec for the Al2O3-split wafer and ∼800 mV/dec, which should be
compared to the Boltzmann limit of 155 mV/dec at 500 ◦C.

The variation between the wafers was investigated by measuring the subthresh-
old characteristics of 11 transistors from each wafer. The result is shown in Fig.
5.6. The Al2O3-split wafer has a smaller variation in threshold voltage than the
SiO2-split, althought it should be considered that the CET of Al2O3-split was thin-
ner than the SiO2-split (21 nm vs. 25 nm). It can be expected that the Al2O3-split
had better electrostatic control. The actual drive current of the different transistors
was similar.

The PMOS transistors did not work. It was found when mapping the transistors
that the gate leakage was abnormally high under normal measurement conditions,
typically ∼10 µA – ∼1 mA. Doing dark measurements revealed the source of leakage
– there were filaments between the drain and gate that short-circuited the two
terminals. The filaments glow incandescently at high bias and could be seen in the
microscope (see Fig. 5.7). The process control transistors, which have a very large
spacing between contact to p-type and gate, had very low gate leakage, typically
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Figure 5.4: Output characteristics for different Vgs for a N100×100 transistor from
the SiO2-split wafer, measured at 500 ◦C. The current in saturation is a super-
linear function of Vgs, although the drain current does not quite saturate at high
gate voltages.

Figure 5.5: Subthreshold characteristics of a SiO2-split N100×100 transistor, mea-
sured at 500 ◦C. There is a shift in current with voltage, indicating either DIBL or
the presence of a drain-voltage dependent leakage current.

∼1 pA. Since the corresponding fault was not observed for the NMOS transistors, it
was likely that it was the contacts to p-type, the Ni-Ti-Al contacts (see Sec. 4.4.2),
that caused the short-circuit fault.

There was an anomalous leakage current only observable at high temperature
through the body diodes. The cause of this leakage current was not determined,
and may have originated with the probestation. The n+/p/p+-diode had very low
leakage current, but the p+/n/n+ exhibited a leakage current above the noise floor
of the source-measurement units (SMUs) where the input current did not equal the
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Figure 5.6: Subthreshold characteristics of a 11 N100×100 transistors, measured at
500 ◦C. a) Al2O3-split transistors. b) SiO2-split transistors.

output current. It was considered that the n+/p+ isolation junction may actually be
leaky, and the leakage would go to the substrate. The electric field at the junction
is very high, ∼2.3 MV/cm according to conventional semiconductor physics. Severe
band-to-band tunneling or even avalanche breakdown was considered a possiblity.
This motivate the addition of contacts directly to the p+-layer in the second version
of the SiC CMOS design (4bMCCMOS and SiC CMOS v.2). Since the n+/p+

junction was expected to have poor blocking capability, the junction was designed
to be clamped to zero potential by biasing both the n+ and p+-epitaxial layers to
the body potential of the PMOS transistors, Vbp.

After all the characterisation, it was found that there was no important differ-
ence between the SiO2-split and the Al2O3-split performance-wise. Both wafers had
issues with the sidewall oxide that determined the actual transistor performance.
In addition, neither wafer had working PMOS transistors. The Al2O3 process,
however, was more complicated than the SiO2 process (see Sec. 4.3.1). This line
of processing was abandonded after this SiC CMOS process version – there were
bigger issues to address than trying to integrate high-κ dielectrics into the CMOS
process.

5.1.2 Process flow version 2
An NMOS and a PMOS transistor was characterized by TEM. The NMOS is shown
in Fig. 5.8. There is no major difference between the NMOS and PMOS. There is a
thick (∼ 170 nm) oxide on the sidewalls that is deleterious to the device operation.
While it is possible that it is a residue of the FOX, it seems unlikely that a highly
conformal and low anisotropic oxidation of polysilicon would produce this thickness.
Instead, the more likely source is a thermal a-face oxide. The oxidation rate of SiC
is highly anisotropic, and the oxidation rate on the a-face is approximately a factor
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Figure 5.7: A PMOS 100×100. Images taken using the microscope camera. The
dark condition image, which reveals the incandescent filaments, is superimposed on
the bright condition image of the transistor. It can be seen that there are filaments
between the gate and drain, which explains the short circuit measured between gate
and drain.

of 5× that of the Si-face at 1100 ◦C [394] (see App. I for more details). The
exact value of the oxidation anisotropy was overlooked during transistor design,
and as such the presence of this thick oxide was due to a process design error. The
oxide at the corners is about ∼ 100 nm. The gate oxide is 31 nm. The recessed
etch is characterized by an etch angle of 18–22◦ (0◦ corresponds to perfect vertical
sidewall), no microtrenching and corners with ∼ 265 nm radius. The radius depends
on thermal oxidation in sacrificial oxidation and gate-oxidation. The trench depth
is about 600 nm, more than the targeted 550 nm. SF6-based etches are known to
suffer from microloading effects (pattern dependent etch-rate), which might explain
why the trench is deeper by 50 nm compared to the large feature areas used for
profilometer measurements. There is a film residue on-top of the oxide isolating
the poly-gate. EDS identifies the film as pure aluminium. This residue is from
the p-type contact formation. The films are embedded in insulating SiO2 and
should not affect the device performance. This film is not the source of aluminium
seen in the microscope and SEM (see Fig. 4.33), as the aluminium replacement
always starts from the metal 1 to polysilicon contact. These findings motivated the
changes between version 2 and 3 of the SiC CMOS process flow for the gate module
(see Sec. 4.3.1) and the contact module (see Sec. 4.4.3). Although it did seem
unlikely that the FOX would contribute to the sidewall oxide, a tighter process
was implemented in version 3 to reduce any potential sidewall oxide after FOX
formation (see Sec. 4.2.2).
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Figure 5.8: Cross-sectional TEM of an NMOS, W × L = 40 µm × 2 µm, from a
die in the upper-left corner. The image shows the structural characteristics of the
recessed channel transistor. There is a thick a-face oxide on the sidewalls.

The NMOS transistors were characterised at 500 ◦C. Despite the presence of
the sidewall oxide, the transistors were working. They exhibit normal long-channel
output behavior, as seen in Fig. 5.9. The output conductance is constant in
saturation, without any clear indication of channel-length modulation.

The subthreshold characteristics were investigated. In Fig. 5.10, there is a
clear subthreshold slope between the gate-source voltage (Vgs) 2.6 V / 10 pA and
3.2 V / 100 pA, giving a subthreshold swing of ∼600 mV/dec. This value is 4×
larger than the theoretical minimum of thermionic emission for positive capacitance
(155 mV/dec at 500 ◦C and 60 mV/dec at room temperature). The drain leakage in
subthreshold increase with increasing source-drain voltage (Vds). For a 15 V power
supply, the on-current (Ion) is ∼ 5 µA, and the off-current (Ioff ) is ∼ 26 pA. The
on/off-ratio is five orders of magnitude. NMOS-logic could likely be realised with
the SiC CMOS process flow version 2, given the observed transistor behaviour.

The inversion capacitance was measured for various sizes to determine the CET.
It was found to be 29 nm, close to that of the TEM result of 31 nm (see Fig.
5.8). Hosoi et al. have shown that the relative permittivity of thermal oxide
on SiC is lower than 3.9 [395], and there is no guarantee that the ALD-oxide
would be as dense as thermal oxide, which could explain the difference. Maximum
capacitance measurement is not an exact estimate of the oxide capacitance, as it
only asymptotically reaches the oxide capacitance. A better estimate would be to
use the combined Maserjian-Vincent method [396, 397, 398]. However, for these
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Figure 5.9: Output characteristics for different Vgs of an N100×100. The current
in saturation is a super-linear function of Vgs.

Figure 5.10: Subthreshold slope of an N100×100. The subthreshold swing is 600
mV/dec and the on-off ratio is 105. Vt is ∼7 V, based on deviation from linear
slope.

thick gate oxides the difference of a few nanometers have little importance.
The PMOS transistors were investigated. Ion and Ioff are shown in Fig. 5.11.

Ion is much larger than Ioff for Vgs < −12 V. For 15 V power supply, the on/off
ratio is only 150. Ioff is about the same for both PMOS and NMOS, thus the
CMOS-circuits could work at 15 V power supply. However, the performance would
be asymmetrical as the NMOS would be much stronger than than the PMOS. Ion
appears to be in subthreshold even up to 15 V. The subthreshold swing is as high
as 2660 mV/dec. In hindsight, the PMOS would probably have worked at a larger
power supply (20–25 V), but this was not investigated.
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Figure 5.11: Measured Ion and Ioff of a P100×100. Ion is much larger than Ioff
for |Vdd| > 12 V.

The CMOS circuits were not characterised as it seemed unlikely that they would
work, given the poor PMOS transistors. However, an NMOS-logic inverter was
available and it was attempted to characterise it. It was found that the contact to
substrate, which was added to mitigate the anomalous body diode leakage, acci-
dentally caused a short-circuit through the resistor between Vss and Vbn, as shown
and explained in Fig. 5.12. This motivated a change in the layout of the metal lines
for SiC CMOS process flow version 3. The resistors had already been fabricated, as
they existed in the bottom n+-epitaxy layer. What could be changed was removing
the metal lines that connected the resistors to the power supplies. This change,
however, forced all measurements in version 3 to require biasing all power supplies
simultaneously (see Sec. 5.1.3.1).

As discussed in Sec. 4.5.2, the metallisation degraded severely during the high-
temperature measurement, and stopped all further measurements.

5.1.3 Process flow version 3

The transistors fabricated in the third version of the SiC CMOS process flow were
operational at low temperature, ≤200 ◦C. This opened up the possibility of statis-
tical measurements by using the Cascade 12000 semi-automatic probestation with
a hotchuck that can heat up to 200 ◦C. Threshold voltage, subthreshold swing and
inversion capacitance were mapped across the three wafers, and the results are pre-
sented in Sec. 5.1.3.1. In addition to the typical MOSFET measurements, the gate
oxide interface to SiC was characterised to estimate the density of interface traps
(DIT ) and the number density of near-interface traps (NNIT ), and the results are
presented in Sec. 5.1.3.2. Table 5.1 summarises the estimated NMOS properties
from the different wafers.
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Figure 5.12: a) Photograph of circuits, taken with the probestation microscope
camera. When the power supplies are on (Vss and Vdd, pad to Vdd is not shown), the
resistor between Vbn and Vss lights up in dark measurements, indicating electron-
hole recombination. The light-emitting diode is formed by the resistor and the p+

layer. b) Equivalent circuit diagram and cross-section of measurement pads and
resistors. The light-emitting diode is marked inside the dashed box. In order to
avoid impact ionisation and band-to-band tunneling in the p+/n+-junction, the
junction bias voltage is clamped at 0 V by biasing both terminals at Vbp. The
p+-layer can be biased to Vdd through the left-hand resistor. The right-hand side
resistor is biased at Vss. The parasitic p+/n+-junction, formed vertically by the
p+-layer and the right-hand side resistor, becomes forward biased and clamps the
supply voltage between Vdd and Vss to one diode voltage drop.

5.1.3.1 CMOS results

The three different wafers were characterised. It was found that the steam-treated
wafer was the only wafer that provided PMOS transistors with clear on/off states
within a 25 V power supply, as seen in Fig. 5.13, and as such was the most
extensively characterised wafer.

The subthreshold swing was measured for all three wafers. The cumulative dis-
tribution function (CDF) of measured SS can be seen in Fig. 5.14. The nitrided
and steam-treated show tight distribution, whereas the extremes of the dry oxi-
dised wafer covers the entire range (200 – 800 mV/dec). The subthreshold swing
differences are SSSteam > SSDry > SSNitrided. The geometry of the recessed chan-
nel transistor contribute to increasing the subthreshold swing compared to planar
transistors [332, 338]. The high subthreshold swing could also be due to interface
traps (see discussion in Sec. 5.1.3.2).

The threshold voltage was estimated for the different wafers. Schroder lists
several different methods [112, Sec. 4.8], all with their own advantages and disad-
vantages. Since automatic measurement was possible, a procedure that could be
automatised would be highly desirable. A disadvantage with most methods is that
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Table 5.1: N100×2 properties, estimated at 200 ◦C. [CP] refers to charge pumping,
[CT] refers to charge trapping (ultrafast pulsed I − V ). The presented table is
a compilation of data from other tables, see tables 5.2, 5.3, 5.4 and 5.5. The
capacitance equivalent oxide thickness is ∼34 nm.

Property Steam Dry Nitrided

Vt (V) 8.0 8.3 2.7

SS (mV/dec) 720 480 260

σn,p (cm2) 5× 10−12 6× 10−15 3× 10−17

D̄IT /1012 (cm−2 eV−1) 2.5 1.7 1.3

N̄NIT /1019 [CP] (cm−3) 1.0 1.1 0.9

N̄NIT /1019 [CT] (cm−3) 0.8 1.4 0.5

gm/Vds (µS/V) 1.7 0.75 4.85

they extrapolate the threshold voltage from superthreshold data. This works fine
in the complete absence of near-interface traps, but these transistors have a high
density of traps (see Sec. 5.1.3.2). The threshold voltage becomes a time-dependent
function of trap charging in superthreshold, as such extrapolation from superthresh-
old gives the "turn-off" threshold voltage instead of the "turn-on" threshold voltage.
It was decided to use the constant current method, as it gave an unambiguous
measure of the Vt extraction for a fixed set of parameters: a fixed drain voltage (1
V) and a fixed threshold current (It). A few transistors were measured by both
C − V and I − V to determine the approximated current at the point of inversions
("turn-on"), and was found to be around 1–100 nA for 100×2 transistors (steam),
which corresponds to a threshold current of 20 pA – 2 nA. The threshold current
is arbitrarily set to 10–50 nA in silicon technology, which would correspond to a
drain current of 500 nA – 2.5 µA (100×2), much higher than observed for these
SiC transistors. It should be considered that the mobility of SiC transistors is
∼1/100× that of silicon, and as such it would be reasonable to assume threshold
current around 0.1–0.5 nA. It was decided to use a threshold current of 1 nA (50
nA drain current for 100×2), and use it regardless of transistor polarity and oxi-
dation proceedure. The benefit of this method is that it allowed the use of SMUs,
it does not require pulsed measurements, and it estimates the threshold voltage in
weak-inversion, where it is assumed that charge trapping is minimised. The re-
sult can be seen for the NMOS transistors in Fig. 5.15. The nitrided wafer has a
much lower threshold voltage than the steam-treated wafer and the dry oxidised
wafer. Both the nitrided wafer and the steam-treated wafer has fairly tight distri-
butions, whereas the dry oxidised wafer has a broader distribution. The median
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Figure 5.13: Subthreshold characteristics of transistors at 200 ◦C from the third
version of the SiC CMOS process. Both NMOS and PMOS were measured, with
transistor size 100×2. The measurement was performed with SMUs and sweeping
the gate voltage. The drain voltage (|Vds|) was kept constant at 1 V, based on
results from physical device simulations. Strictly speaking, the drain current is
estimated by measuring the source current (Id = −Is). All three wafers have work-
ing NMOS transistors. Only the steam-treated wafer has PMOS transistors that
show the expected subthreshold characteristics. There is one working PMOS on
the nitrided wafer (192 tested). The nitrided wafer has the best NMOS transistors
with regards to subthreshold characteristics. The subthreshold characteristics of
544 SiC MOSFETs are displayed in this figure (284 PMOS, 260 NMOS).

threshold voltage is about the same for both dry oxidised NMOS transistors and
the steam-treated NMOS transistors.

Estimated values of the threshold voltage and subthreshold swing of the NMOS
transistors is presented in table 5.2.

The CET was measured for the steam-treated (the most oxidised wafer) and the
nitrided wafer (the least oxidised wafer) by C − V measurement of transistors of
various sizes. The variation of capacitance with respect to area gave the inversion
capacitance, from which the CET was estimated from. The steam-treated wafer
had a CET of 34.2 nm and the nitrided wafer a CET of 34.1 nm. Given the results
of the previous process flow versions, the CET estimate is close to the physical
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Figure 5.14: CDF of estimated SS. The estimation is taken from the data in Fig.
5.13, where the maximum differential slope is sampled as the estimation. The blue
line is nitrided wafer, red is dry oxidised wafer and black is steam-treated wafer.
The dashed line at 94 mV/dec is the Boltzmann limit at 200 ◦C.

Figure 5.15: CDF of estimated Vt, N100×2 transistors, measured at 200 ◦C. The
estimation is taken from the data in Fig. 5.13, where the gate voltage required to
achieve a drain current of 50 nA is taken as the threshold voltage.

thickness.
As observed in previous process flow versions, the performance generally im-

proves with increasing temperature. The steam NMOS transistors were operational
at room temperature, with clear inversion behaviour, as seen in Fig. 5.18a). The
threshold voltage reduces from about 9.1 V at room temperature down to 5.4 V
(difference of 3.7 V). This is a large voltage shift with temperature (∂Vt/∂T ∼ -20
mV/K), about 20× that of a silicon transistor [36, p. 168]. A possible explanation
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Table 5.2: Measurement distribution of Vt and SS. Values of Vt are given in
V and values of SS are given in mV/dec. Sample standard deviation (Std) and
interquartile range (IQR) are given.

Steam Dry Nitrided

Vt SS Vt SS Vt SS

Median 8.0 720 8.3 478 2.7 261

Std 0.8 87 1.9 166 0.4 24

IQR 1.15 84 2.9 239 0.5 34

can be found in the slope of the C − V measurement. The maximum slope at
room temperature is 2.6×10−8 F/cm2V and 5.0×10−8 F/cm2V at 200 ◦C, about
twice that of the room temperature value. Interface traps cause the C − V curve
to be stretched out along the voltage scale, and as such sharper transition imply
lower amount of interface traps. While the defects might not physically disappear
at 200 ◦C, they can become inactive at high temperature. The threshold voltage
is in practice set by the interface traps, if this large shift in threshold voltage is
due to inactivation of interface traps. The threshold voltage shift is surprisingly
close to that of Raytheon’s 2 µm SiC NMOS transistor technology, circa 2011 [311].
Others have observed large threshold voltage shifts with temperature in SiC NMOS
transistors [118, 298, 399].

The mobility was estimated by using pulsed Id–Vd. The benefit of using pulsed
I − V measurements is that the I − V characterisation can be performed fast
enough that the near-interface traps do not have time to charge and shift the
threshold voltage. If I −V is measured with ordinary SMUs, the threshold voltage
shifts at the same time as the current is being measured. The overdrive voltage
is overestimated in SMU measurements, and consequently the inversion charge is
overestimated, regardless if split C − V or other estimations are used. A relatively
long channel transistor (100×10) transistor was used for mobility measurements.
The longer the channel is, the less influence parasitic resistances have on the total
resistance, and as such the mobility estimate improves with longer channel lengths.
However, pulsed measurements become progressively more challenging with longer
channel lengths because of the intrinsic RC-delays of the transistor. The 10 µm
gate length transistor was a reasonable compromise. The mobility is very low,
0.1 – 1 cm2/Vs. Steam/wet oxidation is reported to give relatively low channel
mobility [89, 100, 399], and it should be considered that high mobility is typically
only achieved with nitridation. A second reason for this low mobility is shown in a
result of Kurose et al. [344], who showed that etch variation of the channel recess
of recessed channel SiC NMOS cause different mobility values to be extracted for
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Figure 5.16: NMOS (100×10) transistor, measured at room temperature (dashed)
and at 200 ◦C (solid). a) Cgc – Vg, measured at 100 kHz, 30 mV (root-mean
square, RMS). b) µeff – ninv, with ninv the inversion charge number density.
Figure appears as originally published in PAPER IV, caption has been rewritten
for out-of-context clarity [CC-BY 3.0].

the same oxidation process. A third reason is that density of interface traps is high,
even after the annealing, as discussed in Sec. 5.1.3.2. As argued by Arnold and
Alok [108], high DIT reduces the field effect mobility. While perhaps generally true,
it is difficult to explain why the inversion transconductance of the steam transistors
is higher than the inversion transconductance of the dry transistors when the steam
transistors have higher density of interface traps. The assumption that interface
traps are the cause of the low mobility is supported by the temperature dependence
of the mobility, as the mobility at high field is higher at higher temperature as
compared to low temperature. This is in agreement with Coulomb scattering,
which is one of the mobility limiting mechanisms that interface traps can have. It
is also possible that the Coulomb scattering occurs from the high body doping, in
which case using lower doping will increase the channel mobility.

The possibility of series resistance reducing the mobility was considered. Tran-
sistors of varying gate lengths were measured. The measured transistor resistance
scales with length at high overdrive voltage, as seen in Fig. 5.17. The slope of the
resistance is a measure of the channel resistance and the zero-length intercept is a
measure of the series resistance. The series resistance is comparable to the channel
resistance at short gate lengths (1 – 10 µm) at this overdrive voltage. The possible
origin of this series resistance is the parasitic corner transistors, in which case the
series resistance is a function of applied gate voltage. Estimating the mobility from
the slope of Fig. 5.17 for the known overdrive voltage and inversion capacitance
gives a mobility of ∼1 cm2/Vs, comparable to other mobility estimates.

The PMOS and NMOS transistors on the steam-treated wafer were charac-
terised at 200 ◦C, and the results are shown in Fig. 5.18. The threshold voltage
differed considerably between NMOS and PMOS, regardless if it was estimated by
C − V or I − V . NMOS has a high but acceptable threshold voltage of 8 V. The
PMOS show threshold voltages (|Vt|) in the range of 20.7–22.1 V, which is too
high for reliable circuit operation (see later discussion on ring oscillators). A con-

https://ieeexplore.ieee.org/document/8660420
http://creativecommons.org/licenses/by/3.0/
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Figure 5.17: Channel length dependence and series resistance. The transistors are
NMOS transistors from the steam-treated wafer and the size is 100×L, with channel
length L varying from 1 µm to 50 µm. The I − V was measured with ultrafast
pulsed I − V at 200 ◦C, with the gate voltage pulsed from -15 V to 15 V (gate
overdrive at measurement is ∼8 V) and the drain voltage swept. The rise/fall time
was 100 µs, the pulse width was 210 µs (peak time 10 µs) and the period was 2 ms
(more time in accumulation than in inversion). a) Id–Vd of NMOS transistors with
varying channel lengths. The arrow points in the direction of increasing channel
length. The long channel devices show clear saturation behaviour at high drain
voltages. b) The measured resistance of the transistors. Formally, the resistance
is estimated from the reciprocal maximum conductance. The resistance increases
with increasing channel length. The series resistance is estimated as ∼100 kΩ for
these measurement conditions.

sequence of the mismatched threshold voltage between NMOS and PMOS is that
the on-state current is much higher for NMOS than PMOS, and heavily skews the
CMOS behaviour (see later discussion on inverters). The high threshold voltage of
PMOS transistors could be due to several reasons. The interface trap density is
high and could pin the surface potential, preventing the PMOS from turning on.
Kurose et al. [344] showed that etch variation of the channel recess in recessed
channel SiC NMOS transistors increase the threshold voltage. It should be consid-
ered that the NMOS etch variation only depends on one etch (NPLUS), whereas
the PMOS etch variation depends on three etches (NPLUS, PWELL and PPLUS).
The required etch depth becomes progressively more uncertain with each mesa etch
in this process, and as such it is likely that the channel recess of the PMOS is too
deep. A key result is that it is a challenge for this recessed channel SiC CMOS
process to optimise both NMOS and PMOS transistors at the same time, because
the last fabricated transistor will suffer an accumulation of process uncertainties.

The PMOS transistors show a non-linear behaviour at low drain voltages. Phys-
ical device simulation shows that several recessed channel non-idealities, like non-
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Figure 5.18: PMOS and NMOS (100×2) transistors, measured at 200 ◦C. a) Cgc –
Vg measured at 100 kHz, 30 mV (RMS). The PMOS (dashed) enters invertsion at
-14.8 V, and the NMOS (solid) at 6 V. b) Id – Vd. |Vgs| from 15 V to 25 V in steps
of 2 V. PMOS is on left-hand side, NMOS on right-hand side. The mismatched
current is due to mismatched Vt. c) CDF of |Vt|, estimated by CC method (|It| =
1 nA). The NMOS |Vt| (solid) has a median of 8.0 V and an interquartile range
(IQR, range within 25–75 %) of 1.2 V. The PMOS |Vt| (dashed) is higher than the
NMOS, with an median of 21.6 V and a IQR of 1.4 V. The best PMOS (lowest
|Vt|) is shown in a) and b). Figure appears as originally published in PAPER IV,
caption has been rewritten for out-of-context clarity [CC-BY 3.0].

conformal gate oxide or poor rounding of the channel corner, can lead to this be-
haviour. The resistance of the transistor is not limited by mobility and thus channel
mobility cannot be determined. This sublinear behaviour has been observed in un-
conventional MOSFETs, like Schottky barrier transistors [328, 400]. Most likely the
gate does not modulate the charge carriers in the corners, which leads to a large
potential barrier that holes have to cross.

The test inverter could be mapped with the semi-automatic probestation, as
this circuit only required four probes (Vdd, Vss, Vin and Vout). Only the steam-
treated wafer was mapped. SMUs were used, with a fixed voltage on Vdd (25 V)
and Vss (0 V). The input voltage Vin was swept from 0 V to 25 V. The output
voltage was measured by using the SMU as a current source (0 A, 1 nA resolution)
and measuring the voltage required to give 0 A (± 1 nA). The result can be found

https://ieeexplore.ieee.org/document/8660420
http://creativecommons.org/licenses/by/3.0/
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Figure 5.19: Inverters measured at 200 ◦C. a) CDF of Vnm (solid) and Vsp (dashed).
b) Inverter transfer characteristics. Vnm is estimated by fitting the largest square
inside the transfer curve (solid) and its transposed curve (dashed), with the length
of the side of the square being the estimated Vnm [36, Ch. 5]. Figure appears
as originally published in PAPER IV, caption rewritten for out-of-context clarity
[CC-BY 3.0].

in Fig. 5.19. It was found that the functional yield was 48 % (25/52), with the
conditions set that the voltage swing had to be larger than 90 % of of the power
supply range (22.5 V), with the low level not higher than 5 % (1.25 V) and the
high level not lower than 95 % (23.5 V). The conditions should be easily satisfied
for a working CMOS inverter, since the output is rail-to-rail. In addition, the
extraction procedure had to give a switching voltage (Vsp) larger than the static
noise margin (Vnm). The switching voltage is determined by the condition that the
output voltage equals the input voltage, and is ideally 50 % of the voltage range
(12.5 V). The noise margin was estimated by finding the largest square that could
be fitted within the transfer curve and its complement [36, Ch. 5]. The length of
the side of the square is the noise margin. Fig. 5.19b) shows an example of fitting a
square inside the two curves. From Fig. 5.19a) and b), it is evident that the NMOS
is stronger than the PMOS, because the transfer curve and switching voltage is
towards the low side. The switching voltage and noise margin would improve if the
PMOS threshold voltage can be reduced to be closer to that of the NMOS.

Finally, ring oscillators were measured manually. The Keithley 4200-SCS SMUs
were used as power supplies. The ring oscillators required at least five probes
for measurement, as the circuits were designed for adjustable threshold voltage.
When the measurement was performed, the body supplies were clamped to the
signal power supplies, Vbp = Vdd = 25 V, and Vss = Vbn = 0 V. The fifth probe was
connected to an external digital oscilloscope with a 1 MΩ input probe that recorded
the output signal. The connection between oscilloscope and probe was an ordinary
BNC cable. It is likely that the oscilloscope and BNC cable heavily loaded the
output stage, which may explain why the high signal did not reach all the way to
25 V. The waveform of a 101-stage ring oscillator is shown in Fig. 5.1. It can be seen

https://ieeexplore.ieee.org/document/8660420
http://creativecommons.org/licenses/by/3.0/
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that it was oscillating, and as such it can be inferred that all 101 NMOS transistors
and 101 PMOS transistors in the ring oscillator, and the 2 NMOS transistors and
2 PMOS transistors in the output buffer, were working. The local yield was high,
and complex circuits could potentially work.

However, the ring oscillators that were measured broke after a few minutes of
measurement. It is likely that the high electric field stress, together with high
frequency switching, broke the critical gate oxide of one or more of the transistors
and short-circuited the gate and source/drain. The key issue is that the power
supply (25 V) is too high for a 35 nm gate oxide. As discussed in Sec. 3.2.3, a
proper choice of power supply is around 10 V for 35 nm gate oxides. The high power
supply was needed to reliably switch on and off the PMOS transistors, because
their threshold voltage was around 22 V. The key improvement needed for this SiC
CMOS process is to reduce the threshold voltage of the PMOS transistors below
10 V.

The steam-oxidised wafer was characterised at 300 ◦C. It was found that the
off-state current was not limited by the subthreshold current. The reverse-biased
PN-diodes formed by the drain/body-connection showed unusually high leakage
currents at high temperature, as seen in Fig. 5.20. The on-state current of the
PMOS was only a factor ∼ 20× larger than the off-state current of the NMOS at
a 20 V power supply due to this drain/body leakage current.

The on-state leakage current was measured for a few PMOS devices with varying
gate/channel size and drain area. As can be seen in Fig. 5.21a), the leakage current
does not immediately depend on the gate/channel area. Fig. 5.21b) shows that the
leakage current depends on the area of the drain. Investigating the current density
to the periphery of the drain, seen in Fig. 5.21c), reveals a positive correlation,
but not exactly linear dependence. However, when considering only the periphery
covered by the field oxide, a linear dependence emerges, as seen in Fig. 5.21d).
Together with the result in Fig. 5.20, which shows a weak voltage dependence in
leakage current, it becomes evident that the leakage current is due to a surface
generation/recombination current along the field oxide covered mesa-edge.

The surface generation/recombination current Jp is given by

Jp = qni(T )srWdep(Vdb) [L−1I], (5.1)

where sr is the surface recombination velocity. The intrinsic concentration ni
increases with temperature, and thus the leakage increases with temperature. The
depletion width increases with increasing reverse bias, and thus offers an explana-
tion for the voltage dependence observed in Fig. 5.20b). The surface recombination
velocity is a function of interface traps, discussed in the next section. It is seen that
the steam-oxidised samples give a high surface recombination velocity compared to
other treatments (see table 5.4). A possible remedy is to nitridate the field oxide
after growth, as this provides good passivation even at temperatures as high as
500 ◦C [20]. It should be noted that the field oxide passivation in process flow
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Figure 5.20: On-off currents of a PMOS (60×2) and an NMOS (40×2) at 300 ◦C.
The PMOS currents are for negative voltages and NMOS currents for positive
voltages. a) On-state current (Vgs = Vds). The PMOS can drive 20 µA at 20 V,
the NMOS can drive 200 µA. b) Off-state currents (Vgs = 0 V). The drain leakage
current of the NMOS is 1 µA, ∼1/20× that of the PMOS on-state current. The
drain-leakage is not a subthreshold current, as the source-current is about 1 pA,
nor a gate leakage current, which is also about a few picoamps. The current goes
into the body, and as such is a PN-diode leakage current. The leakage current
through the body is approximately the same in both on-state as in off-state, and
as such is unlikely to depend on the gate itself.

version 2 was apparently better than this last version of the field oxide process
(compare Fig. 5.11 and 5.20).

5.1.3.2 Interface defect characterisation

Different methods were used for the characterisation. The two characterisation
methods charge pumping and ultrafast pulsed I−V are presented in detail in App. J.
Charge pumping could be easily automated with the automatic characterisation
suite (ACS) software used by the Keithley 4200-SCS for wafer mapping. Ultrafast
pulsed I − V was not natively supported by the ACS software and was manually
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Figure 5.21: PN-diode leakage of a reverse-biased drain/body of PMOS transis-
tors of varying size (100×1, 100×10, 100×100, 10×10 and 200×220). The largest
transistor is a process control transistor with a 220×240 drain contact. All transis-
tors of the same width (P100×1, P100×10, P100×100) have the same size of drain
(10×102 µm2). The drain of the P10×10 is 10×12 µm2. a) Leakage current to
drawn gate/channel area. The P100×1 and P10×10 have the same channel area
but shows different leakage currents (the two points at 102 µm2). The P100×1,
P100×10, and P100×100 have similar leakage current but different areas. There is
no immediate relation between gate/channel area and PN-diode leakage. b) Leak-
age to drain area. An approximate linear behavior is present in log-log scale. c)
Current density to area-normalised drain periphery. While there is a positive cor-
relation, it is not perfectly linear. d) Current density to area-normalised periphery
of the drain exposed to the field oxide. A linear behaviour emerges.

performed. All measurements were performed at 200 ◦C.
A high-low charge pumping method was used to map the defect densities of

N100×2 transistors, which has a short gate length that minimise the geometric
component and is representative of the circuit transistors. Charge pumping was
performed at both a low (100 Hz, f100) and a high frequency (100 kHz, f100k) with
both triangular and trapezium pulses. The measured recombined charges densities
were N100,Tri (100 Hz, triangular), N100,Tra (100 Hz, trapezium), N100k,Tri (100
kHz, triangular) and N100k,Tra (100 kHz, trapezium). The rough estimate of N̄NIT
is given by
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Figure 5.22: Measurement distribution of DIT and NNIT . a) Distribution of DIT .
b) Distribution of NNIT .

N̄NIT = −2κN100k,Tra −N100,Tra

ln(f100k/f100) [L−3], (5.2)

where the attenuation coefficient κ is estimated as 5.5×109 m−1 (= 1/180 pm).
The denominator is exactly 3 ln(10) for the chosen frequencies. The rough estimate
of D̄IT is

D̄IT = (N100k,Tri −N100,Tri)− (N100k,Tra −N100,Tra)
2kBT ln(f100k/f100) [M−1L−4T2] (5.3)

The NIT contribution is substracted from the recombined charge density in
Eq. 5.3 in order to estimate D̄IT . As stated in App. J, the NITs can be deter-
mined independent of ITs using trapezium pulses, but ITs cannot be determined
independent of NITs with triangular pulses.

The distribution of measured values is shown in Fig. 5.22 and table 5.3. It can
be seen in Fig. 5.22 and table 5.3 that the median of N̄NIT does not vary much
between the different samples, whereas D̄IT differs. Steam gives the highest D̄IT ,
followed by dry oxidation, and nitridation has the lowest D̄IT . The absolute value
of D̄IT is fairly high, ∼1012 cm−2 eV−1. The D̄IT distribution is not random, as
can be seen in Fig. 5.23. The estimated D̄IT is higher at the top-right corner of
the nitrided wafers compared to the rest of the wafer.

A few transistors from each wafer were measured with fine frequency steps to
validate the rough measurement. The transistors were sampled from the IQR of the
rough estimation, as close to median as possible. The frequency dependence of the
recombined charge can be in Fig. 5.24. The three properties σn,p, DIT and NNIT
was estimated from the data, and is presented in table 5.4. The cross section size is
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Table 5.3: Measurement distribution of DIT and NNIT . Values of DIT are given
in cm−2 eV−1/1012 and values of NINT are given in cm−3/1019. Sample standard
deviation (Std) and interquartile range (IQR) are given.

Steam Dry Nitrided

D̄IT N̄NIT D̄IT N̄NIT D̄IT N̄NIT

Median 2.4 1.0 1.7 1.1 1.4 1.0

Std 0.25 0.54 0.24 0.66 0.8 1.16

IQR 0.21 0.18 0.21 0.32 0.22 0.34

Figure 5.23: Map of the estimated D̄IT of the nitrided wafer. The estimated D̄IT

is higher at the top-right corner compared to the rest of the wafer.

within the expected range, and it likely corresponds to something physically real.
The cross section size of the steam-treated wafer is very large, though. The large
average would imply that both σn and σp are large, and hence both are Coulomb
attractive. The dry oxide trap size is between a attractive and neutral, whereas
the nitrided wafer is about the size of a neutral trap. It should be stressed that
the cross section size is highly inaccurately estimated and should only be used
as a rough sanity check. The estimated D̄IT and D̄NIT is very similar between
the rough and fine measurement, and as such the rough measurement is likely a
good estimate of the both DIT and NNIT . The differences between the wafers are
D̄Steam
IT > D̄Dry

IT > D̄Nitrided
IT and D̄Dry

NIT > D̄Steam
NIT > D̄Nitrided

NIT . The D̄IT differences
are the same order as the SS differences (SSSteam > SSDry > SSNitrided).

The density of interface traps has a causal link with the subthreshold swing
through the bulk charge factor,
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Figure 5.24: Frequency dependence of the recombined charge. The presented data
is averaged over at least five transistors. The black squares, the red circles and blue
hexagons correspond to the steam-treated wafer, the dry oxidised wafer and the
nitrided wafer, respectively. a) The measured recombined charge with trapezium
pulses, tr = tf =1 µs. The steam-treated wafer has higher amount of defects than
the dry oxidised wafer, and the nitrided wafer has the lowest. Irregardless of further
modeling, there are 3.5–5×1012 cm−2 active defects in the transistors. The slope
is negative. b) The measured recombined charge with triangular pulses. The slope
is weakly positive. The recombined charge is lower for triangular pulses than in
trapezium pulses (a) because fewer traps are probed with the triangular pulses. c)
The estimated recombined charge due to NIT. The calculation takes the data from
a) and set the zero point at f = 100 kHz. The slope corresponds to N̄NIT . d) The
estimated recombined charge due to IT. The NIT contribution in c), sampled at
appropriate tinv, is subtracted from the recombined charge measured by triangular
pulses in b). The slope is positive, and corresponds to D̄IT .

SS = ln(10) · kBT
q
·
(

1 + Cd,max + q2DIT

Cox

)
[ML2T−3I−1], (5.4)

where Cd,max is the depletion capacitance at inversion (maximum depletion
width). However, the Pearson correlation factor is -0.03 for the nitrided wafer,
which has 171 sites with data for both SS and D̄IT . The probability that two
uncorrelated normal distributions would produce this result is 69 % (the p-value),



5.1. SIC CMOS 185

Table 5.4: Estimation of σn,p, DIT , NNIT and sr, averaged over at least five
transistors from each wafer. A fine frequency step was used for accurate estimations.

Property Steam Dry Nitrided

σn,p (cm2) 5× 10−12 6× 10−15 3× 10−17

D̄IT /1012 (cm−2 eV−1) 2.5 1.7 1.3

N̄NIT /1019 (cm−3) 1.0 1.1 0.9

sr (cm/s) ∼ 2× 107 ∼ 2× 104 ∼ 6× 101

Figure 5.25: Scatter plot of D̄IT and SS, data from the nitrided wafer. There is
a total of 171 data points. The entire dataset is uncorrelated, but there is a dense
positive correlated region for low D̄IT (marked with a red dashed line).

and as such the data is unlikely correlated. However, when plotting the data, there
is a dense group at low D̄IT that shows the expected positive correlation, as seen
in Fig. 5.25. The observed variation in either D̄IT or SS might be caused by a
third factor that is not simultaneously coupled to D̄IT and SS.

The interface traps act as generation/recombination centres and can be a source
of leakage current in PN-diodes. The surface recombination velocity (sr), a measure
of the recombination/generation rate, can be estimated from the charge pumping
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data and is presented in table 5.4. The estimation is given by [112, p. 394]

sr = σn,pvthkBTD̄IT [LT−1], (5.5)

where vth is the thermal velocity. The dry oxide shows fairly typical values, the
steam shows high-range values, and the nitrided oxide shows unusually low values
compared to the literature [401, 402]. It is stressed that the major source of error
in this estimation is the estimated cross-section area, which has an uncertainty of
several orders of magnitude.

In addition to the charge pumping measurements, ultrafast pulsed I − V mea-
surement was performed to estimate NNIT and transconductance (gm). The mea-
surements are plotted in Fig. 5.26 and the estimated values of NNIT and gm can
be found in table 5.5. The estimated densities of near-interface trap for each wafer
are close to the estimate by charge pumping, but the differences between wafers
are bigger. Both methods show the same pattern: N̄Dry

NIT > N̄Steam
NIT > N̄Nitrided

NIT .
It is the opposite pattern for the transconductance, gDry

m < gSteam
m < gNitrided

m .
It should be noted the gm is required to estimate NNIT , and could explain the
negative correlation pattern (see Eq. J.32), but that does not explain why charge
pumping shows the same pattern for NNIT , since charge pumping does not immedi-
ately depend on gm. The transconductance, and by extension the mobility, may be
negatively correlated with density of near-interface traps. It is interesting to spec-
ulate if there is a causal link between mobility and near-interface traps. It should
be noted that the charge trapping measurement starts with empty electron traps,
and consequently the correlation may not be specifically with NNIT , but with the
density of empty electron traps in the gate dielectric. A neutral trap should not
provide Coulomb scattering. The charged and the empty electron trap is either (-
/-2) [Coulomb repulsive electron trap] or (+/0) [Coulomb attractive electron trap].
A second possibility is that it is filled hole traps that cause the mobility reduction.
The charged and filled hole traps are either (0/+) [neutral hole trap] or (+/+2)
[Coulomb repulsive hole trap]. Charge trapping and charge pumping measurements
cannot distinguish these defects, only detect the trapping/recombination event of
defects. An answer may be provided if considering the threshold voltage. It shows
the same pattern as density of near-interface traps, V Dry

t > V Steam
t > V Nitrided

t . If
the reduction of NNIT and Vt is correlated and the causal link is assumed to be
reduction of charged traps, then the Coulomb repulsive (-/-2) defect density must
be reduced because it is the only negatively charged defect. As such, a variation
of a (-/-2) defect density inside of the SiO2 gate dielectric would possibly explain
the observed variation between the samples. The peroxy linkage defect (Si-O-O-Si)
has a (-/-2) energy level of Ec −Et = 0.33 eV which could be the candidate defect
[96], although the authors of [96] dismissed this defect as the cause of DIT /NNIT
because of its deep energy level.
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Figure 5.26: Charge trapping measured by ultrafast pulsed I − V . Each curve is
an average of five transistors. a), c) & e) are hysteresis loops and b), d), e) gives
the current decrease due to increasing Vt as a consequence of charge trapping. a)
& b) steam-treated wafer, c) & d) dry oxidised wafer, e) & f) nitrided wafer. The
hysteresis is noticably small for the nitrided wafer, as compared to the other two
wafers. The current drive (transconductance) is much higher, too.

Table 5.5: Estimation of gm and NNIT , averaged over five transistors (N100×2)
from each wafer. The drain voltage (Vds) is 1 V for all measurements.

Property Steam Dry Nitrided

gm/Vds (µS/V) 1.7 0.75 4.85

N̄NIT /1019 (cm−3) 0.8 1.4 0.5

5.2 Ferroelectric capacitors

Two different ferroelectric process were tested, a simplified process to determine the
intrinsic properties and an advanced process for CMOS integration. The process
details can be found in Sec. 4.6. The key results achieved in the simplified process
was that ferroelectric properties could be demonstrated at very high temperature.
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The etched capacitors allowed modelling of scaling, yield, in addition pulsed char-
acterisation of ferroelectric capacitors. The results of the simplified process can be
found in Sec. 5.2.1 and has been previously published in PAPER I, and the results
of the etched capacitors are presented in Sec. 5.2.2.

5.2.1 Simplified process
The leakage current density was measured at different temperatures, both in order
to evaluate device performance and to determine leakage mechanism. The result is
shown in Fig. 5.27. The leakage current starts at a low value of 3–4×10−9 A/cm2

at room temperature, but quickly increase up to >10−3 A/cm2 at 450 ◦C. It is
known that there are several possible leakage mechanisms in ferroelectric MFM
capacitors, such as Schottky emission (thermionic emission over Schottky barrier),
Poole-Frenkel emission (trap-hopping together with band emission), space charge
limited conduction and ohmic conduction [250, 403], [38, Sec. 5.2]. Different mech-
anisms have different dependencies on electric field and temperature. However, it
was found that no single model fitted the entire temperature range, and as such it
may be that different mechanisms are dominant at different temperatures. It will be
necessary to reduce the peak electric field of the ferroelectric capacitor with increas-
ing temperature in order to keep the leakage current constant with temperature, or
perhaps to reduce the leakage current. This is necessary from a reliability point of
view, as charge injection in dielectrics cause time dependent dielectric breakdown
(TDDB) [187]. One solution is to use a complementary to absolute to temperature
(CTAT) voltage reference, such as a parasitic PN-diodes or parasitic BJTs in the
CMOS process [37, Ch. 23].

The hysteresis loops were measured at different temperatures. The peak elec-
tric field was reduced with increasing temperature in order to avoid TDDB. It
can be seen that the hysteresis loop becomes progressively smaller (lower coercive
field and lower remnant polarisation), although this is possibly confounded by the
simultaneous reduction of peak electric field. Phenomenologically this is in good
agreement with the predicted temperature properties of a ferroelectric (see App. E).
As the temperature approaches the transition temperature, the ferroelectric proper-
ties become weaker and disappear at the transition temperature. The coercive field
(measured as the sum of the absolute value of the positive and negative coercive
field) decreases approximately linearly with temperature, in excellent agreement
with Landau theory (see App. E and Sec. 2.2.1). The benefit of CTAT coercive
field is that reliable switching can be mainted even when the peak field decreases,
as necessitated by reducing leakage current. The zero-field intercept corresponds to
the extrapolated transition temperature, since the absence of coercive field means
that there is no potential barrier between the two different polarisation states. The
extrapolated transition temperature is in good agreement with the value estimated
by ramped C − V measurement, in Fig. 5.29. The relative permittivity has a peak
at 658 ◦C, which corresponds to the phase transition temperature (see App. E
and Sec. 2.2.1). It is stressed that this is one of few demonstrations of transition

https://link.springer.com/article/10.1007%2Fs11664-017-5447-3
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Figure 5.27: Leakage current density at different temperatures, as a function of ap-
plied voltage/electric field. The leakage increases with increasing temperature. The
upper voltage bound is reduced at each temperature to prevent dielectric breakdown
during measurement. The capacitors are operational at fields larger than shown
here. Figure and caption appear as originally published in PAPER I, [CC-BY 4.0].

temperature measurement of thin film ferroelectrics. The transition temperature is
close to that of bulk BiT, 675 ◦C.

5.2.2 Etched capacitors
The etched ferroelectric capacitors, detailed in Sec. 4.6.2, were electrically measured
to determine the yield and leakage currents, if relevant. A total of 70 capacitors
were measured to determine the yield, as seen in table 5.6.

There was a noticable distribution of yield to area, with larger capacitors having
a lower yield than smaller capacitors. Two different models were used to model the
yield, the Poisson model and the Seeds model [404, Sec. 5.2],

Y = Y0 exp(−AD0) [1] (5.6)

Y = Y0

1 +AD0
[1] (5.7)

Eq. 5.6 is the Poisson model and Eq. 5.7 is the Seeds model. Y is yield, Y0 is
global yield and D0 represents the defect density. These two models represents two
extremes in the negative binomial distribution – the fault-generating defects are
either tightly clustered with one single defect size (the Poisson model), or have a

https://link.springer.com/article/10.1007%2Fs11664-017-5447-3
http://creativecommons.org/licenses/by/4.0/
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Figure 5.28: Hysteresis loop at several different temperatures. Both the coercive
field and polarization decrease with increasing temperature. The inset shows the
coercive field versus temperature. Figure and caption appear as originally published
in PAPER I, [CC-BY 4.0].

Table 5.6: Ferroelectric capacitor yield. The test was an impedance measurement
(Z) at 0 V (dc) and varying the frequency of the applied ac-signal (30 mV RMS).
Pass if capacitor shows Z ∝ 1/f , fail if Z is low and independent of frequency
(short-circuit). The star-patterned capacitors were measured.

Size (µm2) Sample size Pass Fail Yield (%)

2500 20 18 2 90

10000 14 12 2 86

40000 20 11 9 55

160000 10 3 7 30

640000 6 0 6 0

large spread in defect sizes (the Seeds model). The best fit of the models are shown
in Fig. 5.30. The Seeds model fits the data somewhat better than the Poisson
model and has a lower sum of residual squares. Y0 and D0 were found to be 96 %
and 1700 cm−2, respectively, for the Seeds model. If the intention is to design
a memory system with 4×16 memory bits (like that of the SRAM memory for
the SiC microcontrollers), with 2T-2C memory cells, the yield needs to be higher

https://link.springer.com/article/10.1007%2Fs11664-017-5447-3
http://creativecommons.org/licenses/by/4.0/
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Figure 5.29: Dielectric permittivity εr and tan δ versus T measured at 100 kHz.
The permittivity increases and becomes discontinuous at Tc. The discontinuity
marks the ferroelectric to paraelectric phase transition. Figure and caption appear
as originally published in PAPER I, [CC-BY 4.0].

Figure 5.30: Yield and modelling. The Seeds yield model follows the data better
than the Poisson model.

than 99.21875 % (=1-1/128). If the Seeds model is assumed, Y0 is assumed to
be 100 % and D0 is 1700 cm−2, the critical radius of the capacitors, with this
current technology, would be 12 µm (critical area is 460 µm2). This radius/area is
realistically achievable. If lithography would be the limitation (∼0.8 µm2), a 32 kib
memory system could be fabricated with high enough yield (2 capacitor/bit).

The leakage current was measured for capacitors with varying areas. The shape
was regular hexagon, which provided a large and well-defined periphery to area.

https://link.springer.com/article/10.1007%2Fs11664-017-5447-3
http://creativecommons.org/licenses/by/4.0/
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The different etches are aggressive and can cause etch damage. This etch damage
can provide leakage paths. As such, the leakage can depend on both the intrinsic
resistivity and the periphery leakage. The periphery and area dependent leakage
were separated, and the result is shown in Fig. 5.31. It is found that periphery
leakage current would likely dominate for capacitors with a radius smaller than 12
µm, which would be required to achieve high enough yield for memory systems.
Reducing periphery leakage should be prioritised, which likely requires improved
post-etch processes. The bulk leakage was much higher than in the simplified
process (compare Fig. 5.27 and 5.31). There are three possibilities. First is that
platinum increases the leakage as compared to gold, which has been observed in
PZT [190]. Second is that the bulk of the ferroelectric capacitor has lost oxygen
due to the etch, which could be rectified by high-temperature oxidation annealing
[233, 405, 406]. Third is that this test deposition film is simply lower quality than
the film presented in PAPER I. Regardless of origin, the leakage current must be
reduced to improve dielectric lifetime [187].

The C−V characteristics of the ferroelectric capacitors were measured, as shown
in Fig. 5.32. The capacitance scales with area, as expected. A zero-field electric
susceptibility of ∼170 is estimated from the data. The characteristic butterfly loop
is acquired, too. Back-to-back Schottky diodes can exhibit a Q−V hysteresis loop,
but not a butterfly loop [407], and as such this loop supports the assumption that
the capacitors are ferroelectric.

The switching properties of the ferroelectric capacitors were characterised by
the positive up negative down (PUND) test sequence. A capacitor that passes the
PUND test is a stronger proof of ferroelectricity than the hysteresis loop, as back-
to-back Schottky diodes and leaky capacitors (like the skin of a banana) exhibit
hysteresis loops [183, 407]. The capacitor is switched to a negative state, followed
by pulsing positive (P), positive (U), negative (N), negative (D). The integrated
charge of pulse P (P ) must be larger than that of pulse U (U), because the pulse
P switches the ferroelectric capacitor and dielectrically charges it, whereas pulse U
only dielectrically charges the capacitor. Likewise, the integrated charge of pulse
N (|N |) must be larger than that of pulse D (D). If the differences P − U and
|N − D| are small, it is unlikely that it is a ferroelectric that is switching. The
strong proof of PUND is that the pulses have a delay and as such includes relaxation
time, something which triangular pulses do not include. The ferroelectric hysteresis
loop is aquired by subtracting the non-switching components (U and D) from the
switching component (P and N) [181, Sec. 1.2]. The measured switched charge
(Qsw, = [P −U −N +D]/2, corresponds to the hysteresis 2Pr), the PUND current
and PUND charge are shown in Fig. 5.33. The switched charge appears to scale
with area (∂Q′sw/∂A ∼16 µC/cm2 at thisE peak, ∼400 kV/cm), but the smallest
capacitor has a lower switched charge than expected. The effective area appears to
be smaller than the drawn area (difference is ∼ 330–1500 µm2), indicating that part
of the capacitor might be ferroelectrically dead. It will be challenging to scale down
the capacitor size to 460 µm2, which is required to avoid short circuit yield loss,
if ∼330–1500 µm2 of the capacitor area is unusable. More process improvement is

https://link.springer.com/article/10.1007%2Fs11664-017-5447-3
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Figure 5.31: Bulk and periphery leakage currents. a) Modelled leakage current at
400 kV/cm versus radius/area of circular capacitors. The peripery leakage (dashed,
red) dominates over the bulk leakage (dashed, red) for capacitors with a radius
smaller than ∼30 µm. All measured capacitors are larger than this radius, and as
such the extracted periphery leakage may be inaccurate. b) The leakage current
for varying capacitor sizes (regular hexagonals). The external stress is applied for
3 s before measuring the leakage current in order to avoid transient effects. The
current for each size at everyE / V is a geometric average of several capacitors
(number varies with size). The leakage is high above ±150 kV/cm. The absolute
leakage is much higher than that presented in PAPER I, which can either be due to
the use of platinum top electrode instead of gold, or because of a poorer ferroelectric
film.

clearly needed.
PUND is a measure of the hysteresis loop, as seen in Fig. 5.34. The corrected

loop in Fig. 5.34b) is poorly saturated (too lowE peak compared to coercive field),
but still somewhat square-shaped. The coercive field is asymmetric, withE +

c ∼330
kV/cm, andE −c ∼180 kV/cm. The polarisation of the smallest capacitors is very
low, about ±3.5 µC/cm2 at this peak field (∼400 kV/cm). There is a very noticable
gap. This could possibly be due to a relaxation phenomenon that occurs between
the negative programming and the start of PUND measurement (1–10 s delay time,
determined by the operator who starts the measurement).

The ferroelectric capacitors were characterised both at room temperature and

https://link.springer.com/article/10.1007%2Fs11664-017-5447-3
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Figure 5.32: Ferroelectric C − V results. a) The zero-field capacitance scales with
area. b) Butterfly loops. Four capacitors with different sizes (regular hexagons)
are normalised to the zero-field capacitance and plotted on-top of each other. The
intrinsic butterfly loop is virtually independent of area.

at 200 ◦C, which is the highest temperature the semi-automatic probestation can
reach. The switching charges versus electric field is shown in Fig. 5.35. There are
no major differences between the two different temperatures performance-wise, al-
though the reversable components (U and D) appear to increase with temperature.

The endurance was tested at both room temperature and at 200 ◦C. The result
is shown in Fig. 5.36. There is a noticable increase in the irreversable components
(P and N) without a corresponding increase in the reversable components (U and
D). This is a wake-up effect, which can be due to interfacial defect layers between
electrode and ferroelectric [408]. The wake-up effect can be transient and not
permanent – as long as the pulses are repeated, the polarisation switching is high
[409]. It has previously been seen in BiT for high field switching at relatively
low frequencies [410, 411], although it is uncommonly reported. The switched
polarisation peaks at 106 cycles at room temperature and at 104 cycles at 200 ◦C.
The room temperature curve shows an inverted ’U’-shape, possibly due to conflict
between wake-up and increasing fatigue. It should be noted that this could not have
been revealed in the endurance test used in PAPER I, which simply measured the
hysteresis before and after the fatigue pulses. The endurance of the etched capacitor
compare well to the literature. The capacitors do not show obvious signs of fatigue

https://link.springer.com/article/10.1007%2Fs11664-017-5447-3
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Figure 5.33: Results of PUND measurements at room temperature of regular hexag-
onal capacitors. The rise time, fall time, pulse peak time and pulse delay was all
set to 10 µs. Relaxation phenomena with relaxation times longer than 10 µs are
not detectable in this measurement. a) Switched charge to area. The switched
charge scales with area, but zero-charge intercept occurs around 330–1500 µm2.
b) PUND sequence. PUND is a 17 segmented test with four voltage pulses, two
of which are positive and two are negative. The capacitor was programmed into
negative state before testing. The switching currents (SW) are larger than the non-
switching currents (NS). The current densities are plotted for several sizes and are
approximately the same. c) The charge evolution of the largest tested capacitance
(160000 µm2). Formally, the absolute charge cannot be uniquely determined, but
it is assumed that the magnitude of the maximum and minimum values must be
the same according to symmetry.

at 108 cycles at room temperature, unlike the etched capacitors in [233, 406]. The
surprising result is that this was achieved without any high-temperature oxygen
annealing, which was found to improve endurance [233, 406]. The only post-etch
treatment performed was subjecting the capacitors to oxygen plasma treatment
immediately after etching.
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Figure 5.34: Hysteresis loops extracted from PUND measurement performed at
room temperature. The data is averaged over five regular hexagonals with an area
of 2500 µm2 (the smallest capacitors). The rise time, fall time, pulse peak time
and pulse delay was all set to 10 µs. Relaxation phenomena with relaxation times
longer than 10 µs are not detectable in this measurement. Formally, the absolute
charge cannot be uniquely determined, but it is assumed that the magnitude of
the maximum and minimum values must be the same according to symmetry. a)
Uncorrected hysteresis loop, directly taken by integrating the current density over
the entire PUND test sequence. The loop is tilted and shows reversable components.
b) The corrected hysteresis loop, closer to the intrinsic ferroelectric hysteresis loop.
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Figure 5.35: PUND charges versus electric field. Regular hexagonal capacitors were
measured with rise time, fall time, pulse peak time and pulse delay set to 10 µs. a)
Room temperature measurement of capacitors of 10000 µm2 size. The switching
charge (Qsw) is low up to 250 kV/cm, and increases above this value. The switching
charge at ∼400 kV/cm is about ∼15 µC/cm2. b) High-temperature measurement
of capacitors of 2500 µm2 size. The reversable charges (U and D) are about twice
as high at 200 ◦C compared to room temperature for the same field (≥ 300 kV/cm).
The switching charge Qsw is higher at ∼400 kV/cm, possibly by lower coercive field.
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Figure 5.36: PUND charges versus switching cycles. Regular hexagonal capacitors
with areas of 2500 µm2 were measured with rise time, fall time, pulse peak time and
pulse delay set to 10 µs. The fatigue pulses were bipolar trapezium pulses, with the
same time settings as the PUND settings. Applied voltage for PUND and fatigue
was 7 V (∼400 kV/cm) at room temperature and 5 V (∼300 kV/cm) at 200 ◦C. a)
Room temperature measurement of capacitors. The switching charge increases with
number of cycles, peaks at 106, and decreases at even higher fatigue cycle counts.
b) High-temperature measurement of capacitors. The switching charge increases
and peaks at 104, and is constant up to 27 cycles, where the capacitor permanently
broke.
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Conclusions and future outlook

6.1 The achievements

The objectives of this thesis, covered in Sec. 1.2, were

1. Demonstrate a SiC CMOS process as a platform for high-temperature digital
electronics

2. Demonstrate a ferroelectric capacitor process for high-temperature non-volatile
memory

The objectives are at least partially fullfilled. The third and final process flow
version of the SiC CMOS process had inverters and ring oscillators that operated for
a few minutes at 200 ◦C. Ferroelectric capacitors were demonstrated that retained
their ferroelectric properties at high temperatures.

The main achievements of this thesis are...

... the development of a polyoxide based field oxide.
The polyoxide based field oxide, presented in Sec. 4.2, allowed the integration of a
thick, thermal oxide over large topography without inducing etch damage into the
SiC. This process can likely be transferred to other SiC processes, like SiC BJT,
SiC JFET, SiC MESFET or even the SiC power devices. It could conceivably be
used in other wide bandgap process flows.

... the advanced characterisation of different gate oxide interface
treatments.
The third and final SiC CMOS process flow version had working transistors that
had been subjected to different gate oxide interface treatments. The different treat-
ments (steam, dry and nitrided) were evaluated using the advanced characterisation

201
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methods charge pumping and ultrafast pulsed I − V (Sec. 5.1.3.2). All treatments
achieved working NMOS transistors. The nitrided wafer had the best NMOS tran-
sistors in terms of low density of interface traps, low near-interface traps, low thresh-
old voltage, low subthreshold swing and high transconductance in superthreshold.
However, only the steam-treatment produced working PMOS transistors. The pro-
cess that optimises the NMOS is not necessarily the process that optimises the
PMOS. Only the steam-treatment process gave working CMOS circuits.

... the investigation of new contact processes.

The semi self-aligned Ni-Al contact process reliably produces a low-resistance ohmic
contact to p-type SiC at relatively low temperatures (∼600 ◦C) (see Sec. 4.4.3).
The most difficult process step, the patterning of nickel, is performed by a self-
aligned silicide process. The aluminium can be patterned by a variety of methods,
like dry etching, wet etching or by lift-off. Based on some theoretical arguments
and old results from 6H-SiC technology, the cobalt/4H-SiC system was investigated
(Sec. 4.4.1). The cobalt silicide was successfully self-aligned to contact opening,
but several challenges were identified. The produced contact was not the expected
low-resistance ohmic contact to p-type, but it was an low-resistance ohmic contact
to n-type. This result demonstrates that not only nickel can be self-aligned in SiC
technology, and such it would be of interest to investigate platinum and titanium.
The Ni-Al process, in particular, has found use in the SiC BJT process and shows
that this result is not limited to SiC CMOS.

... the developent of a two-level CMP-enabled TiW-based
high-temperature metallisation.

It was found that high-temperature electronics cannot be prototyped with a non-
high-temperature metallisation (Sec. 4.5.2). To this end, I developed a high-
temperature metallisation that uses the refractive metal alloy TiW. A two-level
metallisation was demonstrated, which used CMP to planarise the surface before
the deposition of the second metal layer. The addition of CMP opens up several pos-
sibilities, like extending the number of metallisation levels, or by integrating devices
(like ferroelectric capacitors) into the higher levels of metallisation. To protect the
metallisation from ambient environment, the wafer is encapsulated in SiO2/SiNx,
and the pads are chemically protected by the electrically conductive and bondable
Ti/Pt/Au stack. This metallisation was proven to be stable to polysilicon for 100 h
at 500 ◦C in air, and is suitable for prototyping. The presented process (Sec. 4.5.3)
is not limited to SiC CMOS, but could be used in any high-temperature electronic
process flow, including SOI CMOS, SiC BJT, SiC MESFET, SiC JFET and other
wide bandgap processes.
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... the first steps towards high-temperature non-volatile memory.
The investigation of ferroelectric capacitors (Sec. 5.2.1), using vanadium-doped
bismuth titanate, showed that ferroelectric properties are retained at high tem-
perature. Ferroelectric capacitors are thus a good candidate for high-temperature
non-volatile memory, if integrated into a high-temperature field-effect transistor
process flow. Deposition of the ferroelectric, the etching of noble electrodes and
etching of ferroelectric is demonstrated in Sec. 4.6. The etched capacitors retain
their ferroelectric properties. Several key challenges were identified in the electri-
cal characterisation (Sec. 5.2.2): a periphery leakage current, high defect density
causing yield issues, and low polarisation for small area capacitors. However, it
was also found that the etch process did not cause poor endurance, which has been
previously observed in the literature. The demonstrated process could be used in
SOI CMOS, SiC MESFET, SiC JFET and other wide bandgap processes.

... the first demonstration of recessed channel SiC CMOS
process.
The presented process was the first demonstration of a recessed channel SiC CMOS
process. It was shown that it was possible to fabricate SiC CMOS using an all-
epitaxy design and low-temperature processing. Inverters and ring oscillators were
operational at a high temperature, 200 ◦C.

6.2 The future of recessed channel SiC CMOS

As argued in Sec. 3.2.2, the main benefit of recessed channel transistor design is
its immunity to short-channel effects. The demonstrated transistors in this thesis
are designed to be long-channel devices, and thus do not immediately benefit from
this design. The true benefit will be to go to shorter channel lengths. Wider
depletion regions can be used to keep the bulk charge factor low and allow adequate
subthreshold swing. When scaling down, the gate oxide thickness is scaled down
and capacitance increases. When the gate oxide thickness scales below ∼9 nm
(0.25–0.35 µm channel length), the gate will have a stronger capacitive coupling to
the channel than the interface traps (∼ 2.5 × 1012 cm−2 eV−1). The results show
that nitridation gives the best NMOS transistors, and very little oxidation should
occur during nitridation. Thus, I believe that it is realistic that high-performance
recessed channel SiC NMOS transistors can be fabricated, provided that they are
nitrided, have gate oxide thickness less than 9 nm and a channel length of 0.25–
0.35 µm. Consequently, high-performance NMOS logic can likely be designed with
recessed channel SiC NMOS transistors. Short channel lengths might be defined
by sidewall transfer lithography.

However, nitridation does not give the best PMOS transistors. The PMOS
transistors have been the key-weakness in the CMOS processes through all process
flow versions. Steam-treatment was shown to give the best PMOS transistors. And
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the oxidation anisotropy is strong in steam (see App. I). Oxidation anisotropy
becomes progressively more challenging as the gate oxide thickness scales down,
and non-conformal gate oxide was identified in silicon technology as one of the
great challenges for recessed channels [266, p. 343]. In addition, given the way
that these transistors are fabricated, the transistor on top is affected by only one
etch but the bottom transistor is affected by the accumulated variation of three
etches. As such, when doing CMOS one transistor will always suffer from etch
variations. The PMOS will always be more difficult to fabricate correctly as long
as it is on the bottom. However, simply putting the PMOS on top will not solve
the problem because the NMOS transistor will be the more difficult transistor to
fabricate correctly instead.

The etching of mesas caused a large topography, ∼2.5–3 µm. This can likely be
optimised by using thinner epitaxial layers, but it will still be large (0.2–0.5 µm)
compared to ion implanted process. The topography causes challenges in every
other process module,

• FOX: How to fabricate a field oxide over large topography without damaging
the surface of SiC?

• Gate: How to grow/form conformal gate oxides?

• Contacts: How to etch the aluminium over steps?

• Metallisation: How to etch TiW over steps? How to planarise large topogra-
phy? How to etch deep vias?

• Ferroelectrics: How to etch metals with ion-beam etching with large topog-
raphy?

All of these challenges were solved by creative and innovative thinking, but the
simplest solution would have been to not have topography to begin with.

The intention with investigating recessed channel devices was to determine if
there were any advantages with trying to process SiC CMOS without using ion
implantation. With the current state of the recessed channel SiC CMOS, there are
no real advantages.

Given all these potential challenges (anisotropic oxidation, one transistor ex-
periencing etch variation, large topography), I draw the following conclusion: ion
implantated bulk transistors are more promising devices for SiC CMOS than these
recessed channel devices. Ion implantation will remove the issues of etch variation,
anisotropic oxidation and large topography. It will allow the optimisation of selec-
tive doping of NMOS and PMOS (mostly, but not entirely) independent of each
other. Even if ion implantation is used, the best performance will likely only be
achieved for transistors with short channel lengths (0.25–0.35 µm), thin gate oxides
(∼9 nm) and operated at 3.3 V power supply. The body doping profile will likely
require retrograde or counter doped profile in order to have low enough threshold
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voltage (|Vt| < 2 V). Sidewall transfer lithography can be used to define the channel
length. Long channel transistors can be fabricated with ordinary stepper lithog-
raphy, but with a lower on-state current capability. A perfectly planar transistor
technology would also allow the use of shallow trench isolation (STI) instead of
using a field oxide.

However, new challenges with ion implanted SiC CMOS are to be expected.
As seen by the results of the third and last process version, PN-diodes in SiC are
not guaranteed to be leakage-free at high temperature in the presence of defects.
The leakage in the presented process was due to surface recombination/generation,
and the field oxide process requires improvement. It is important that the ion
implanted diodes have low enough leakage current that it is not deleterious to circuit
performance. An arbitrary upper limit could be 100 pA/µm (width normalised,
the PN-diode leakage current of a 100 µm width transistor is less than 10 nA).
Ion implantation is known to cause silicon-carbon divacancy defect complex, or the
Z1/2 defect, and the carbon vacany, or EH6/7 defect, which are lifetime killers (low
lifetime leads to fast generation/recombination and contribute to leakage currents).
These defects can be reduced by lifetime enhancement oxidation after activation.
Other things to consider in a ion implanted process are

• Deformation/relaxation of wafer bowing by high-temperature anneal

• Oxidation rate of implanted regions

• Formation of low resistance ohmic contacts to highly doped regions

• Channel mobility and carrier number in doped regions

The activation of dopants occur at or above 1700 ◦C. This temperature is high
enough that there are reports that wafer stress relaxation can occur for wafer with
thick epitaxy. While not inherently a problem, it is important that the alignment
marks etched into the SiC do not deform. Otherwise, it will become challenging to
proceed with lithography. Ion implantation damages the crystal and enhances oxi-
dation rate. Any process requiring thermal oxidation (sacrificial oxidation, lifetime
enhancement, field oxide/STI and gate oxidation) should be evaluated for implanted
samples. There can be differences between contacts to implanted regions and epi-
taxial regions in terms of resistance and roughness. Moreover, it should also be
considered that the implanted regions will likely be shallow (50–200 nm, remember
that lifetime enhancement removes part of the surface), in which case the nickel
silicide processes will require thin silicide. As seen by the cobalt silicide experi-
ment, thin silicides agglomorate on SiC and thus the nickel silicide process should
be re-evaluated for thin silicide thicknesses (10 nm initial nickel thickness). Finally,
defects due to ion implantation can trap charge carriers. Charged defects con-
tribute to Coulomb scattering. Both of these effects contribute to the noise of the
devices. As such, the impact of threshold voltage adjustment and well implantation
on low-frequency noise should be investigated.
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Figure 6.1: Hybrid epitaxy and ion implantation approach to SiC CMOS. The
highly doped source and body connections are ion implanted in order to avoid the
geometrical difficulties of the recessed channel design. The wells avoids ion im-
plantation damage, which could provide lower noise and higher mobility than an
implanted well. The highly doped epitaxial regions prevent the depletion region
from penetrating into the transistor bodies, which gives bulk-behaviour. Remov-
ing these highly doped epitaxial regions could fully deplete the transistor body
(depending on thickness and doping), similar to fully depleted silicon on insulator
technology.

A CMOS process can use three to seven ion implantation steps (p+, n+, three
wells, two threshold voltage adjustments). A hybrid epitaxy and ion implanta-
tion approach could be adopted if the intention is to minimise the number of ion
implantation steps, as seen in Fig. 6.1. The disadvantage is the re-emergence of
topography and all of its challenges and the loss of STI capability compared to
all-ion-implantation, but the advantage is that it avoids the challenges of the re-
cessed channel design compared to the all-epitaxy version. The epitaxy should be
uniformly doped to avoid etch-induced threshold voltage variation if there is no
threshold voltage adjustment ion implantation. The hybrid approach may have
lower noise and higher mobility than the all-ion-implantation because it avoids ion
implantation in the channel region.
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6.3 The future of high-temperature non-volatile memory
devices

The first few steps for ferroelectric capacitors for high-temperature applications
have been taken. Currently, the biggest practical in-house challenge is the large-
area deposition of platinum and ferroelectric material. The true test of non-volatile
memory devices is the integration with transistors and the demonstration of an
NVRAM-system, and it requires the capability of depositing the materials on wafer-
scale. As such, the development of these processes should be top-priority. Chemical
solution deposition is the most realistic approach for wafer-scale deposition of fer-
roelectrics. Given the ability of CMP polishing, more exotic transfer approaches
could be used. One idea is to fabricate the ferroelectric capacitor stack on a com-
mercially available platinised silicon wafer and transfer it to the higher levels of the
metallisation on SiC by wafer bonding. Once transferred, the capacitors are pat-
terned and connected by additional metal. Other things are simply optimisation:
the addition of hydrogen barrier, improve the etch processes, etc.

While my approach was to investigate vanadium-doped bismuth titanate, it
should be considered that it is not the only ferroelectric material with high transi-
tion temperature. Bismuth ferrite could be an alternative candidate. The resistive
memory devices could also be investigated, like Ti/HfOx/TiN, and may operate at
high temperature. To the best of my knowledge, this research area is completely
unexplored. If unipolar programming is possible, then the memory devices could
be integrated into the SiC BJT process for NVRAM applications.
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