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Abstract 

Advances in space and nuclear technologies are limited by the capabilities of the 

conventional silicon (Si) electronics. Hence, there is a need to explore materials beyond Si 

with enhanced properties to operate in extreme environments. The wide bandgap 

semiconductor silicon carbide (4H-SiC) is a promising candidate for high temperature and 

radiation applications due to its larger bandgap, higher temperature conductivity and high 

atomic displacement energy compared to Si. 

In this thesis, radiation effects of 4H-SiC bipolar devices, circuits and dielectrics for SiC 

are investigated under various radiation types. We have demonstrated for the first time the 

radiation hardness of 4H-SiC logic circuits exposed to extremely high doses (332 Mrad) of 

gamma radiation and protons. Comparisons with previously available literature show that our 

4H-SiC bipolar junction transistor (BJT) is 2 orders of magnitude more tolerant under gamma 

radiation to existing Si-technology and capable of operating at one order of magnitude higher 

radiation levels than previously reported 4H-SiC BJT. 4H-SiC devices and circuits irradiated 

with 3 MeV protons show about one order of magnitude higher tolerance in comparison to Si 

technology.  

Numerical simulations of the device showed that the ionization is most influential in the 

degradation process by introducing interface states and oxide charges that lower the current 

gain. Due to the gain reduction of the BJT, the voltage reference of the logic circuit has been 

affected and this, in turn, degrades the voltage transfer characteristics (VTC) of the OR-NOR 

gates. By redesigning the circuits for higher logic swing, logic gates based on 4H-SiC BJTs 

could continue to operate above doses of 100 Mrad. 

One of the key advantages of 4H-SiC over other wide bandgap materials is the 

possibility to thermally grow silicon oxide (SiO2) and process device in line with advanced 

silicon technology. However, there are still questions about the reliability of SiC/SiO2 

interface under high power, high temperature and radiation rich environments. In this regard, 

aluminium oxide (Al2O3), a chemically and thermally stable dielectric, has been investigated. 

It has been shown that the surface cleaning treatment prior to deposition of a dielectric layer 

together with the post dielectric annealing has a crucial effect on interface and oxide quality. 

We have demonstrated a new method to evaluate the interface between dielectric/4H-SiC 

utilizing an optical free carrier absorption (FCA) technique to quantitative measure the charge 

carrier trapping dynamics. The radiation hardness of Al2O3/4H-SiC is demonstrated and the 

data also suggests that Al2O3 is better choice of dielectric for devices in radiation rich 

applications. 

 

Keywords: Silicon carbide, radiation hardness, protons, gamma radiation, bipolar junction 

transistors, aluminium oxide, surface recombination.  
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Sammanfattning 

Framsteg inom vissa nya områden, som rymdteknologi och kärnkraftsutveckling, är 

idag i stor utsträckning begränsad av kiselelektronikens förmåga att fungera i miljöer med hög 

temperatur och mycket strålning. Det finns därför en önskan att kunna utnyttja andra 

halvledarmaterial som bättre tål dessa tuffa omgivningar. Halvledare med brett bandgap, som 

t ex kiselkarbid (4H-SiC), har en stor möjlighet att kunna utnyttjas i dessa applikationer tack 

vare sitt stora bandgap, en värmeledningsförmåga som är tre gånger större än hos kisel, samt 

de höga tröskelenergier som behövs för att dislokera Si- och C-atomer från sina 

gitterpositioner i jämförelse med kisel. 

I denna avhandling undersöks hur olika strålningstyper påverkar funktionen av bipolära 

transistorer och kretsar gjorda av 4H-SiC och även dielektriska material som behövs för att 

tillverka dessa. För första gången demonstreras strålningshärdigheten för integrerade logiska 

kretsar som exponerats för extremt höga doser av gammastrålning (332 Mrad), och även 

snabba protoner (3 MeV). En jämförelse med tillgänglig litteratur för kisel visar att vår 

bipolära SiC-teknologi kan fungera tillfredsställande trots två storleksordningar (ca 100 

gånger) högre nivåer av gammastrålning och omkring en storleksordning högre protonflöden.  

Genom att simulera SiC-komponenter i datormodeller har vi vidare kunnat visa att 

jonisation orsakad av strålningen är det som har den största effekten för degraderingen av 

komponenterna. Denna jonisation orsakar elektroniska tillstånd och lokal uppladdning i 

dielektrikat och i gränsskiktet mellan dielektrikat och kiselkarbiden, vilket försämrar 

individuella transistorers strömförstärkning. Detta gör i sin tur att logiska kretsar, t ex OR-

NOR-grindar uppbyggda av ett antal SiC-transistorer, får sämre verkningsgrad och mindre 

tydlig överföringsfunktion. Avhandlingen visar dock också att en stor del av dessa problem 

kan åtgärdas genom ändringar i designen, vilket skulle möjliggöra kretsar som fungerar 

tillfredsställande vid strålningsnivåer långt över 100 Mrad. 

En av de stora fördelarna med 4H-SiC, jämfört med andra bredbandiga 

halvledarmaterial, är att det är möjligt att växa kiseldioxid (SiO2) som dielektrika och även att 

kunna processa materialet i samma utrustning som används för kiselteknologi. Det finns dock 

problem med gränsskiktet mellan SiC och SiO2 som är svåra att åtgärda. Till exempel är 

långtidsstabiliteten och tåligheten för höga temperaturer, höga elektriska fält, samt höga 

strålningsnivåer, inte så bra som de teoretiskt skulle kunna vara. Därför har vi i denna 

avhandling även prövat ett alternativt dielektrika, aluminiumoxid (Al2O3), som har visat sig 

ha mycket goda egenskaper. Detta material växer dock inte av sig själv på SiC, men det finns 

en mycket användbar teknik för att deponera skikt av Al2O3, så kallad ”atomic layer 

deposition” (ALD), som har utnyttjats i stället. Detta har medfört processutveckling och 

optimering av t ex hur ytorna prepareras innan deponeringen för att kunna minimera och 

stabilisera icke önskvärda elektroniska tillstånd i dielektrikat och i gränsskiktet. Dessutom har 

en ny optisk metod utarbetats för att kunna studera rekombination av laddningsbärare i 

gränsskiktet genom absorption av fria laddningsbärare (FCA). Resultaten visar att 

strålningshärdigheten för Al2O3 på 4H-SiC är betydligt bättre än för SiO2. 
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Chapter 1 

Introduction 

Research is what I'm doing when I don't know what I'm doing.  

--Wernher von Braun 
The launch of the first satellites, Sputnik in 1957 and especially Explorer I in 1958, not only 

marked the beginning of a new chapter in space exploration, but also in a new field of 

radiation studies on electronics by the discovery of the electron belt around the earth’s surface 

called the ‘Van Allen Belt’. Ever since, the understanding of our space environment has 

increased and it has been realised that numerous space anomalies and failures are due to 

radiation effects in electronics [1]. This has led to the insight that effects of radiation on 

electronics is of paramount importance for continued space exploration. It is also known that 

some of the cosmic rays generated in space may penetrate and bombard the earth’s surface at 

an average rate of 500/s m
2 

[2]. Low power digital circuits and power devices operating on 

earth’s surface have been reported to significantly suffer due to cosmic rays [3], [4]. With an 

increase in the automation of the systems in various sectors, such as automotive, aviation, and 

industrial processes, the reliability issues and radiation hardness of electronics systems 

becomes even more vital. 

Currently, electronics operating in harsh environments are dominated by devices 

manufactured in silicon (Si). They can typically operate up to temperatures of around 250 °C 

and radiation levels in the range of krad [5]–[9]. Using specialized technologies, such as 

silicon on insulator (SOI) the temperatures and radiation levels can be extended for Si [10]–

[13]and current limits are now at temperatures of about 350 °C and radiation levels up to 

Mrad. However, there is a strong need to explore new material technologies that can reliably 

operate under harsh environments, and here wide bandgap semiconductor; such as silicon 

carbide (SiC) and gallium nitride (GaN), provide possible solutions.  

Compared to the other wide bandgap materials, SiC technology has a matured material 

growth and processing technology, making it an attractive candidate for use in extreme harsh 

environments [14]–[16].  The ability to operate under harsh environments for SiC comes from 

the stronger covalent bonding between the Si-C in SiC as compared to Si. This result in 

higher displacement energy (20–35 eV), low intrinsic carrier concentration (5×10
-9

 cm
-3

 at 

room temperature), larger bandgap (3.25 eV for 4H-SiC), higher critical electric field (2.2 

MV/cm) and higher thermal conductivity (3.7 W/cm-s) compared to Si. In addition, due to the 

wide bandgap SiC requires energy of 8-9 eV to produce an electron hole pair which is three 

times higher than Si. All these factors make SiC an attractive candidate for high power, high 

temperature and radiation applications.  
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The first SiC integrated circuit (ICs) were reported by Purdue University in 1994 [17]. Since 

then, different design configurations of SiC devices and ICs have been shown to operate at 

very high temperatures, even up to 600 °C [18]–[22]. A number of discrete SiC device types 

manufactured on the 4H–SiC polytype, such as diodes, junction field effect transistor 

(JFETs), metal oxide semiconductor field effect transistor (MOSFETs) and bipolar junction 

transistor (BJTs) have also been tested under different radiation environments [23]–[29]. 

Typically, BJTs are considered to be the most radiation hard among these devices. Previously 

reported commercially available 4H-SiC power MOSFETs irradiated with gamma rays at 

room temperature has been shown to become inoperative after a dose of 300 krad [30], while 

a 4H-SiC power BJT suffered a gain degradation of 10% after a dose of 8.7 Mrad [31]. 

Apart from the semiconductor material itself, dielectrics play an important role in the device 

operation, both as a gate oxide for MOSFETs and as a surface passivation layer. Currently, 

silicon oxide (SiO2), being the natural oxide of SiC, is the commonly used dielectric for the 

SiC technology. But there have been reliability issues with the quality of the SiO2 and, 

particularly the interface between the SiO2 and 4H-SiC, when exposed to high temperature 

and radiations environments [32]–[34]. These instabilities can, for instance, lead to forward 

current gain degradation in bipolar transistors due to the recombination of charge carriers 

along the surface passivation of the emitter-base mesa. Therefore, several alternative 

dielectrics have been investigated for reliable operation also under harsh environments [35]–

[37]. Among these, aluminium oxide (Al2O3) in particular has shown to be more radiation 

hard than SiO2 [37]. Although Al2O3 based MOS devices show good electrical behaviour 

under radiation, there are still issues related to processing, and the interface between the 

Al2O3/SiC needs to be better understood before implementation into commercial devices.   

In this thesis, radiation effects of 4H-SiC bipolar devices and circuits are investigated. A 

substantial part of the thesis has also been devoted to the insulating dielectric layers, which 

are often more sensitive to ionizing radiation and high temperatures than the semiconductor 

itself. The thesis fulfils the following three objectives: 

A. To understand the mechanism for radiation induced degradation of SiC bipolar devices 

and circuits. For this purpose, the bipolar devices and circuits have been irradiated with 

MeV protons and extremely high doses (332 Mrad) of gamma radiation. Protons are 

generally known to produce both displacement damage and ionization, while gamma rays 

primarily produce ionization effects. 

B. To evaluate and benchmark the radiation hardness of SiC devices and circuits with the 

existing Si and other technologies. Radiation effects on the devices strongly depend on 

the structure and nature of the devices. An absolute comparison of different technologies 

is very difficult unless the devices have the same design. In this thesis, a relative 

comparison of radiation hardness is made from the results obtained from our bipolar 

devices with the data available from literature for other technologies. 

C. To suggest radiation hard alternative dielectrics for 4H-SiC, where this thesis primarily 

focuses on Al2O3 as a replacement dielectric for SiO2.  

The above-stated objectives A and B are addressed in the appended papers I-III, while goal C 

is addressed in the appended papers IV-VIII. In all the appended papers, the author has 
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contributed in the planning, processing of metal oxide semiconductor (MOS) test structures, 

arranged for the radiation of the samples, performed the electrical and material 

characterizations, as well as TCAD simulations [38] and analysis of results. He also wrote all 

the manuscript, except for paper VI. 

The thesis is organised into 5 chapters as follows. 

 Chapter 2 describes the different radiation environments; how the radiating particles 

interact with the material and how the interactions affect the device operation. A brief 

overview of radiation hardening techniques and testing standards are also included. A 

comparison of the radiation hardness between the 4H-SiC with other technologies is 

presented. 

 Chapter 3 deals with experimental procedures, such as the fabrication process of MOS 

test structures, along with the description of the bipolar device and circuit layout. Various 

characterisation and simulation techniques used in the thesis are described.  

 Chapter 4 presents the total dose effects on 4H-SiC bipolar devices and circuits. The 

radiation testing protocols and the radiation sources used for protons and gamma rays are 

elucidated. The effects of proton and gamma radiation for individual BJT DC static 

behaviour and voltage transfer characteristics of OR-NOR circuits, along with the effects 

of post-irradiation annealing, are presented. Results from simulations using TCAD [38] 

are presented to analyse the gain degradation mechanisms.  

 Chapter 5 presents Al2O3 as an alternative dielectric for 4H-SiC devices under radiation 

environments. Effects of pre- and post-dielectric preparation techniques on the quality of 

the Al2O3 and interface between the Al2O3/4H-SiC are presented. Finally, radiation 

hardness studies comparing Al2O3 and SiO2 under Argon ion and MeV protons are 

discussed. 

 Chapter 6 presents the concluding remarks and future outlook of the thesis. 
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Chapter 2 

Radiation Effects in Devices and Circuits 

We choose to go to the Moon in this decade and do the other things, not because 

they are easy, but because they are hard! 

-- John F. Kennedy, 1962. 
Electronic components exposed to radiation can alter their electrical characteristics, which 

may result in a temporary or permanent failure of the electronic systems. The damage 

produced in the electronics depends on the type of radiation and nature of the device. Figure 

2.1 shows the classification of spacecraft anomalies by their physical cause published by 

NASA for over 100 space missions from the period 1974-1994 [1]. It is evident that from this 

study that about 35% (plus possibly another 35% by “plasma”) of the spacecraft anomalies 

are related to the radiation induced effects in electronics and is one of the primary causes of 

spacecraft failure. In order to design electronic components that are more tolerant to radiation, 

it is essential to understand the basic radiation induced effects in the materials and devices. 

This chapter will classify the various types of radiation relevant for this thesis and elucidate 

the interaction mechanisms of these particles with materials. The chapter also describes the 

effects of radiation on devices and makes a comparison of the radiation hardness of the 4H-

SiC bipolar devices with other technologies.  

Figure 2.1. Various spacecraft anomalies by their physical cause comprehended by NASA for 

over 100 space missions during the period 1974-1994. About 35% of the space missions failed 

due to the radiation induced effects in electronics.  
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2.1 Types of radiation and their interaction with material 

There are various particles that can penetrate the electronic materials in different types of 

radiation environments. Radiation, or energetic particles, can be broadly categorized into 

three groups: photons (uv-rays, X-rays and gamma rays), charged particles (electron, muons, 

protons, alpha particles and heavy ions) and neutrons. The interaction between these particles 

with the material depends on various factors of the incident particles, such as mass, charge 

state and kinetic energy, but also on the target atomic mass, density of the target material etc. 

Most often, the interaction of an energetic particle with matter will result in secondary 

particles that interact in other ways, making it difficult to separate the effects. In electronic 

devices under operation, charges are transported and there may also be electric fields present 

that further complicate the picture. Figure 2.2 shows the various interaction mechanisms 

between the impinging particle and target material.  

Photons are particles without charge and mass, which interact with a material in three 

different forms, depending on the energy: a) photoelectric effect b) Compton scattering c) pair 

production. In all the three mechanisms an energetic free electron is produced. In the 

photoelectric effect, the complete energy of the photon, EPH, is transferred to the target 

material. As a result of this interaction, an electron is ejected with a kinetic energy EK= EPh-

EBE, where EPH is the photon energy and EBE is the binding energy of the electron. The 

vacancy after the electron is filled by an electron from a higher energy state resulting in new 

Figure 2.2. General classification of the radiation and various interaction mechanisms between the 

impinging particle and target material. 
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photons. These types of interactions are dominant at lower photon energies as well as for the 

elements with higher Z. Compton scattering is a medium-energy phenomenon taking place 

when the photon energy is higher than the EBE of atomic electrons. In this process, a part of 

the incident photon momentum creates an energetic free electron, while the photon is 

scattered and continues with a lower energy. Pair production is a high-energy phenomenon 

where a positron-electron pair is formed due to complete absorption of photon energy by the 

target material. Typically in silicon, for EPH <50 keV the photoelectric effect is dominating 

while Compton scattering dominates in the energy range 50 keV< EPH <20 MeV. For higher 

energies than 20 MeV pair production dominates [39].  

The interaction of the charged particles with matter depends on the mass, energy and type of 

the incoming charged particle, as well as the properties of the stopping media, i.e. the target. 

Typically, energetic charged particles, when penetrating through a material, primarily undergo 

coulombic interactions with the target electrons and gradually lose their kinetic energy. For 

lower energies, in the energy range of keV for ions, Coulombic collisions with (screened) 

target nuclei becomes dominant. The mean kinetic energy loss per unit path length can then, 

according to Nils Bohr [40], be separated in nuclear ((dE/dx)nuc.) and electronic ((dE/dx)el.) 

loss. Note that the term nuclear collision does not involve nuclear reactions.  

The collisions are elastic and the interaction is described by the Coloumb potential. The effect 

of the energy transfer from the impinging particle to the target material is mainly to cause 

ionization and excitation of the electronic system, i.e. electronic energy loss. In a conducting, 

or semiconducting, material this disturbance will equilibrate within nanoseconds, leaving no 

traces. The nuclear collisions, however, may result in displacement of target atoms leaving 

permanent damage in the material. Typically electronic energy loss dominates and, for MeV 

protons in silicon, energy loss by electronic interactions amounts to more than 95% of the 

total energy of the particle. For particle energies sufficiently large to allow for the particle to 

penetrate the Coloumb barrier of nuclei, nuclear reactions can occur. These events are 

relatively rare, but leads to production of new nuclei and other types of radiation. 

Finally, the neutron interactions with the matter are relatively weaker, compared to the 

charged particles. The interactions include elastic scattering, inelastic scattering, and 

transmutation. The transmutation reaction involves capture of the incident neutron by the 

target nucleus and subsequent emission of another particle, such as an alpha particle. The 

remaining atom is thereby transmuted, i.e., converted from one element to another. These 

events normally lead to substantial damage in the target. 

2.2. Radiation environments 

The radiation environments of interest for this thesis can be broadly classified into two 

categories as natural and man-made. Natural radiation can be further classified into space 

radiation, terrestrial radiation and sources from the human body, also referred to as internal 

sources [41]. On the other hand high energy physics experiments, nuclear reactors, nuclear 

explosions and device processing, such as ion implantation, are sorted under man-made 

radiations. Here we will look deeper into space radiation and terrestrial radiation.   
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2.2.1 Space radiation 

A majority of the spacecraft mission are restrained to the geosynchronous orbit of the Earth. 

So, the space radiation environment discussed here is confined to the near earth environment. 

This near earth environment can be further classified into three types a) trapped radiation belts 

b) deep space cosmic rays c) transient radiation from solar flares 

a) Trapped radiation belts 

There is a torus-shaped volume of charged particles that are trapped in the Earth’s magnetic 

field, which comes from solar winds and cosmic rays. This is called the Van Allen belt and 

the shape of this belt changes because of variation in Earth’s magnetic field due to solar 

cycles and magnetic storms. It is divided into two regions, the inner and outer belt. The inner 

belt covers the region from few hundreds of kilometres above the earth’s surface to 20 000 

km. The outer belt extends from 20 000 to 60 000 km above the earth. The Van Allen belt 

primarily consists of the electrons and protons that are trapped in the earth’s magnetic field 

with energies ranging from few keV to hundreds of MeV. In addition to these particles, the 

outer belt also consists of alpha particles, O
+
 oxygen ions and other heavy ions. 

b) Deep space cosmic rays 

The cosmic radiation originates from the sun, the galactic region of our own galaxy and the 

extragalactic region even further away. This radiation consists of about 87% protons, 12% 

helium nuclei, and 1% of other heavier ions and electrons. The energies of the deep space 

cosmic rays typically range from few tens of MeV to energies as high as 10
18

 eV. The flux of 

these rays can vary depending on the solar cycles and, typically, for a linear energy transfer 

(LET) of 1 MeV cm
2
/mg the flux is about 10

2
 (cm

2
 day)

-1
 [42].  

c) Solar flares 

Solar flares are produced as a result of the ejection of stored energy from the coronal 

magnetic field. These particle events are known to influence the local weather around the 

Earth’s space environment and typically peak every 10-12 years in a solar cycle. They mainly 

consist of high energy electrons, protons and 
3
He. However, during certain major solar events 

they can eject heavy ions with a 3 to 4 orders of magnitude higher flux than the background 

cosmic rays. The proton fluence due to the solar flares, with energies above 0.88 MeV 

measured from the Interplanetary Monitoring Platform-8 (IMP-8) over a period of 28 years, 

varied between 10
6
 to 10

9
 p/cm

2
 [42]. 

2.2.2. Terrestrial radiation 

The deep space cosmic rays, when entering the Earth’s atmosphere, interact with the atoms 

and molecules to produce various secondary particles, known as terrestrial radiation. These 

rays ionize the gas molecules, such as oxygen and nitrogen, in the atmosphere and produce an 

abundance of pions. The pions further decay into positrons, neutrons, electrons and muons. 

Among the various particles produced, electrons and positrons are highly interacting and they 

http://en.wikipedia.org/wiki/Alpha_particles
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mostly recombine and annihilate before reaching the Earth’s crust. Muons and neutrons, 

however, can reach the surface of the earth and, for instance, interact with electronic circuits 

and devices. The flux of 10 MeV terrestrial neutrons and muons measured at the sea level at 

latitude 40° north are reported to be 0.86×10
2
 neutrons/cm

2
 day MeV and 4.3×10

-2
 muons/cm

2 

day MeV, respectively [2]. 

 

2.3 Effects of radiations on devices and circuits  

Generally the radiation induced effects on the electronic devices can be categorised into 

displacement damage and ionization. Typically, when an impinging massive charged particle 

undergoes elastic collisions with the material, it will produce atomic defects, so called 

displacement damage. In a semiconductor, this type of damage can reduce the Shockley–

Read–Hall (SRH) lifetime due to the introduction of deep bandgap states. Also ionization can 

produce damage and defects in a material because of the charging of material due to inelastic 

collision with electrons. This is mostly evident in insulating materials, where charge build-up 

effects can cause serious problems, but ionization has a little effect on metals [43]. Of course, 

the situation may be very different in devices and circuits under bias. 

Figure 2.3 shows the radiation effects in materials by various radiating particles. It can be 

seen that the photons and neutrons are primarily known to produce ionization effects and 

displacement damage, respectively, indicated by the solid lines in Figure 2.3. However, high 

energy photons can also produce displacement damage by the Compton effect, as described 

above. Similarly, neutrons undergo nuclear reactions producing secondary particles, such as 

photons, which can produce ionization. On the other hand, charged particles introduce both 

displacement and ionization damage. Therefore, the interaction of particles at device level is 

interrelated and it is a complex task to distinguish the effect of different particles. The effect 

on device and circuit levels is even more complex and both transient and static changes to the 

Figure 2.3. Effects of radiation in materials induced by various radiating particles. In the figure the 

solid line and the dashed line denotes the primary and secondary effects, respectively, produced by 

the radiation type in the devices.  
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electrical characteristics can be induced depending on the energies, fluence and also flux of 

the radiation. This thesis focuses on investigating static radiation effects on the bipolar 

junction transistors (BJT) and metal oxide semiconductor (MOS) structures. The following 

section covers the general effects of radiation on the characteristics of the BJT and MOS 

structures. 

2.3.1 Effects on BJT 

Bipolar devices are attractive components in the design of analog and mixed-signal integrated 

circuits [44]. Generally, compared to other device types, BJTs are considered to be radiation 

hard and they are used in many space applications [45]. One Figure of merit to define the 

performance of a BJT is the forward current gain (β= IC/ IB), defined as the ratio of collector 

current (IC) to base current (IB). When the BJTs are exposed to radiation they primarily suffer 

from the reduction in β due to the degradation of IC and IB. The degradation of the bipolar 

currents is a resultant of the reduction in the bulk lifetime due to the creation of the 

recombination centres associated with displacement damage and/or increase in the surface 

recombination along the emitter base mesa due to the increase in interface traps as a result of 

the ionization. 

In addition to the above mentioned effects, irradiation of BJTs with neutrons and ions will 

result in doping compensation, degradation of the mobility and increase of leakage currents. 

Such effects are more pronounced in lowly doped regions, i.e. the collector and the base 

regions of a BJT. Generally bipolar integrated circuits (IC) designed using emitter couple 

logic (ECL) are considered to be radiation tolerant among different design types. Bipolar IC 

designed using low Schottky power are known to tolerate 1 Mrad(Si) while the ICs designed 

using ECL have been reported to tolerate radiation levels reaching 10 Mrad(Si) [46] .  

2.3.2 Effects on MOS 

Metal oxide semiconductor (MOS) structures are sensitive to ionizing radiation in a different 

way than pure semiconductor material, since ionization can induce static or transient 

variations in device performance due to degradation in the insulating dielectric layer and at 

the dielectric-semiconductor interface. Typically, when MOS devices are exposed to ionizing 

radiation they can generate electron-hole pairs in the dielectric. These effects lead to the 

creation of excess traps in the oxide and/or at the interface of dielectric-semiconductor 

thereby increasing the surface recombination [47]. Several studies have been reported on 

MOSFET threshold voltage shifts, mobility degradation, increase in gate leakage and gate 

oxide breakdown instabilities due to radiation induced increase in the oxide charges and 

interface traps [48]–[51]. In this thesis, radiation effects on MOSFETs are not discussed. 

Rather the radiation testing has been confined to MOS capacitor test structures, to investigate 

the gate oxide where the predominant degradation happens in the MOSFETs.  

2.4 Radiation hardness  

Radiation hardness is the measure of how well a certain device or electronic circuit can 

withstand a specific radiation environment. In order to ensure completion of space mission 
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without failures, all the electronics operating in the space are qualified for radiation hardness. 

However, the evaluation of the electronic systems for radiation hardness is complicated 

because of its dependencies on various factors such as the nature and design of the device, or 

circuit, particle type, energy, fluence, flux and the different failure modes (as described in 

Section 2.3). Over a period of time several hardness assurance standards, such as the military 

(MIL) test standards [52], American society for testing and materials (ASTM) standard test 

methods [53], European space agency (ESA) basic specification standards [54] etc, have been 

put forth by different governmental and industrial agencies.  

Typically, the hardness assurance standards test the failure margins of the device or circuit for 

a radiation of particular type at different radiation levels. Although the overall test 

methodology for the various testing standards is similar, there are major differences in the 

dose rates, post irradiation annealing schedules [52]–[54]. For instance, to qualify the MOS 

devices for total dose assurance, the American MIL-STD TM 1019.4 recommends a 

conservative dose rate of 50 to 300 rads(Si)/s, while the European ESA BS 22900 specifies 

lower dose rates ranging between 1 to 10 rads(Si)/s, or 0.01 to 0.1 rads(Si)/s, which are close 

to space environments [55]. Note that both these testing procedures allow for the selection of 

other does rates for specific application if agreed by the concerned parties. Therefore, the 

qualification of electronic components does not merely depend on the physical parameters, 

but also on the different radiation standards. 

Generally, there are two radiation testing types namely i) in-situ and ii) remote testing. For the 

in-situ testing, the variation in the device/circuit parameters are measured in-situ in the 

irradiation chamber while exposing the device under test to radiation. In the remote testing the 

electrical measurements are done before and after irradiation for the evaluation of the 

radiation tolerance. In this thesis, all the devices and circuits have been tested under remote 

testing conditions in accordance with MIL-STD TM 1019.4.  

In order to extend the lifetime of the space mission, most of the electronic systems operating 

in extreme environment are radiation hardened. This hardening can be achieved by using 

particular fabrication processes and materials, or by using device/circuit designs that are more 

tolerant to radiation. The former approach utilizes physical means, such as the novel 

substrates material like wideband gap materials, silicon on insulator (SOI), shielding the 

circuits, etc. [56]–[58]. In the later approach the electronic components are hardened by 

logical means. This utilizes error correcting memories, redundant elements and circuits, 

adopting a watchdog timer, etc. [59]–[61]. 

2.4.1 Radiation Hardness comparison of various bipolar 

technologies 

In this thesis, radiation effects on MOS structures, 4H-SiC BJT, and 4H-SiC circuits based on 

ECL are studied using 50 keV Argon ions, 3 MeV protons and gamma radiation. In this final 

section of the chapter, radiation hardness of various bipolar technologies available from 

literature is compared to our bipolar devices. As previously stated, radiation effects on devices 
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depend on very many parameters, such as the processing and design of the devices, testing 

procedures, and, of course, all radiation parameters. Therefore, an absolute comparison 

between various technologies is difficult to make. Rather, the purpose of this study is to 

benchmark SiC bipolar device with the published results on devices, predominately from the 

Si technologies, claiming to be radiation hard. Figure 2.4 shows the gain degradation as a 

function of dose irradiated with a) 
60

Co gamma radiation b) 3 MeV protons for various 

bipolar technologies. However, the results presented for the SiGe [62] and previous 4H-SiC 

power BJT [31] are the best radiation tolerant devices under gamma radiation in terms of gain 

degradation found in the literature. It can be seen that compared to Si-technology [63] our 4H-

SiC BJTs show about one order of magnitude higher radiation tolerance under gamma 

radiation and 3 MeV protons. The radiation effects on electrical characteristics and the gain 

degradation mechanisms in our 4H-SiC bipolar devices presented here will be further 

discussed in Chapter IV. 

 

 

 

 

  

Figure 2.4. Comparison of various bipolar technologies for a) 
60

Co gamma radiation b) 3 MeV 

protons. For both type of radiations 4H-SiC technology show superior tolerance in comparison 

to other technologies [31], [62], [63], [120], [121]. [Paper I, II] 

 

a) b) 
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Chapter 3 

Experimental Methods 

A fool is a man who never tried an experiment in his life. 
-- Erasmus Darwin 

 

The results of this thesis are divided into two parts, i) total dose effects on 4H-SiC bipolar 

devices and circuits and ii) radiation hard dielectrics for 4H-SiC device. For this purpose 

several 4H-SiC bipolar devices, circuits and MOS structures have been fabricated and 

exposed to various types of radiation. These devices have then been studied using different 

material and electrical characterization techniques to understand the radiation induced 

degradation. In addition, Sentarus TCAD [38] device simulation is utilized to model the 

transistor degradation characteristics under particle radiation and a numerical model using 

Matlab [64] is developed to extract the surface recombination velocity at the interface 

between the epitaxial SiC layer and the dielectric. This chapter gives an overview of the 

device processing, device and circuit characterization and simulation tools used for the thesis. 

3.1 Bipolar device structures and circuits layout 

The bipolar devices and circuits are fabricated using a six-layer epitaxial structure grown on 

4H-SiC substrate wafer. The emitter, base and collector structures of the device have been 

defined using reactive ion etching (RIE) processing. Following the RIE process a dry 

sacrificial oxidation is done to remove the surface damage from the etching process. For the 

passivation and protection of the surface, a 50 nm layer of SiO2 is deposited using plasma 

enhanced chemical vapor deposition (PECVD) process and this is followed by post dielectric 

Figure 3.1 a) cross section of the representative BJT b) microscopic image of the OR-NOR logic 

circuit designed using ECL. [Paper I] 



 

 

13 

 

annealing (PDA) at 1250 °C in N2O for 1 hour. The n- and p-type ohmic contacts are formed 

using Ni and Ni/Ti/Al, respectively. Figure 3.1 shows a) the cross section of the NPN bipolar 

device b) a microscopic image of the OR-NOR logic circuit used for the proton radiation 

experiment. Note that the devices used for the gamma ray experiments are fabricated with a 

different epitaxial structure and had a base doping concentration of 2×10
18

 cm
-3

. The OR-

NOR logic circuits are designed using emitter couple logic (ECL) technology. The logic 

circuit consists of 10 NPN BJT and 11 integrated resistors. More information on the design 

and fabrication of bipolar devices and circuits used this thesis is addressed in [65].  

3.2 Fabrication of MOS structures 

To evaluate the radiation hardness of dielectrics, metal oxide semiconductor (MOS) test 

structures have been utilized. Figure 3.2 show the schematic (left) and optical image (right) of 

the representative MOS structure used in this thesis. The MOS structures are grown on 4° off-

axis 4H-SiC purchased from SiCrystal AG with the following epitaxial grown layers: 

1) Nitrogen doped n-type epi-layer with the concentration of 5×10
15

 cm
-3

 and the epi-

thickness of 10 µm.  

2) Nitrogen doped n-type epi-layer with the concentration of 8×10
15

 cm
-3

 and the epi-

thickness of 14 µm. 

3) Nitrogen doped n-type epi-layer with the concentration of 3×10
15

 cm
-3

 and the epi-

thickness of 24 µm. 

4) Aluminum doped p-type epi-layer with the concentration of 6×10
15

 cm
-3

 and the epi-

thickness of 5 µm.  

Figure 3.2 Schematic (left) and optical image (right) of the representative MOS structure.  
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3.2.1 Surface treatment 

Surface treatment prior to the deposition plays an important role in determining the quality of 

the dielectric and the interface between the dielectric/semiconductor. This process helps in 

removing the surface contaminants, such as organics and metallic impurities, as well as to 

passivate possible dangling bonds of the atoms at the surface of the semiconductor. Surface 

treatment generally involves the steps pre-deposition surface cleaning and post dielectric 

deposition annealing. With pre-deposition surface cleaning, typically, the semiconductor 

wafers are treated with various chemicals, which is done prior to the dielectric deposition. The 

chemical cleaning techniques for 4H-SiC technology have been largely inherited from the Si 

technology. These techniques may include more exclusive processes like ozone treatment, or 

implanting nitrogen and other ions at the surface prior to the dielectric deposition [66]–[68]. 

In this thesis, two different pre-surface cleanings have been utilized, namely STD and RCA. 

The details of both the cleaning processes have been elucidated in Paper IV. All the pre 

surface cleanings have been done just prior to the dielectric depositions to suppress the 

growth of natural oxide and avoid contamination of the surface. 

Annealing test structures immediately after the dielectric deposition, known as post dielectric 

annealing (PDA), plays an important role in passivating the surface states. Generally, in 4H-

SiC it is believed that the carbon atoms that are “left behind” after the oxidation process, 

sometime referred to as carbon clusters, is the main contributor for the surface states [69]. In 

order to passivate the carbon clusters PDA in various environments, such as H, N2, N2O, NO, 

have been investigated [70]–[72]. For the 4H-SiC/SiO2 MOS system a large reduction in the 

surface states by annealing in N2O, or NO is reported. In this work, investigations are done on 

the effects of N2O PDA on the interface of the 4H-SiC/Al2O3 films. For this purpose the films 

have been annealed using a rapid thermal annealing (RTA) process and furnace annealing 

(FA) at various temperatures in N2O. The details of these annealing steps have been addressed 

in papers IV-VIII.   

3.2.2 Dielectric deposition  

One of the key objectives of this thesis is to explore alternative dielectric material to substitute 

for SiO2 that operate reliably under harsh environments. For this purpose the chemically and 

thermodynamically stable dielectric Al2O3 is utilized. Although being a high-k dielectric, 

Al2O3 with its wide bandgap of 8.8 eV provides a high enough conduction band offset of 1.9 

eV with 4H-SiC, thereby making it an attractive dielectric for 4H-SiC. Previously, many 

investigations have been made on electrical and interface properties of Al2O3 deposited using 

various techniques, such as atomic layer deposition (ALD) [73], sputtering [74], plasma 

deposition [75], etc. Among them ALD deposited Al2O3 has yielded promising results [73].  

Atomic layer deposition (ALD) is a discrete growth process and can achieve dielectric layers 

with a thickness of single atom. In this technique various chemical precursor vapours are 

sprayed sequentially on the substrate giving rise to surface interaction between the precursors 

and substrate. One of the key advantages of ALD is that each step is self-limiting, i.e., for 

each atomic layer that grows the process stops itself. This precursor is then purged out of the 
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system and a new one is introduced, which continues to grow another atomic layer, and so on. 

In this thesis, Al2O3 is deposited using ALD with trimethylaluminum (TMA) and deionized 

(DI) water as precursor for Al and O source, respectively. The Al2O3 is deposited at low 

temperature of typically 200 °C and a deposition rate of 0.08 nm/cycle. Additionally MOS 

test structures with SiO2 as dielectric were also prepared. Silicon dioxide is deposited using 

plasma enhanced chemical vapour deposition (PECVD) at 300 °C. The deposition uses silane 

(SiH4 (2% in N2)) and nitrous oxide (N2O) for Si and O source, respectively. 

3.3 Characterization techniques 

In this thesis various material and electrical characterization techniques have been utilized to 

investigate and evaluate the performance of BJT and MOS devices under radiation. The 

following section gives a brief overview of the characterization techniques that have been 

utilized in the thesis. These techniques are optical free carrier absorption (FCA), synchrotron 

X-ray photon spectroscopy (XPS), electrical current-voltage measurements on bipolar devices 

and circuits and electrical measurements on the MOS devices.   

3.3.1 Free Carrier Absorption Technique 

Free carrier absorption (FCA) is an optical technique utilized to measure the effective 

minority charge carrier lifetime by monitoring how fast the electron and hole concentrations 

returns to an equilibrium level after excitation, using the free carrier absorption process [76]. 

The Figure 3.3 shows the schematic of the FCA measurement setup. It consists of two optical 

beams, namely pump and probe. The pump beam is a UV laser with a wavelength of 355 nm, 

Figure 3.3 Schematic of the free carrier absorption technique. The pump beam excites the charge 

carriers into the conduction band of 4H-SiC and probe beam is absorbed in the sample due to the 

high doping level. The remaining, transmitted probe beam is monitored by the photoreceiver. 

[Paper IV] 
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i.e. hω>Eg, therefore exciting electrons in the sample from the valence to the conduction band. 

The UV beam is generated from the third harmonics of a Q-switched Infinity Nd:YAG laser. 

The pump beam has pulse duration of 2 ns and a repetition rate of 40 Hz and is incident at an 

angle of 30° to the sample surface. The probe beam is an infrared beam with a wavelength of 

861 nm (hω<Eg) that enters the sample at normal incidence. About 95% of the probe beam is 

absorbed in the sample due to the high doping level of the substrate (~ 10
18

 cm
-3

). The 

remaining transmitted probe beam is focused on to a InGaAs photoreceiver with a rise time of 

0.5 ns. The FCA transient is then observed on a 2 GHz oscilloscope and recorded by a PC. 

The FCA measurements are done at different sample positions and an average effective epi-

layer lifetime (τeff) is extracted.  

Figure 3.4 shows the time dependent absorption coefficient of the probe beam and this is the 

typical output of the FCA measurements on a representative MOS test structure. The graph 

can be divided into three regions with approximately logarithmic decay constants, namely A, 

B and C. Region A has a fast decay with short lifetimes (10-15 ns) and corresponds to the 

charge carrier lifetime for the fast recombination in the substrate. Region B has intermediate 

charge carrier decay time and corresponds to recombination in the epi-layer. The slope of the 

graph in region B thus gives a measure of an effective lifetime in the epi-layer that depends on 

the surface recombination, bulk recombination and diffusion coefficient [77], [78]. Region C 

has a slow decay tail that corresponds to the background carrier concentration and/or 

detection limit of the detector. Furthermore, by fitting the FCA measurement, together with an 

analytical tool developed using MATLAB (see Section 3.5.2), it is possible to extract the 

surface recombination velocities at the substrate/epi-layer and at the epi-layer/dielectric 

interface. In this thesis, the FCA technique is used to evaluate both the influence of the pre 

surface cleaning on the interface quality of Al2O3 and the radiation hardness of the different 

dielectrics.  

Figure 3.4 Time dependent absorption coefficient of the probe beam on a representative MOS 

test structure. The graph consists of three regions, namely A, B and C corresponding to 

recombination in the substrate, epilayer and steady state, respectively, which occur at different 

time constants. [Paper IV] 
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3.3.2 Synchrotron X-ray Photon Spectroscopy 

The x-ray photon spectroscopy (XPS) technique measures the elemental composition and 

electronic binding state of an atom in a material. In this technique, focused x-rays with a 

defined energy is incident on the surface of a sample. The energy is absorbed by surface 

thereby ejecting electrons from the surface. A detector measures these ejected photo-electrons 

and their kinetic energy, which is a characteristic for the element in the specific matrix. The 

high-resolution synchrotron based XPS measurements are performed at the MAX lab, in 

Lund. The measurements have been done at the beamline D1011 at the MAX-II storage ring. 

The advantage with synchrotron based XPS is tunability over wider frequency range with 

high polarization and photon flux.  

In this thesis, XPS measurements are used to investigate the influence of the pre-deposition 

surface cleaning and PDA on the interface of Al2O3/4H-SiC. The measurements are 

performed on both n- and p-type 4H-SiC. For each sample Si-2p, C-1s, Al-2p and O-1s core 

levels are measured. In order to study the electronic structure at various depths in the 

dielectric, XPS measurements for Si-2p are performed on each sample at various photon 

energies: 250, 400, 650 and 1050 eV. Calibration of the binding energy for all the spectra is 

done with respect to the Fermi level from a pure tantalum (Ta) foil. All the measurements are 

performed at room temperature and with zero bias. Figure 3.5 shows an example of the 

measurements, where the number of detected electrons is displayed as a function of their 

binding energy. The XPS spectra in Fig. 3.5 is the Si-2p core level for a SiO2/4H-SiC 

reference structure measured with a relatively high photon energy, which makes it possible to 

differentiate between Si bonded to oxygen in the oxide and to carbon in the semiconductor.  

Figure 3.5 XPS spectra of Si-2p core level for p-type 4H-SiC/SiO2 MOS structure measured at 

photon energy of 1050 eV. Two peaks at 101.5 and 104.2 eV corresponding to Si in 4H-SiC and 

SiO2, respectively. 
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3.3.3 Electrical Measurements on Bipolar Devices and Circuits 

A substantial part of the thesis is devoted to evaluating and understanding the degradation 

mechanisms of bipolar devices and circuits in radiation environments. This is primarily done 

by studying the static DC characteristics of the BJTs, i.e. forward and Gummel characteristics. 

For the forward characteristics, collector current as function of collector voltage is measured 

while the base current is maintained constant. From the forward characteristics it is possible to 

measure the collector saturation current (ICS) and on-resistance. Gummel characteristics 

measures the collector current (IC) and base current (IB) by sweeping the base emitter voltage 

while the collector emitter voltage is positively biased. Forward current gain (β) of a BJT is 

defined as the ratio of IC to IB. For bipolar transistors, being current controlled devices, it is 

desirable to have high β. It is one of the crucial parameters for evaluation of the BJT and 

gives insight into the device degradation mechanisms under radiation environments. The 

voltage transfer characteristics (VTC) have been measured on the OR-NOR logic gate. The 

output of the OR-NOR (VOR or VNOR) are measured with a supply voltage (VEE) of -15 V and 

by sweeping one of the input terminals (A or B) from -7 to 0 V.  

3.3.4 Electrical Measurements on Metal Oxide Semiconductor 

Structures 

The reliability and the quality of the dielectrics have been characterized using two electrical 

techniques, capacitance voltage (CV) and current voltage (IV) measurements. Below a brief 

overview of these measurements are presented. 

a) Capacitance-Voltage (CV) Measurements 

Capacitance voltage (CV) measurement is one of the commonly used techniques to study the 

electrical characteristics of the dielectric/semiconductor interface of the MOS structures. With 

this technique, the capacitance of the MOS devices is measured as a function of DC voltage. 

The DC bias voltage is superimposed by a small AC signal, which measures the charge 

variations for the structure, while the DC voltage sweeps the semiconductor channel of the 

MOS device into accumulation, depletion and inversion regimes. The CV measurement has a 

strong dependency on the frequency of the AC signal, especially in the inversion region. From 

the CV measurements it is possible to extract the semiconductor doping level, dielectric 

thickness, effective oxide charges (Nox), density of the interface traps (Dits) and the surface 

potential.  

In this thesis CV measurements have been done on all the MOS devices to extract the charges 

in the dielectric and dielectric/semiconductor interface. The CV measurements have been 

performed using a Keithley 4200-SCS parameter analyser. During the measurements, the 

magnitude and frequency of the applied AC signal is kept typically at 50 mV and 200 kHz, 

respectively. Figure 3.6 shows the CV curve of the SiO2 grown in N2O on 4H-SiC. The 

dashed line in the Figure represents the ideal CV curve simulated using TCAD. The solid 

arrow in Figure 3.6 indicates a shift in the flatband voltage of the measured CV curve towards 

positive voltage with respect to the ideal curve, which indicates the presence of negative fixed 
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charges. The presence of hysteresis indicated by the dashed arrow, while sweeping the MOS 

device from accumulation to inversion and back, is attributed to the oxide charges. In this 

thesis, density of interface traps (Dits) have been extracted using the Terman method [79]. 

Here, the CV measurements are done at high frequencies so that the interface traps do not 

respond to the fast AC signal. Rather, the traps levels fill/empty with respect to the applied 

DC voltage due to the change in Fermi level at the semiconductor channel. This results in a 

stretching of the CV curves in the depletion regime, as compared to the ideal CV curve. With 

the Terman method, the measured CV data is compared to the ideal CV curve in the depletion 

regime and the Dit is extracted using Eq. 3.1. A Matlab code was developed to numerically 

solve the partial differential equation. 

𝐷𝑖𝑡 = ((
𝐶𝑜𝑥

𝑞2
) (

𝑑𝑉𝑔

𝑑𝜑𝑠

− 1)) − (
𝐶𝐷

𝑞2
)               (3.1) 

Here Cox is the oxide capacitance, q is the elementary charge, Vg is the applied gate voltage, 

Ψs is the surface potential of the ideal CV structure and CD is the depletion capacitance of the 

semiconductor. 

 b) Current-Voltage (IV) Measurements 

One of the important Figures of merit for choosing a dielectric material is the breakdown 

strength and the leakage current of the dielectric under bias. A current-voltage (IV) 

measurement is one of the most commonly used techniques to get insights into these 

parameters. From the IV measurements it is possible to extract the dielectric field breakdown, 

leakage currents and stress induced leakage currents. One of the major concerns for the 

Figure 3.6 CV curve of the 4H-SiC/ SiO2 (solid curve) grown in N2O and the ideal CV (dashed 

curve) simulated from TCAD. The solid arrow shows the positive shift in the flatband as 

compared to ideal CV curve. This indicates the presence of negative fixed charges. The dashed 

arrow shows the sweep direction. The CV curve hysteresis is due to the presence of oxide charges. 
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dielectric reliability is the time dependent dielectric breakdown (TDDB). It is the most 

commonly reported dielectric failure mechanism in SiO2 MOS devices [80]–[83]. For this 

mechanism, the dielectric fails while operating at a constant electric field, below the actual 

breakdown strength of the material, after a certain period of time [80]. There have been many 

studies made on the TDDB effects on 4H-SiC/SiO2 [84]–[86]. For 4H-SiC/SiO2 MOS devices 

a Weibull time (time taken for 63% of the devices to fail) of 1×10
6
 and 2×10

3
 s for the 

devices stressed operating at 7 MV/cm at 230 °C and 365 °C, respectively, have been reported 

[85]. However, such investigations have not been made on 4H-SiC/Al2O3 and there is a need 

to explore the failure mechanisms in these systems also. Another dielectric failure mechanism 

is the Fowler-Nordheim (FN) tunnelling. For the SiO2 MOS devices, FN tunnelling is 

typically higher in SiO2/4H-SiC than Si. This is primarily due to the lower conduction band 

offset between SiO2 and 4H-SiC, as compared to Si. It has been reported that FN tunnelling 

results in dielectric breakdown particularly at high fields [87]. In this thesis IV measurements 

have been used to investigate the effect of surface cleaning and PDA on the breakdown 

voltage and leakage currents of the Al2O3/4H-SiC system. The measurements are performed 

using the same Keithley 4200-SCS parameter analyser as is used for the CV measurements. 

3.4 Simulation tools 

3.4.1 TCAD device simulation 

Synopsys Sentaurus technology computer aided design (TCAD) is a commercially available 

simulation tool utilized to design semiconductor devices and processes. The TCAD simulator 

numerically solves the Poisson equation together with the drift-diffusion model and continuity 

equation for holes and electrons.  For this purpose a number of physical models are 

introduced to simulate the fields and carrier distributions under static bias conditions. All the 

physical models used in this thesis can be found in Ref [88]. In this thesis, the BJT 

degradation is studied by changing the semiconductor bulk lifetime (τ), associated with 

displacements and the interface traps and oxide charges in the dielectric/semiconductor 

interface introduced due to ionization. This is done by changing the two physical models as 

shown below: 

1) Shockley–Read–Hall (SRH) recombination of the charge carriers, modelled by the 

Scharfetter relation and temperature power law, respectively [89].  

2) Surface recombination with interface traps fixed at a single energy level of 1 eV above the 

valence band and electron and hole capture cross section of 1×10
-15

 cm
2
. Unless otherwise 

mentioned, in all the simulations presented in the Thesis the fixed charge concentration is 

5×10
11

 cm
-2

. 

he device simulations have been utilized to understand the radiation induced degradation 

mechanism in the BJT and to simulate the ideal CV curve, which is used to extract dielectric 

parameters fixed charges, interface traps and oxide charges. For the analysis of the BJT 

degradation, a prototype of the devices used in the experiment is designed in the simulator 

with the above mentioned device physics models. The BJT device characteristics are fitted 
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with the measured data by varying the bulk lifetime (τb) associated with the deep bandgap 

states created by displacements of lattice atoms and concentration of interface traps (Dit) due 

to ionization. Figure 3.7 shows an example of the TCAD simulation of the variation in the 

electric field along the junction termination etch (JTE) due to change in the interface states 

along the cross section line AA´. 

3.4.2 Numerical modelling for FCA analysis 

A numerical model using Matlab [64] is developed to evaluate the charge carrier 

recombination in the epilayer recorded by the free carrier absorption technique. By fitting the 

numerical model with the data obtained from the optical FCA measurements, surface 

recombination velocities (SRVs) at the epi-layer/oxide interface can be extracted. The model 

consists of an epi-layer of thickness (d) bounded on one side by an oxide interface and on the 

other side by the substrate interface. The model solves the one dimensional diffusion equation 

for electrons (3.2) under the boundary conditions shown in, (3.3) and (3.4). Note that the FCA 

technique measures the excited charge carriers decay only in the conduction band, where 

electron concentrations are more dominant, therefore only the electrons are considered for the 

numerical model.   

Figure 3.7 Example of the TCAD simulation of the variation in the electric field along the junction 

termination etch (JTE) due to change in the interface states along the cross section line AA´. 
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∆𝑛 (𝑥,𝑡)

𝛿𝑡
 = 𝐷

𝜕2∆𝑛 (𝑥,𝑡)

𝜕𝑥2 −  
∆𝑛 (𝑥,𝑡)

𝜏𝑏
                   (3.2) 

(
𝜕∆𝑛

𝜕𝑥
)

𝑥=0
=  𝑆1 × 𝑛1                                    (3.3) 

𝐷 (
𝜕∆𝑛

𝜕𝑥
)

𝑥=𝑙
=  −(𝑆2 × 𝑛2)                           (3.4) 

  where Δn is the excess electron concentration, D is the electron diffusion coefficient, τb is 

the bulk lifetime of the epitaxial layer, S1 and S2 are the surface recombination velocities at 

the epi-layer/oxide and the epi-layer/substrate interfaces, respectively, while n1 and n2 are 

electron concentrations at the at epi-layer/oxide and epi-layer/substrate interfaces, 

respectively.  

Below, the effects of the various material parameters used in the above equations (Eq. 3.2-

3.4) on the electron concentration decay will be investigated. Figure 3.8a shows the simulated 

excess electron concentration as a function of epi-layer thickness for two different surface 

recombination velocity scenarios. For this simulation, the initial charge carrier (t=0) (electron) 

concentration in the structure is 1×10
17

 cm
-3

. Diffusion constant, D and the bulk lifetime ( τb) 

are fixed at 1.5 cm
2
/s and 0.5 µs, respectively [90]. In the first scenario the SRV at the 

epi/oxide interface, left edge and epi/substrate interface, on the right edge are at the same 

level (S1 = S2=5×10
5
 cm/s). Typically, for SiO2/4H-SiC SRV in the range of 10

3
 - 10

5
 cm/s is 

reported [91], [92]. In the second scenario S1 is considered to be significantly lower than S2 

(S1=5×10
3
 cm/s and S2 =5×10

5
 cm/s.). The solid and dashed curve in Figure 3.8a represents 

the symmetric and asymmetric edge scenarios, respectively. The charge carrier decay 

(represented in Figure 3.8a can be classified into two regions RA, recombination near the 

surfaces, giving a sharp slope at the edges, and RB, the flat apex in the middle, where the bulk 

a) b) 

Figure 3.8 a) Simulated excess electron concentration as a function of epi-layer thickness for two 

different surface recombination velocities. b) Simulated integrated carrier decay in the epi-layer 

(black dashed line) and substrate (blue dashed line), while the solid line corresponding to a typical 

output from FCA measurement and is obtained by summing up the absorption in both epilayer and 

substrate. [Paper IV] 
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recombination and diffusion controls the concentration. It can be observed that the excess 

electron concentration in region RA at the edges is one order of magnitude lower than that of 

RB, for this set of values for the diffusion constant, bulk lifetime, surface recombination 

velocities and thickness of the epitaxial layer.  

Figure 3.9 a) and b) shows the decay of the simulated excess charge carriers for different 

diffusion co-efficient and bulk lifetime, respectively. In the former case, the τb is fixed at 0.5 

µs while in latter case the D is fixed at 1.5 cm
2
/s and both the simulations are executed with a 

symmetric edge scenario using S1 = S2 = 5×10
5
 cm/s. It can be observed an increase in the 

diffusion coefficient decreases the charge carrier concentration at the interface by contributing 

to an increased supply of carriers from the middle region. This process also lowers the 

concentration in region RB. Instead, increasing the τb results in faster carrier decay due to the 

increases of the recombination rate.   

Note that even small variations in any of the four parameters used in the numerical calculation 

will affect the fitting in a noticeable way. For a substantial change, i.e. several times larger or 

smaller values, it is not possible to obtain a fit to experimental values. This makes this model 

for extracting SRV relatively robust. 

In Figure 3.8b the dashed black and blue lines show the simulated integrated carrier decay in 

the epi-layer and substrate, respectively. The surface recombination velocity (SRV) at the epi-

layer/oxide interface is assumed to be 5×10
3
 cm/s and the SRV at the epi-layer/substrate  

interface is assumed to be 5×10
5
 cm/s. D is assumed to be 2 cm

2
/s and 0.3 cm

2
/s in the epi-

layer and substrate, respectively [90], [93] . The SRV at the back surface, substrate/native 

oxide, is considered to be 1×10
3
 cm/s. The bulk lifetimes, τb, for the substrate and epi-layers 

are assumed to be 10 and 350 ns, respectively. It can be observed that the decay in the 

substrate is much faster than the epi-layer due to the lower lifetime. The solid line in Figure 

3.8b, corresponding to a typical output from FCA measurement, is obtained by summing up 

the free carrier absorption coefficient in both epilayer and substrate.  

b) a) 

Figure 3.9 The decay of the simulated excess charge carriers for different values of a) diffusion 

co-efficient b) bulk lifetime. [Paper IV] 
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Chapter 4 

Total Dose Effects in 4H-SiC Bipolar 

Devices and Circuits 

We do not know a truth without knowing its cause. 

-- Aristotle, Nicomacheian Ethics, I.1. 

This chapter summarizes the results of the radiation effects on the 4H-SiC NPN BJT and 

various simpler integrated circuits based on BJTs. For this purpose, the devices and circuits 

are irradiated with MeV protons and gamma radiation in two separate experiments. Protons 

induce both displacements and ionization damage in the devices, while gamma radiation 

introduces mainly ionization. In this thesis, the investigations are only confined to the static 

DC characteristics of the BJT and its implications on the circuit performance.  

4.1 Radiation Protocol 

There are different radiations testing protocols available for the qualification of the devices 

for total dose effects. Among them the two commonly used protocols are method 1019 of 

MIL-STD-883 [52] (from NASA/US defence) and ESA/SCC basic specification 22900 [54] 

(from the European Space Agency, ESA). In this thesis the bipolar devices and circuits have 

been irradiated with 3 MeV protons and gamma radiation from a 
60

Co source and adhered to 

Figure 4.1 Flow chart showing the tests protocol of protons (left) and gamma (right) radiation. 
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the MIL-STD-883 testing protocol. Figure 4.1 shows the flow chart of the testing procedure 

followed for characterizing bipolar devices and circuits under proton and gamma radiation. 

For the proton testing, three chips, labelled Z1-Z3 were used, while for the gamma ray testing 

four chips, labeled G1-G4, were used. Each chip consists of several individual 4H-SiC NPN 

transistors and integrated circuits.  

The proton radiations have been done using the Tandem accelerator at the Ion Technology 

Center in Uppsala, Sweden. The radiations are done in two rounds with a proton energy of 3 

MeV at room temperature with zero bias on the all the device and circuit terminals. In the first 

round the chips Z1, Z2 and Z3 are radiated with the dose of 1×10
8
, 1×10

9
 and 1×10

10
 cm

-2
, 

and in the second run the chips are radiated with the dose of 1×10
11

, 1×10
12

 and 1×10
13

 cm
-2

, 

respectively. Electrical measurements, as mentioned in Section 3.4.3, are performed before 

and after each round of radiation on all the bipolar devices and circuits. The beam current 

used for first and second round of radiation is 40 pA and 1 nA, respectively. The proton beam 

is scanned across the samples to obtain a homogeneous coverage. Using SRIM simulation 

[95], the projected range of the 3 MeV protons is found to be about 60 µm, somewhere deep 

in the 4H-SiC substrate. To evaluate the room temperature annealing effects, all the devices 

are measured several times over a period of two weeks after each round of radiation. 

The gamma radiations have been done using the 
60

Co source at the National Institutes for 

Quantum and Radiological Science and Technology (QST), Takasaki, Japan. The chips are 

radiated with the gamma ray dose rate of 278 rad/s at room temperature with zero bias. Four 

chips G1-G4 are radiated with a total accumulated dose of 1, 3, 9, 38, 108 and 332 Mrad 

(SiO2). The same chip is used for the doses of 1, 3 and 9 Mrad (SiO2) to avoid variation 

between chips. All the individual devices and circuits are measured 2, 4, 8 and 12 hours after 

the radiation for validation of transient effects. Following the radiation testing, room 

a) b) 

Figure 4.2 Collector current as a function of collector voltage at a base current of 200 µA a) 

protons b) gamma radiation. The collector current for protons is normalized to their pre irradiated 

ICEsat. [Paper I, III]     
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temperature annealing and high temperature stress measurements (explained in Section 4.4) 

are performed on the chips irradiated with gamma rays.    

4.2 Effects of radiation on static DC characteristics  

Figure 4.2 shows the output characteristics, i.e. the collector current (ICE), as a function of the 

collector voltage (VCE) at a base current (IB) of 200 µA of the 4H-SiC NPN BJT a) measured 

after the 3 MeV p roton irradiation b) measured after the gamma irradiation. For the devices 

irradiated with the protons, the output characteristics had a variation of about 15% prior to the 

proton exposure. This variation can be related to the doping and/or thickness variation of the 

base epitaxial layer across the wafer. Therefore, for the output characteristics reported in 

Figure 4.2a, the ICE is normalised to their pre irradiated collector saturation current (ICEsat). Up 

to a proton dose of 1×10
10

 cm
-2

 and a gamma ray dose of 9 Mrad, the change in ICEsat is 

negligible. However, the collector saturation current strongly reduces as a function of proton 

and gamma irradiation from a dose of 1×10
11

 cm
-2

 and 38 Mrad, respectively. For the highest 

proton dose of 1×10
13

 cm
-2

 and the gamma dose of 332 Mrad ICEsat is reduced by 85% and 

65%, respectively. The devices are still operational at the highest dose, even though the ICEsat 

is substantially reduced for both types of radiation. 

As mentioned in Chapter 2, bipolar devices radiated with protons suffer from both ionization 

and displacement damage, while the gamma radiation primarily creates ionization damage. 

The displacement damage may introduce defects with deep levels in the SiC  bandgap, 

resulting in degradation of the semiconductor bulk lifetime (τ), while the ionization damage 

introduces interface traps and oxide charges in the dielectric, thereby increasing the surface 

recombination. Both these effects can alter the collector (IC) and base (IB) currents of the 

transistor, resulting in degradation of the forward current gain (IC/IB). Figure 4.3 shows the 

collector and base current as a function of base voltage (VBE) for a) 3 MeV protons and b) 

Figure 4.3 Collector current as a function of collector voltage at a base current of 200 µA after 

irradiation of a) 3 MeV protons b) gamma radiation. The collector current for the protons is 

normalized to their pre irradiated ICEsat. [Paper II, III]     

a) b) 



 

 

27 

 

gamma radiation. For the devices irradiated with protons it can be observed that the collector 

current is relatively constant until a dose of 1×10
12

 cm
-2

, but a small increase in collector 

current in the low VBE-regime is observed. The strong degradation in the IC for the highest 

proton dose is attributed to the reduction in τ due to displacement damage. For the devices 

radiated with gamma rays no change in IC is observed for the low doses. This is very typical 

for devices exposed to ionizing radiation. The increase in the collector leakage for the highest 

gamma dose is due to the increase in interface and oxide traps in the base collector 

passivation. The base current at a low injection voltage level (2 < VBE < 2.75) increases as a 

function of the radiation dose for both radiation types. The forward current gain as a function 

of dose for gamma and proton radiation is presented in Section 2.4.1. The current gain is 

stable up till a dose of 1×10
11

 cm
-2

 and 38 Mrad (SiO2) of proton and gamma radiation, 

respectively. For the higher doses the gain strongly degraded primarily due to the increase of 

IB at the low injection voltage level. The degradation mechanism for the increase in the IB will 

be discussed in detail in Section 4.4. 

4.3 Effects of Annealing 

Annealing measurements have been performed on the devices exposed to gamma rays to 

investigate both the reliability of the devices under high temperature stress and to analyze the 

annealing induced gain recovery effects. Figure 4.4a shows the gain measured at room 

temperature after that different time has elapsed from the gamma exposure. No recovery in β 

can be seen until a dose of 332 Mrad (SiO2). For the dose 332 Mrad (SiO2) a recovery of 7% 

in the β after 4 hours of the gamma exposure is observed. This is possibly because of the 

room temperature annealing of some the transient charges accumulated in the oxide. All the 

samples are also measured over a period of three months for possible self-annealing effects 

and no change in β was observed.  

Figure 4.4b shows the forward current gain measured at different temperatures as a function 

of annealing stress time. High temperature measurements are performed on the sample 

9 Mrad 

108 Mrad 

332 Mrad 

Figure 4.4 a) The forward current gain measured at room temperature after different time elapsed 

from the gamma exposure. b)  Forward current gain measured on 38 Mrad irradiated sample at 

different temperatures as a function of annealing time. [Paper III] 

b) a) 
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radiated with 38 Mrad (SiO2). The annealing is done at the temperatures of 250, 300, 350, 400 

and 425 °C for 1800 s at each annealing temperature. In situ DC measurements are performed 

on the BJT at different times while annealing during 1800 s. It can be seen that the forward 

current gain degradation is negligible for all the annealing temperature after a 1800 s stress. A 

similar trend is observed for the sample radiated with 332 Mrad (SiO2). In conclusion, these 

results show the extreme stability of the 4H-SiC bipolar devices under high temperature and 

radiation stress. After each annealing temperature the chip is cooled to the room temperature 

and the DC measurements are performed again to investigate the post annealing recovery.  A 

recovery up to the 92% of the pre radiation condition in the BJT DC device characteristics is 

observed (Paper III) after the post radiation annealing at 420 °C for 1800 s. In contrast, a 

previously reported 4H-SiC power BJT radiated with gamma radiation showed a full recovery 

of the current gain when annealed under the same condition [31]. The partial recovery in the 

current gain for our devices is attributed to the possible annealing of some of the oxide 

charges introduced due to gamma radiation.  

4.4 Analysis of Gain degradation Mechanism 

When the BJTs are exposed to radiation they can suffer degradation in Schottky Read Hall 

(SRH) bulk lifetime (τ), due to displacement damage and/or increase of interface (Dit) and 

oxide (Nox) traps, due to ionization damage, as shown in Figure 4.5. All the gain degradation 

investigations in the thesis are primarily focused on these three parameters. For the devices 

radiated with protons, if the reciprocal gain varies linearly with dose, it is considered that the 

devices have suffered only from displacement damage and bulk lifetime degradation, whereas 

for the non-linear variation both the displacement and ionization have to be considered [94]. 

Typically, in Si BJTs the reciprocal gain varies linearly with the dose showing that the 

devices have only degraded due to the bulk damage from displacements [63].  

Figure 4.5 Two possible gain degradation mechanisms due to particle radiation in BJT. 
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Figure 4.6a shows the reciprocal gain as a function of 3 MeV proton dose. It can be seen that 

the reciprocal gain varies nonlinearly with dose, emphasizing that the 4H-SiC BJTs have 

suffered from both displacements and ionization damage. Furthermore, it is possible to extract 

the bulk and surface damage introduction co-efficient from the reciprocal gain (1/β) using Eq 

4.1 [95]. The solid red curve in the Figure 4.6.a is the numerical fitting done using Eq (4.1). 

From the fitting Kb of 3.3×10
-15

 cm
2
 and Ks of 6.1×10

-8
 cm

2
 and e= 0.38 are extracted. For our 

devices exposed to 3 MeV protons the surface damage co-efficient is 7 orders of magnitude 

higher as compared to the bulk damage co-efficient, clearly suggesting that the surface 

degradation due to ionization in the passivation layer is the dominating degradation 

mechanism. This highlights the strong need to investigate new, more radiation resistant 

dielectrics for high radiation environment compared to the traditional SiO2. Literature reports 

show a Kb of 3.3×10
-15

 cm
2
 for a Si BJT radiated with 3.7 MeV protons [96]. It can be noted 

that the bulk damage co-efficient of 4H-SiC is one order of magnitude lower as compared to 

that of Si, suggesting that 4H-SiC is more radiation hard as compared to Si.   

∆ (
1

𝛽
) = 𝐾𝑏𝜑 + 𝐾𝑠𝜑𝑒 (4.1)  

Here Kb and Ks are bulk and surface damage introduction coefficients, or cross section, 

respectively; Ψ is the proton dose and e is an exponent less than 1.  

Simulations using TCAD of the typical device used in the radiation experiments have been 

performed. In this simulation the Gummel plots and forward current gain have been simulated 

by varying τ and Dit. The simulated forward current gain is fitted with the measured peak 

current gain for each of the proton radiation cases and the corresponding τ and Dit values are 

extracted. Figure 4.6b shows the extracted τ and Dit as a function of proton dose normalized to 

the pre-radiated sample. For the highest proton dose of 1×10
13

 cm
-2

 the τ is reduced by 0.5 

times while the Dit increase by 7.5 times as compared to the pre-radiated sample. This again 

highlights that the ionization damage in the passivation is the dominating gain degradation 

mechanism.  

Figure 4.6 a) The reciprocal gain as a function of 3 MeV proton dose. Solid red curve is the 

numerical fitting done using Eq 4.1.  b)  TCAD extracted τ and Dit as a function of proton dose 

normalized to the pre-radiated sample. [Paper I, Paper II]        

b) a) 
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The gain degradation in the bipolar devices exposed to radiation is primarily due to the 

increase in base current. Therefore, the excess base current (∆IB), defined as the difference in 

the base current of a device before and after particle radiation (IBPost-IBPre), can give insights 

into the dominating gain degradation damage mechanism. Figure 4.7a shows the ∆IB as a 

function of the VBE for three different doses of 3 MeV proton radiations. Two slightly 

different slopes, namely R1 and R2, can be observed for high and low injection levels, 

respectively for the proton doses 1×10
11

 and 1×10
12

 cm
-2

. But, only one slope, namely R2, can 

be seen for the dose of 1×10
13

 cm
-2

. The ideality factor (n) and the effective damage 

introduction co-efficient (C) at different doses can be extracted from the excess base current 

of the proton radiated devices using Eq 4.2. Ideality factor (n) gives insights into the different 

recombination mechanisms and the change in n can be associated with the recombination at 

different defect states. Typically, in a pn junction diode an ideality factor of one represents an 

ideal scenario i.e. no defects and an ideality factor in between one and two signifies that the 

recombination is dominated by deep level traps in the semiconductor. The dashed line in 

Figure 4.7a shows the numerical fitting done using Eq 4.2 [94]. For all the doses an ideality 

factor greater than two is observed for the slope R2, whereas for the slope R1 n is less than 

two. Furthermore, the value of C is three orders of magnitude higher for the slope R2 as 

compared to R1, implying that the defects contributing to the recombination in R2 is more 

dominating. For specific value of n and C at each proton dose, please see table 1 in Paper II.  

∆𝐼𝐵 = 𝐶(𝜑)𝑒𝑥𝑝(
𝑞𝑉𝐵𝐸

𝑛𝑘𝑇⁄ )    (4.2) 

Here, VBE is the base voltage, C is an effective damage introduction coefficient related to the 

base current, Ψ is the fluence and kT/q is the Boltzmann factor. 

Figure 4.7 a) Excess base current as a function of the VBE for different dose of 3 MeV proton 

radiations. Dashed curve in is the numerical fitting done using Eq (4.2).  b) TCAD simulated 

excess base currents, the circle data points is simulated by varying the τ while the Dit is pinned at 

1.3×10
12

 cm
-2

 eV
-1

 and the square data points is simulated by varying the Dit while is τ pinned at 

100 ns. [Paper II]        

b) a) 
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To further understand the relative contribution of displacement and ionization damage for the 

base current TCAD simulation of the prototype device is utilized. Gummel plots are simulated 

by varying τ and Dit. The simulated excess base currents are calculated by taking the 

difference in the base currents of the simulated reference device to the ones simulated with 

varying τ and Dit.  For the reference device Dit  and τ of 1.3×10
12

 cm
-2

 eV
-1

  and 100 ns is 

obtained, typical range reported in literature [97], [98].  Figure 4.7b shows the simulated 

excess base currents, the circle data points is simulated by varying the τ while the Dit is pinned 

at 1.3×10
12

 cm
-2

 eV
-1

 and the square data points is simulated by varying the Dit, while is τ 

pinned at 100 ns. It can be observed that increasing Dit yields in an n greater than two with a 

higher value of C similar to the values obtained from slope R2. Instead, varying the τ resulted 

in an n less than two with a lower value of C as in the slope region R1. Therefore it is 

suggested that when the BJT devices are exposed to 3 MeV protons up to a dose of 1×10
12

 

cm
-2 

in the low injection voltage level, displacement damage is dominant while for higher 

injection voltage levels, ionization damage is dominant. For the highest dose the base current 

recombination is only dominated by ionization damage.  

Irradiating the devices with high energy gamma rays may also introduce displacement 

damage in the semiconductor due to Compton scattering. Considering the high energies and 

doses used in this thesis the probability for such events may be not negligible. The chips 

consist of different integrated resistors with varying resistivity. Displacement damage will 

introduce interstitial and vacancy type of defects in the semiconductor which may electrically 

compensate for the doping levels resulting in the increase of resistivity. However, no 

significant variation in the resistance of the integrated resistors before and after the radiation 

is seen. Therefore, for the gain degradation analysis due to the gamma radiation, only the 

effect of the ionization damage is considered and displacement damage is neglected. The 

Figure 4.8 Excess base current as a function of base voltage for different gamma radiation dose. It 

can be observed that the ∆IB for all the doses has the same slope with n>2 indicating that the oxide 

charges dominate the recombination. [Paper III]        
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same conclusion cannot be drawn for irradiation of SiC power devices, which typically has 

lower doping levels particularly in the base and collector regions of power BJTs. The doping 

concentration may be more than an order of magnitude lower, as compared to the low power 

bipolar devices used in this investigation. This means that doping compensation due to 

displacement damage in SiC power device collector and base regions probably have a more 

influential role on the degradation of beta.  

The effect of ionizing radiations on SiC bipolar transistors can result in two separate 

degradation mechanisms: i) increase in the interface traps resulting in an increase in the 

surface recombination along the emitter-base passivation ii) build-up of oxide charges 

resulting in the increase in the space charge region in the emitter-base. Both these effects 

increase the base current of the device, thereby decreasing β. As mentioned above, it is 

possible to understand which of these mechanisms are more dominant for the gain 

degradation from the ideality factor, n, extracted from the excess base current ∆IB. For the 

BJTs exposed to gamma rays, it is previously reported that if 1 < n < 2, then the base current 

recombination is dominated by Dit and for n > 2, oxide charges dominates the recombination 

[97]. Since the BJTs exposed to gamma radiation produces only ionization damage, the 

recombination mechanics interpreted from the ideality factor is different from the proton 

radiated devices, as mentioned above. Figure 4.8 shows the ∆IB as a function of VBE for 

different gamma radiation dose. It can be observed that the ∆IB for all the doses has the same 

slope (n ~ 2.5) with n >2 indicating that the oxide charge dominated recombination is the 

main gain killing mechanism. Previously reported literature on the Si BJT devices exposed to 

dose rate of 10 rad (Si)/s suggest that the excess base current is dominant by surface 

recombination up to a total dose of 1 Mrad (SiO2). For the higher doses the base current 

degradation in dominated by oxide charge recombination [98].  

In conclusion, by analysing the gain degradation mechanisms of the BJTs exposed to 3 MeV 

protons and gamma radiations it is evident that the ionization effects in the surface passivation 

layer is the primary gain degradation mechanism. Therefore, introducing new dielectrics that 

are more resistant under radiation environment can further improve the radiation hardness of 

the 4H-SiC low power BJTs.   

4.5 Circuit performance  

Direct current (DC) voltage transfer characteristics (VTC) have been measured on the OR-

NOR logic gates before and after the radiation to study the radiation hardness of 4H SiC logic 

circuits. Figure 4.9 Shows the VTC of the OR output of the OR-NOR logic gate for different 

doses after a) proton b) gamma radiation. From the VTC it is possible to extract the logic 

swing and logic threshold. Logic swing is the voltage difference between the logic high and 

logic low, whereas logic threshold is defined as the voltage at the central intersect point of the 

VTC. Until a proton dose of 1×10
12

 cm
-2

 no significant degradation in the logic swing is 

observed. However, the logic high level drifts towards a more negative output voltage, as 

indicated by solid arrow in Figure 4.9a For the highest proton dose the logic swing is 

considerably reduced. The logic threshold shifted towards a more negative input voltage from 
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a dose of 1×10
11

 cm
-2

, as indicated by the solid arrow in the Figure 4.9a. For the circuits 

radiated with gamma rays the logic swing is unchanged until a dose of 38 Mrad (SiO2). For a 

dose of 108 Mrad (SiO2) and 332 Mrad (SiO2) the logic swing is reduced by 0.4 V and 1 V, 

respectively. However, no significant change in the logic threshold is observed for all the 

circuits radiated with gamma rays. A similar trend is observed for the NOR the output of the 

OR-NOR logic gate radiation with both protons and gamma radiation.  

One of the Figures of merit to analyse the performance of the logic circuits is the noise margin 

for high (NMhigh) and low (NMlow) logic levels. The NMlow is defined as the difference 

between the low and high logic levels, and vice versa for the NMhigh. The extraction of the 

noise margins can be done by plotting the VTC and its inverse (refer to Figure 10 in appended 

Paper III). Figure 4.10 shows the noise margins of the OR-NOR logic gate as a function of the 

radiation dose for a) protons b) gamma radiation. The NMhigh for both the OR an NOR output 

Figure 4.9 Voltage transfer characteristics of the OR output of the OR-NOR logic gate for 

different dose after a) proton b) gamma radiation. [Paper I, III] 

b) a) 

Figure 4.10 Noise margins of the OR-NOR logic gate as a function of the radiation dose for a) 

protons b) gamma radiation. [Paper III] 

b) a) 
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of the logic gate is stable as a function of dose. Significant reduction in the NMlow can be 

observed from a dose of 38 Mrad (SiO2). On the other hand, for the circuits irradiated with 3 

MeV protons, the noise margin is stable up to a dose of 1×10
12

 cm
-2

. No noise margin could 

be extracted for the NOR output at the gamma radiation dose of 332 Mrad (SiO2) and for the 

highest proton dose 1×10
13

 cm
-2

. The reduction in noise margin is attributed to the reduction 

in logic swing and logic threshold at the higher doses. The logic threshold of the circuits are 

designed to follow the voltage drop at the node Vref, the reference voltage (see Figure 1 in 

Paper I). The degradation in the logic threshold is attributed to the change in the Vref due to 

the degradation of the transistor gain at higher doses. The noise margins of the circuits can be 

improved by designing the logic gates for higher logic levels and/or shifting the threshold 

voltage.   



 

 

35 

 

  

Chapter 5 

Alternative Radiation Hard Dielectrics 

Any sufficiently advanced technology is indistinguishable from magic. 
--Sir Arthur C. Clarke 

It is evident from the previous chapter that the forward current gain degradation of the BJTs 

exposed to radiation is primarily due to the ionization effects in the surface passivation (SiO2). 

This results in an increase in interface and oxide traps. Therefore, new dielectric materials that 

are reliable under higher radiation fields need to be explored. In this regards, high-k 

dielectrics such as HfO2, Al2O3, SiOxNy and ZrO2 [99]–[102] have been investigated. One 

important selection criteria for gate dielectrics is the band offset with respect to the 

semiconductor band gap, but the choice of high-k dielectrics is limited by the inverse relation 

of the dielectric constant (k) with the size of the bandgap, i.e higher k results in lower 

bandgap.  

Figure 5.1 shows the band alignment of different high-k dielectrics compared to SiO2 and 4H-

SiC. The dielectric constant (k) is increasing from left to right. It can be clearly observed that 

as the k value of the dielectric increases the conduction band offset (∆Ec) with the 4H-SiC 

decreases. This reduction results in a higher probability of injection of electrons from the 

conduction band of the semiconductor into the dielectric thereby increasing the leakage 

current. Among these different high-k dielectrics, Al2O3, have a large enough band offset (∆Ec  

and ∆EV) with the 4H-SiC to minimize the current leakage and at the same time have 2.5 

higher k as compared to SiO2. Also other reliability parameters, such as the critical electric 

field, thermal stability and radiation hardness, are reported to be very good in this material. 

Figure 5.1 Band alignment of SiO2[122], Al2O3[123],  HfO2 [99] and ZrO2[102]
 
dielectric with 

the n-type 4H-SiC with the dielectric constant (k) increasing from left to right. 
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However, there are many forms and qualities of Al2O3 and there is a vast difference in 

reported values for the various parameters. For instance, the bandgap is reported in the range 

of 7.0-9.0 eV [103]–[105]. The different behaviour of this dielectric results from different 

surface preparation techniques before deposition, or growth of the layer and also on the 

deposition methods, the purity of the process, processing temperature, etc. There are also a 

number of crystalline phases of this material that further complicate the picture. 

In this thesis we have used atomic layer deposition (ALD) for producing high quality Al2O3 

layers on top of 4H-SiC. ALD deposited Al2O3 is reported to have low density of shallow 

states, which are the primary channel mobility killer, as compared to SiO2 [106]. However, 

literature reports have also shown high concentration of interface traps and fixed oxide 

charges, where the origin is still unclear [107]. It is shown that pre-surface treatment prior to 

dielectric deposition and post dielectric annealing plays an important role in tailoring these 

defects and improve the quality of electrical and interface properties of the Al2O3 [108]. 

Currently, Al2O3 is at a stage where the interface between the Al2O3/SiC and the oxide quality 

needs to be better understood before effectively implementing this process into commercial 

device manufacturing. However, the results shown in this thesis, for instance regarding the 

radiation hardness, is a strong motivation for continued work. 

5.1. Process Optimization of Al2O3/4H-SiC 

This work primarily focuses on optimizing the electrical and interfacial properties of ALD-

deposited Al2O3 on 4H-SiC, in terms of electrical instabilities that are commonly observed in 

Al2O3 [109]–[111]. For this purpose, MOS test structures with two different pre surface 

treatments, namely RCA (diluted RCA1 cleaning) and STD (standard 7up+IMEC cleaning), 

as described in section 3.2, have been utilized. Furthermore, the effects of post dielectric 

annealing in N2O, using longer furnace (FA) and shorter rapid thermal annealing (RTA), on 

the interface and dielectric quality is investigated. Below, some of the structural and electrical 

problems that have been encountered during the optimization process, as well as ways to 

overcome these problems, are described.  

 a) Structural Properties 

Figure 5.2 shows a scanning electron microscopy picture of a STD sample annealed in RTA 

at 500, 800 and 1100 °C.  In Figure 5.2 the series of steps observed for all the samples 

corresponds to the step bunching of the underlying SiC epitaxial layer surface. For the sample 

annealed at 500 °C, two further features can clearly be seen. On the surface there are dark 

spots, which are approximately 100 nm in diameter and much smaller bright spots which are 

around 20-40 nm in diameter. The dark spots are structural defect in Al2O3 resulting in 

pinholes due to the tensile stress induced by annealing. Similar structural defects in Al2O3 

deposited on Si are observed when annealed at 900 °C [112]. The bright spots are probably 

precipitation of aluminium remaining after the aluminium etch performed for metallisation for 

capacitor contacts. 



 

 

37 

 

For the sample annealed at 800 
o
C, no pinholes are observed. Instead we see that there are 

around 500 nm diameter sized circles. It is believed that these are some form of blister 

formation of trapped gas at the dielectric interface. Such features have been reported before 

for ALD deposition of Al2O3 dielectric films on silicon [113]. Here the blisters were of a size 

of a few µm in diameter to 50 µm in diameter. It must be noted that this effect is not seen if 

the films are annealed at temperatures above 800 
o
C, though once they are formed any 

subsequent annealing will not remove them. After annealing the sample at 1100 
o
C, no 

blisters, or pinholes have been observed as a result of a densification of the Al2O3 films.  

To understand in more detail the interface properties of Al2O3/4H–SiC, free carrier absorption 

(FCA) and x-ray photoelectron spectroscopy (XPS) measurements have been utilized. The 

former measurement technique gives insights into the surface recombination, active trapping 

sites at the interface and also enables a quantitative analysis of the recombination kinetics, 

while the latter measurement technique gives insights into the atomic composition of the 

Al2O3/4H–SiC interface. Figure 5.3 shows the effective lifetime (τeff), extracted from FCA 

measurement, as a function of epilayer thickness for RCA and STD cleaned samples, 

annealed using RTA at 1100 and 500 °C, respectively. The effective lifetime is a combination 

of bulk lifetime (τb), diffusion coefficient (D), epilayer thickness (d), and the surface 

Figure 5.2 Scanning electron microscopy image of the STD sample annealed in RTA at 500, 800 

and 1100 °C. [Paper V] 
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recombination velocity (SRV) at the epi/substrate (S1) and epi/dielectric (S2) interfaces, can 

be mathematically expressed as following [93], [114]: 

τeff =
1

𝜏𝑏
+ [

𝑑

𝑘2𝑠1
+

𝑑

𝑘2𝑠2
+

4𝑑2

𝐷𝑘2𝜋2
] 

Where k is an empirical dimensionless coefficient 

𝑘 = 1 +
103

103 + (
𝑠1

𝑠2
)

2 

The effective lifetime of both the samples decreases as a function of the epilayer thickness. 

This is due to the increased influence of the interface traps on the charge carrier 

recombination in the thinner epilayer. It can be observed that the decrease in τeff is faster for 

the STD sample as compared to the RCA cleaned sample. This indicates the presences of 

higher density of interface traps in STD as compared to RCA samples. Note that all the 

samples are processed on the same epilayer, therefore D, τb and S1 are the same. From the 

literature the value of D and τb is found to vary in the typically in the range of 1–3 cm
2
/s and 

0.1-1 µs, respectively [90], [115], [116]. After an iterative fitting process, the value of D, τb 

and S1 are found to be 1 cm
2
/s, 0.35 µs and 6×10

5
 cm/s, respectively. Using these values, S2 is 

then extracted by fitting the measured τeff using Eq 3.5. The solid curve in the Figure 5.3 is the 

numerical fit using Eq (3.5).   A decrease in S2 by 2 orders of magnitude is observed for RCA 

samples in comparison to STD with S2 being 3.5×10
4
 and 2×10

6
 cm/s, respectively. This is 

possibly due to the additional pre surface treatment step and the higher post dielectric 

annealing for the RCA samples, resulting in less interface traps, thereby reducing the SRV. 

S2 for RCA = 3.5×10
4

 
 cm/s 

S2 for STD= 2×10
6 

 cm/s 

Figure 5.3 Effective lifetime (τeff), extracted from the slope in region B of FCA measurements, as 

a function of epilayer thickness for RCA and STD samples annealed using RTA at 1100 and 500 

°C, respectively. [Paper IV] 
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Literature reports show a SRV of 6×10
4
 cm/s for thermally grown  SiO2 on 4H-SiC, which is 

in the same range as the RCA sample reported in our investigations using Al2O3 as dielectric  

[91]. 

Figure 5.4 shows the X PS spectra of Si2p core level measured at a photon energy of 1050 eV 

of as deposited, 700 and 1100 °C annealed STD sample and corresponding schematic of the 

Al2O3/4H-SiC interface. For the as deposited sample, only one peak of Si2p at a binding 

energy (BE) of 101.3 eV is observed. Figure 5.6 shows the schematic of the Al2O3/4H-SiC 

interface interpreted from the XPS results. This peak corresponds to Si bonded to C in the 4H- 

SiC. This single peak indicates an abrupt interface between Al2O3/4H-SiC for the as deposited 

sample, i.e. none of the Si is bonded to, for instance, O. For the samples annealed at 700 and 

1100 °C, apart from the 4H-SiC peak, additional peaks at 103.4 eV and 104 eV, respectively, 

is observed. This corresponds to the Si in SiO2, indicating the formation of a silicon oxide 

layer at the interface of Al2O3/4H-SiC. The contribution of different oxidation states of Si, 

Si
1+

, Si
2+

, Si
3+

 and Si
4+

 for the annealed samples is represented by the curve fitted to the XPS 

spectra [117]. Here the Si
4+

 state corresponds to the fully oxidized Si. i.e SiO2, whereas the 

other three states corresponds to the sub-stoichiometric transition oxide i.e SiOx (0 < x < 2). 

For the 700 °C sample, two transition oxide peaks, Si
1+

 and Si
3+

 can be observed, indicating 

an incomplete oxidation of Si. However, annealing the sample at 1100 °C the Si
4+

 peak 

substantially increases while the other transition peaks significantly reduces. This indicates 

the formation of better SiO2.  

Figure 5.4 XPS spectra of Si2p core level measured at photon energy of 1050 eV of as deposited, 

700 and 1100 annealed STD sample. [Paper VI] 
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   Furthermore, from the XPS measurements it is possible to reconstruct the electronic band 

structure. The method to determine the valence band maximum at the Al2O3/4H-SiC interface 

is outlined in the Ref [118]. The Fermi level is calculated from the doping level and the 

effective mass from Ref [119]. Figure 5.5 shows the schematic of the p-type (left) and n-type 

Figure 5.5 Schematic illustration of the Al2O3/4H-SiC interface for a) as deposited b) 700 °C and 

c) 1100 °C annealed sample. [Paper V]  

a) 

b) 

c) 
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(right) electronic band structure for STD as deposited sample. Since the measurements have 

been done at zero potential, the surface band bending (Ψs), defined as the difference between 

the valence band maximum at the Al2O3/4H-SiC interface and the bulk, in Figure 5.5 

corresponds to the flatband voltage.  It can be observed that the Ψs bends downwards for the 

p-type SiC, corresponding to a negative flatband voltage and suggesting the presence of 

positive fixed charges, while the situation is the vice versa for the n-type material. 

b) Electrical Properties 

Figure 5.7 shows the electrical capacitance voltage measurement of an RCA cleaned sample 

annealed in RTA at 1100 °C. The solid and the dashed curve represent the n and p-type 4H-

SiC, respectively. A flatband voltage (VFB) shift of +2.8 V and -8.2 V is extracted from n and 

p-type respectively. The direction of the VFB shifts extracted from the CV measurements is in 

good agreement with the electronic band structure extracted from the XPS measurements 

Figure 5.7 Capacitance voltage measurement of the RCA sample annealed in RTA at 1100 °C. 

The solid and the dashed curve represent the n and p-type 4H-SiC, respectively. [ Paper V] 

Figure 5.5 schematic of the p-type (left) and n-type (right) electronic band structure for STD as 

deposited sample. [ Paper VI, VII] 
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described above. The difference in the fixed charges between n and p-type is previously found 

to be due to the near interface fixed traps [110]. The positive fixed charge for the p-type is due 

to a hole trap located at 1.35 eV above the valence band of p-type 4H-SiC. On the other hand, 

the negative fixed charges in the n-type sample are most likely due to a electron trap located 

1.6 eV below the conduction band of n-type 4H-SiC. The origin of the electron traps are 

suggested to be due to oxide defects arising from the trapped hydroxyl groups during the 

ALD deposition process [111]. The origin of the hole traps in the p-type is unknown. In 

addition to the large flatband shift in the p-type 4H-SiC, there is a large hysteresis in the p-

type as compared to the n-type 4H-SiC. This indicates the presence of oxide charges 

corresponding to 2.8×10
10 

cm
-2

 and 1.35×10
12

 cm
-2

 for n and p-type, respectively. The quality 

of the dielectric on p-type semiconductors is vital for many device types such as MOSFETs, 

IGBTs and BJT.  Hence, the Al2O3 quality for p-type 4H-SiC has to be improved for further 

advancement of the 4H-SiC technology. In this thesis, the process optimizations are primarily 

focused on the n-type 4H-SiC/Al2O3 interface. 

Figure 5.8a shows the capacitance voltage (CV) measurement of MOS structures of both the 

pre-surface cleaned samples with different post dielectric annealing. The solid and dashed 

curves in the Figure 5.8a represent RCA and STD samples, respectively. It can be observed 

that all the samples have a positive flat band voltage shift, indicating the presence of negative 

fixed charges. A flatband shift of 6.5 V and 7 V is observed for the RCA and STD as 

deposited sample, respectively. After annealing the samples at 1100 °C in N2O for 1 min, a 

significant reduction in the flatband voltage to 2.5 V and 3.6 V for RCA and STD, 

respectively is observed. No CV measurement is obtained for the 800 °C. This is probably 

due to the blister formation of trapped gas at the dielectric interface, as seen in SEM. A 

dielectric constant of 8.2 and 6.7 is extracted for the as deposited STD and RCA sample, 

respectively. No change in the dielectric constants is observed after the annealing at 1100 °C. 

Figure 5.8b shows the density of the interface traps (Dits) at the flatband condition for both the 

b) a) 

Figure 5.8 a) Capacitance voltage measurement of the RCA and STD sample with different post 

dielectric annealing. b) Density of the interface traps (Dits) at the flatband condition for both the 

pre surface treatments as a function of the post dielectric annealing (PDA) respectively. [ Paper V] 
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pre surface treatments as a function of the post dielectric annealing (PDA). It can be observed 

that Dit increases as a function of PDA. This is attributed to the formation of the sub-oxide 

interlayer at the interface of the Al2O3/4H-SiC. This indicates that the interface and near 

interface traps are substantially lower for Al2O3 as compared to SiO2. Also, it could be 

observed that for all the PDA temperatures both the VFB and Dit are predominantly lower for 

the RCA sample as compared to STD samples. These results highlights that both the pre 

surface treatment and the PDA plays an important role in the quality of dielectric and 

interface between Al2O3/4H-SiC.  

Figure 5.9 shows the CV for the RCA as deposited (left) and the 1100 °C annealed sample 

(right), measured sequentially from accumulation to inversion by varying the accumulation 

voltage (Vacc). In this measurement Vacc is varied from 4 V to 9 V with 1 V step, thereby 

injecting electrons from the 4H-SiC into the Al2O3. An increase a parallel shift towards 

positive voltage in CV curves as a function of the applied Vacc stress is observed. This 

suggests an increase in negative fixed charges. The same trend is observed for the STD as 

deposited samples. Previously a similar dependency on the start Vacc is observed in the ALD 

deposited Al2O3 on thermally grown SiO2 on the C-face 4H-SiC [109]. This is attributed to 

the capture of electrons in accumulation at the near interface oxide traps with a long time 

constant, possibly due to point defects in the Al2O3 arising from oxygen vacancies. The 

activation energy of this mechanism is found to be 0.1 eV [109]. However, annealing the 

sample at 1100 °C annihilated the electron traps, thereby reducing the CV drift significantly. 

5.2. Radiation Hardness 

To evaluate the radiation hardness of the dielectric, MOS devices with SiO2 and Al2O3 as gate 

dielectric are utilized. These devices have been radiated with 50 keV argon ions (Ar
+
) and 3 

MeV protons. Using SRIM the ratio of the nuclear to electronic stopping of the 50 keV Ar
+ 

around the interface is found to be 11, emphasizing that the displacement damage is 

Figure 5.9 Capacitance voltage measurement for the RCA as deposited (left) 1100 °C annealed 

(right) sample, measured sequentially from accumulation to inversion by varying the accumulation 

voltage. [Paper V] 
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dominant. The projected range (Rp) for 50 keV Ar
+
 is found to be very close to the interface 

between dielectric/4H-SiC thereby creating defects at the interface due to displacement 

damage. The samples are implanted with the Ar
+
 ions in a dose range from 1×10

9
 to 1×10

12
 

cm
-2

. For the investigations using 3 MeV protons MOS structures on Si substrate with SiO2 

and Al2O3 as gate dielectric are utilized. The samples are irradiated with the proton doses of 

1×10
10

 and 1×10
12

 cm
-2

. These implantations are performed using the Tandem accelerator at 

the Ion Technology Centre in Uppsala, Sweden at room temperature under zero bias. The 

projected range for these 3 MeV protons in SiC is about 60 m according to SRIM. The 

density of interface traps (Dits) and surface recombination velocity (SRV) are extracted from 

the CV and FCA measurements, respectively, before and after the ion exposures.    

Figure 5.10 shows a) SRV and b) Dit extracted from FCA and CV measurement, respectively, 

for the MOS devices implanted by 50 keV Ar
+
. The SRV is extracted by fitting the FCA 

measurement with the numerical model, explained in section 3.4.2, with fixed Dn = 3 cm
2
/s, 

τn= 0.5 µs and SRV at epilayer/substrate at 4×10
4
 cm/s. The Dit are extracted using Terman 

method at a measurement frequency of 100 kHz. It can be observed that for the SRV of the 

unirradiated SiO2 (5×10
3
 cm/s) is almost one order of magnitude lower compared to the Al2O3 

(3×10
4
 cm/s). These results indicate that unirradiated SiO2 has a better interface compared to 

Al2O3. However, the SRV increased significantly as a function of Ar
+
 dose for the SiO2, 

whereas the SRV of Al2O3 is more stable. For the highest 50 keV Ar
+
 ion dose of 1×10

12
 cm

-2
 

the SRV for SiO2 increased by 15 times while the Al2O3 increase only 2 times as compared to 

the pre-radiated sample. These results highlight that the Al2O3 is substantially more radiation 

hard as compared to the SiO2.  

Capacitance voltage measurements are also performed on the samples irradiated with Ar
+ 

ions 

[37]. The density of interface traps (Dit) has been extracted using the Terman method from the 

Figure 5.10. a) SRV and b) Dits extracted from FCA and CV measurement, respectively, for the 

MOS devices radiated with 50 keV Ar
+
. Both SRV and Dits significantly increased for SiO2 as a 

function of proton dose whereas for Al2O3 the change is marginal, indicating Al2O3 is more 

radiation hard as compared to the SiO2. [Paper VIII] 

 

a) b) 



 

 

45 

 

CV measurements. Aluminium oxide shows a high radiation tolerance to these radiation 

doses. It can be clearly seen that Dit drastically increased for SiO2 from the dose of 1×10
9
 cm

-2
 

whereas for Al2O3 the Dit increase is marginal. Furthermore, a good correlation between the 

SRVs extracted from optical FCA measurement and the Dit extracted from electrical CV 

measurements is found. These results show that the FCA measurement is an effective tool to 

get better insight into the interface behaviour.  

Finally, Figure 5.11 shows the CV measurements of the MOS structures radiated with 3 MeV 

protons for a) SiO2 and b) Al2O3 deposited on Si. The flatband voltage (VFB) for the SiO2 

significantly shifted towards the negative voltages from -2.3 V to -3.45 V for unirradiated and 

1×10
12

 cm
-2

 protons dose sample, respectively. This indicates an increase in positive fixed 

charges in the oxide due to the proton radiation. In addition to the increase in the flat band 

voltage the oxide charges (Nox) and density of interface traps (Dit) increased by one and two 

orders of magnitude for the proton dose of 1×10
12

 cm
-2 

as compared to unirradiated sample. 

On the other hand, no significant change in the VFB, Nox, Dit for the Al2O3 sample is observed. 

The “dip” in CV for the Al2O3 sample at 2-3 V is probably due to the minority charge carrier 

injection from the oxide and/or interface defects in the Al2O3. These results again emphasises 

that Al2O3 is more reliable compared to the SiO2 in radiation rich environment. 

 

 

 

  

a) b) 

Figure 5.11 CV measurements of the MOS structures radiated with 3MeV protons for a) SiO2 and 

b) Al2O3 deposited on Si substrate. These results emphasises that Al2O3 is more reliable compared 

to the SiO2 in radiation rich environment. [Data unpublished] 
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Chapter 6 

Conclusions and Future Work 

A conclusion is simply the place where you got tired of thinking.  

-- Dan Chaon, Stay Awake 

Cosmic ray failure is one of the major reliability concerns for electronic systems operating in 

space as well as high power devices operating on earth. This thesis addresses the radiation 

hardness of 4H-SiC bipolar devices and circuits, as well as dielectrics for SiC. Electronic 

components, when exposed to radiation, can suffer displacement and ionization damage, 

thereby degrading their performance. In this thesis, proton, gamma rays and argon ions have 

been used to evaluate the importance of these effects for 4H-SiC devices and circuits.  

The 4H-SiC bipolar devices exposed to protons and gamma radiation is found to be stable up 

to doses of 1×10
11

 cm
-2

 and 38 Mrad, respectively. For higher doses the forward current gain 

significantly degraded as a function of dose. This radiation stability is, however, at least one 

order of magnitude higher for 4H-SiC BJTs than previously reported Si BJT devices. High 

temperature stress measurements of gamma irradiated devices revealed negligible degradation 

in current gain until a temperature of 420 °C. These results further show the extreme stability 

of the 4H-SiC bipolar devices under high temperature and high radiation stress. 

By analysing the excess base currents of the bipolar devices exposed to gamma radiation it is 

found that the oxide charge induced recombination in the base-emitter passivation is the main 

current gain degradation mechanism. Device simulations support the experimental results as 

well as show that the ionization damage in the passivation is the dominating gain degradation 

mechanism for the devices exposed to 3 MeV protons. In addition, a bulk damage coefficient 

factor extracted for proton irradiated 4H-SiC devices is found to be one order of magnitude 

lower as compared to the previously reported damage coefficient for Si devices.  

For the 4H SiC integrated OR-NOR logic circuits, no significant degradation in the logic 

swing is observed up to doses of 1×10
12

 cm
-2

 and 108 Mrad of protons and gamma rays, 

respectively. However, the logic threshold drifted towards the negative voltage from a proton 

dose of 1×10
12

 cm
-2

, possibly due to degradation of the transistor gain at higher doses. No 

change in the logic threshold is observed for all the circuits radiated with gamma rays and, by 

redesigning the circuits for higher logic swing, logic gates based on 4H-SiC BJTs could 

operate even far above such extreme doses as 100 Mrad. 

One of the key advantages of 4H-SiC over other wide bandgap materials is the possibility to 

thermally grow silicon oxide (SiO2) and process device in line with advanced silicon 

technology. However, there are still questions about the reliability of the SiC/SiO2 interface 

under high power, high temperature and radiation rich environments. From the results of this 

thesis, it is evident that the main cause for degradation due to radiation is the ionization 
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effects in the dielectric and interface layers. Hence, there is a need to explore new dielectric 

materials that are more radiation tolerant. In this regards, aluminium oxide (Al2O3), a 

chemically and thermally stable dielectric, has been investigated. A novel method to 

characterize the surface recombination (SRV) at the dielectric semiconductor interface using 

the optical free carrier absorption (FCA) technique is demonstrated. A good correlation is 

found between the SRV extracted from the optical FCA technique and the density of interface 

traps extracted from the electrical CV measurements. Finally, the radiation hardness of 

Al2O3/4H-SiC is demonstrated and the data suggests that Al2O3 is better choice of dielectric 

for devices in radiation rich applications. 

Based on insights gained from the thesis, below are some of the suggestions for the future 

work: 

 Bipolar devices are particularly known to be sensitive to low dose rates. Further 

investigation of the 4H-SiC bipolar devices under low gamma dose rates should be 

made.  

 This work primarily focused on investigating static DC device and circuit parameters. 

To gain a deeper understanding of the radiation effects on the 4H-SiC devices and 

circuits, radiation experiments with devices under operation to test for the transient 

effects have to be performed. 

 The ECL OR-NOR logic gates need to be redesigned for higher logic levels to further 

improve the radiation tolerance of the circuits. 

 Implementation of Al2O3, both as surface passivation in BJTs and gate dielectric in 

MOSFETs, replacing the traditional SiO2 to evaluate for the surface mobility and the 

radiation hardness of Al2O3. 

 ALD deposited Al2O3 on p-type 4H-SiC results in a large amount of oxide and 

interface traps. Further studies are required to understand the origins of these defects 

and optimize the ALD process to improve the quality of Al2O3 on p-type SiC. 
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