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Summary 
With a ban on fossil-fuel vehicles coming into place in 2030, the window for developing electric 

vehicles (EVs) with reliable performance is rapidly closing. Investigating the reliability of 

emerging materials, specifically silicon carbide (SiC) metal-oxide-semiconductor field-effect-

transistors (MOSFETs) and gallium nitride (GaN) cascode silicon (Si) MOSFETs, this thesis uses a 

charge to breakdown (QBD) technique to test the reliability in electric vehicle (EV) power 

electronics. While traditional Si insulated gate bipolar transistors (IGBTs) have been widely 

studied, SiC devices offer enhanced thermal and electrical properties, making them a more 

efficient alternative for EV applications. However, their long-term reliability under high-voltage 

and high-temperature conditions remains a critical area of study. 

During this research, an accelerated age testing setup was designed to assess the breakdown 

behavior of SiC and Si MOSFETs through QBD testing, in which the results revealed distinct 

differences in oxide reliability between the two materials. The SiC MOSFETs exhibited QBD values 

of 0.134C and 0.174C, however, the Si MOSFETs did not exhibit breakdown, highlighting the need 

for further investigation into their failure mechanisms and performance limitations in EV 

applications. By focusing on SiC MOSFETs and Si MOSFETs, this study offers insights into the 

importance of gate oxide reliability in maintaining MOSFET performance and therefore the 

reliability of EV power electronics, as well as the potential of QBD testing for future innovations 

of EV technology.  
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1 Introduction 

The evolution of electric vehicles (EVs) has been one of the most prominent advancements in the 

automotive industry. With a ban on selling internal combustion engine (ICE) vehicles coming into 

place in 2035, as well as concerns surrounding climate change and sustainability also increasing, 

significant technological advancements must be made to not only create dependable electric 

vehicles but to also reduce greenhouse gas emissions and dependency on fossil fuels [1]. 

Fundamental components behind the manufacturing of EVs are the power electronics systems, 

made of semiconductors, which control the conductivity and manage the flow of electricity within 

EVs. Semiconductors hold a key part in the control of EVs. However, their reliability under the 
demanding operation environment of EVs remains a key concern, especially the reliability of the 

gate oxide, which is crucial for their long-term performance [2]. 

The motivation for this research is the increasing demand for more reliable, long lasting 

components in EVs, where power electronics are fundamental to the vehicle’s performance. 

MOSFETs are integral to various subsystems, such as battery management systems, traction 

inverters, and DC-DC converters, which are essential in controlling power distribution within the 

vehicle [3]. As EVs continue to evolve, these devices are exposed to extreme conditions, such as 

high operating temperatures, elevated voltages, and frequent power cycling, which accelerates 

the degradation of critical components like the gate oxide [4]. 

One of the key challenges in the implementation of wide-bandgap (WBG) MOSFETs in EV 

applications is their susceptibility to degradation, particularly the breakdown of the gate oxide, 

which occurs due to the intense electric fields and elevated junction temperatures encountered 

in automotive environments [5]. Despite improvements in semiconductor materials such as 

silicon carbide (SiC) and gallium nitride (GaN), which offer higher efficiency compared to 

traditional silicon-based devices, the long-term reliability of these materials, particularly under 

the stress conditions typical of EV operations, remains underexplored [6]. This research seeks to 

address the gap in understanding the QBD of gate oxides in WBG MOSFETs, aiming to predict the 

operational lifetime and reliability of these devices in EV applications. 

The research will use an accelerated aging stress technique to measure the charge-to-breakdown 

of the gate oxide layer in WBG MOSFETs. Stress tests will be performed using constant current 

stress to simulate the operational conditions of EVs. The MOSFETs will be subjected to increasing 

voltage and temperature, with leakage current being monitored to identify the breakdown point. 

It is anticipated that the QBD tests will prove the reliability of the gate oxide layer in WBG 

MOSFETs under EV-like conditions, to provide insights into the stress endurance of the gate oxide 

dielectric, contributing to the optimisation of MOSFET design for improved reliability in electric 

vehicle applications.  
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2 Literature Review  
2.1 Introduction to Electric Vehicles (EVs) 
With electric vehicles (EVs) emerging in the automobile industry, a growing awareness of 

environmental issues surrounding climate change and sustainable energy has led to an increase 

in environmentally friendly transportation solutions, especially since governments worldwide 

are implementing stricter emissions regulations. Due to advances in battery technology, the range 

of EVs is expanding whilst reducing the cost, making them more accessible to a wider range of 

people. Additionally, the expansion of charging infrastructure is further allowing the transition to 

EVs, addressing one of the primary concerns of potential EV owners, therefore making these 

vehicles an increasingly viable option for consumers, contributing to a more sustainable future.  

EVs operate by using electrical energy stored in a battery pack to power an electric motor. The 

battery pack is typically composed of numerous lithium-ion cells, serving as the primary energy 

source for the vehicle. When the driver turns on the vehicle, the battery pack sends electricity to 

the motor through a power electronics controller, which regulates the amount of electrical energy 

supplied to the motor based on the driver's input from the accelerator pedal. The electric motor, 

which is usually an AC motor, converts this electrical energy into mechanical energy, therefore 

generating the necessary torque to turn the wheels, which propels the vehicle forward [2]. One 

of the significant advantages of electric motors is their ability to provide instant torque, which 

allows for rapid and smooth acceleration from a stopped position. This conversion is highly 

efficient, as it results in minimal energy loss compared to traditionally used internal combustion 

engines [3]. 

 

Figure 1 - Block Diagram of EV Components [9] 

In addition to powering the vehicle, EVs also feature a regenerative braking system, where the 

electric motor operates in reverse when the driver applies the brakes, acting as a generator to 

convert some of the kinetic energy back into electrical energy, which is then stored in the battery 
pack [3]. This process not only enhances overall energy efficiency but also increases the driving 

range, by partially recharging the battery as the vehicle brakes.  
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2.1.1 Key Components of EVs  
Electric vehicles are made up of various key components that work together to propel the vehicle 

using electric power. Although specific components of EVs and hybrid electric vehicles (HEVs) 

can vary, there are set components that are necessary in EVs.  

Battery Pack 
As one of the most important features of EVs, the battery stores the electrical energy used to 

power the electric motor of the vehicle. Battery packs are usually made from lithium-ion, due to 

their ability to hold high voltage and charge, making it a desirable choice for efficient energy 

storage in EVs [5]. With each battery packed densely with up to thousands of lithium-ion 

electrochemical cells, each of which consisting of an electrolyte sandwiched between an alloy 

cathode and graphite-based anode, the cell works by circulating electrons and ions [4].  

 

 

 

 

During the charging cycles of the battery, an electric current separates the electrons from the 

lithium atoms in the cathode, so electrons can flow to the anode, while the now positively charged 

lithium atoms flow through the electrolyte to the anode, where they reunite with the electrons. 

During the battery's discharging cycle, the process operates in reverse, splitting atoms and 

electrons while directing ions back through the electrolyte and electrons through the external 

circuit to supply power to the motor.  [5].  

Power Inverter 
In EVs, a power inverter is a crucial component used to convert the direct current (DC) stored in 

the battery of the vehicle into alternating current (AC) to drive the electric motor [8]. The 

inversion process is carried out as DC current is not suitable for propelling the electric motor 

directly, due to its limited torque control. The power inversion process is a fundamental part of 

EVs, as the electric motor requires AC to efficiently function, especially to control the speed and 

Figure 2 - Battery Pack of EVs [172] 
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torque; DC provides a constant flow of electricity, which limits the motor’s ability to dynamically 

vary speed and torque. To overcome this limitation, the inverter uses IGBTs to control not only 

the speed at which the motor rotates by adjusting the speed of the AC output, therefore the torque 

of the motor by adjusting the amplitude of the signal. [6]  

Electric Motor 
As another component with a dominating role in EVs, the electric motor is composed of a drive 

motor and an associated motor controller, in which the drive motor is used to drive the wheels 

directly across the rear axle. The motor controller is employed to control the torque, speed and 

rotation direction of the drive motor according to the vehicle driving demand [7]. The drive motor 

of EVs comprises a shell, stator, rotor, bearing and position sensor. Once electric power is applied 

to the stator a magnetic field is generated.  

 

 

 

 

As the current in the windings of the stator is AC, the magnetic field also alternates direction, 

which induces an electric current in the rotor. This induced current then creates its own magnetic 

field, causing the interaction between the rotor and stator to generate torque, which rotates the 

rotor. As this happens, the rotor follows the magnetic field produced by the stator due to their 

interaction, which generates mechanical power, therefore driving the wheels of the vehicle [8].  

DC-DC Converter  
In EVs, the DC-DC converter has an imperative role in managing the electrical power distribution 

between different voltage systems within the vehicle. Given the complexity of EVs, as they 

integrate a variety of systems and components that operate at different voltage levels, the DC-DC 

converter is required to either step down or boost the voltage as needed to various power 

components and systems [12]. The main function of this part is to convert the high DC power from 

the main battery to lower DC power for auxiliary systems, such as lights and air conditioning, as 

well as power steering. To achieve the voltage conversion for this, a high frequency switching 

techniques are most commonly used, in which the converter stores energy for an extended period 

of time and provides the output at different levels. This technique uses high speed FETs, ensuring 

there are minimal switching losses to promote efficiency and reliability [9]. 

  

Figure 3 - Electric Motor in EVs [173] 
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Onboard Charger 

Responsible for converting the AC from an external power source (such as a charging station) 

into DC power to charge the battery pack, the onboard charger is a key component in EVs. The AC 

charging system is commonly an on-board charger mounted inside the vehicle, and it is connected 

to the grid when the vehicle is plugged in, in which a rectifier inside of the onboard charger is 

used to convert the AC power to DC. This conversion is essential for the operation of the onboard 

charger, because EV batteries store energy in the DC form, whereas electricity supplied from the 

grid is in AC form. [10]  

 

Thermal Management System 
In EVs, the thermal management system is vital for maintaining optimal operating temperatures 

for key components, particularly the battery and electric motor. This is key for the performance, 

efficiency, and safety of EVs. The thermal management system consists of cooling systems and 

temperature sensors, as well as battery thermal management. In many EVs, a liquid cooling 

system is used, in which a coolant of water and anti-freeze is circulated through a network of 

pipes in direct contact with the key components, absorbing heat generated during operation. If 

not a liquid cooling system, an air-cooling system is introduced, in which fans or vents help 

dissipate the heat into surrounding air. Whilst this is simpler, it is less efficient for high-

performance batteries [11]. 

One of the most important parts of thermal management is the temperature sensors, in which 

they are placed strategically throughout the vehicle, especially near critical components, where 

the temperature is constantly monitored. This relates directly to battery thermal management, as 

the temperature of the battery pack must be kept at an optimal range – between 15°C and 45°C 

[12]. In cooler conditions, the system might warm up the battery by using a heating element and 

in warmer conditions, it might activate the cooling systems to dissipate the excess heat [12].  

 

Figure 4 - Diagram of Onboard Charger in EVs [92] 
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Electronic Control Unit (ECU) 
Acting as the brain of EVs, the ECU serves as a central control system that manages and 

coordinates the operation of most key components to ensure safe and efficient operation. 

Orchestrating the functions of all electric powertrain components, the ECU is a sophisticated 

system that continuously analyses data from sensors throughout the vehicle and can make real-

time adjustments to optimise the vehicle’s performance [18].  

The ECU is also accountable for motor control, regulating the power supplied to the component 

to control the speed of the vehicle and the torque by coordinating with the power electronics to 

convert and control the flow of electrical energy between the battery and the motor, therefore 

managing the motors performance for optimal efficiency. [13] The ECU also controls the thermal 

management system, as well as the charging system, regulating not only the cooling and heating 

mechanisms, but also the voltage and current levels through different charging phases.  
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2.2 Transistors  
Semiconductors play a fundamental role in modern electronics, with the evolution of their 

architecture enabling significant advancements in various engineering fields such as computing, 

communications and especially EVs [20].  

 

2.2.1 History of Transistors  
To fully understand different transistors and their purposes, significant milestones must be 

considered. From their creation to the present day, key technological advancements and their 

impact on engineering, their advancements and achievements can be considered. 

The first transistor was invented by John Bardeen, Walter Brattain and William Shockley at Bell 

Laboratories in 1947. Their studies involved the creation of the point-contact transistor, which 

demonstrated the potential to replace vacuum tubes in electronic circuits [15]. Vacuum tubes 

were used extensively in early electronic devices; however, they were not only large, but 

consumed too much power, which resulted in the generation of heat, making these devices prone 

to frequent failures. Bardeen and Brattain had the original design and idea, which was followed 

by William Shockley’s invention of the point contact transistor in 1947, offering an improvement 

in performance and reliability, marking the beginning of a revolution in electronic design and 

miniaturisation [22].  

Introducing bipolar junction transistors (BJTs) into the electronics industry began to replace 

vacuum tubes in applications such as radios, televisions and early computers. This led to the 

development of smaller, more efficient and reliable electronic systems, setting the standard for 

the development of integrated circuits (ICs). During the 1950s, the development of alloy junction 

transistors and diffusion techniques began, enhancing the performance and manufacturing 

processes of BJTs. This meant that transistors were used in consumer electronics and industrial 

applications more quickly as a result of the rapid developments, making it easier to produce them 

in larger quantities and at cheaper prices [16].  

The miniaturisation of devices enabled by transistors also contributed to the evolution of 

portable electronic devices, such as early transistor radios, which were compact, portable and 

had a longer battery life compared to the vacuum tube devices that came before. The trend 

towards these devices led to more efficient fabrication, which drove innovation in the 

semiconductor industry, leading to the development of microprocessors and the digital 

revolution [24].  

Moore’s Law is associated with the decreasing size and increasing power of computational 

devices, arising from the observation that the processing power of a chip doubles every two years, 

due to the scaling down of transistors, allowing them to more densely populate the chip [17]. 

Gordon Moore predicted this exponential growth in transistor density, which fuelled the digital 

revolution of the late 20th Century, driving key technological advancements and allowing the 

development of increasingly powerful and affordable electronic devices. From this, the cost per 

transistor has reduced too, making advanced technology accessible to a wider range of people, 

contributing to economic growth [26]. 

With Moore’s Law playing a key role in the development of PCs, the increased transistor density 

allowed manufacturers to produce more powerful and more cost-effective microprocessors. This 

also made it possible to design and manufacture affordable PCs for the mass market, which drove 

the evolution of the mobile phone in the same way [26].  
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2.2.2 Types of Transistors 
With unique characteristics and applications, there are a wide range of devices of transistors. 
Each type of transistor contributes to the advancement of electronic devices significantly, 

enabling a variety of innovation and the evolution of the electronics industry. 

Bipolar Junction Transistors (BJTs) 
Bipolar junction transistors (BJTs) are one of the first transistors to be developed in the 

electronics industry. These devices consist of three layers of semiconductor material, forming two 

p-n junctions, in which BJTs can be classified as either NPN or PNP types, depending on the 

arrangement of the layers. BJTs operate by using a small current at the base terminal to control a 

larger current between the collector and emitter terminals. Known for their high current gain, 

these components are widely used in amplification and switching applications [18].  

 

Field Effect Transistors (FETs) 
Field effect transistors (FETs) have become increasingly prevalent in the electronics industry, due 

to their high input impedance and low power consumption. FETs control the flow of current by 

applying an electric field to a semiconductor channel. FETs are configured with three terminals 

for their fundamental operation: the source, the drain and the gate [28]. The source is the terminal 

through which electrons or holes (known as carriers) enter the channel, while the drain is the exit 

for these carriers. The gate terminal,  insulated from the channel by a thin dielectric layer, controls 

the conductivity of the channel. When a voltage is applied to the gate, it creates an electric field 

that influences the conductivity between the source and drain. The most common FETs are metal-

oxide semiconductor field effect transistors (MOSFETs) and junction field effect transistors 

(JFETs) [19]. 

The high impedance and low power consumption of FETs make them suitable for a wide range of 

applications, especially in microprocessors and memory devices [30]. In power electronics, FETs 

are used in power supply units, motor controllers, and inverters due to their efficiency in handling 

high currents and voltages. Combining these advantages with FET’s ability to control current flow 

with an electric field, these devices are indispensable in modern electronics. 

Figure 5 - Cross Sectional Diagram of a Bipolar Junction Transistor (BJT) [113] 
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Junction Field Effect Transistors (JFETs)  
In junction field effect transistors (JFETs), the gate of the device is formed by a p-n junction, where 

the channel is either n-type or p-type semiconductor material. The structure of JFETs consists of 

a long channel semiconductor material with ohmic contacts on each end, known as the source 

and the drain [31]. Surrounding the channel is the gate, made from a semiconductor material of 

opposite doping type to the channel to form the p-n junction. In an n-channel JFET, the channel is 

n-type, and the gate is p-type, whereas in a p-channel JFET, the channel is p-type, and the gate is 

n-type. When no voltage is applied to the gate of the JFET, the channel remains fully open, allowing 

current to flow freely between the source and drain when voltage is flowing between the two 

[20]. 

 

This device is suitable for analogue signal processing, buffer amplifiers and sensor interfaces, in 

which minimal circuit loading is required. JFETs also hold low noise qualities, due to the lack of 

significant current from the gate, which introduces less thermal noise compared to BJTs, making 

them ideal for audio equipment and precision measurement. 

Metal-Oxide Semiconductor Field-Effect Transistors (MOSFETs) 
Metal-oxide semiconductor field-effect transistors (MOSFETs) are the most commonly used 

transistors in both digital and analogue circuits. This is due to their unique structure and 

operational characteristics, which make them more efficient and versatile. MOSFETs are made up 

of four terminals, the gate, source, drain and substrate, where the gate is separated from the 

semiconductor channel by a thin layer of insulating material, typically silicon dioxide (SiO2) [33]. 

This insulating layer is crucial for the gate to control the conductivity of the channel without direct 

electrical contact, resulting in extremely high input impedance. When a voltage is applied to the 

gate of the device, an electric field is implemented across the insulation layer, which influences 

the charge carriers in the semiconductor channel, which Is located between the source and drain 

terminals. For n-channel MOSFETs, a positive voltage across the gate terminal attracts electrons 

Figure 6 - Cross Sectional Diagram of a Junction Field Effect Transistor (JFET) [114] 
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to the channel, increasing its conductivity. However, for p-channel MOSFETs, negative gate 

voltage attracts holes to the channel, increasing the conductivity of the device [21].  

 

MOSFETs can also be categorised into two main operating types: enhancement mode and 

depletion mode MOSFETs. Enhancement mode MOSFETs are more common, where the channel 

is non-conductive when there is no voltage applied across the gate of the device [35]. For n-

channel enhancement mode MOSFETs, a positive gate voltage is required to induce a conductive 

channel, but for p-type enhancement mode MOSFETs, a negative gate voltage is necessary. This 

operation is useful in digital logic circuits, as the MOSFET acts as a switch that can turn on and off 

with the gate voltage. In depletion mode MOSFETs, the channel of the device is conductive when 

no voltage is applied across the gate. By applying a negative voltage across a n-channel depletion 

mode MOSFET or a positive voltage across a p-type depletion mode MOSFET, the channel of 

carriers decreases, reducing or preventing the current flow. These devices are not as common as 

enhancement mode MOSFETs. However, they are used in more complex and specific applications, 

especially where normally-on characteristics are required [22]. 

Insulated-Gate Bipolar Transistors (IGBTs) 
Insulated-gate bipolar transistors (IGBTs) combine the characteristics of BJTs and MOSFETs, 

offering high input impedances and high current handling capabilities, making them ideal for high 

power applications such as power inverters and motor drives, in which they exhibit high 

efficiency [37]. IGBTs consist of a complex architecture of four layers: an n+ substrate, a p- layer, 

an n- layer and a p+ layer, forming a p-n-p-n structure. The gate terminal of the device is insulated 

from the p- layer by a thin oxide, similar to MOSFETs, in which this creates the high impedance, 

meaning that the gate requires a small current to control the flow of charge between the collector 

and the emitter terminals [23].  

Figure 7 - Cross Sectional Diagram of Metal Oxide Semiconductor Field Effect Transistor (MOSFET) [115] 
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By applying a positive charge to the gate, an inversion layer is formed in the p- region below the 

gate. This forms a conductive channel, which allows electrons to flow from the n+ emitter into the 

p- layer, where holes from the p+ substrate are injected into the n- layer, turning the device on. 

The electron and holes flowing through the device results in a low on-state voltage drop and high 

current handling capabilities, ensuring the efficient power handling of IGBTs, as a result of lower 

conduction losses.  

 

Heterojunction Bipolar Transistors (HBTs) 
Heterojunction bipolar transistors (HBTs) use two or more different semiconductor materials for 

the emitter and base regions, creating a heterojunction to improve the performance 

characteristics of the device. This allows HBTs to operate more efficiently compared to 

homojunction BJTs for uses in high-frequency and microwave applications, such as satellite 

communications.  

In traditional BJTs, the emitter and base regions are made from the same semiconductor material, 

which is typically silicon. However, for HBTs, different materials are used to form a 

heterojunction, such as gallium arsenide (GaAs) for the base and aluminium gallium arsenide 

(AlGaAs) for the emitter. This introduces several advantages, such as bandgap engineering, where 

the emitter material has a wider bandgap than the base material, creating a potential barrier that 

improves carrier injection efficiency, reduces base recombination and increases current gain 

[24].  

Figure 8 - Cross Sectional Diagram of Insulated Gate Bipolar Transistor (IGBT) [116] 
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Thin Film Transistors (TFTs) 
Thin film transistors (TFTs) are a type of FET in which the semiconductor layer acts as a thin film 

on the substrate of the device, typically made from glass or plastic. TFTs are usually utilised in 

liquid crystal displays (LCDs) and organic light-emitting diode (OLED) screens, to control the 

pixels and image quality of the display technologies. TFTs are composed of 4 integral layers, each 

with a specific function: the substrate, the semiconductor layer, gate insulator and the gate, 

source and drain electrodes. Made from either glass or from a flexible plastic material, the 

substrate supports the entire structure of the TFT, in which this material affects not only the 

flexibility and durability of the device, but the transparency of the screen. The semiconductor 

layer is made from materials such as amorphous silicon (a-Si) and polycrystalline silicon (p-Si), 

deposited as a thin layer on the substrate, where the channel of the device forms and controls the 

flow of current between the source and drain [25].  

An insulating layer separates the gate electrode from the semiconductor layer, known as the gate 

insulator. This prevents the current flow between the two, whilst allowing the gate voltage to 

control the channel conductivity. The gate, source and drain terminals of the TFT are patterned 

on the substrate, in which the gate electrode controls the channel formation, while the source and 

drain electrodes allow current to flow from the semiconductor layer when the device is on. 

Applying a voltage to the gate electrode, an electric field is formed to control the conductivity in 

the semiconductor layer. This allows current to flow between the source and drain terminals, 

enabling precise control of the electrical current [26].  

 

Figure 9 – Cross Sectional Diagram of a Silicon Germanium Heterojunction Bipolar Transistor (HBT) [171] 
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2.2.3 Importance of Transistors in EVs 
Transistors, as fundamental components of modern electronic systems, play an indispensable 

role in the operating systems of EVs. Semiconductor devices, renowned for their ability to amplify 

and switch electronic signals, are pivotal in managing the electrical and electronic operations 

within EVs. From the intricate control of power conversion and distribution to the precise 

regulation of motor functions and battery management, transistors are a key component of the 

advancements driving the evolution of EVs. 

Battery Management Systems (BMS) 
Semiconductors are used in several parts of the BMS, not only to control charging processes, but 

act as protection against overcharging and over-discharging. Acting as switches, 

charge/discharge control FETs can control the overall current flow in and out of the battery pack, 

so when the voltage limit is reached during the charging process, the system automatically 

disconnects the battery from the charging source and prevents overcharging, which can damage 

the battery capacity and lifespan, thereby effecting the efficiency of the vehicle and overall 

reliability.  

Transistors are also utilised in the BMS for cell balancing in the battery packs. Due to differences 

in operating conditions, individual cells may have slight variations in voltage, which causes cells 

to have varying capacities and discharge and charge at different rates. This leads to an imbalance 

in the state of charge among cells, reducing the capacity of the battery pack and therefore affecting 

the driving range of the vehicle. Transistors are applied to this system to redistribute the charge 

among cells, ensuring that all cells in the pack maintain similar states of charge. This maximises 

the battery capacity, thereby the vehicles efficiency and reliability and therefore the lifespan of 

the vehicle. [27] 

The control of the flow of current is also necessary in the BMS, so cut off FETs are employed to 

act as current regulators, managing the rate at which energy is drawn from the battery during 

charging and discharging processes, to prevent excessive currents from flowing to and from the 

battery. This prevents overheating in the BMS, which prevents permanent damage, helps 

maintain the optimal performance of the battery and therefore promotes the efficiency of the 

vehicle as a whole [42].  

Traction Inverters 
A traction inverter is the electric drivetrain of EVs, in which direct current is converted from the 

vehicle’s battery into an alternating current output, used to power the electric motor that drives 

Figure 10 - Cross Sectional Diagram of a Thin Film Transistor (TFT) [170] 
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the vehicle. Transistors play a crucial role in regulating this flow of electrical energy. In the AC 

motor, the current in each phase must alternate the direction of flow between the positive and 

negative at accurate timings in accordance with the motor shaft rotation to achieve the desired 

torque and speed. Transistors are in charge of quickly turning on and off current, and because of 

this, they can quickly change the desired AC waveform, which in turn controls the vehicle's torque 

and speed. By modulating the switching of the transistors, the inverter can precisely control the 

electrical power sent to the motor, enabling smooth acceleration, deceleration, and overall motor 

performance [28].  

Transistors in the traction inverter are used for a pulse width modulation (PWM) technique, in 

which the PWM regulator operates by alternating between fully ‘ON’ and fully ‘OFF’, where the 

‘ON’ period of the transistor is varied to achieve the desired output. PWM control of the inverter 

offers several advantages in terms of efficiency, precision, and flexibility in managing the electric 

motor, and therefore the speed and torque of the vehicle. A PWM approach is also taken to control 

the frequency of the AC waveform generated more accurately. This allows the rotational speed of 

the motor can be quickly adjusted by the traction inverter. This also offers more efficient power 

delivery, as faster switching of transistors reduces the power dissipated in the component, 

improving the efficiency of the power sent to the motor in a more controlled manner [43].  

 

2.2.4 Potential MOSFET Applications in EVs 
Potential applications of MOSFETs in EV can be introduced and integrated as alternatives to 

IGBTs and FETs. The shift from IGBTs to MOSFETs is driven by several key advantages, including 

faster switching speeds, higher efficiency, and improved thermal performance. These 

characteristics make MOSFETs particularly attractive for various critical components within EVs, 

such as the traction inverter, onboard charger, and DC-DC converters [2]. 

Battery Management System (BMS) 
In the BMS, MOSFETs could play a key role in controlling the charging and discharging processes, 

due to their rapid switching technologies, and ability to work with high voltages. The fast reaction 

time of MOSFETs and their small size make them a preferred choice for this application, as short 

circuit protection in a major concern for BMS design and implementing their fast-switching 

technologies minimises switching losses. This reduces the power dissipated and excess heat 

generated, decreasing the chance of breakdown, and making MOSFETs a great potential choice 

for this application [44].  

In addition to their role in the control process, MOSFETs can also be used as a balancing 

resistance, when driving the MOSFET in linear mode, in which the excess energy between the 

battery cells can be dissipated on the MOSFET as heat [29]. This can guarantee that all of the cells 

receive the same amount of charge, which will help balance the cells in the battery pack, offer 

more stable charging, and extend the battery's lifespan—all of which will increase its 

dependability and efficiency [46]. 

Electric Motor 
In this component, MOSFETs can take over the IGBTs operation more efficiently. Using MOSFETs 

that have a material with a wider band gap (such as silicon carbide), the device can switch at much 

higher frequencies, making them 10x faster than IGBTs. This means that with a higher switching 

speed, there are reduced power losses, meaning there is a reduction in the heat generated and so 

less likely to breakdown, making the component more reliable. 

MOSFETs are also often used in conjunction with pulse with modulation (PWM) techniques, as 

PWM controls the average power delivered to the motor by varying the duty cycle of the switching 
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signal. Regulating the amount of time the switch is on, MOSFETs could effectively modulate the 

power supplied to the motor, thereby regulating the speed and torque of the motor. This makes 

for a more efficient system, reducing switching losses and therefore power dissipation, reducing 

the probability of overheating and therefore making a more efficient system [47].  

Power Inverter 
By employing SiC MOSFET inverters instead of Si-IGBT inverters, the efficiency and power density 

of the electric drive system can be increased, due to MOSFETs rapid switching technologies, they 

minimise switching losses, therefore there is less power dissipated, thereby the system is more 

efficient, and reliability is improved [30]. Although IGBTs have better short-circuit withstand time 

in EVs, they have higher switching losses compared to MOSFETs. MOSFETs, which have a shorter 

withstand time, have much lower losses that do not increase with the breakdown voltage.  

MOSFETs also offer more advantages than IGBTs due to their higher saturated electron drift 

velocity, as well as larger bandgap, which allow for faster switching speeds and higher switching 

frequencies, further reducing switching losses. This also reduces conduction losses of MOSFETs, 

which leads to higher power density of over 70kW/L and improved efficiency of up to 98%. These 

parameters have been shown to extend the life of inverters by more than 80%, particularly in 

high voltage applications [30].  

DC-DC Converters 
DC-DC converters are crucial elements that must be able to provide stable DC voltages. Using 

MOSFETs offers several advantages to EV efficiency such as lower switching and conduction 

losses promotes efficiency and higher dielectric strength for operating at higher voltages and also 

wider temperature range applications [30].  

Wide temperature range advantages are demonstrated by SiC MOSFETs, which retain fast 

switching abilities and lower switching energy over a wider temperature range (−183°C to 220°C) 

than conventional Si IGBTs. Higher switching frequencies displayed by SiC MOSFETs also improve 

the dynamic and steady state performance of the on-board DC-DC converters by allowing them 

to react to changes in load much more quickly and to reduce voltage ripple [30]. 

Onboard Chargers 
The limited space in cars and the limited output power from outlets or charging stations mean 

that the primary development objectives for OBCs are to increase power density, charging 

efficiency, and heat dissipation capacity, making MOSFETs the perfect device to achieve these 

goals [49].  

Original equipment manufacturers (OEMs) have gradually upgraded their on-board chargers 

from 3.3 kW to 6.6 kW, combined with a 7-kW AC charging station instead of the household socket 

for larger charging power, to meet the demand for faster charging of battery electric vehicles 

(BEVs). An inductor-inductor-capacitor (LLC) on-board charger with a proposed 6.6-kW output 

demonstrates a peak efficiency exceeding 96% and a power density of 3.42 kW/L. Additionally, 

the most efficient on-board charger achieves 98.9% with less than 2% total harmonic distortion 

(THD). Compared to Si-based on-board chargers, using SiC MOSFETs in on-board chargers can 

significantly reduce volume and weight by 24% and 28%, respectively, and increase power 

density by more than 72% when the power demand is the same [30]. 

Off Board Charging Applications 
On-board chargers cannot keep up with the growing popularity of EVs and user demands for 

faster charging times because of power constraints. As a result, there is an increase in demand for 

off-board charging, which qualifies for higher grid charging power. Similar to on-board chargers, 

off-board charging applications have similar requirements for charging efficiency.  
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A typical DC fast-charging station consists of an isolated DC/DC converter at the back end and a 

front-end rectifier with Power Factor Correction (PFC) [30]. By utilising SiC MOSFETs, charging 

stations can enhance their efficiency to 98.2%, decrease overall losses by 24%, boost dynamic 

performance, minimise size, lower the cost of the cooling and magnetic systems, and accelerate 

charging. Because SiC MOSFETs have a higher breakdown voltage than Si-IGBTs when the vehicle 

voltage platform is upgraded to 800 V, they have even more potential for use in charging stations 

[30]. 

 

2.2.5 Failure Mechanisms of MOSFETs 
MOSFETS are integral to modern electronic devices, however, their performance and longevity 

can be compromised by various failure mechanisms. These include issues like gate oxide 

breakdown, electromigration, and thermal degradation, which can lead to reduced efficiency, 

increased power loss, and eventual device failure. Understanding these failure mechanisms is 

crucial for enhancing the reliability and durability of MOSFETs in critical applications [50]. 

Gate Oxide Breakdown 
In MOSFETs, the gate oxide is a thin insulating layer that separates the gate electrode from the 
semiconductor material. A MOSFET's optimal performance depends on the gate oxide's 

characteristics. However, the gate dielectric can only withstand a certain electric field before the 

insulator's qualities are irreversibly lost, allowing current to pass through the oxide, from a path 

formation in the dielectric material known as dielectric breakdown, ultimately leading to the 

breakdown of the entire device. Gate oxide breakdown is typically explained as a two-step 

process: first, the oxide experiences gradual damage buildup, which causes the breakdown path 

to suddenly form. Numerous models may be responsible for the deterioration process. 

Anode-Hole Injection  
Anode-hole injection is a phenomenon where positive charge carriers (holes) are injected into 

the gate oxide from the anode terminal of the device, when the MOSFET is subjected to high 

electric fields or voltage stresses. This model suggests excess energy can be transferred to an 

electron in the gate electrode's valence band by electrons tunnelling through the gate oxide, 

leaving a hole when the electron is promoted to the conduction band. Therefore, the hole can 

tunnel back to the oxide, generating oxide traps until a critical quantity is reached, inducing 

breakdown [31].  

Under high electric fields or voltage stresses, the energy landscape within the MOSFET changes 

significantly, in which the increased electric field strength across the gate oxide leads to higher 

energy electrons, which tunnel through the oxide layer from the gate of the device. When 

tunnelling occurs, the electrons at the gate electrode transfer energy to other electrons in the 

valence band, promoting them to the conduction band, which leaves holes behind. These holes 

formed in the valence band can tunnel back into the gate oxide, which causes the ionisation of the 

oxide material, generating defects or traps within the oxide. As this number of traps increases, 

the local electric field within the oxide becomes uneven, resulting in regions of high field intensity, 

facilitating further tunnelling and hole injection, accelerating the degradation process [52]. 

Once the trap density reaches its critical level, a conductive path is formed through the oxide of 

the MOSFET, allowing a significant increase in current flow, leading to thermal runaway and 

therefore the sudden failure of the gate oxide [53].  

Electron Trap Generation 
This breakdown model refers to breakdown of the gate oxide via the formation of a conducting 

path of oxide traps. This is triggered by an increase in electrical stress, resulting in the generation 
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of a critical electron trap density [31]. As electrons become trapped in the gate oxide of the device, 

they create localised electric fields, shifting the threshold voltage of the MOSFET, altering the 

switching behaviour of the device, reducing the drain current and therefore inducing breakdown 

of the device.  

Under prolonged electrical stress, electrons are injected into the gate oxide and become trapped 

at the defect sites within the oxide layer of the MOSFET, generating localised electric fields that 

alter the electric potential landscape within the oxide. This leads to an increase in the electric field 

strength, inducing further electron trapping and stress on the oxide, which also forms conductive 

paths at a certain threshold. The path is composed of interconnected traps that result in electron 

conduction across the oxide layer, rapidly increasing the leakage current and leading to the 

thermal runaway effect and therefore permanent breakdown of the device. The trapped charges 

in the gate oxide of MOSFETs also affect the device characteristics, especially the threshold 

voltage of the device [54].  

Percolation Model 
According to the percolation model, localised channels or pathways that allow current to flow can 

be produced by gate oxide imperfections or impurities. These flaws could develop over time as a 

result of electrical stress, environmental variables, or fabrication processes. "Percolation" 

describes the process by which these localised paths progressively unite or percolate, increasing 

the oxide layer's total conductivity noticeably. These oxide traps are generated at a specific rate 

and distributed at random positions across the dielectric. When two or more traps are located 

closely together, a conducting path is formed in which charge can flow from one trap to the other. 

Similar to how conducting path collections encounter a critical defect density with cumulative 

stress, these "clusters" will be arranged so that charge can pass through the oxide and towards 

the gate electrode. This is followed by either a progressive gate current increase for progressive 

breakdown, an instantaneous large gate current increase for hard breakdown, or a small gate 

current increase accompanied by a sudden gate current noise for soft breakdown [31]. 

 

 

 

 

 

At random locations throughout the gate dielectric, oxide traps are formed due to electrical 

stress, high temperatures or the presence of impurities. The rate of trap generation depends not 

only on the intensity of the stress parameters, but on the quality of the oxide of the MOSFET. 

Over significant time, the accumulation of traps increases the likelihood of trap interactions, 

which decreases the distance between traps, forming localised conductive pathways from 

electron tunnelling. The percolation threshold is reached when the density of traps and their 

connectivity reaches a critical level, at which point the clusters of conductive paths are formed, 

allowing charge to flow through the oxide more freely, creating a continuous pathway from the 

gate terminal to the substrate, increasing the leakage current through the oxide. Depending on 

the distribution of oxide traps and clusters, progressive, hard or soft breakdown inevitably 

occurs [55]. 

Figure 11 - a) The missing atoms generate unpaired valence electrons in the surface and generate interface traps. b) 
After oxidation, the majority of states are filled with oxygen atoms. c) After annealing, interface defects are reduced by 
the Hydrogen bonding with the remaining states. [31] 
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Hot Carrier Injection (HCI) 
Hot carrier injection (HCI) is a key phenomenon of MOSFETs that can lead to degradation and 

failure of MOSFETs over time. During normal operation of MOSFETs, a voltage is applied to the 

gate resulting in the formation of an electric field in the oxide layer, which induces the movement 

of charge carriers (electrons or holes) from the source to the drain, allowing current flow through 

the transistor. However, in high-power MOSFETs, carriers can gain sufficient energy in which 

they become ‘hot carriers’, which causes them to collide with the lattice atoms in the oxide layer, 

causing localised damage. In high power applications, the electric field near the drain can be 

particularly intense, accelerating carriers to a significant energy that allows them to overcome 

the barrier in the oxide layer. This impact can create defects to the oxide layer, such as interface 

states and traps [32]. Trapped carriers play a key role in reducing the effectiveness of the gate 

control over time, leading to a shift in the threshold voltage and therefore degradation of the 

device performance. As more carriers are injected and consequently trapped, the charge buildup 

in the oxide layer can further deteriorate the MOSFETs architecture [57].  

 

Negative and Positive Bias Temperature Instability (BTI) 
At elevated temperatures, BTI occurs under negative or positive gate voltages within the gate 

oxide of MOSFETs, in which this significantly reduces the operating lifetime of the device, 

especially in deeply scaled down transistor dimensions with advanced materials. Under negative 

or positive bias conditions, interface traps are generated at the silicon/silicon dioxide interface 

[31]. These traps capture negative or positive charge carriers (electrons or holes) in the channel 

region of the MOSFET, leading to a negative or positive shift in threshold voltage over time, 

according to the charge. Under negative BTI conditions, the threshold voltage decreases, leading 

to the MOSFET becoming less efficient in switching, resulting in a reduction in the MOSFET’s drive 

current, which reduces the speed of switching and increases power losses in the MOSFET, making 

them less reliable and decreasing the lifespan of the device. Similarly, under positive BTI, the 

buildup of holes in the gate dielectric leads to an increase in the threshold voltage of the device, 

resulting in a decrease in the drain current, which leads to circuit failure [58].  

 

Gate Induced Drain Leakage (GIDL) 
In the GIDL mechanism, a leakage current between the drain and bulk is generated, due to the 

formation of electron-hole pairs by the tunnelling of valence band electrons into the conduction 

band. Under the gate-to-drain overlap region, a deep-depletion region forms when a high voltage 

is applied to the drain while the gate is grounded. Tunnelling of valence band electrons into the 

conduction band creates electron-hole pairs, which are then collected separately by the substrate 

and the drain. The deep-depletion region develops, and the band-to-band tunnelling process can 

continue without producing an inversion layer because all of the minority carriers generated 

thermally or by band-to-band tunnelling in the drain region (holes in n-MOSFETs and electrons 

in p-MOSFETs) flow to the substrate due to the lateral field [33]. 

This is often associated with trap-assisted tunnelling, in which traps in the oxide layer capture 

charge carriers, increasing the electric field capacity until the trapped carriers can tunnel through 

the oxide, causing the leakage current to flow. Excessive GIDL on the semiconductor leads to 

decreased switching speeds, which means that there are increased power losses meaning there 

is an increased power consumption on the MOSFET, leading to an increase in thermal stresses 

which overheat the device and lead to failure.  
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2.2.6 Mitigation Strategies of Failure Mechanisms in MOSFETs 
To enhance reliability and longevity of MOSFETs, mitigating failure mechanism is critical. Using 
advanced material engineering, optimal device designs and operational techniques, effective 

mitigation strategies can be employed to ensure the ideal performance and functionality of 

MOSFETs. 

Mitigation of Gate Oxide Breakdown 
As transistor devices continue to scale down to the nanometre dimensions, strategies to prevent 

the gate oxide breakdown in devices are constantly being developed, ensuring the longevity and 

reliability of MOSFETs as technologies advance.  

Advanced Material Implementation 
By swapping out or supplementing traditionally used silicon dioxide gate dielectric with a 

material with a higher dielectric constant, a more advanced gate stack might be achieved resulting 

in a higher reliability. Materials with a high dielectric constant, such as hafnium oxide provide 

better insulation properties, allowing for thicker oxide layers that reduce the short channel 

effects that lead to gate oxide breakdown. This is achieved without compromising the electric 

field efficiency, thereby reducing the likelihood of breakdown [34]. High dielectric materials like 

hafnium oxide address the limitations of silicon dioxide, by providing a higher permittivity, which 

allows for the gate oxide to become thicker whilst also maintaining the capacitance levels 

necessary for device operation. This reduces electric field stress across the gate oxide, also 

lowering the chances of breakdown [61].  

Fabrication Process Optimisation Techniques 
Another strategy to mitigate gate oxide breakdown failures is by optimising parts of the MOSFET 

fabrication process to improve the quality and reliability of the gate oxide. techniques such as 

thermal oxidation can produce a uniform oxide layer, which involves controlling the oxidation of 

silicon in a high temperature furnace. By precisely managing the temperature and environment, 

defects in the gate oxide are minimised, as well as impurities that can lead to weak spots in the 

layer [35]. Between wet oxidation, where thicker oxides are produced, and dry oxidation 

techniques, in which thinner oxides are produced, dry oxidation is more suitable for mitigating 

gate oxide breakdown, as it produces higher quality oxide layers for MOSFETs. These layers have 

fewer defects making them suitable for more advanced tasks.  

Rapid thermal annealing (RTA) is also a suitable optimisation technique, as it is used to repair 

defects and improve the quality of the oxide layer after deposition. By heating the wafer to a high 

temperature in a short period of time, defect annealing can take place, reducing the defect density 

and thus relieving stress in the oxide layer. This increases the lifespan of the device and ensuring 

reliability [36]. 

Mitigation of Hot Carrier Injection 
To mitigate the traps and defects as a result of the hot carrier injection phenomenon, several 

strategies have been developed, with key focus on device design and material engineering 

combined with operational techniques.  

Advanced Material Implementation 
Using advanced material engineering, the properties of the gate oxide can be enhanced to combat 

the effects of hot carrier injection. Materials with a high dielectric constant, therefore a high 

permittivity, can be implemented instead of traditional silicon dioxide, to reduce the gate leakage 

of the MOSFET and improve reliability overall. Because materials with a high dielectric constant, 

such as hafnium oxide, can maintain a thicker dielectric layer with a higher capacitance, the 

electric field across the gate oxide reduces, which in turn reduces the direct tunnelling current 
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and therefore minimises the gate leakage [37]. A higher capacitance also provides better 

insulation, which reduces the impact of hot carriers on the gate oxide, increasing the lifespan of 

the device, improving the reliability of the MOSFET.  

MOSFET Design Optimisation Techniques  
By optimising the design of the MOSFET, the electric field in the device can be reduced, and the 

carrier energy can be distributed more effectively for a more reliable device. Implementing 

techniques such as lightly doped drain (LDD) structures, the electric field near the drain junction 

can be reduced. By using an LDD approach, lightly doped regions can be placed in the heavily 

doped source-drain and the channel, smoothing the potential gradient which reduces the 

probability of hot carriers generating [38].  

 

Mitigation of Positive and Negative BTI 
Since carriers in the channel of the MOSFET lead to shifts in the threshold voltage of the device 

which affects the switching power of the device, mitigation strategies are in place during the 

fabrication of the devices to ensure reliability. 

Fabrication Process Optimisation Techniques 
By enhancing the quality of the gate oxide during the fabrication process, the effects of negative 

and positive BTI can be avoided. For NBTI, advanced fabrication techniques, that allows the grow 

of high-quality gate oxides, such as chemical vapour deposition (CVD) and molecular beam 

epitaxy (MBE) can be employed, to produce fewer intrinsic defects. With fewer defects, the 

susceptibility of MOSFETs to NBTI is significantly reduced, thereby increasing the long-term 

performance of the MOSFET [39].  For PBTI, deposition techniques, like atomic layer deposition 

(ALD), are employed to ensure that gate oxide layers are deposited uniformly and with a higher 

quality. ALD allows for precise control over the thickness of the dielectric layers, resulting in 

fewer defects and impurities that increase the likelihood of PBTI, increasing the reliability of the 

performance of the device [40].  

Another way to ensure that the risks of NBTI are reduced is by using post fabrication annealing 

processes. Utilising the forming gas annealing process, dangling bonds at the silicon/dielectric 

interface can be passivated, which reduces the number of defect sites that contribute to NBTI. 

Forming gas is a mixture of hydrogen and nitrogen, in which the hydrogen atoms bond with the 

dangling silicon atoms, neutralising the defects, therefore enhancing the reliability and lifespan 

of the MOSFETs [41]. For PBTI, surface passivation techniques are employed to minimise the trap 

density in the channel of the device. By engineering the interface between the gate oxide and 

silicon substrate by using a high-κ dielectric, a smoother and more stable interface is formed, 

reducing the defects that lead to PBTI, therefore improving the overall reliability of the MOSFETs 

[42]. 

MOSFET Design Optimisation Techniques  
The design of the MOSFET can also play a role in mitigating PBTI and NBTI. By implementing 

adaptive body biasing (ABB) techniques, the body voltage of the transistor is modified, to adjust 

the threshold voltage of the MOSFET, preventing threshold shifting by carriers. Acting as a 

dynamic adjustment, the performance of the device is constantly maintained, even as the 

threshold voltage is affected by BTI [43].  
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Mitigation of Gate Induced Drain Leakage 
As device dimensions decrease and operational voltages increase, gate induced drain leakage 

becomes a significant failure mechanism, requiring effective mitigation techniques to overcome 

this phenomenon. 

MOSFET Design Optimisation Techniques 
By designing optimal doping profiles in the gate and drain of MOSFETs, the electric fields that 

result in GIDL can be reduced. An effective method for this is using a LDD structure, in which a 

gradual change in doping concentration occurs, from the highly doped drain region to the lightly 

doped area near the gate. This gradual change aids in the distribution of the electric field more 

evenly across the gate-drain overlap of the device, reducing the peak electric field and thus 

minimising the traps and increasing the performance of the device [44].  

Fabrication Process Optimisation Techniques 
Post fabrication techniques such as rapid thermal annealing can be used as a mitigation 

strategy, in which the wafer is heated to a high temperature in a short period of time, allowing 

dopants to diffuse to the desired location, before they become electrically active [36]. This 

repairs defects made in the oxide layer of the MOSFET, optimising the doping profile and 

improving the interface quality between the silicon and oxide, leading to enhancements in the 

performance and reliability of the MOSFET [72].  

 

2.3 Reliability 
In engineering, reliability is described as the likelihood that a product, system, or service will 

perform its intended function without failure [76].  

2.3.1 Reliability Challenges in EVs 
Reliability is a critical factor for any automotive technology, and it holds even greater significance 

for EVs. Consumers and manufacturers alike depend on the consistent and dependable 

performance of these vehicles. Reliable EVs can reduce maintenance costs, enhance user 

experience, and build consumer trust, which is essential for market growth. However, reliability 

issues can hinder the adoption rate and potentially slow down the transition to more sustainable 

transportation [73]. 

Battery Degradation 
With the battery being the most prominent component of EVs, it is prone to the most degradation 

and reliability issues. Over time, lithium-ion batteries begin to degrade, leading to a gradual loss 

of energy storage capacity, resulting in a decrease in the vehicle’s overall performance. This is 

caused by several factors, especially the extreme operating temperatures and deterioration due 

to the constant charge-discharge cycles occurring inside of the battery pack [45].  

The battery degradation leads to reliability issues surrounding the driving range of EVs. As the 

battery degrades the capacity of the component diminishes, which reduces the driving range of 

EVs, meaning charging will need to be completed more regularly, making the vehicle less efficient 

and unreliable [75]. This can also increase the charging time of the battery, due to the capacity 

decreasing, the battery may not be able to accept charge as efficiently, or at all. Overall, the aging 

of the vehicle is significantly influenced by battery degradation. The solution to extend the 

lifespan is through replacement or refurbishment, which not only compromises the reliability of 

EVs but also introduces financial issues [76].  
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Temperature Sensitivity 
Reliability challenges also occur due to the extremely high operating temperatures and rapid 

temperature variations involved in the charging process and inverters in EVs, but particularly the 

battery system. With the performance of lithium-ion batteries being highly sensitive to 

temperature, electrothermal challenges occur between the battery and the interconnector [77]. 

During the charging and discharging of a cell, module or pack, the existence of a connection 

resistance results in a loss of electrical energy across the interface, as well as heat generation in 

the contact region. This means that the input energy will be partially dissipated, due to the 

increased resistance generated from the heat generated, reducing the available battery module 

capacity. Consequently, more energy is dissipated, leading to heat in the contact region of the 

battery cell, causing accelerated degradation or thermal runway, and ultimately breakdown of 

the vehicle [46].   

Extreme temperature variations in EV operations can also cause material deterioration. This is 

the thermal expansion and contraction of materials in the system, which causes wear and tear on 

various components such as the battery casing, connectors, and key structural elements. If 

materials with different thermal expansion are joined and heat is generated at the contact 

interface, inhomogeneous thermal expansion could introduce shear loading or plastic 

deformation in the contact region, which can breakdown the contact resistance. This does not 

only cause inefficiency and a decreased lifespan on EVs, but also causes many safety threats from 

overheating [46].  

Motor Reliabilities 
As the motor is comprised of two components, the drive motor and motor driver, there is more 

room for reliability issues. The drive motor of the system is the main area for mechanical faults, 

especially in the bearing, rotor, and stator, whereas the failure of the motor controller is primarily 

caused by faults in the busbar capacitor, control module, driver module, discharging module and 

IGBT [7].  

The control module is the most vulnerable part of the entire motor system, due to the large 

number of components and their different applications within the system. Failures in this system 

lead to a loss in the mechanical energy converted to electrical energy to drive the motor, resulting 

in a loss of propulsion, decreased acceleration rate and therefore less speed and torque, creating 

unreliability. The lack of motor reliability can also lead to unsafe driving conditions, especially 

during operation in high temperatures. During extreme temperature conditions, the drive motor 

can also be seriously impacted. With the resistance in the motor windings increasing significantly, 

the speed of the motor decreases and therefore the speed and torque of vehicle plummets, 

resulting in reduced efficiency [79].  

Vehicle-to-Grid Challenges (V2G) 
Vehicle-to-grid (V2G) technology allows EVs to not only consume energy from the grid but also 

return excess energy, creating a wider range of distributed energy storage devices instantly 
available. Additionally, it allows vehicles to connect directly to the grid [47]. However, it can pose 

challenges that affect the reliability of EVs charging cycles. Frequent charging and discharging 

cycles associated with vehicle-to-grid operations can contribute to increased battery 

degradation, causing the battery capacity to decline, meaning that the lifespan of the battery and 

therefore the vehicle will decrease, leading to inefficiencies and unreliability [47]. The more cycle 

associated with the battery also accelerates the deterioration of other components in EVs such as 

power electronics systems, due to the extreme temperature variations occurring in the charging 

and discharging processes, further leading to a shorter lifespan on the vehicle [81].  
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V2G technology also promotes phase imbalance and voltage instabilities, which can cause 

significant system disruptions. As the technology operates close to its stability limits at high load 

requirements, a voltage instability is caused, affecting the charging characteristics of EVs and 

decreasing the lifespan of the battery pack due to degradation from overcharging and over-

discharging. Additionally, single-phase electric vehicle chargers lead to phase imbalances in the 

distribution network, due to the fast EV charging overwhelming the grid systems, leading to 

potential issues such as voltage fluctuations and increased losses [47].  

 

2.3.2 Reliability Challenges of MOSFETs 
Although using MOSFETs seems like a next step for the future manufacturing of EVs, there are 

many challenges surrounding the reliability of the devices that could pose threats to the efficiency 

of EVs. 

Thermal Stress 
With EVs often operating in demanding environments with high temperatures, especially in the 

power electronics and motor drive systems, the deterioration of MOSFETs can occur at an 

accelerated rate. Due to the elevated temperatures, the stress on the gate oxide of MOSFETs 

increases, leading to breakdown and therefore permanent degradation of the MOSFET and the 

EV. Thermal stress on EVs can also result in hot carrier injection, a phenomenon where charger 

carriers gain sufficient energy to create defects in the gate oxide. This accelerates the breakdown 

of the gate oxide, leading to failure of MOSFET and therefore causing reliability issues in EVs [53].  

MOSFETs are also more susceptible to breakdown than traditionally used IGBTs as they can 

conduct electricity better, leading to a higher junction temperature, increasing the probability of 

energetic electrons through the gate oxide due to the Fowler-Nordheim tunnelling effect. This 

tunnelling will trap electrons in the gate layer of the MOSFET, breaking down the device from 

overheating [48].   

Another key impact of thermal stress in MOSFETs is electromigration. Electromigration occurs at 

elevated temperatures, where the movement of metal atoms in the conductive path of MOSFETs 

can increase. This causes vacancies and deposits in the power electronic circuits. As vacancies 

increase, they will eventually break circuit connections resulting in open circuits, whereas as 

deposits increase, they will eventually close circuit connections, leading to short circuits [49].  

Switching Stresses 
Switching stresses in MOSFETs in EVs can pose several reliability challenges, especially in power 

electronics, whereby their switching behaviour is critical for overall system performance. 

Frequent switching in MOSFETs leads to high switching stresses, which can cause dynamic stress 

and therefore power dissipation, in which MOSFETs are constantly experiencing switching losses 

during transitions between the ON and OFF states. These losses shorten the lifespan of these 

devices and thereby encourage unreliability because they generate heat and can cause 

temperature cycling, which deteriorates the MOSFET.  

During the OFF state of MOSFETs, there is a brief period during which the voltage across the 

device spikes. If the switching speeds of the device are increased, the voltage during this period 

increases and can exceed the critical avalanche breakdown voltage, which can cause avalanche 

breakdown. This phenomenon can lead to localised heating and therefore device degradation. 

The avalanche breakdown characteristics are a vital parameter to MOSFET reliability, as it can 

limit the voltage applicable to the device [50]. 

 



24 
 

Electromigration 
As devices begin to shrink due to miniaturisation, electromigration (EM) in MOSFETs is a severe 

reliability issue in advanced ICs, where densely packed interconnects are under high currents. 

This issue occurs when electrons moving under the influence of an electric field collide with 

atoms in the interconnects, transferring momentum to the metal atoms, causing them to drift in 

the direction of electron flow [51]. In the interconnects within MOSFETs, electrons move rapidly 

due to the electric field applied. During this movement, frequent collisions occur between the 

high energy electrons and the metal atoms of the interconnect material, which result in the 

transfer of momentum from the electrons to the metal atoms, initiating the gradual 

displacement of atoms in the direction of the current flow. This causes gaps and defects to occur 

in the interconnect material, increasing the resistance of the interconnect, leading to open 

circuits and therefore circuit failure [52].  

EM can occur due to several factors, such as higher current densities, which cause the rate of 

electron collisions to increase, accelerating the EM process. Elevated temperatures also enhance 

this effect, as it causes the metal atoms to easily move and form defects.  
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2.4 Promising MOSFET Technologies  

2.4.1 Wide Bandgap Materials 
In terms of addressing key requirements such as efficiency, power density and thermal 

performance, wide bandgap MOSFETs are rapidly gaining popularity in improving these 

parameters. Materials such as silicon carbide and gallium nitride are being implemented more 

into the production of EVs due to their better ability to handle higher voltages, operate at higher 

temperatures and therefore provide better efficiency to EVs [87].  

Silicon Carbide (SiC) 
Silicon carbide MOSFETs are regarded as one of the most important milestones in the 

development of power semiconductors. Compared with traditionally used silicon MOSFETs, SiC 

MOSFETs can withstand higher breakdown voltages, making them more suitable for high-voltage 

applications such as power inverters for EVs, renewable energy systems and high-power 

industrial applications. These devices also exhibit much lower switching losses than Si MOSFETs, 

which is beneficial in applications that require high frequency switching, such as motor drives 

and power supplies [30]. Reduced switching losses lowers the amount of power dissipation, 

therefore decreasing the thermal stress on the device, contributing to a higher overall system 

efficiency and longer lifespan [88].  

 

 

 

 

 

 

 

 

 

 

Whilst there are significant advantages, challenges arise such as higher manufacturing costs and 

the need for more advanced and specialised packaging. Major challenges in the application of SiC 

MOSFETs include electromagnetic interference (EMI) and heat dissipation issues, which arise 

from the higher peak voltages and currents, seriously affecting the performance of the control 

loop and the stability of the power system, resulting in issues with reliability [30]. 

Gallium Nitride (GaN) 
As GaN is a wide bandgap device, it can operate at higher temperatures than Si MOSFETs, as well 

as able to handle higher voltage levels, making GaN MOSFETs more reliable with its improved 

power density and efficiency. GaN MOSFETs also exhibit a high electron mobility, which means 

that charge carriers can move more quickly through the semiconductor material, resulting in 

faster switching speeds, reducing switching losses and decreasing the amount of power 

dissipated, making them adequate in high-frequency applications [53].  

Figure 12 - Cross Sectional Diagram of SiC MOSFET [110] 
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There is constantly on-going research and technology to make GaN devices more accessible. 

However, they are very expensive to manufacture and therefore purchase. Despite the optimal 

operational properties of GaN, this material has no oxide dielectric in the gate structure to be used 

in MOS devices. Thus, there is less current control over the source and drain terminals of the 

device [53]. 

Gallium Arsenide (GaAs) 
As a compound semiconductor, GaAs MOSFETs have unique properties that differ from other 

semiconductors, making them very attractive for high frequency operations. GaAs MOSFETs have 

an extremely high electron mobility, allowing for faster charge carriers, making them ideal for 

high-speed electronic devices [54]. Due to this, they are mostly used in RF and microwave 

applications such as amplifiers, mixers, and other communication systems. GaAs also has a direct 

bandgap, which allows for efficient emission and absorption of light, making these devices 

exceptional for LED and laser diode applications. 

 
Although there are many benefits to these devices, GaAs MOSFETs pose particular manufacturing 

challenges compared to silicon devices, as GaAs is brittle and expensive. The most serious 

challenge is the development of a suitable gate dielectric with a low density of the states at the 

dielectric-semiconductor interface needed to maintain a high electron mobility in the channel of 

a GaAs MOSFET [91]. 

Figure 13 - Cross Sectional Diagram of GaN MOSFET [111] 

Figure 14 - Cross Sectional Diagram of GaAs MOSFET [112] 
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2.4.3  High-Frequency Switching 

Because of their efficiency and high-speed switching capabilities, MOSFETs are widely used in 
electronic devices. Given how quickly technology is developing, it's critical to highlight significant 

research findings. 

 

Miniaturisation and Scaling 
For the last 50 years the advancements of the electronics industry have relied on Moore’s Law, 

representing the doubling of the number of transistors every two years, along with the speed and 

capability of the devices. By incorporating scaling down technologies, a greater number of 

transistors can be manufactured on a single wafer, reducing the costs of the circuitry while 

increasing the performance and speed of the devices, but also increasing power dissipation. By 

reducing the device dimensions, the processing speed and radiofrequency (RF) performance are 

improved, along with the cut off frequency and maximum oscillation frequency, which are crucial 

parameters for RF systems [59]. Because the devices can operate at higher frequencies without 

signal degradation, device scaling increases switching speeds. 

 

 

 

 

 

 

 

 

 

However, with the scaling of MOSFETs, limitations arise surrounding reliability of the devices 

during key operations. As the electron thermal voltage, kT/q, is constant at room temperature, 

the ratio between the operational voltage and the thermal voltage decreases, resulting in 

increased leakage currents caused by the thermal diffusion of electrons. The thermal diffusion of 

electrons results in quantum mechanical tunnelling from the gate to the channel through the 

dielectric layer. This process causes a gate leakage current, which grows exponentially as the 

oxide thickness decreases in thin dielectric films. This phenomenon decreases the lifespan of 

MOSFETs at an accelerated rate and, therefore, reliability of the devices [60]. 

The device scaling to nanoscale dimensions increases also variability of device structures leading 

to variability in device characteristics. Consequently, the supply voltage cannot be decreased 

proportionally to the length of the channel. The device scaling will thus increase the electric field 

strength in the channel and across the gate oxide. The increased electric field leads to barrier 

failure and increased leakage currents that permanently damage the device, leading to 

accelerated breakdown and device unreliability [60]. 

  

Figure 15 - Gate Length Reduction of MOSFETs Over 50 Years [59] 
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FinFETs and Nanosheet Technologies 
Fin field-impact transistors (FinFETs) are three-dimensional transistor, the devices which 

evolved from MOSFETs, but with the addition of a fine Si ‘fin’ inversion channel above the 

substrate, expanding the gate to the left side and to the right side of the device channel [59]. 

Therefore, the FinFETs architecture, with its vertical fin design, allows for better control of the 

channel through which the current flows, helping to mitigate short-channel effects and other 

scaling limitations such as reduced leakage current. This enhances power efficiency and reduces 

heat generation, making FinFETs more reliable devices than standard MOSFETs [94]. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Compared to FinFETs, nanosheet transistors have a horizontal sheet structure, in which the 

conducting channel consists of thin horizontal sheets of semiconductor material, allowing for 

better control of the current flow, maintaining electrostatic integrity. These transistors typically 

feature a Gate-All-Around design, where the gate material surrounds the conducting channel on 

all sides. This configuration enables a higher drive current compared to FinFETs when scaled 

down, while maintaining superior electrostatic integrity – especially very low leakage current. 

This provides enhanced electrostatic control over the channel, helping to mitigate short-channel 

effects, reduce the power dissipated in the device, lower the thermal stress, and increase 

switching speeds [61]. 

  

Figure 16 - FinFET and NanoSheet FET [94] 
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2.5 Reliability Testing Methods 
There are several techniques for evaluating the reliability of MOSFETs and other semiconductor 

devices. One of the commonly used techniques is accelerated breakdown testing, which involves 

intentionally raising voltage or current stress conditions above standard operating levels to 

induce breakdown and gather breakdown data. An alternative approach involves employing 

modelling and simulation techniques, which use computational methods to digitally comprehend 

the fundamental physics of breakdown mechanisms and predict device reliability under different 

operating conditions [96]. 

2.5.1 Charge-to-Breakdown (QBD) Testing  
Charge to breakdown (QBD) testing of MOSFETs is a reliability testing method used to assess the 

susceptibility of MOSFETs to charge-related breakdown mechanisms, especially the breakdown 

of the gate oxide. The gate oxide inside MOSFETs acts as an insulator between the gate terminal 

and the channel underneath. When under operating stress and over time, the oxide layer can 

degrade due to charge accumulation, leading to catastrophic failure. This is because the gate 

leakage current under different fields of MOS capacitors follows a universal envelope. This 

behaviour can be used to predict the oxide lifetime, with the assumption that the breakdown of 

the dielectric is caused by the critical charges flowing through the oxide [62]. 

In QBD testing, the MOSFET under testing is subjected to high electric fields in order to obtain the 

charge required to induce breakdown or failure of the gate oxide at an accelerated rate. This can 

be done through passing a constant current through the gate-source terminals of the device under 

test, and monitoring the time taken for breakdown of the device to occur. As the charge 

accumulates in the gate dielectric of the MOSFET, the electric field across the oxide increases until 

the critical point is reached, and breakdown occurs. The charges that pass through the dielectric 

can be calculated by integrating the leakage current to the time taken to breakdown as [63]: 

    𝑄𝐵𝐷 = ∫ 𝐼𝐺  ∙ 𝑑𝑡
𝑡𝑠𝑡𝑟𝑒𝑠𝑠

0
                          (1) 

 

2.5.2 Electrothermal Modelling   
Obtaining a reliable estimate of the electrothermal behaviour of MOSFETs is crucial to improve 

the dependability and reliability of electronic systems. Electrothermal modelling of power 

MOSFETs utilises simulations to address both thermal and electrical problems. While the 

electrical model describes the device’s behaviour, considering temperature-dependent thermal 

properties, the thermal model calculates the temperature distribution and evolution of the device. 

This calculation considers both external heat exchanges and internal heat sources [64]. 

The most prominent cause of degradation and reliability issues in MOSFETs under operation is 

from thermal stress [53]. Therefore, a model that can link both electrical and thermal aspects 

allows communication of power dissipation to the thermal model. This enables the determination 

of the junction temperature [65]. A finite element electrothermal model for MOSFETs must 

accompany the experiment work to collect the aging results of the device. The model requires all 

geometrical parameters of the tested MOSFET, along with the material, electrical, and thermal 

parameters, for the simulation. After conducting the simulation, it generates the temperature 

distribution, junction temperature, and thermal stress analysis. These results are then utilised to 

assess the reliability of the MOSFETs. 

2.5.3 Time Dependent Dielectric Breakdown (TDDB) Testing 
Time dependent dielectric breaking (TDDB) testing is typically used as a critical reliability 

evaluation method to assess the long-term durability of the gate oxide dielectric, based on the 
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field-driven mechanism. This can be accomplished by operating at high temperatures and 

applying either a constant voltage or current stress to the DUT's gate oxide, simulating the severe 

operating conditions found in real-world systems [66]. The testing parameter running through 

the device is set to be over the normal operating voltage to accelerate the breakdown process. 

The time to breakdown in the device is measured and used to estimate the reliability of the gate 

oxide under normal operating conditions. However, this test is completed at low electric fields 

(Eox > 8.5 MV/cm) to achieve more accurate lifetime predictions. Therefore, it could take a long 

time to obtain results from the experiment [63]. 

A commonly used technique to analyse TDDB data and predict the reliability of the gate oxide is 

the Weibull analysis. This is achieved by plotting the time-to-breakdown data on a Weibull 

probability plot, in order to help to identify the lifetime characteristics and the shape parameter, 

which indicate the reliability distribution [67]. 

 

2.5.4 High Temperature Gate Bias (HTGB) and High Temperature Reverse Bias 

(HTRB) Testing 
To identify gate-oxide degradation in MOSFETs, high temperature gate bias (HTGB) testing is 

implemented due to its ability to accelerate the aging of the device, especially under high 

switching conditions. Under HTGB test conditions, the gate or oxides of the device samples are 

biased during operation in a static mode at, or near, maximum rated oxide breakdown voltage. In 

a conventional HTGB test, a constant DC voltage is applied at the gate-source of the MOSFET to 

act as the stress voltage. This gate-source voltage biases the gate oxide, as well as the drain-source 

voltage [68]. 

HTGB testing is also used to monitor variations in the threshold voltage of the tested device 

following prolonged application of DC voltage to the gate-source of the MOSFET at high 

temperatures. In this process, the MOSFET under test is secured in an environmental chamber 

that maintains a constant temperature. It is then bias stressed by applying a constant gate-source 

DC voltage, with the drain shortened to the source. This process is monitored weekly for six 

weeks, during which the threshold voltage is reviewed and ensuring the temperature is 

maintained [69].  

 

 

 

 

 

 

 

 

 

 

 
Figure 17 - Schematic of Gate Bias Circuit (a) During Stress 
and (b) For Threshold Voltage Measurement [87] 
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Alongside HTGB testing, high temperature reverse bias (HTRB) testing can be implemented to 

monitor the leakage current of the devices under the reverse bias conditions over a long period 

of time. Combining electrical and thermal stresses, HTRB testing can be used to check the junction 

integrity, identify crystal defects, and evaluate the level of ionic contamination. These factors will 

reveal degradation effects in the tested devices, to prove how reliable the devices are. To carry 

out this test, four MOSFETs can be tightly screw pressed onto a hot plate at a constant 

temperature, whilst being supplied with a constant high voltage. Eighty percent of the maximum 

rated reverse breakdown voltage is then applied to the gate-source of the device, with the gate 

being shorted to the source. This is monitored for 6 weeks at weekly intervals [69].  

 

 

 

 

 

 

 

 

 

 

 

 
 

2.6 Constant Current Sources 
Constant current sources are a fundamental part in electronic circuits, in which their role is to 

provide a stable current regardless of voltage changes or load variations. These configurations 

are essential in numerous applications, including LED drivers, battery charging circuits and 

precision analogue circuits [105].  

Designed to deliver a stable current regardless of voltage changes, constant current sources must 

be stable and allow precise control of a predefined current. The fundamental principles behind 

constant current sources involve understanding how a consistent current flow is maintained, 

despite varying load conditions. The primary operation of constant current sources is based on 

Ohm’s Law, which states that the voltage is directly proportional to the current based on the 

resistance. In order to maintain a constant current, the voltage must be dynamically adjusted 

across the load to maintain the desired current, despite changes in resistance. Many constant 

current sources use feedback mechanisms to regulate the current, typically using a transistor or 
an op amp, to monitor the flow of current flowing through the load and adjust the control element 

to compensate for any deviations from the desired current, ensuring the output current remains 

constant [106].  

Another key principle of constant current sources is the generation of a high impedance path in 

parallel with the load. This ensures that the current through the load remains unaffected by 

Figure 18 - Schematic circuit for HTRB test 
[87] 
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changes in the load voltage, which can be achieved using components, such as transistors, in a 

specific configuration to form a high impedance [107].  

2.6.1 Resistor-Based Sources 
The simplest and most widely used constant current source is a resistor-based design, in which a 

resistor is placed in series with a voltage source, with the current defined under Ohm’s Law. From 

using a stable voltage source and resistor appropriate to the current desired, a constant current 

can be achieved as long as the resistance does not change [70]. This simple and cost-effective 

design is often used due to its minimal components.  It can be easily integrated into basic circuit 

configurations, such as basic LED driving circuits and current limiting applications, where precise 

current control is not critical.  

 

2.6.2 Transistor-Based Sources 
Transistor-based current sources are a significant improvement over resistor-based designs, in 

terms of stability and precision. By employing transistors, such as BJTs and MOSFETs, the current 

sources can provide more stable and controlled current [109]. This can be done by using a 

transistor device to control the current flowing through the circuit, by creating a reference 

current that sets the desired current level, as well as using a feedback loop to ensure the output 

current matches this reference [110]. This is achieved by using either the emitter follower 

configuration, where a BJT is employed, or the source follower configuration, which utilises a 

MOSFET.  

Emitter Follower Circuit 
In the emitter follower circuit, the emitter current, which is equal to the collector current of the 

configuration, is set by a reference voltage applied to the base and a resistor placed in the emitter 

[103]. The BJT adjusts the voltage drop across the load to maintain a constant emitter current. 

The configuration is known as ‘emitter follower’, as the output voltage at the emitter follows the 

input voltage applied to the base, minus a small voltage drop (which is 0.7 V for Si transistors) 

due to the base-emitter junction. By applying a reference voltage to the base of the BJT, setting 

the operating point of the transistor, ensuring that the current through the device remains 

constant [71]. A resistor is then placed at the emitter terminal of the transistor, which determines 

the current flowing the circuit. According to Ohm’s Law, the current at this point, IE, is given by: 

         𝐼𝐸 =
𝑉𝐵−𝑉𝐵𝐸

𝑅𝐸
      (2) 

where VB is the base voltage, VBE is the base-emitter voltage of 0.7 V and RE is the emitter 

resistor. 
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 The transistor then adjusts the voltage drop across the load to maintain a constant emitter 

current, which is almost equal to the collector current, due to the high current gain of the 

transistor. The BJT adjusts the emitter voltage dynamically to maintain a constant output current, 

and therefore a stable constant current source is formed. 

 

2.6.3 Current Mirror 
A more complex configuration to produce a constant current source is known as a current mirror, 

a design which replicates the current flowing through one transistor into another transistor. This 

ensures the current in one branch of a circuit is accurately duplicated in another branch. The 

reference transistor sets the initial current, in which this is connected with a precision resistor or 

a reference current source to establish a stable current. The second transistor, known as the 

output transistor, is configured to mirror the current flowing through the reference transistor. 

The two transistors are usually identical in characteristics, and connected via their gate or base 

terminals, ensuring that the voltage applied to the two MOSFETs is equal [72].  

The key principles of current mirrors rely on the duo of transistors, subjected to the same voltage, 

will conduct the same current. The drain current in a MOSFET is then given by: 

  𝐼𝐷 =
1

2
𝜇𝑛𝐶𝑜𝑥 (

𝑊

𝐿
) (𝑉𝐺𝑆 − 𝑉𝑡ℎ)2       (3) 

where µn is the electron mobility, Cox is the oxide capacitance per unit area, VGS is the gate-source 

voltage and Vth is the threshold voltage and W and L represent the width and length. 

Figure 19 - Emitter Follower Current Source Configuration [99] 
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In Eq. (3), the drain current is determined by the gate-source voltage, the threshold voltage and 

the physical dimensions and the properties of the transistor. When the gate-source voltages of 

two identical transistors are equal, the drain currents through those transistors will also be equal, 

therefore achieving current mirroring [73]. 

 

 

 

 

 

 

 

 

 

 

Current mirrors offer high precision in constant current generation and replication, making them 

ideal for applications where two currents of the same value are required. This makes them easy 

to implement in ICs, as they occupy less space on the chip, therefore they can be fabricated with 

higher accuracy. These advantages make them ideal for current-mode signal processing, 

especially in operational amplifiers, active filters and analogue multipliers, where precise current 

control is essential [74]. In contrast, current mirrors have a complex design, in which they require 

the careful match of transistors so errors in the current do not occur. 

 

2.6.4 Op-Amp Based Sources 
In op amp based constant current sources, an op amp controls the current through a transistor 

or MOSFET. The op amp ensures that the voltage across a reference resistor remains constant, 

regulating the current. This method utilises the op amp high gain and precision to provide a stable 

and accurate current source. Configured into a feedback loop, the op amp maintains a constant 

voltage source across a reference resistor. This reference resistor acts as precise resistor in the 

circuit, where the desired constant current is set by a voltage applied across it, following Ohm’s 
Law [75]. The op amp senses the voltage drop across the reference resistor. Its non-inverting 

input is connected to the reference voltage, while the inverting input is connected between the 

reference resistor and the source of the MOSFET. Acting as a variable resistor, the MOSFET is 

controlled by the op amp. The op amp adjusts the transistor gate voltage to maintain the voltage 

across the resistor equal to the reference voltage. This ensures the current through the resistor 

and load remains constant and accurate. 

Figure 20 - Current Mirror Configuration [72] 
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The feedback loop formed by the op amp, reference resistor and MOSFET ensure that any 

variation in load or supply voltage is fixed dynamically in order to maintain a stable output 

current. The high gain characteristics of the op amp offers significantly accurate control of the 

current, due to the feedback loop correcting errors, therefore providing stable and efficient 

current regulation. This current source can also drive a wide load of resistances, making it ideal 

for applications in analogue-to-digital converters (ADCs) and digital-to-analogue converters 

(DACs), due to its precise control [108]. However, this configuration also requires a stable power 

supply and precise reference voltage, meaning any fluctuations in the two can negatively affect 

the operation and, therefore, the reliability of the current [109].  

 

 

 

 

 

 

 

 

 

 

 

Figure 21 - Op Amp Based Current Source Configuration [98] 
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2.7 Research Gap 
In reviewing the current literature surrounding MOSFET reliability in the context of EVs, it is 

evident that significant progress has been made in understanding and mitigating various failure 

mechanisms. However, a critical gap remains in research on the QBD testing of gate oxides, 

specifically in relation to the reliability demands of EV applications. While QBD testing is a well-

established method for evaluating gate oxide reliability, most studies focus on its application in 

standard semiconductor devices and operations. There is a lack of comprehensive studies 

addressing the challenges in MOSFETs caused by the harsh operating conditions in EVs, such as 

wide temperature ranges, high voltages, and frequent switching operations. These conditions 

accelerate the breakdown mechanisms of gate oxides. Therefore, it is crucial to adapt QBD testing 

methods to improve predictions of the long-term reliability of MOSFETs in EV applications.  

Moreover, the literature studied focuses on traditional silicon-based MOSFETs, with limited 

exploration of how QBD testing can be adapted for emerging materials such as SiC MOSFETs, 

which are being increasingly integrated into EV power electronics, due to their superior electrical 

and thermal properties. The gate oxide reliability of these materials used in MOSFETs remains 

underexplored in the context of QBD testing, particularly surrounding their behaviour in high-

stress environments of EVs. Whilst there is some focus on other accelerated testing methods such 

as TDDB for predicting oxide lifetime, the potential of QBD testing as a more accurate and efficient 

approach for evaluating long-term reliability in EV applications has not been entirely 

investigated. Whilst significant gaps remain in the understanding in the research on QBD testing 

for MOSFET reliability in EV applications, some studies have explored the aspects of this issue. 

For example, Yige Xu’s research titled ‘Applications and challenges of Silicon Carbide (SiC) 

MOSFET technology in electric vehicle propulsion systems: A review’ and ‘A review of silicon 

carbide MOSFETs in electrified vehicles: Application, challenges, and future development’, 

written by Bufan Shi et al. However, these papers do not use a breakdown approach to assess the 

reliability of these devices.  

Addressing the gaps in this research is essential for advancing the reliability of MOSFETs in EVs, 

ensuring that semiconductor devices can withstand the demands of the advancing automotive 

applications [123]. This work is inspired by Peter Moen’s research in his paper titled ‘A Charge-

to-Breakdown (QBD) Approach to SiC Gate Oxide Lifetime Extraction and Modelling’. Moen’s 

insights into the experiment and evaluation of SiC gate oxides has provided a foundation for this 

study, to guide with the creation of similar QBD testing apparatus.  
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3 Methodology 
3.1 Requirement of Testing Equipment  
Charge to Breakdown (QBD) testing of MOSFETs is a crucial experiment for assessing the 

reliability of the gate oxide layer. QBD testing involves subjecting the MOSFET gate to controlled 

electrical stress until the oxide layer fails, thereby providing a measure of its reliability. This 

testing method is invaluable for evaluating the endurance of the gate oxide under operational 

conditions and predicting the device's lifespan. The gate oxide layer is a vital part of the MOSFET, 

influencing the device’s overall performance and stability. Evaluating its reliability with a charge 

to breakdown approach ensures that the device can operate effectively under various conditions. 

This testing experiment is to identify the failure mechanisms of the gate oxide, such as oxide 

breakdown. This experiment is also essential for assessing the endurance of MOSFETs under the 

operational conditions in EVs. By applying a controlled electrical stress to the MOSFET, QBD 

testing simulates the conditions the MOSFET will face during actual operation. By obtaining the 

time taken to breakdown, the results obtained can be used to predict an accurate prognosis of the 

MOSFETs lifespan, helping to determine potential failures and design more reliable systems.  

In addition, the results from QBD testing offer valuable feedback for improving the design and 

materials used in MOSFETs, such as the gate oxide layers and material of the semiconductor, 

insulator and catalytic metal. Understanding how different materials and structures perform 

under stress can lead to the development of more durable devices. The aim is to determine the 

QBD value for different MOSFET samples and analyse the various stress conditions on the 

durability of gate oxides. The first step is to select the MOSFETs to be used as samples for this test 

procedure. Given the high-power and high efficiency demands of EV applications, selecting wide 

bandgap (WBG) devices is key, as they are known for their superior performance under extreme 

conditions. The selected MOSFETs for testing include Si and SiC devices. These materials were 

chosen due to their high voltage and temperature tolerances, fast switching capabilities, and 

overall robustness, making them ideal candidates for stress testing in the QBD experiment.  

The next step is to configure the power supply for the test equipment. It must be a high voltage 

supply capable of delivering a controlled and stable voltage significantly higher than the normal 

operating voltage of the device under test (DUT). This capability ensures that the gate oxide can 

be subjected to the necessary electrical stress to induce breakdown. The power supply must also 

have precise voltage control to incrementally increase the stress applied to the gate oxide, 

allowing for accurate determination of the QBD value. The most crucial requirement for this 

experiment is a reliable current source, in which a constant current must be provided to the gate 

of the MOSFET, ensuring consistent electrical stress until the gate oxide breaks down. A steady 

current must be maintained, regardless of variations in voltage or resistance within the circuit. A 

precise current measurement configuration is also key, where high precision and accuracy are 

required to continuously monitor the gate current throughout the testing process. This 

monitoring is essential for identifying the exact time at which the gate fails, thereby determining 

the QBD value. The measurement device should have both high resolution and low noise levels to 

detect small fluctuations in current with high accuracy.  

Voltage measurement is also key to QBD testing. Accurately measuring the voltage across the 

MOSFET's gate oxide is crucial for determining the point at which the gate oxide fails. This 

requires a precise voltage measurement circuit designed to handle the high-voltage conditions 

and dynamic changes that occur within this test. The voltage measurement circuit must be 

capable of accurately measuring a wide range of voltages, extending beyond the normal operating 

range of the MOSFET. This is essential for applying and monitoring the high voltage stress needed 
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to induce gate oxide breakdown. With these requirements, the hardware can be designed before 

QBD testing can begin. 

 

3.2 Hardware Design 

3.2.1 Current Source  
Designing a current source for QBD operation involves several factors to ensure the current 

remains stable and unaffected. This configuration requires a constant current output, regardless 

of changes in load resistance or supply voltage.  

 

Initial Current Source Design  
Before finalising the design of the current source, I developed an initial version using the 

components described above, including the MAX6102 voltage reference, TLV271IS op amp, 

LND150 MOSFET, capacitors, resistors, and potentiometers. However, I decided not to proceed 

with this design due to its complexity. 

 

Circuit Schematic 
The initial constant current source was composed using three key components – a MAX6102 

voltage reference, a TLV271IS CMOS rail-to-rail output op amp, and a depletion mode n-channel 

LND150 MOSFET. The circuit also contains one 1μF capacitor, two 0.1μF capacitors, as well as 

three resistors, with values of 9kΩ and 4kkΩ, and two variable resistors with values of 9kΩ and 

4kΩ. The MAX6102 is utilised to provide a stable reference voltage by ensuring that the voltage 

applied to the non-inverting input of the op amp is constant, and the TLV271IS is chosen to 

amplify the difference between the input voltages and drive the MOSFET.  

For this circuit, the resistor values can be defined through the following calculations of Maximum 

Load Voltage:  

𝑉𝐿(𝑚𝑎𝑥) = 𝐼𝐿 × 𝑅𝐿(max) = 0.8 𝑉                (4) 

of Minimum Drain to Source Voltage: 

 𝑉𝐷𝑆(𝑚𝑖𝑛) = 𝐼𝐷𝑅𝐷(𝑜𝑛) + 1 𝑉                   (5) 

               𝑉𝐷𝑆(𝑚𝑖𝑛) = (0.5𝑚 × 1𝑘) + 1𝑉 = 1.5𝑉                (6) 

    𝑉𝑅1(𝑚𝑎𝑥) = 𝑉𝐶𝐶 − 𝑉𝐿(𝑚𝑎𝑥) − 𝑉𝐷𝑆(𝑚𝑖𝑛)                 (7) 

of  Maximum Voltage Through Resistor Sequence: 

𝑉𝑅1(𝑚𝑎𝑥) = 5 𝑉 − 0.8 𝑉 − 1.5 𝑉 = 2.7 𝑉    (8) 

Once this is found, this can be used in the equation for Ohm’s Law to find the values for the 

resistance: 

    𝑅1 =
𝑉𝑅1

𝐼𝐿
       (9) 

𝑅1 =
2.7𝑉

100𝜇𝐴
= 27𝑘Ω    

𝑅𝑠𝑒𝑟𝑖𝑒𝑠 = 𝑅1 + 𝑅2 + 𝑅3                                      (10) 
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∴ 𝑅1 = 9𝑘Ω, 𝑅𝑉2 = 9𝑘Ω, 𝑅3 = 9𝑘Ω 

Using the value for drain-source voltage of the MOSFET, the Ohm’s Law equation can be utilised 

again to find the resistance for R4 and RV1, in which the value can be split into two, since the 

resistors are both in series. 

  𝑉𝐷𝑆 = 0.8𝑉 when 𝐼𝐿 = 100𝜇𝐴           (11) 

𝑅 =
0.8 𝑉

100𝜇𝐴
= 8 𝑘Ω 

∴ 𝑅4 = 4𝑘Ω, 𝑅𝑉1 = 4𝑘Ω 

For this circuit to operate, a ±5V and 60V supply voltage is required, which results in the values 

for the calculated resistance.  

 
Operation Principle 
By beginning the circuit with the MAX6102, this component provides a stable reference voltage 

which is applied to the non-inverting input of the TLV271IS op amp. To ensure a stable voltage, 

which is necessary to maintain a stable current, one of the capacitors is placed across the 

reference voltage and power supply, in order to filter out the high-frequency noise and stabilise 

the voltage. Starting from this point, the TLV271IS compares the reference voltage with the 

voltage across a feedback resistor. Resistor R1 is connected between the source of the MOSFET 

and the ground. The voltage drop across the feedback resistor is proportional to the current 

flowing through the MOSFET and the load, allowing for constant current regulation. When the op 

amp detects a difference between the reference voltage and the feedback voltage, it adjusts the 

gate voltage of the MOSFET. This alteration in gate voltage modifies the resistance, ensuring that 

Figure 22 - Initial Schematic of Current Source in KiCAD, developed by Stephen Batcup 
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the desired current remains constant even when there are variations in load resistance or supply 

voltage.  

The potentiometers are implemented for fine tuning the input and output signals, to allow precise 

control of the output current. The first variable resistor is connected to the inverting input of the 

TLV271IS, in which this configuration allows the reference voltage to be easily adjusted, ensuring 

a table and accurate input voltage. By maintaining the reference voltage, the variable resistor 

helps maintain the desired operating conditions for the op amp, contributing to the overall 

stability of the circuit. The second variable resistor is used to refine the output current produced. 

This works by adjusting the feedback resistance, which directly influences the output current, in 

which this is essential for the QBD application, as a constant and specific current is required to 

accurately test the durability of the gate oxide layer of the DUT. 

Despite its potential for accurate current regulation, the design was too complex due to the 

number of components and the configuration could be simplified to achieve the same 

performance. This complexity not only increased the difficulty of assembly and testing but also 

increased the chances of reliability issues during the QBD experiment.  

 
Final Current Source Circuit Schematic 
By simplifying the original circuit designed, a constant current source for this QBD application is 

assembled by two key components – a dual JFET input TL082 op amp and a depletion mode n-

channel LND150 MOSFET. Two 1µF capacitors are also utilised as well as a 10kΩ resistor. Below 

is the schematic for this circuit, which was made using KiCAD. The schematic was designed using 

KiCAD due to its accessibility and suitability for circuit prototyping. It allowed for easy 

modification and visualisation for circuit design. The TL082 and LND150 are implemented to 

control and stabilise the current, ensuring a precise and constant current is formed. This is done 

by configuring the op amp into a feedback loop, in order to monitor and adjust the control 

element. The 5V supply powers the TL082 operational amplifier, ensuring stable operation of the 

feedback loop 

  

 

 

 

 

 

 

 

 

 

 

  

 
Figure 23 - Schematic for Current Source in KiCAD,, developed by Stephen Batcup 
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With a stable reference voltage being applied to the non-inverting input of the op amp, this can 

be used with the feedback resistor in between the source of the MOSFET and ground to determine 

the set current of the current source circuit. The relationship between the reference voltage, 

resistor value and output current are given by Ohm’s law. A resistor value of 10kΩ has been 

chosen, so a set current value of 0.5mA can be achieved considering constant current source as: 

        𝐼𝑠𝑒𝑡 =
𝑉𝑟𝑒𝑓

𝑅𝑠𝑒𝑛𝑠𝑒
=

5

10000
                      (12) 

𝐼𝑆𝑒𝑡 = 0.5mA 

 
Component Selection 
TL082 Dual JFET Input Op Amp – This op amp was selected for this circuit due to its low cost, 

high speed, and wide bandwidth. This wide bandwidth makes it ideal for this application, as it can 

maintain higher gains at higher frequency. This op amp also has internally trimmed offset voltage 

and requires a low supply current, which is ideal, as the output constant current required should 

be in the nanoscale. This circuit component acts as the control element in this constant current 

source, to prevent any unrequired noise. This is done by adding two bypass capacitors at the 

positive power input and negative power input of the op amp [76].  

 

 

 

 

 

 

 

 

 

 

 

LND150 N-Channel Depletion Mode MOSFET – A depletion mode MOSFET was chosen for this 

configuration, due to its high voltage capabilities and lateral DMOS technology. The LND150 is 

also compatible with the TL082, being an ideal duo for precision constant current sources. This 

device also has excellent thermal stability capabilities, so it can withstand the large voltage supply 
going across it in the current source configuration. In this circuit, the MOSFET acts as a variable 

resistor, to adjust the drain current going through the gate-source voltage of the device, until the 

desired current is achieved [77].  

Figure 24 - TL082 Dual JFET Input Op Amp Schematic [101] 
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Operation Principle  
The constant current source shown in Figure 23 is based on a feedback loop, in which the op amp 

continuously adjusts the gate voltage of the MOSFET to maintain the desired current. This is first 

done by connecting the inverting input of the op amp between the sense resistor R1 and LND150 

and connecting the non-inverting input to the reference voltage, VRef. The desired current, ISet, can 

then be determined through VRef and RSense as: 

𝐼𝑆𝑒𝑡 =
𝑉𝑅𝑒𝑓

𝑅𝑆𝑒𝑛𝑠𝑒
⁄      (13) 

With this value, the op amp adjusts the output, so voltage across RSense is equal to VRef. As the 

voltage across RSense is proportional to the current across RSense, maintaining VRef across RSense 

ensures ISet is constant. The output of the op amp drives the gate of the MOSFET, and as this device 

is depletion mode, VGS increases, which leads to a decrease in the channel resistance, adjusting 

the value for drain current, IDrain, until it matches the value for Iset by VRef. To ensure the current is 

kept constant, any load variations that change the current are rectified through the op amp 

adjusting VGS of MOSFET. 

 

Current Source Simulation 
To verify the current source circuit is going to provide a constant output, before construction, it 
must be simulated to ensure it is operating correctly. By using the built-in LTSpice and PSpice 
simulation tools on KiCAD, the theoretical design can be verified. The circuit for this is shown 
below, where the circuit is built around the TL082 op amp and LND150 MOSFET, which are the 
primary components in the circuit that achieve the constant current output. 

Figure 25 - LND150 N-Channel Depletion Mode MOSFET [102] 
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The circuit for this is shown below, where the circuit is built around the TL082 op amp and 

LND150 MOSFET, which are the primary components in the circuit that achieve the constant 

current output. By connecting a reference voltage of 5V to the non-inverting input of the TL082 

op amp, as well as connecting the +5V, -5V and 60V input voltages to the circuit, the simulation 

can start by initiating the DC analysis. By setting the starting value of the 5V input reference 

voltage to zero and using a time step of one and setting the 60V input voltage passing through the 

gate of the MOSFET with a starting value of zero, incrementing in steps of ten, the output voltage 

of the TL082 and the LND150 can be plotted.  

The initial transient observed in the voltage trace is due to the turn-on characteristics of the 

MOSFET and the charging of the circuit elements. After stabilisation, the voltage flattens at 3.2V, 

indicating steady-state operation. This op amp is configured to regulate the voltage and control 

the MOSFET, so as the circuit is powered, the output current from the TL082 begins to increase, 

due to the op amp responding to the initial conditions of the circuit, such as the supply voltage 

and reference voltage. As the TL082 continues to adjust the voltage, the circuit begins to stabilise, 

which can be seen as the horizontal line on the graph. This is due to the feedback mechanism of 

the op amp, which fine-tunes the voltage passing through the op amp, until it reaches the desired 

current level. Once this level has been reached, the circuit enters a steady-state operation where 

the current remains constant.  

 

 

 

 

 

 

Figure 26 - Current Source Simulation Circuit 
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The voltage across the MOSFET output is plotted, in which the oscilloscope trace is shown in 

Figure 28. The voltage at this point illustrates a similar behaviour, however it flattens off at 3.2V. 

This is because for the QBD experiment, a very low current is required, therefore the MOSFET has 

lowered the constant current produced. The difference between the current levels of the two 

traces can be explained by the characteristics of the depletion mode MOSFET. In this circuit, the 

depletion-mode MOSFET dynamically adjusts the current to match the requirements of the QBD 

experiment by modifying the gate voltage. Since the QBD experiment requires a very low current, 

the MOSFET must reduce the current flowing through the circuit, which it does by adjusting the 

gate voltage. 

 

Figure 27 - Voltage Across TL082 Output  

Figure 28 - Voltage Measured Across LND150 Source Terminal 
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The voltage and current output of the current source circuit can also be simulated. The trace for 

this is shown below, when the reference voltage is 5V. The simulation for this shows an initial 

decrease in current, where the trace reaches a steady state zone and flattens off, indicating that 

there is a constant current source being produced. This initial decrease is due to the current 

flowing through the sense resistor, to stabilise and set the current to the desired level of the 

experiment. Once this has been stabilised, the circuit successfully maintains a constant current, 

regardless of the variations in the load voltage. 

 

 

 

3.2.2 Voltage Measurement  
The voltage measurement circuit required for the QBD testing apparatus is a vital part of this 

experiment for monitoring not only voltage variations but also determining the precise point at 

which the gate oxide of the DUT fails. Therefore, a circuit that can provide precise and accurate 

measurement is required. This entails using high-quality, low-noise components to ensure that 

the readings are not affected by extraneous factors. Additionally, the circuit should have a high 

input impedance to prevent load and effects. and must be capable of handling high-frequency 

transients that may occur during the breakdown event. 

 

Circuit Schematic 
The voltage measurement circuit for the QBD configuration consists of two key components – one 

part of the TL082 dual JFET input op amp and a TL071 single JFET input op amp, as well as a 

390kΩ resistor, 10kΩ resistor and two 0.1µF capacitors. The schematic for this circuit is 

illustrated below, created using KiCAD. 

Figure 29 – Output Voltage of Current Source Circuit 
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As the resistor are placed in series at the output of TL082 and are connected to the inverting input 

of TL071, the TL082 acts as an initial signal conditioner, where the connection is made to the 

inverting input of the TL071 through the junction of the two resistors, to achieve a voltage divider 

to act as a voltage measurement circuit. The resistors for this circuit were selected to be 390kΩ 

and 10kΩ, as the resistors form a voltage divider that scales down the output voltage of the TL082 

before it is fed into the TL071.  

For this circuit, the TL071 input voltage can be defined through: 

𝑉𝑖𝑛 = 𝑉𝑜𝑢𝑡 ×
𝑅13

𝑅12+𝑅13
      (14) 

𝑉𝑖𝑛 = 𝑉𝑜𝑢𝑡 ×
10𝑘

390𝑘 + 10𝑘
= 𝑉𝑜𝑢𝑡 × 0.025  

This calculation shows that the input voltage to the TL071 is 2.5% of the output voltage of the 

TL082, which enables a voltage divider network. 

Circuit Components  
TL071 Single JFET Input Op Amp – This component has been selected for this circuit due to its 

low input bias current, enhancing its high impedance applications. With its similarities to the 

TL082 op amp, the TL071 op amp also has a wide bandwidth and low power consumption, 

making it suitable for a variety of high-frequency applications and stable operating systems, 

which are necessary for the nature of this precision circuit [78]. This op amp acts as a filter, due 

to its low noise qualities, reducing the impurities of the output signal to produce a clear 

measurement result of the voltage.  

Figure 30 - Voltage Measurement Circuit Schematic in KiCAD, developed by Stephen Batcup 
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Operation Principle 
The voltage measurement area depicted in Figure 30 first operates through the TL082 op amp. 

As the TL082 receives the input voltage signal, it acts as a voltage buffer, where a high input 

impedance is created in the circuit, which isolates the measurement points required from the rest 

of the circuit, by minimising the loading effect on the voltage sources. This buffered voltage is 

then output, and passed through the two resistors, which form a voltage divider, where the 

voltage at the junction of the two resistors is a fraction of the output voltage from the TL082. This 

voltage then drives the inverting input of the TL071 op amp, which is configured to filter the 

signal, in order to produce an accurate voltage measurement. The resistor network is crucial, as 

it ensures that the voltage fed into the TL071 is scaled down from the TL082 output, to make it 

suitable for processing. It also has a feedback loop to stabilise operation of the TL071, to further 

ensure precise voltage measurement.  

 

Voltage Measurement Simulation 
To ensure the voltage measurement circuit is operating correctly, it is simulated in KiCAD 

ensuring that it is measuring the voltage flowing through the DUT correctly. The simulation 

circuit is shown in Figure 32, in which it is constructed around the dual TL082 op amp and the 

TL071 op amp. By connecting a 5V voltage to the non-inverting input of the TL082, the initial 

voltage can be set to zero with an increment of 1V, the simulation can begin. 

 
 

 

Figure 31 - TL071 Single JFET Input Op Amp Schematic [103] 
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By collecting the oscilloscope trace of the output of the second component of the TL082 op amp, 

it can be seen that as the voltage passes through the TL082, it results in a linear output that peaks 

around 2.7V. This increasing trace observed on Figure 33 confirms that the output voltage is being 

scaled appropriately. This also means that a consistent voltage is being applied to the rest of the 

circuit, as this op amp is typically used for precise measurement applications, verifying that the 

input signal is being correctly processed. 

Figure 32 - Circuit Schematic for Voltage Measurement Simulation Circuit 

Figure 33 - TL082 Output Trace of Voltage Measurement Circuit 
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From this, the signal passes through the resistor junction, in order to make a voltage divider to 

pass into the non-inverting input of the TL071, in which the simulation results for this are shown 

in Figure 37. This trace depicts the voltage to overall be decreasing, but with fluctuations where 

the line goes up and down. This can be explained with the behaviour of the voltage divider 

network implemented in this part of the circuit, which reduces the voltage at the input of the 

TL071, compared to the original signal. The signal is also decreasing, due to the resistors in the 

network, which scale down the input voltage, so it is suitable for the TL071 to process, however 

the fluctuations illustrate that there is instability within the signal due to the noise produced, 

which would not provide an accurate output signal to measure the voltage. 

 

After the signal has passed through the TL071 op amp, the signal continues to decrease. The 

oscilloscope trace for this is shown below. Since the input to the TL071 was already decreasing, 

it is expected that the output would follow the same trend. However, the linear nature of the 

output trace suggests that the op-amp is effectively buffering the input signal while also filtering 

noise and fluctuations introduced by the voltage divider. This indicates that the TL071 is 

operating in a stable linear region, producing a consistent and proportional output. The clear 

decline in output voltage over time suggests that the TL071 is effectively processing the signal. 

This outcome confirms that the circuit is well-designed and does not exhibit non-Ohmic 

behaviour. 

Figure 34 - TL071 Input of Voltage Measurement Circuit 
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3.2.3 Current Measurement Circuit 
High precision and stability techniques are required for this circuit, to accurately measure the 

current flowing through the DUT at gate oxide breakdown. This involves using components with 

tight tolerance and low noise characteristics to ensure minimal measurement error and 

interference. Additionally, the circuit must incorporate grounding practices to prevent external 

electromagnetic interference from affecting the measurements. The stability of the power supply 

and the precision of the current sensing elements are critical to obtaining reliable and repeatable 

results during the breakdown testing. 

 

Circuit Schematic  
For the QBD experiment, the current measurement circuit incorporates three essential 
components: the TLV274CN quad rail-to-rail input op-amp, a BZT03C Zener diode, and a Bourns 
3269W-1-105LF trimmer resistor. Additionally, the circuit configuration includes nine precision 
resistors ranging from 100Ω to 100kΩ, and two 0.1µF capacitors. This carefully selected 
combination of components ensures high precision, stability, and reliability in the current 
measurement process. 

Figure 35 - Output of Voltage Measurement Circuit 
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Circuit Components 
TLV2774CN Quad Input Rail-to-Rail Op Amp – The TLV2774CN was selected for this circuit as 

it is a versatile, low power, rail to rail op amp, particularly useful in precision applications, due to 

its ability to swing the output close to the supply rails, making it very useful in maximising the 

dynamic range in low voltage applications. The low power qualities in this device also make it 

suitable for high impedance precision applications, because of its low input bias current and offset 

voltage, as well as minimal loading on the signal source, helping to maintain the accuracy in the 

current measurement. The TLV2774CN is also unity gain stable, so it can operate as a voltage 

buffer without requiring additional components, making it ideal for this application [79].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36 - Current Measurement Circuit on KiCAD, developed by Stephen Batcup 

Figure 37 - Block Diagram of TLV2774CN Quad Input Rail-to-Rail Op Amp [104] 
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BZT03C Zener Single Diode – The BZT03C series Zener diode is a common component found in 

voltage regulation applications, due to their high-power dissipation capabilities and low dynamic 

impedance for maintaining stable voltages in electronic circuits, as well as ensuring minimal 

variation in output signals [80]. 

 

Bourns 3269W-1-105LF Trimmer Resistor – Considering the fine adjustment requirements of 

this circuit, this specific trimmer resistor is selected due to its high-precision qualities and wide 

resistance range that provide high reliability for fine tuning [81]. The 3269W-1-105LF allows for 

fine and precise adjustment of resistance, making it compatible with this circuit configuration, 

due to the number of resistors implemented. 

 

 

 

 

 
Operation Principle 
The current measurement circuit can be divided into several different stages: current sensing, 

signal conditioning, filtering and output adjustment. With the first stage of the circuit acting as a 

current sensor, the current is measured however the output is found to be negative, therefore it 

must be converted into a voltage signal, by using resistor R1, in which the voltage drop across this 

resistor follows Ohm’s Law. The TLV247CN op amp is used to amplify the voltage across the 

current sense resistor. By feeding R1 into the non-inverting input of unit B of the op amp, the 

component is configured with feedback to set the gain of the circuit. From this, this signal can be 

sent through an inverter, made from unit C of the TLV2774CN, to form the positive output. By 

doing this, noise interference and electromagnetism is created which negatively impacts the 

output signal, creating inaccuracies. In order to control this, a Sallen key filter is implemented 
using unit D of the quad input op amp, to filter out the impurities and produce the DC current 

Figure 38 - Illustration and Dimensions of Bourns 3269W-1-105LF [106] 
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output measurement. The Sallen Key low pass filter is a type of active filter that uses the op amp 

in conjunction with resistors and capacitors to achieve the desired frequency response.  

Using R1 and R2 from Figure 39 as an example, these resistors determine the cutoff frequency 

and the quality factor of the filter, whereas C1 and C2 work with the resistors to filter out high 

frequency signals, allowing only low frequency signals to pass. The op amp is configured in a non-

inverting form to buffer the filter and provide gain. The combination of R1, R2, C1 and C2 form a 

frequency dependent voltage divider, where at low frequencies, such as the current measurement 

circuit, the capacitors have a high impedance which means most of the signal passes through the 

output, besides the noise and impurities.  

 

 

 

 

 

 

 

To find the corresponding resistor values to ensure the value for output current measured is 

accurate, the equation is derived below. With the transfer function of the circuit of the Sallen key 

inverter given as: 

         𝐴𝑠 =  
𝐴0

1+𝜔𝐶[𝐶1(𝑅1+𝑅2)+(1−𝐴0)𝑅1𝐶2]𝑠+𝜔𝐶
2𝑅1𝑅2𝐶1𝐶2𝑠2   (15) 

The design of the circuit has a unity gain of 1, so the transfer function is simplified to: 

𝐴𝑠 =
1

1+𝜔𝐶𝐶1(𝑅1+𝑅2)𝑠+𝜔𝐶
2𝑅1𝑅2𝐶1𝐶2𝑠2    (16) 

The coefficient comparison between the two equations yields: 

𝐴0 = 1      (17) 

 𝑎1 =  𝜔𝐶𝐶1(𝑅1 + 𝑅2)      (18) 

     𝑏1 = 𝜔𝐶
2𝑅1𝑅2𝐶1𝐶2      (19) 

Given C1 and C2 are 0.1µF each, the resistor values R1 and R2 can be calculated through: 

𝑅1,2 =
𝑎1𝐶2±√𝑎1

2𝐶2
2−4𝑏1𝐶1𝐶2

4𝜋𝑓𝐶𝐶1𝐶2
    (20) 

To obtain the real values under the square root, C2 must satisfy the following conditions [82]: 

𝐶2 ≥ 𝐶1
4𝑏1

𝑎1
2      (21) 

Throughout the circuit, the Zener diode is used to control the voltage through the op amps, to 

maintain consistent performance and prevent the voltage from overloading the op amps. To 

ensure stable operation, the bourns 3269W-1-105LF trimmer resistor is implemented to control 

and maintain the gain accurately through the feedback loop of the op amps.  

Figure 39 - Sallen Key Inverter [107] 
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Current Measurement Simulation 
To ensure the circuit is going to provide accurate and stable constant current measurements, the 

designed circuit must be simulate using the built in LTSpice and PSpice simulation tools on KiCAD, 

to verify the circuits performance and validate the theoretical design. Comprised around the quad 

input TLV2774CN op amp, the primary objective is that all components are configured to achieve 

a stable DC current output and correct measurement capabilities. The simulated circuit schematic 

for this is shown below.  

 

By applying an 8nA current to the input of the circuit, as well as connecting the -5V and +5V 

voltages throughout the circuit, the simulation can begin using DC analysis.  Setting the starting 

value of the current input to zero and incrementing in steps of 100pA until 8nA is achieved, the 

voltage inputs, voltage across the output current, voltage across the inverter output at U1C, as 

well as the voltage across output of U1B can all be added to the simulation graph. The results for 

this are shown below. From the graph, it can be observed that all inputs and outputs produced 

are constant and in horizontal formations. For the voltage inputs V(+5V) and V(-5V), this 

simulation output indicates that the current is independent of the voltage over that range, and 

that the inputs going through the op amps are constant. For the outputs of U1B and U1C, the 

simulation result presents the outputs to be exhibiting current limiting behaviour, where the 

circuit is preventing the current from exceeding a certain current level, despite an increase in 

voltages. This is a protective feature from the Bourn’s potentiometer, to protect the op amps from 

excessive current damaging the circuit. This feature means that a constant current is always 

maintained. 
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For V(IOUT), it can be confirmed from the result that the circuit is behaving as a constant current 
source. This is because the current remains constant regardless of changes in voltage, in which 

this is achieved by the precision op amps and the potentiometer in the circuit. This result confirms 

that a constant and steady current is measured across the circuit, which validates the theoretical 

predictions and the operation principle of the current measurement circuit.  

By using the same simulation parameters, the input current and the output current can be plotted 

on the simulation together. The input current 8nA formed by the simulation presents a linear 

relationship, exhibiting Ohm’s Law. Since the slope of the line represents the resistance of the 

circuit, it is resented that the resistance is lower resistance, as the line is not steep. Comparing 

this with the output current, it can be observed that the current measured is also following Ohm’s 

Law and reaches 8nA, with the same resistance as the input current. The two results are almost 

identical, however the output current measured has slight noise and impurities, which can be 

seen with the lack of linearity in the line. This means that the current going into the circuit is 

almost identical to the current measured, validating the purpose of the circuit. 

 

 

 

Figure 40 - Simulation Results of Voltage Inputs, U1B Output, U1C Output and Circuit Output 
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By changing the increment step of the simulation to 50pA, the difference between the voltage 

across the input current V(I1) and the voltage across the measured output current V(IOUT) can be 

compared with I(I1) and V(I1). 

 

From the simulation results, it can be observed that the input current is a constant source, 

indicating that even though there are changes in the supply voltage, the input remains steady, 

which aids in the accurate current measurement of this circuit. This indicates that the Zener diode 

in this circuit is stabilising the voltage in combination with the current source, ensuring that both 

the current and voltage are maintained at the desired levels, providing reliable operation. This 

stability is necessary for the operation principle of this circuit, and it can be validated that it is 

operating correctly by the simulation results.  

Figure 42 - Simulation Results of I1 and V(I_OUT) 

Figure 41 - Simulation Results of I(I1), I(V1) AND V(I1) 
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The simulation also depicts that the voltage across the input current is decreasing, following 

Ohm’s Law. This is due to the change in impedance from the Zener diode to account for the 

changes in operating regions and maintain the constant current that is being measured by the 

circuit. This can also be due to a decrease in load resistance, which results in a voltage drop, which 

correlates with Ohm’s Law in order to maintain the same constant current. By keeping the same 

circuit parameters but adjusting the simulation to provide the results for the voltage across the 

output current of the circuit, the program can be run again to produce the oscilloscope traces. The 

results are shown below, with I(I1) and I(V1) remaining the same.  

 

The voltage across the measured output current can be seen to be increasing from the simulation 

results, which indicates that the resistance across the circuit must also be increasing. This is 

supported by the circuit schematic. Additionally, the voltage across the input current can be seen 

to be the opposite, demonstrating the proper operation of the circuit's inversion application. The 

Sallen Key filter is also functioning, as evidenced by the minimal noise and impurities formed, 

therefore validating that the current measurement circuit is operating correctly and producing 

an accurate measurement.  

 

3.2.4 Power Supply 
To supply stable voltages and steady currents to the current source, voltage measurement and 

current measurement circuits, it is essential that a high-quality power supply is designed, to 

ensure that the QBD experiment delivers accurate results, in a safe manner. 

 

Circuit Schematic  
The power supply designed for the QBD apparatus consisted of a 1A0505S DC-DC converter, a 

Bourns RLB0914-6RBML power inductor, as well as two 1nF capacitors. The circuit for the power 

supply also has connectors for the voltage and current inputs for the current source, voltage 

measurement and current measurement circuits, so all the power inputs and outputs are 

controlled in one place on the PCB.  

Figure 43 - Simulation Results of I(I1), I(V1) and V(I_OUT) 
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Component Selection 
Bourns RLB0914-6R8ML Power Inductor - The Bourn’s RLB0914-6R8ML power inductor is a 

versatile component used in various high-current and high-frequency applications. Its key 

specifications, including a 6.8µH inductance, appropriate current ratings, and low DC resistance, 

make it suitable for use in power supply circuits. The choice of 6.8 µH inductance is based on 

design requirements, including the switching frequency, ripple current, and desired transient 

response of the converter The low DC resistance of this device makes it suitable for this 

application, as it results in fewer power losses, ensuring the power going through each circuit is 

stable [83]. This power inductor is crucial for this DC-DC converter circuit, as it maintains the 

output current and ensures a steady voltage.  

  

 

 

 

 

 

 

 
 

 
 

 

Figure 44 - Circuit Schematic of Power Supply on KiCAD, developed by Stephen Batcup 

Figure 45 - RLB0914-6R8ML Bourns Power Inductor [83] 
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XP Power IA0505S DC-DC Converter - With substantial isolation and high efficiency, the XP 

Power IA0505S DC-DC Converter is a flexible and dependable component that can produce steady 

5V power from a 5V DC input. This ensures consistent voltage levels, despite variations in the 

input voltage, making it ideal for the power supply circuit, that is handling power to three 

separate circuits. This component also offers 1500V DC isolation between the input and the 

output, which helps protect sensitive electronics from potential ground loops and electrical noise 

[84].  

 

 

 

 

 

 

 

 

 

 

With a power output of 1W and high efficiency, the IA0505S is also designed to provide sufficient 

power for low-power applications while minimising energy loss. The high efficiency means that 

less energy is wasted as heat, which is beneficial for maintaining the reliability and longevity of 

the converter and the overall system.  

Operating Principle 
The input voltage, of 5V, is first applied to the positive voltage input of the IA0505S DC-DC 

converter, with the negative input of the converter connected to ground. Across these inputs, the 

1nF capacitors are connected, to not only filter out the high frequency noise, but also stabilise the 

input voltage, to ensure any transient noise from the power source does not affect the 

performance of the IA0505S.  

The RLB0914-6R08ML power inductor is placed in series with the input voltage of the IA0505S, 

in which its primary function is to smooth out variations in current which can be formed from the 

switching actions inside the converter. By storing energy when current flows through the device 

and releasing energy when the current decreases, the inductor regulates the input current, so the 

output current has a reduced noise, ensuring a consistent power supply. This device is placed 

between the two capacitors, to form an LC filter that effectively reduces both voltage and current 

ripple, providing a clean DC input to the converter, so an accurate output can be produced. With 

the core function of this device being to step or step down the input voltage to provide a stable 

5V DC output, high switching frequency occurs inside the IA0505S, to convert the input DC voltage 

to an AC signal and then back to a stable DC voltage. This process allows for precise voltage 

regulation, which is essential for the operation of the power supply. 

 

 

 

Figure 46 - XP Power IA0505S DC-DC Converter [84] 
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3.3 PCB Construction 
An essential part of electronic circuits, the printed circuit board (PCB) provides the components' 

electrical connections and structural support. The design, fabrication, and assembly of the power 

supply, current source, voltage measurement and current measurement PCBs can be designed, to 

assemble one overall QBD rig, used in the gate oxide breakdown experiment. 

 

3.3.1 Current Source  
The first step into constructing the PCB layout of the current source circuit is by using the wiring 

schematic. By using KiCAD, the circuit diagram is automatically translated onto the virtual PCB, 

where the positioning of components and routing of electrical connections can be formed. First, 

a two-layer PCB was selected for this layout, in which the top layer is the primary layer and is 

used for the majority of electrical routing, while the bottom layer serves as a ground plane, crucial 

for providing stable reference points for signals and to minimise noise throughout the circuit. The 

components in the PCB were placed strategically, spaced out enough to minimise signal path 

lengths and reduce electromagnetic interference, to ensure the circuit is operating correctly and 

reliably. The TL082 op amp is placed centrally, to minimise the distance to the resistors and 

capacitors, enhancing signal integrity, which makes the PCB more efficient. This layout means the 

LND150 can be placed at a suitable distance from the op amp, to maintain an organised 

appearance. 

From this, the voltage connections can sit near the edge of the PCB, making it easier for those 

connections to be made. Wider traces were also employed in the PCB layout to protect the traces 

from damage and manage the high voltage entering the circuit. The use of wider traces also 

reduces resistance and improves current-carrying capacity, which is essential for performance 

and reliability for the high voltage going through this circuit. 

 

 

 

Figure 47 - PCB Layout of Current Source Circuit 
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3.3.2 Voltage Measurement 
Using the circuit schematic of the voltage measurement circuit, KiCAD automatically translates 

the components into their respective footprints on the virtual PCB layout, so the assembly process 

can begin. A two-layer printed circuit board (PCB) was selected for this design. The top layer 

serves as the primary layer and is primarily used for electrical routing, while the bottom layer 

serves as a ground plane, like the current source PCB. This dual layer enhances the performance 

of the circuit by providing stable reference points and reducing the potential for EMI. 

By centring the op amps, the design simplifies the connections between the components, allowing 

for more efficient routing, which minimises the lengths of traces and therefore reduces the 

likeliness of signal degradation. The op amps sitting in the centre of the board also increases the 

distance between the two resistors and capacitor, which also helps prevent EMI, allowing for the 

creation of larger tracks that are less susceptible to physical damage. To further maintain an 

organised appearance of the board, the input and output pins are arranged along the outer edges 

of the board, simplifying the eternal connections to other parts of the entire circuit.  

Figure 48 - 3D View of Current Source PCB 
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Figure 49 - PCB Layout of Voltage Measurement Circuit 

Figure 50 - 3D View of Voltage Measurement PCB 



63 
 

3.3.3 Current Measurement 
Again, using KiCAD, the circuit schematic is automatically transferred onto the PCB building tool, 
where the components are translated into footprints to be positioned and connected on the PCB 

layout. A two-layered PCB was selected for this design. The top layer is the primary layer and is 

mainly utilised for electrical routing, while the bottom layer serves as a ground plane, not only 

providing a stable reference point for all signals but also enhances noise reduction. The bottom 

layer is also used for additional routing in areas where potential faults could have been caused by 

overlapping traces, that would result in the failure of the PCB. The PCB design uses colour coding 

for clarity of the layout: the red lines represent the traces on the first layer of the PCB and the blue 

lines represent the traces on the second layer of the board, with free standing vias in place to 

seamlessly connect these traces. Both traces are made from copper, for its excellent conductivity. 

The TLV2774CN op amp is placed in the centre of the PCB, but due to the many connections to 

components on the PCB, the traces surrounding the op amp are narrower, so space around the 

device isn’t compromised and the signal routes remain effective. Due to the inputs and outputs, 

the components are primarily arranged on the right side of the board. This minimises the trace 

lengths, so the voltage inputs can be placed on the outside of the board, prioritising organisation 

when the board is in operation. This PCB design also incorporates wide traces for high current 

paths, as well as enough space between traces and components to reduce the potential for EMI 

and short circuits, ensuring reliable and safe operation. 

 

 

 

Figure 51 - PCB Layout of Current Measurement Circuit 
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3.3.4 Power Supply 
Using the wiring schematic for the power supply circuit constructed in KiCAD, the footprints of 

the circuit components can be transferred onto the PCB building tool to form the electrical routes 

necessary. Using a two-layer PCB, the layout of the power supply has been designed to optimise 

the accessibility of the terminal block connectors that are placed on the outskirts of the board, as 

they are responsible for supplying the necessary voltages and currents to each section of the PCB. 

This also maintains an organised layout, reducing the potential of signal interference from other 

components. At the centre of the PCB, the IA0505S DC-DC converter is placed as it is the most 

important component, due to its role as the core power supply unit for the entire circuit. This 

placement ensures that the distribution of the power is even and direct to each circuit of the PCB 

rig.  

Surrounding the DC-DC converter is the RLB0914-6R08ML inductor is placed close to the 

inductors and converter, ensuring that it can effectively function without long trace lengths, 

which can introduce unwanted resistance and inductance. The capacitors are also situated close 

to the inductor and converter for the same reasoning. Using wide traces but also having sufficient 

spacing between the traces helps to prevent short circuits during operation, but also ensures safe 

operation.  

Figure 52 - 3D View of Current Measurement PCB 
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Figure 53 - PCB Layout of Power Supply on KiCAD 

Figure 54 - 3D View of Power Supply PCB 
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3.3.5 Charge to Breakdown PCB 
To enhance the overall functionality of the QBD experiment, all four of the circuits and PCB 
layouts were integrated into a single, large PCB. This integration simplifies the assembly process 

and improves the reliability and performance of the circuit by reducing the number of 

interconnections and potential failure points. The PCB of the QBD rig maintains the component 

placement and routing techniques, ensuring operation and efficient use of space, however, has 

three sets of the design, so multiple devices can undergo the test at one time. 

 

Initial PCB Layout 
To accommodate the complex routing and minimise the interference between the separate 

circuits, the PCB is designed as a dual layer board, arranged in the process of the QBD test. Located 

down the left of the board, the connector terminals are laced to allow easy access for external 

connections, such as the DUT, the power supplies and measurement outputs. Positioned 

immediately to the right of these outputs is the power supply circuit, which is connected to all the 

individual circuits on the PCB. This is followed by the current source configuration, which is 

placed first to minimise the distance between the current source and the MOSFET being tested to 

reduce the potential voltage drops and noise. The voltage measurement circuit is then placed 

here, as it is vital for maintaining the constant current source and detecting the breakdown point. 

It is also placed here to minimise the signal path lengths and reduce the EMI, ensuring accurate 

voltage readings during the experiment.  

The current measurement circuit is positioned at the end of the circuit, which provides the data 

required to determine the QBD result, therefore the most important part of the circuit. The 

routings to the connector terminals for this part of the circuit are on the top layer of the board, to 

avoid any interference from other signals on the second layer of the board, ensuring an accurate 

result is acquired. Below the first set of circuits, two additional sets of the same layout are placed 

below, except the other two sets of circuits are connected to the original power supply so three 

devices can be tested at once. The separate circuits on the PCB are also spaced out to minimise 

interference between adjacent circuits, which also make assembly easier, as well as 

troubleshooting.  

 

Fabrication and Assembly 
Finalising the PCB design involves a thorough process to ensure that the board meets the 

standards and requirements necessary for the QBD experiment. This begins with checking for 

design regulations, to identify any issues such as trace width violations, spacing error and 

incorrect via placements, to ensure that all traces and components are correctly placed and 

connected to avoid any electrical failures. The next step is to prepare the design files for 

manufacturing by generating the Gerber files for each PCB layer, which contain the detailed 

information on the copper layers, solder mask and silkscreen layers. As well as this, the drill files 

are created to determine the locations and sizes of the holes that need to be drilled on the PCB. 

The bill of materials (BOM) is also created, in which the required components for assembly are 

listed, as well as their quantities and specifications. 

Due to the complexity of this PCB, selecting an external PCB fabrication company is a crucial part 

for producing a high-quality board. All files were sent off to PCBWay to be manufactured, due to 

their quick turnaround times, low costs and high-quality manufacturing standards. The PCB took 

around three weeks to arrive, and five boards were ordered in total.  
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PCB Inspection and Testing 
Although the PCB was thoroughly inspected and tested by PCBWay, the board was tested before 

QBD testing began to ensure the boards functionality and identify any potential issues. Beginning 

with a visual inspection, the board is checked for any visual defects.  By comparing the component 

placement with the PCB diagram, the component, the placement and the orientation were verified 

to ensure that the device was correct, as well as the position, before examining the solder joints 

of the component, ensuring they were well formed. Any breaks in the copper traces were also 

checked for, to make sure there were no breaks or shorts in the circuit path.  

The board also went under electrical testing, using a multimeter to measure the board continuity 

and verify that all connections have been correctly made, as well as verifying the resistor values 

of the circuit. The power supply lines were then checked, to ensure the correct voltage levels are 

flowing for the input and output pins on the separate circuits, as well as checking for any 

unexpected voltage drops. From this, the PCB was powered on, to check that the components 

were not overheating and that the expected voltages were present across the board. Each section 

of the QBD circuit (current source, voltage measurement, current measurement and power 

supply circuits) were tested individually to verify their correct operation. During this testing, it 

was discovered that the power distribution across the circuits was not operating as intended, as 

the voltage supplies for each circuit were interconnected, causing them to share the dame voltage 

supply, instead of using their individual voltage supplies as required. This was found as the 

voltage measurements at various points on the PCB indicated that the same voltage was being 

supplied to all circuits, instead of the intended isolated supplies, which caused interference 

between circuits, leading to incorrect measurements and unstable operation.  

 

 

To resolve this issue, an option to cut the power supply tracks of the individual circuits was 

possible, with new connections and tracks to the correct power supplies created that ensure that 

each circuit had its own isolated voltage supply. By using the PCB layout, the specific tracks where 

Figure 55 - Initial Charge to Breakdown PCB, Fabricated by PCBWay 
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the voltage supplies were incorrectly connected can be identified, before carefully cutting the 

tracks to disconnect the shared supply lines. Solder wire can then be used to create new tracks 

from the voltage supply pins to the corresponding circuit points, establishing the connections. 

However, due to the number of layers and tracks already on this board, this would’ve proved an 

extremely difficult and intricate task, so the decision was made to create a new QBD PCB from the 

beginning.  

 

Adapted PCB Layout 
With the knowledge of the problems of the previous PCB, another QBD testing set up was carefully 

designed to ensure efficient power distribution. Placing all power connection terminals on the 

left side of the board, it is easy to access and connect the external power supplies, allowing a clean 

and organised wiring set up. Along these terminals, this board has included an isolated power 

supply for the current source circuit, to prevent any interference to provide a stable and constant 

source to the DUT. At the top of the board, the power supply circuit is positioned, responsible for 

providing power to both the voltage measurement and current measurement circuits, so they 

receive stable power to produce accurate readings. Below the power supply circuit is the current 

source circuit and its individual power supply, which connects to the voltage measurement circuit 

to the right of it. This placement minimises the signal path lengths, reducing the potential noise 

ensuring reliable voltage measurements can be made. In addition, another Bourns trimmer 

resistor was also added, connected to the +5 V input, 0V and the non-inverting input of the 

TL082, to adjust the voltage input of the current source circuit, so various values of current can 

be produced to test the devices at different levels. 

At the bottom of the board, the current measurement circuit is placed, where the current flowing 

through the DUT is measured, to ensure precise current monitoring during the QBD test. The 

connection terminals for the DUT are placed to the left of this circuit, where the gate connection 

is connected to the output of the current source circuit, so the gate of the device receives the 

necessary constant current for the breakdown testing, and the source of the DUT is connected to 

the input of the current measurement circuit, allowing for accurate measurement of the current 

flowing through the DUT. On the right side of the board, the voltage measurement and current 

measurement outputs are placed, keeping these connection terminals separate from the outputs, 

so the accurate results of the voltage and current can be easily obtained. For this circuit, each 
circuit has an individual ground plane, to provide stable references for each circuit and reduces 

noise, so all current and voltages are precise, as well as significant space between the circuits to 

reduce the chances of interference. As this is being built by hand, to save time only one set of the 

QBD testing apparatus is being built.  
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Figure 56 - Adapted PCB  Layout of Charge to Breakdown Test Circuit, developed by Stephen Batcup 
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PCB Inspection and Testing 
To ensure that this board is functioning correctly, the first step is to visually inspect the board, by 

checking the components are correctly placed and oriented on the PCB according to the design. 

The solder joints were carefully inspected for potential issues, including dry joints, which appear 

cracked and can disrupt electrical connections; solder bridges, which may cause short circuits on 

the tracks. Whilst under close inspection, the copper traces and pads were also examined for any 

signs of etching defects, such as incomplete etching and breaks in the traces from the soldering 

or drilling processes, and by using a multimeter, it was ensured that all the traces were correctly 

connected to avoid open circuits.  

A multimeter was also used to verify that all the electrical connections were correct, according to 

the circuit schematic, as well as verifying each trace and via, to ensure that there are no open 

circuits, confirming that the power distribution of the circuits on the PCB was correct. Before 

powering the entire board, the power supply rails must be tested independently, by applying an 

input voltage and measuring the output levels, to test if they match the expected values of the 

QBD circuit. Upon verifying this, the board was powered, and each individual circuit of the board 

was tested. For the current source circuit, the output current was measured to ensure it was 

stable, however with the voltage measurement circuit, the expected voltages were applied to the 

circuit, before verifying that the output matched the expected readings. Similar to this, the current 

measurement circuit functionality was tested by passing the expected currents through the 

circuit and comparing the output readings.   

 
  

Figure 57 – Completed Charge to Breakdown PCB, Excluding ICs 
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4 Experimental Setup 
For the Charge to Breakdown (QBD) testing in this study, a careful selection of MOSFETs was 

conducted to ensure relevance to the application in EVs and to provide insights into their 

reliability under electrothermal stress. The MOSFETs chosen for this testing are critical 

components in power electronics, particularly in EV inverters and converters, where they are 

subject to high electrical and thermal loads. Based on the criteria for this QBD experiment, the 

MOSFETs were first chosen for their voltage and current ratings, which must align with the 

operational requirements of EV power systems. High thermal conductivity and robustness to 

handle significant power dissipation were also essential to consider, as these characteristics 
ensure efficient heat management and durability under high demands of EV powertrain 

applications, where rapid and efficient power conversion is crucial for reliability. The last 

important consideration was the validity of datasheets and information from semiconductor 

manufacturers, which guaranteed that the chosen MOSFETs had a track record of dependability.  

The selected MOSFETs are subjected to QBD testing to evaluate their reliability and endurance 

under cumulative charge stress. This testing is crucial for understanding several key aspects of 

their performance and longevity in high-power applications. A primary aspect is dielectric 

breakdown, which involves identifying the charge threshold at which the gate oxide layer fails, 

leading to device breakdown. This is essential for determining the maximum charge the MOSFETs 

can handle before experiencing final failure. Another critical aspect is thermal degradation, which 

assesses how thermal cycling and power dissipation impact the MOSFET's longevity and 

performance. By understanding the thermal limits and behaviour of the MOSFETs, the lifespan 

and reliability of MOSFETs in real-world applications can be predicted, in which they are 

subjected to varying thermal stresses. Additionally, the testing helps in understanding various 

failure mechanisms, such as thermal runaway and hot carrier injection, which are common to 

high-power EV applications, where MOSFETs operate under intense electrical and thermal stress.  
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4.1 Test Procedure 
To test and confirm the functionality and stability of the QBD circuit, high value resistors can be 

used in place of MOSFETs to test the constant current source. By connecting one end of the 

resistor into the positive DUT output on the PCB, the other end of the resistor can be connected 

to an ammeter in series, which is connected to the ground of the PCB. The ammeter is used to 

confirm that there is a constant current flowing through the DUT, and that it is following Ohm’s 

Law corresponding with the voltage across the device. The instrumentation for this is shown 

below. 

When the resistors are used as loads, the consistency of the output current can be measured, to 

ensure a stable current is maintained across resistors in the range of 1MΩ to 10MΩ. By applying 

the reference 5V voltage, -5V and ground voltage to the PCB power supply circuit, the voltage for 

the current source can be applied in the range 20V to 40V, before collecting the values for the 

voltage across the resistor and current through the resistor. The results for this are shown below, 

with each resistor value and their corresponding voltage and current through the devices.  

 
Resistor Input 

Voltage 
Voltage Measured 
Across Device 

Estimated Current 
Through Device 

Current Measured 
Through Device 

1MΩ 20V 19.80V 19.80µA 19.8µA 
1MΩ 30V 29.70V 29.70µA 28.4µA 
1MΩ 40V 39.62V 39.62µA 38.0µA 

Table 1 - Input Voltage, Voltage Across Device, Estimated Current Through Device and Current Measured Through 
Device of 1MΩ Resistor 

Figure 58 - Instrumentation of Test Procedure of Resistors 
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Resistor Input 
Voltage 

Voltage Measured 
Across Device 

Estimated Current 
Through Device 

Current Measured 
Through Device 

2.2MΩ 20V 19.40V 8.818µA 8.6µA 
2.2MΩ 30V 29.07V 13.21µA 12.9µA 
2.2MΩ 40V 38.79V 18.18µA 17.3µA 

Table 2 - Input Voltage, Voltage Across Device, Estimated Current Through Device and Current Measured Through 
Device of 2.2MΩ Resistor 

Resistor Input 
Voltage 

Voltage Measured 
Across Device 

Estimated Current 
Through Device 

Current Measured 
Through Device 

4.7MΩ 20V 19.42V 4.132µA 4.1µA 
4.7MΩ 30V 29.75V 6.329µA 6.2µA 
4.7MΩ 40V 38.92V 8.281µA 8.3µA 

Table 3 - Input Voltage, Voltage Across Device, Estimated Current Through Device and Current Measured Through 
Device of 4.7MΩ Resistor 

Resistor Input 
Voltage 

Voltage Measured 
Across Device 

Estimated Current 
Through Device 

Current Measured 
Through Device 

6.8MΩ 20V 19.45V 2.860µA 2.7µA 
6.8MΩ 30V 29.16V 4.288µA 4.1µA 
6.8MΩ 40V 38.91V 5.722µA 5.5µA 

Table 4 - Input Voltage, Voltage Across Device, Estimated Current Through Device and Current Measured Through 
Device of 6.8MΩ Resistor 

Resistor Input 
Voltage 

Voltage Measured 
Across Device 

Estimated Current 
Through Device 

Current Measured 
Through Device 

10MΩ 20V 19.97V 1.987µA 1.99µA 
10MΩ 30V 29.96V 2.996µA 3.0µA 
10MΩ 40V 39.98V 3.998µA 4.0µA 

Table 5 - Input Voltage, Voltage Across Device, Estimated Current Through Device and Current Measured Through 
Device of 10MΩ Resistor 

During the initial testing process, it was discovered that the voltage and current measurement 

circuits were not functioning correctly, leading inaccurate values for output current and voltage, 

in which the issue was traced back to incorrect circuit connections. However, by connecting a 

voltmeter across the DUT, it verified that the voltage flowing across the DUT was correct, as well 

as the current flowing through the device when connecting an ammeter in series with the DUT. 

This verified that the current source circuit is operating as intended and safely. The next planned 

step was to place the PCB in an environment with a temperature of 150°C, to replicate the 

operating conditions in EVs, to give precise QBD measurements on the reliability of MOSFETs in 

EV operations. Unfortunately, due to time constraints and various challenges along the way, this 

could not be carried out. As a result, the following test results are performed at room temperature. 

While these tests represent an initial exploration into stress testing and QBD analysis of MOSFETs 

in EV systems, the results gathered are a beginning point for further investigation under more 

rigorous conditions.  
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4.3 Analysis of SiC MOSFETs 
Silicon Carbide Power C3M MOSFET Technology 

Part Number: C3M0280090D 

Manufacturer: Wolfspeed, Cree Inc. 

Key Specifications 
Drain-Source Voltage (VDS): 900V 

The silicon carbide MOSFET used for this experiment is capable of withstanding a drain-source 

voltage of 900V, making it suitable for high-voltage applications commonly found in EV power 

systems. This high voltage rating ensures that the MOSFET can handle the significant voltage 

spikes that occur during the switching operations in EV inverters and converters.  

Drain Current (ID) – 11.5A 

With a continuous drain current rating of 11.5A, this MOSFET can manage substantial current 

loads, which are typical in high-power EV applications. This capability is crucial for maintaining 

efficient power transfer and ensuring the reliability of the powertrain components under 

demanding conditions. 

RDS (on) – 280mΩ 

The MOSFET features a low on-resistance of 280mΩ. This low resistance is essential for 

minimising conduction losses, therefore improving the overall efficiency of the power electronics 

system. Reduced conduction losses lead to lower heat generation during operation, which is 

beneficial for both performance and longevity. 

Thermal Resistance - 40°C/W 

The thermal resistance of 40°C/W indicates poor thermal performance, enabling ineffective heat 

dissipation from the MOSFET junction to the ambient environment. This characteristic is 

particularly important in EV applications, where high power dissipation can lead to significant 

thermal stress. Effective thermal management helps in maintaining the performance of the device 

and helps to prevent thermal runaway. 

 

As SiC devices are the most prominent in advancing MOSFET technologies for EVs, the 

C3M0280090D SiC MOSFET was selected for this due to their superior switching speeds. With an 

exceptional VDS of 900V, in which this value determines the on-resistance and drain current for 

the MOSFET, which are 280mΩ and 11.5A respectively. These values are significant for the 

dependability of EVs, as they are directly proportional to each other. As a result of this, the RDS 

(on) of the SiC MOSFET determines the power dissipation in the MOSFET, and therefore the 

switching losses, hence the degradation rate and effectiveness. As the value for on-resistance is 
so low, the voltage-drop across the device decreases, so there is less power dissipation and better 

thermal management within the battery management system, as the device operates at lower 

operating temperatures, resulting in a longer lifespan of the MOSFET and therefore making 

electric vehicles more efficient.  

Sic MOSFETs hold high switching frequency technologies, enabling more compact and lightweight 

power electronics design, which allows for the use of smaller passive components, such as 

inductors and capacitors. This allows for more space between components, reducing the chances 

of thermal stresses, but also improving power conversion efficiency and resulting in faster 
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response times. However, SiC MOSFETs tend to struggle at the high temperatures required for 

the power conversion system of electric vehicles. The thermal resistance of this device is 40°C/W, 

yet the maximum junction temperature can reach a maximum of 500°C in electric vehicle 

applications, especially in operation systems such as the battery management system, which 

require high switching frequencies. These high temperatures can cause the threshold voltage of 

SiC MOSFETs to shift positively, gradually increasing the on-state resistance, decreasing the 

efficiency and therefore making them less reliable.  

Overall, the 900V SiC MOSFET is an ideal choice for the QBD test, providing valuable insights into 

the device's reliability and performance under high-stress conditions. Its high voltage and current 

handling capabilities, combined with superior thermal and electrical characteristics, make it a 

robust and efficient component for modern electric vehicle applications. 

 

Experimental Procedure 
To set up the QBD test board, it must be connected to the necessary input power supplies. By 

connecting the +5V, -5V and ground inputs for the power supply circuit, a 40V voltage is applied 

to the gate of the silicon MOSFET to assess its gate oxide reliability under electrical stress. This 

supplies the necessary voltage for the current source circuit on the PCB, before connecting the 

gate of the SiC MOSFET to the positive DUT input and the source of the MOSFET to the negative 

DUT input, which establishes the final links for the experiment to begin, allowing for the precise 

control of the current delivered to the SiC MOSFET, essential for accurate QBD testing.  

Figure 59 - Charge to Breakdown Instrumentation for SiC MOSFETs 
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Once the setup is complete, the set-up current of the current source circuit can be verified using 

a multimeter, which is found to be 0.5mA. As a current is applied to the device, the SiC MOSFET 

undergoes a severe electrical stress, which is carefully monitored to determine the overall stress 

timing of the device. For the C3M0280090D SiC MOSFET, the stress time was found to be 270 

seconds. This process can be repeated for a second SiC MOSFET, where results of the QBD 

experiment for the SiC MOSFET are presented below. This data provides a clear indication of the 

SiC MOSFETs behaviour under the multiple levels of electrical stress. Using the QBD equation, the 

set up current and total stress time can be used to produce the QBD value for both experiments: 

 

𝑄𝐵𝐷 = ∫ 0.0005 ∙ 𝑑𝑡
268

0
= 0.134𝐶    (22) 

𝑄𝐵𝐷 = ∫ 0.0005 ∙ 𝑑𝑡
347

0
= 0.1735𝐶    (23) 

 

MOSFET 
Supply 
Voltage 

Setup 
Current 

Total Stress 
Time 

Breakdown 
Current 

Charge-to-
Breakdown 

C3M0280090D 40V 0.5mA 268s 506µA 0.134C 

C3M0280090D 40V 0.5mA 347s 520.3µA 0.174C 

Table 6 - Charge-to-Breakdown Results of Silicon Carbide MOSFET 

 

4.4 Analysis of GaN Cascode Si MOSFET 
650 V, 35 mΩ Gallium Nitride (GaN) Cascode Si MOSFET 

Part Number: GAN041-650WSBQ 

Manufacturer: Nexperia  

Key Specifications 
Drain-Source Voltage (VDS) – 650V 

For the charge-to-breakdown experiment, a silicon MOSFET is selected. The chosen Si MOSFET 

has a rated drain-source voltage of 650V, making it suitable for high-voltage applications such as 

electric vehicle (EV) power systems. Whilst the VDS rating is comparable to alternative wide-

bandgap devices, the reliability of the MOSFET and well-characterised failure mechanisms make 

it a valuable component for this experiment. 

Drain Current (ID) – 47.2A 

With a drain current rating of 47.2A, which is significantly larger than the SiC MOSFET rating, the 

Si MOSFET is capable of sustaining high-power loads, making it well-suited for demanding EV 

applications. This rating ensures the MOSFET can handle the substantial current flow required in 

power electronics, particularly in traction inverters and onboard chargers, where components 

are subjected to high currents due to the heavy loads imposed by the electric motor. 

RDS (on) – 35mΩ 

The chosen silicon MOSFET has a RDS (on) of 35mΩ, which is optimised for minimising 

conduction losses. A lower RDS (on) contributes to higher efficiency in power conversion 

systems, reducing heat dissipation and improving thermal performance in EV applications. 
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Thermal Resistance - 40°C/W 

The Si MOSFET selected for this study has a thermal resistance of 40°C/W. While its electrical 

performance is suitable for high frequency switching applications, its thermal characteristics 

must also be considered. The ability to operate at elevated temperatures is essential for reliability 

in EVs, as power devices experience significant thermal stresses during operation.  

 

The Si MOSFET was selected for this investigation due to its well-established reliability and 

suitability for high-power applications, making it a viable candidate for EV operations. The drain-

source voltage rating of 650V and a continuous drain current of 47.2A ensure that it can operate 

reliably under the harsh electrical environments of EV powertrains, particularly in traction 

inverters and DC-DC converters. Additionally, with an RDS(on) value of 35mΩ, the device 

achieves relatively low conduction losses, minimising resistive heating and improving overall 

system efficiency.  

However, thermal management remains a critical consideration, as Si MOSFETs have higher 

conduction and switching losses compared to WBG devices. Since the thermal resistance of the 

SiC and Si MOSFETs is the same, this device in high-stress environments such as EVs can cause 

premature breakdown, due to the high switching speeds that result in a shift in the threshold 

voltage, where failure mechanisms occur, decreasing the reliability of these devices and the entire 

system. In summary, the Si MOSFET was also selected for this experiment due to its superior 

electrical characteristics, that make it a compelling choice for improving efficiency by reducing 

losses, and ensuring reliable operation in the harsh conditions of electric vehicle applications. 

 

Experimental Procedure 
 For the GaN Cascade Si MOSFET, the same procedure is used. By connecting the gate of the Si 

MOSFET to the positive DUT input of the test board and the source of the device to the negative 

DUT input of the QBD rig, the experiment can begin. A 40V voltage is applied to the gate of the 

silicon MOSFET to assess its gate oxide reliability under electrical stress. The stress time can also 

be monitored, as well as the current flowing through the Si MOSFET, so the durability of the gate 

oxide of the device can be tested to prove its reliability. The complete results of the GaN Cascade 

Si MOSFET are shown below in Table 7. 

 

 

Table 7- Charge-to-Breakdown Results of Gallium Nitride Cascade Si MOSFET. 

  

MOSFET 
Supply 
Voltage 

Setup 
Current 

Maximum Current 
Through Device 

Total Stress 
Time 

GAN041-
650WSBQ 

40V 0.5mA 148.4mA 492s 

GAN041-
650WSBQ 

40V 0.5mA 114.2mA 519s 
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5 Limitations and Future Considerations 
 

One of the main limitations of this study is the relatively small sample size of tested devices. Only 

two SiC MOSFETs and two Si MOSFETs were analysed, which means the results may not fully 

represent all MOSFETs of these types. The QBD values obtained are specific to the tested planar-

gate MOSFETs, and different structures, such as trench-gate SiC MOSFETs, may exhibit different 

reliability characteristics. Additionally, the testing was conducted at room temperature, which 

does not account for real-world variations in operating conditions, such as high-temperature 

operation in EV operations or extreme cold conditions during winter starts. The results provide 

valuable insight into oxide deterioration, but further tests under diverse conditions are necessary 

to confirm these findings.  

Temperature plays a critical role in gate oxide reliability and QBD performance. At high 

temperatures, the increased thermal energy accelerates oxide degradation, leading to faster 

charge trapping and a reduction in QBD values [131]. Elevated temperatures can also cause an 
increase in leakage currents, which may prematurely trigger gate oxide breakdown. In an EV 

context, where power losses and rapid switching cycles generate substantial heat, these effects 

can significantly impact the longevity of MOSFETs [2].  

In contrast, cryogenic conditions can have the opposite effect on QBD values. At extremely low 

temperatures, the on-resistance of MOSFETs decreases, which improves the efficiency due to the 

reduction in power dissipation, due to the decreased development of failure mechanisms that 

attribute to oxide breakdown [132]. However, whilst most degradation mechanisms are 

thermally activated, designing a circuit to operate at extremely low temperatures could 

potentially introduce other challenges related to parasitic effects and material properties [133]. 

By studying the impact of both high and low temperatures on MOSFET degradation, as well as 

using a larger batch of MOSFETs from different manufacturers and designs, future research could 

provide more accurate lifetime models and reliability predictions for power electronics in EVs 

and other demanding applications.  
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6 Results and Discussions 
6.1 Test Procedure  
Using resistors in the range of 1M-10M, the goal was to determine the functionality and stability 

of the current source circuit. This was achieved by measuring the consistency of the current 

through each resistor when different voltages applied across the device. The results from the 

experiment are shown in the graph below. 

The core function of the current source circuit is to produce and maintain a constant, stable 

current output, regardless of variations in the supply voltage. It can be interpreted from the graph 

that this has been achieved, as the results showed as the voltage across the resistor was elevated, 

the current through the DUT also increased, indicating that the circuit is following Ohm’s Law. 

This pattern repeats for each resistor that was used in this test procedure, indicating that the 

current source is effectively regulating the current, as intended. The expected results for this 

experiment are shown in the graph below. With the experiment results closely matching the 

expected values, the reliability of the current source circuit created is highlighted. The linearity 

of the results for the varying resistors also confirm that the current source is correctly regulating 

the current through the resistors, independent of the varying load resistance, indicating the 

circuit is performing correctly within its designed parameters.  

 

 

 

 

 

Figure 60 - Line Graph of Current Measured Through Resistors Against Voltage Measured Across Resistors 
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Testing the current source using a range of high value resistors also proved that the current 

source maintained the desired current across the different loads, demonstrating its ability to 

handle various load conditions without significant fluctuation. The results indicate minimal noise 

is produced in both the current and voltage measurements, compared to the expected results, 

proving the current source provides a clean and stable output. Finally, the close alignment 

between the measured results and the theoretical expectations indicates that the circuit 

components are functioning within their tolerances, and that the design is robust against thermal 

and other environmental variations.  

 

 

 

 

 

 

 

 

 

 

 

Figure 61 - Line Graph of Expected Current Through Resistors Against Voltage Measured Across the Device. 
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6.2 SiC MOSFETs 
Since the circuit was not thermally regulated by using a hot plate, it was expected that by placing 

the MOSFETs into the QBD instrumentation, the MOSFETs would gradually charge up without 

reaching thermal breakdown. However, the observed results for both MOSFETs indicated that 

both devices reached gate oxide breakdown at room temperature. During the experiment, the 

current through the MOSFETs was monitored, while the constant current was applied to the gate 

of the DUT. For the SiC MOSFETs under testing, the results from the experiment are shown in 

Figure 62 and 63. 

Figure 62 – Graph of Results of First Charge-to-Breakdown Experiment of SiC MOSFET 

Figure 63 - Graph of Results of Second Charge to Breakdown Experiment of SiC MOSFET 
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Initially, the current through the SiC MOSFET increased linearly, as expected, steadily climbing 

until reaching a value of 94.5µA. This linear rise indicated that the MOSFET was functioning 

normally within its operating range, with the current gradually increasing with the applied 

voltage. At this point, the current abruptly spiked to 506µA, signifying that the MOSFET had 

reached breakdown. This took a total time of 268 seconds, resulting in a QBD value of 0.134C for 

the first MOSFET. A similar procedure was followed for the second SiC MOSFET, where the 

current again increased linearly until reaching a value of 98.7µA before rapidly increasing to 

520.4µA. The time to breakdown for this MOSFET was 347 seconds, producing a QBD value of 

0.174C—0.04C higher than the first MOSFET under testing. 

The QBD value, representing the total charge the MOSFET can withstand before failure, is key to 

understanding the long-term reliability of these devices. In the context of EV applications, a longer 

breakdown time and a higher QBD value suggest that the second MOSFET exhibited greater 

endurance before breakdown. This indicates a better ability to handle prolonged electrical stress, 

which is crucial in high-frequency switching applications. With this endurance, less power is 

dissipated as heat, reducing thermal energy transfer and minimising the risk of premature failure, 

making these MOSFETs reliable candidates for EV power systems. 

 

Although the first experiment produced a QBD value of 0.134C, indicating that breakdown 

occurred sooner under identical conditions, it still demonstrates reasonable stress tolerance. The 

variation in QBD values between the two SiC MOSFETs may be attributed to differences in 

material quality, such as inconsistencies in the gate oxide layer, leading to different charge 

endurance levels. This highlights the importance of quality control during MOSFET 

manufacturing, as variations in material properties could significantly impact reliability. The 

results from the QBD experiment emphasise the critical role of gate oxide integrity in determining 

MOSFET reliability, particularly in high-power applications. The charge accumulation in the gate 

oxide over time leads to degradation, ultimately resulting in breakdown, which can compromise 

overall device performance.  

Figure 64 - Line Graph of Both Results of SiC MOSFET Charge-to-Breakdown Experiment 
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The experiment was conducted at room temperature, meaning no additional thermal stress was 

applied to replicate harsh operating conditions. Despite this, both SiC MOSFETs exhibited a 

consistent linear increase in current before failure, suggesting stable performance under normal 

conditions. While the QBD values confirm that SiC MOSFETs can endure prolonged electrical 

stress, further studies under elevated temperatures and harsher conditions would be necessary 

to assess their performance in real-world EV environments. Nonetheless, the results suggest that 

these MOSFETs possess the necessary gate oxide durability for high-power applications, where 

maintaining long-term reliability is essential for efficiency and operational longevity. 
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6.3 GaN Cascade Si MOSFETs 
For the Si MOSFETs, the same procedure was carried out. However, the outcome of the test 

aligned with expectations—the MOSFETs did not reach gate oxide breakdown at room 

temperature but instead transitioned into an ‘on’ state operation mode. The first Si MOSFET 

under testing took 492 seconds to reach a maximum current of 148.4mA, whereas the second 

took 519 seconds, reaching a maximum current of 114.2mA. This behaviour highlights the 

significant influence of thermal conditions on the breakdown of Si MOSFETs. The results for this 

are shown in Figure 65 and 66.  

Figure 66 - Line Graph of Results of First GaN Cascade Si MOSFET Experiment 

Figure 65 - Line Graph of Results of Second GaN Cascade Si MOSFET Experiment 
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From the graphs, it can be seen that both devices initially exhibited an increase in current before 

levelling off, indicating that the MOSFET had reached an operational state. In the experiment of 

the first Si MOSFET, the current increased steadily until reaching 90mA, after which the device 

continued to show variations, indicating that the device has not settled into a steady state mode, 

indicating that while the current showed signs of stability, variations were still present, implying 

underlying instabilities affecting the behaviour of the MOSFET. However, during the second 

experiment, the current behaviour was less gradual, displaying multiple transitions rather than a 

smooth incline. This could indicate inconsistencies in the gate oxide or variations in the threshold 

voltage, both of which influence the MOSFET’s ability to reliably maintain its operation.  

When comparing the two Si MOSFETs’ behaviour under QBD testing, the variation in their current 

incline represents their potential reliability in EV applications. In the first experiment, the linear 

behaviour suggests consistent electrical performance, which is crucial for maintaining stable 

power delivery in EV systems. This demonstrates more efficient operation under high switching 

conditions, reducing the likelihood of unexpected power fluctuations, which in turn minimises 

thermal stress on the device and reduces the risk of premature breakdown—ultimately 

contributing to a more efficient EV system.  

In contrast, the second MOSFET exhibited a less linear increase in current. This could indicate 

minor inconsistencies in the gate oxide, as the device reached a lower steady-state current, which 

could impact its performance in EV applications. This non-linear behaviour may also suggest a 

less reliable device, as it could experience increased electrical stress over time, particularly in 

high-temperature and high-power environments, potentially leading to premature breakdown 

and reduced efficiency in the vehicle. The variation in results between the two Si MOSFETs may 

stem from factors such as manufacturing inconsistencies or differences in threshold voltage and 

gate voltage quality, even though both devices are identical. This highlights the importance of 

uniform gate oxide quality for predictable MOSFET performance, ensuring long-term reliability 

in EV power systems. 

Figure 67 - Line Graph of Both Results of Si MOSFET Charging Experiment 
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The absence of breakdown during the QBD experiment, though expected due to the lack of 

thermal stresses, supports the objective of assessing the reliability of MOSFETs under QBD 

conditions, demonstrating their ability to sustain prolonged current flow without immediate 

failure. This is crucial for EVs, where fast switching speeds reduce power losses, thereby 

decreasing thermal energy production and optimising reliability of not only the device but the 

entire vehicle.   
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7 Conclusion  
This study aimed to evaluate the reliability of SiC and Si MOSFETs under QBD testing to assess 

their suitability for EV applications, and provided valuable insights into their reliability and 

performance under prolonged electrical stress. Considering the functionality of the test circuit, 

the current source circuit for the QBD experiment demonstrated excellent performance in 

maintaining a stable current when resistors were used as a load. The linearity of the measured 

results in comparison with the expected results provides strong evidence of the circuits accuracy 

and reliability, however resistors lack complexity compared to MOSFETs. The experiment 

findings suggest that the circuit is well-suited for charge-to breakdown testing.  

The results of the QBD experiment demonstrated that SiC MOSFETs reached gate oxide 

breakdown at room temperature, highlighting their susceptibility to charge accumulation over 

time. In contrast, Si MOSFETs did not undergo breakdown during testing but instead transitioned 

into an ‘on’ state, suggesting a more reliable gate oxide under the given conditions. The results 

also presented that Si MOSFETs exhibited better gate oxide durability and lower thermal stress, 

maintaining an operational state without reaching breakdown. The high frequency switching 

capability and efficient thermal management contributed to reduced charge accumulation, 

minimising the likelihood of premature failure. In contrast, SiC MOSFETs, despite their ability to 

handle higher voltages, experienced earlier gate oxide breakdown due to increased thermal and 

electrical stress. 

These findings suggest that Si MOSFETs may be more reliable for applications requiring high-

frequency operation and lower thermal stress, whereas SiC MOSFETs are better suited for high-

power conditions but require improved thermal management strategies to enhance their 

longevity. This distinction is crucial for optimising power electronics in EVs, where balancing 

efficiency, durability, and power handling is essential. Future studies could investigate the long-

term performance of these MOSFETs under varying thermal and electrical conditions, as well as 

the impact of different gate oxide materials and manufacturing processes on their breakdown 

behaviour. Additional testing at elevated temperatures would provide a more comprehensive 

understanding of their real-world performance in EV power systems. 

Ultimately, the selection of semiconductor devices in EV applications should be based on a 

balance between power efficiency, reliability, and thermal management considerations, ensuring 

optimal performance and longevity in demanding automotive environments. 
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