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Chapter 1

Introduction

1.1 Research Background

1.1.1 Social Background Surrounding Power Electronics

In October 2020, the Japanese government declared its goal of realizing a carbon-

neutral, decarbonized society by 2050 [1]. Subsequently, the “Green Growth Strat-

egy” was formulated as an industrial policy to produce a virtuous cycle between

the economy and environment [2]. The Green Growth Strategy states that the

carbon-neutral goal will be achieved through a society that is “electrified and

digitalized in all areas, including manufacturing, services, transportation, and in-

frastructure.” Power electronics systems, which can efficiently convert electric

power, are expected to play an important role in the Green Growth Strategy.

In the transportation field, power conversion circuits (so-called VVVF inverters

and CVCF inverters in Japan) have already been introduced as propulsion control

and auxiliary power supply systems for rolling stock. Fig. 1.1 presents an example

of a power conversion circuit for rolling stock. It has been reported that the

use of power conversion circuits as propulsion control systems can reduce the

Fig.1.1. Power conversion circuit for rolling stock [3].
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Fig.1.2. Market size forecast for SiC power devices [20].

power consumption of rolling stock by 68% compared to the conventional resistance

control systems [4]. These reports suggest that power conversion circuits can be

applied to all fields. Of the fields in which the application of power conversion

circuits is expected to expand in the future, several require high reliability. As one

example, the research and development of power conversion circuits for aircraft

has been reported [5]–[9].

1.1.2 Features of SiC Power Devices

In aircraft, the application of power conversion circuits is expected to reduce

aircraft weight. 1,700 tons of aviation fuel could be saved per year if each aircraft in

operation were 1 kg lighter [6]. For the past 50 years, research and development of

power conversion circuits has focused on improving power density and conversion

efficiency [10]. It is anticipated to achieve its expectations.

The practical use of power devices based on silicon carbide (SiC), which offers a

better performance in power devices compared to Si, is expanding across various

applications [11]–[18]. SiC power devices are attracting attention as key devices

to further improve the power densities of power conversion circuits. In 2013, the

world’s first commercialized propulsion control system for rolling stock, using SiC

metal-oxide-semiconductor–field-effect transistors (MOSFETs), was released [19].

Fig. 1.2 depicts the market size forecast for SiC power devices [20]. As shown in

Fig. 1.2, the market for SiC power devices is expected to expand steadily in the

– 2 –
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future.

Power conversion circuits using SiC power devices can be made with improved

power densities and lower costs, by exploiting features of SiC power devices.

Fig. 1.3 illustrates the high performance of a power conversion circuit that im-

plements features of SiC power devices [21]. Power conversion circuits can be

made with improved power densities by improving their switching performance

and operating them at high temperatures through the use of SiC power devices.

In addition, the cost of power devices alone is less than that of Si, though the

power conversion circuits can be shrunk by simplifying the cooling system.

However, SiC power devices have been reported to degrade under long-term

use [22]–[25]. For applications that require high reliability, in addition to the

power density and conversion efficiency (performance indicators required for power

conversion circuits), long-term reliability is also required [26][27].

1.1.3 Failure Factors of Power Conversion Circuits

According to reports investigating the failure factors of power conversion cir-

cuits, power devices have the highest failure rate of all components. Fig. 1.4 shows

the data summarizing the failure factors of power conversion circuits. As shown,

power devices account for one-third of the failure factors in power electronic equip-

– 3 –
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ment [28]. Certain reports also indicate that power devices account for half of all

failure factors [29]. When power devices fail, “downtime” occurs, and the power

conversion circuit cannot be operated. In the case of power conversion circuits for

rolling stock, downtime due to power device failures can exceed one year, making

extended downtime an issue. Therefore, to improve the long-term reliability of

power conversion circuits, an effective strategy is to suppress power device failure.

In many cases, owing to the high power density of power conversion circuits,

the components are often unitized or implemented in complex ways. In this dis-

sertation, the unit containing the power device is referred to as the “power unit.”

Fig. 1.5 shows its structure. In particular, DC link capacitors and bus bars are

implemented near to power devices; these turn the current on and off at high
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Fig.1.6. Power device and its internal structure.
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Thermal interface materials

Semiconductor bare die

Fig.1.7. Schematic diagram of a power device structure [32].

speeds, to suppress the generation of overvoltage and electromagnetic noise. In

addition, power devices are coated uniformly with a thermal interface material to

a predetermined thickness and are fastened to the cooling system with a predeter-

mined torque, to maximize cooling performance. Such structures suffer from poor

maintainability, and users are unable to disassemble the area around the power

devices during maintenance. Therefore, a unified maintenance method for power

devices has yet to be established; this is one of the reasons why these devices make

up a large percentage of failures [31].

1.1.4 Failure Factors of Power Devices

Power devices consist of a semiconductor bare die enclosed in a package that

provides electrical and thermal interfaces. Fig. 1.6 shows a power device and its

internal structure. Fig. 1.7 presents a schematic diagram of a power device struc-
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Insulated substrate
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(a) Aluminum wire wear-out (b) Solder crack

Fig.1.8. Package degradation [32].

ture. Failure factors of power devices can be broadly classified into two categories:

“package degradation” and “semiconductor bare die degradation.” This disserta-

tion focuses on semiconductor bare die degradation. In this section, both types of

degradation are described, and the reason for focusing on semiconductor bare die

degradation is clarified.

In addition, this dissertation does not cover power device failures caused by

temporary stress (e.g., overvoltage or overcurrent). In other words, the focus is

upon degradation attributable to long-term use. The reason for this is that power

device failures caused by temporary stresses have been investigated for failure

prevention by protection circuits. However, protection circuits cannot prevent

random failures attributable to individual differences or wear-out failures due to

lifetime.

Package degradation includes aluminum wire wear-out and solder cracks.

Fig. 1.8 illustrates both types. These degradations occur because of repeated

thermal swings in the power and heat cycles, which are themselves caused by the

different thermal expansion coefficients of the materials that compose the power

module (e.g., aluminum wire, semiconductor bare die, and insulating substrate).

Package degradation is the main cause of wear-out failures in Si-insulated gate

bipolar transistors (IGBTs), which are currently the most widespread power

devices [33][34]. Therefore, new packaging technologies are being developed to

improve their long-term reliability [35]–[37].

Fig. 1.9 depicts a technique that uses ribbon bonding instead of aluminum wire.
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(a) Aluminum ribbon [38] (b) Copper ribbon [39]

Fig.1.9. Ribbon bonding.

Fig.1.10. Cutaway model of an automotive power conversion circuit.

Semiconductor bare die

Sintered copper

Insulated substrate

Fig.1.11. Bonding by sintered copper [40].

The two types of ribbon material, aluminum and copper, have both been reported

to offer improved long-term reliability compared to aluminum wire [36]. Fig. 1.10

shows a cutaway model of an automotive power conversion circuit. As shown

in Fig. 1.10, copper ribbon bonding technology has been put to practical use in

several power devices.

Fig. 1.11 shows a technology that uses sintered copper instead of solder as the

bonding material [40]. In addition to sintered copper, bonding techniques using
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sintered silver have also been reported; both have been shown to improve long-term

reliability compared to solder [36].

However, according to research into the long-term reliability of SiC MOSFETs,

the issue of semiconductor bare die degradation remains to be improved [23].

In particular, gate oxide has been cited as a degradation factor [41]–[43]. The

defect density in the gate oxide of SiC MOSFETs is two orders of magnitude

higher than that of Si MOSFETs [44]. As a result, fluctuations of gate threshold

voltage and on-resistance attributable to bias temperature instability (BTI) have

been reported [22][45][46]. Characteristic power device fluctuations caused by

BTI can lead to unreliability in power conversion circuits: If the gate threshold

voltage decreases, a short circuit failure of the power device occurs because of

the false ON; if the on-resistance increases, the power device cannot be cooled as

designed, leading to thermal runaway: furthermore, in power devices implemented

in parallel, unbalanced switching transient currents (attributable to mismatch in

the gate threshold voltage) and unbalanced steady-state currents (due to mismatch

in on-resistance) have been reported [47][48].

In addition, the gate oxide of SiC MOSFETs is subjected to a higher electric

field strength than that of Si MOSFETs, owing to the device design [42]. More-

over, the gate oxide of SiC MOSFETs is thinner than that of Si MOSFETs, to

ensure a practical gate threshold voltage and low channel resistance. Therefore,

the occurrence of gate oxide time-dependent dielectric breakdown (TDDB) is a

concern from the perspective of long-term reliability [24], [41], [49]–[54]. Gate

oxide TDDB causes short circuit failures in power devices.

Against this background, this dissertation focuses on the semiconductor bare

die degradation caused by the long-term use of power devices. In this dissertation,

the following definitions are used:

• Degradation: The electrical characteristics of the power device fluctuate

with long-term use.
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Fig.1.12. Relationship between number of failures and replacement rate of power conversion
circuits for a certain type of rolling stock [55].

• Gate oxide degradation: Degradation of power devices due to gate oxide.

• Failure: Malfunctioning of power devices or power conversion circuits.

1.1.5 Maintenance of Equipment

To prevent power-device-failure-induced downtime in power conversion circuits,

it is important to detect degradation and undertake maintenance. As described in

Section 1.1.3, the components around the power device are unitized; thus, over-

hauling the power device is not generally undertaken to extend its lifetime. Instead,

the entire power unit is replaced with a new one in power-device maintenance.

Fig. 1.12 shows the relationship between the number of failures and the replace-

ment rate of the power conversion circuit for a certain type of rolling stock [55].

Fig. 1.12 shows that the number of failures tends to increase as the number of

years since the manufacture of the power conversion circuit increases. On the

other hand, the number of failures tends to decrease as the progress rate of re-

placing the power conversion circuit increases. Therefore, the implementation of

appropriately timed maintenance is necessary to improve the long-term reliability

of power conversion circuits.

The following section describes existing maintenance methods and considers

the appropriate timing for undertaking maintenance on power devices. Fig. 1.13

shows the classification of maintenance methods [56]. Maintenance methods can be
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Fig.1.13. Classification of maintenance methods.

broadly classified into two categories: “breakdown maintenance,” in which mainte-

nance is performed after failures have occurred, and “preventive maintenance,” in

which maintenance is performed periodically prior to failures. Breakdown mainte-

nance can often lead to serious equipment failure. Therefore, the downtime tends

to be longer, and maintenance costs tend to be higher. Preventive maintenance

can be further divided into two types: “time-based maintenance” and “condition-

based maintenance.” In time-based maintenance, a maintenance period is deter-

mined in advance, and maintenance is performed during each period. Time-based

maintenance is the mainstream method for the above-mentioned power conversion

circuits for rolling stocks. In Japan, the law requires that maintenance be per-

formed on important rolling stock components every four years or every 600,000

km. Furthermore, the power unit is generally replaced with a new one every 10–

20 years. However, time-based maintenance can allow failures to occur before the

maintenance period is up, owing to differences in the operating environment and

equipment.

Against this background, condition-based maintenance has been attracting at-

tention as a new maintenance method. This method monitors the condition of

equipment during operation, to detect signs of degradation and perform mainte-

nance before a failure occurs [57]–[78]. The condition of the equipment is moni-
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Fig.1.14. Example of a condition monitoring system (catenary monitoring system) [79].

tored by collecting information about the equipment during operation using pre-

installed sensors. Condition-based maintenance not only reduces the failure rate

and improves long-term reliability: it also contributes to reduced downtime and

maintenance costs. Fig. 1.14 shows a catenary monitoring system, one of the con-

dition monitoring systems used in railroad applications. The catenary monitoring

system can measure the thickness of the catenary using a camera mounted on the

roof of the rolling stock during operation [80]. By referring to the measured data,

maintenance can be performed before the catenary breaks, thereby preventing the

rolling stock from being suspended due to breakage of the catenary.

On the other hand, a condition-based maintenance method for power conversion

circuits has not been established. Condition monitoring technology for power

devices also remains in the research phase. If the condition monitoring technology

for power devices is established, it will not only reduce the downtime caused by

power device failures but also improve the performances and reduce the costs of

power conversion circuits, by controlling SiC power device usage.

1.2 Objective and Overview

The objective of this study is to establish a condition monitoring technology

for power devices (which are the main cause of failure), to improve the long-term

reliability of power conversion circuits. To this end, we present a study related to

the condition monitoring of power devices.
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First, the target power devices are chosen as SiC MOSFETs, whose applicabil-

ity is expected to expand in the future. Then, this study focuses on gate oxide

degradation, one of the major failure factors of SiC MOSFETs. In addition, be-

cause a trade-off relationship pertains between the long-term reliability of the gate

oxide and SiC MOSFET performance, it is important to clarify the degradation

mechanism of the gate oxide. Establishing a condition monitoring technology for

the gate oxide may also be useful for clarifying the degradation mechanism.

Next, to achieve the research objectives, the following three steps were taken.

Step 1

Theoretical study of electrical characteristics suitable for condition moni-

toring of SiC MOSFETs.

(In this dissertation, the electrical characteristics subject to condition mon-

itoring are referred to as the “aging precursors.”)

• Challenge

– What aging precursor is suitable for condition monitoring?

• Result

– Theoretical studies suggest that the input capacitance Ciss (the

voltage-dependent capacitance of MOSFETs) is a suitable aging

precursor for condition monitoring.

Step 2

Verification of the validity of Step 1 by actual measurement of the degrada-

tion characteristics of SiC MOSFETs.

• Challenge

– How are degradation characteristics of SiC MOSFETs in a power

conversion circuit evaluated?

• Results

– Development of accelerated aging test circuit under continuous

switching conditions.
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– Actual measurement of degradation characteristics using the devel-

oped accelerated aging test circuit and verification of the validity

of Step 1.

Step 3

Development of a measurement circuit for detecting degradation in a power

conversion circuit.

• Challenge

– How is the input capacitance Ciss measured in the power conversion

circuit?

• Result

– A gate drive circuit is proposed to measure the input capacitance

Ciss.

Finally, the condition monitoring technology of the power device is proposed

from the research results.

1.3 Dissertation Structure

Fig. 1.15 presents the structure of this dissertation. This dissertation proposes

a condition monitoring technology for power devices; it is organized into the fol-

lowing chapters.
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Chapter 1

Chapter 1 introduces the social background surrounding power electronics,

as well as issues related to the failures of power conversion circuits. Power

conversion circuits, which are expected to expand their application range

in the future, must have a high power density and high efficiency, as well

as long-term reliability. Therefore, it is important to prevent the power-

conversion-circuit downtime caused by power device failures. This chapter

summarizes the issues in current power device failures and maintenance

methods. Moreover, this chapter clarifies the importance of establishing

condition monitoring technology for power devices. Then, the objectives of

the study are described.

Chapter 2

Chapter 2 summarizes the previous literature regarding condition moni-

toring techniques for power devices. The benefits and drawbacks of aging

precursors that have already been proposed for power-device condition mon-

itoring are summarized. As a result, the current situation (in which a unified

aging precursor has not been decided) is clarified. In addition, a literature

survey is performed to investigate the fluctuation characteristics of power

devices caused by gate oxide degradation. Through literature reviews, it is

theoretically shown that the input capacitance Ciss (which is the voltage-

dependent capacitance), is suitable for aging precursors.

Chapter 3

Chapter 3 describes the development of the accelerated aging test method

for power devices. The purpose of the accelerated aging test in this study

is to clarify the degradation characteristics of power devices implemented

in power conversion circuits. Therefore, the test circuits that can undergo

accelerated aging under the continuous switching condition, as well as the

actual use conditions of power devices, are developed. In the development
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of the test circuits, a design method that does not spread failures to the test

circuits is proposed, considering the failure of the device during the test.

Chapter 4

In Chapter 4, two types of accelerated aging tests for power devices are

performed using the test circuit developed in Chapter 3, to verify the theo-

retical considerations in Chapter 2 using actual measurements. In the first

type, multiple test conditions are applied to a single type of device under

testing. In the second type, a single test condition is applied to multiple

types of device under testing. The results of the two experimental verifica-

tions demonstrate the effectiveness of the proposed accelerated aging test

method. In addition, the input capacitance Ciss with respect to the gate–

source voltage vGS characteristic (Ciss–vGS characteristic), which is proposed

as an aging precursor for condition monitoring in this dissertation, is shown

to fluctuate with the degradation of power devices. Furthermore, it is shown

that the Ciss–vGS characteristic fluctuation with respect to temperature is

smaller than that under degradation.

Chapter 5

Chapter 5 describes the development of a circuit that can measure the Ciss–

vGS characteristics in power conversion circuits. It reviews the commonly

used methods for measuring the Ciss–vGS characteristics, and it discusses

methods that can be implemented in power conversion circuits. Then, a gate

driver circuit that can measure the Ciss–vGS characteristics is proposed.

The design method and operation sequence of the proposed gate driver

circuit are described. In addition, experiments are performed to show that

the proposed gate driver circuit can measure the Ciss–vGS characteristics of

power devices before and after degradation.

Chapter 6

Chapter 6 describes the conclusions derived from the results obtained in each
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chapter, the contribution of this dissertation to the field of power electronics

and devices, and the study’s prospects.
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Chapter 2

Previous Studies and Literature

Review

In this chapter, previous studies related to the condition monitoring of power

devices are introduced. Through a review of these studies, remaining issues are

identified and the issues to be solved in this study are clarified. In addition, the

electrical characteristics suitable for the condition monitoring of power devices are

theoretically investigated in the literature.

2.1 Studies on Condition Monitoring of Power

Devices

To detect signs of degradation in power devices, it is necessary to identify aging

precursors suitable for condition monitoring [81][82]. In this section, previous

studies regarding the condition monitoring of power devices are reviewed. The

main aging precursors proposed in previous studies are summarized in terms of

their benefits and drawbacks. Then, the features of the aging precursors suitable

for the condition monitoring technology aimed at in this study are discussed.

Fig. 2.1 shows the switching waveforms of MOSFETs and the aging precursors

described in this section. As shown in Fig. 2.1, previous studies into condition

monitoring techniques [using on-voltage, gate threshold voltage, switching wave-

forms (turn on switching time, Miller platform voltage) and gate leakage current

as aging precursors] are described below.
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Fig.2.1. Switching waveforms of MOSFETs and the aging precursors described in this section.

2.1.1 On-voltage

On-voltage has been proposed as an aging precursor that can detect the degra-

dation of both the package and semiconductor bare die [34], [83]–[88]. Fig. 2.2

shows the results of the power cycling test as the accelerated aging test for SiC
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Fig.2.2. Fluctuation of on-resistance in accelerated aging test [86].
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(a) Schematic diagram of the system.
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(b) The vCE monitor (differential voltage sense
circuit).

Fig.2.3. On-voltage measurement system proposed in Ref. [84].

MOSFETs. From Fig. 2.2, both the degradation produced by the gate oxide and

the package (bonding wire wear-out) increase the on-resistance (on-voltage).

Fig. 2.3 shows the on-voltage measurement system proposed in Refs. [83][84].

The on-voltage measurement system consists of a current sensor, differential volt-

age measurement circuit, and thermistor. Fig. 2.4 ( i ) shows the results of the

on-voltage measurement for an IGBT module implemented in a power conversion

circuit using the system shown in Fig. 2.3. From Fig. 2.4, it can be seen that the

iC–vCE characteristics of the IGBT module can be measured. However, variation is

observed in the measurement data, which may be produced by the electromagnetic

noise from the main circuit. In addition, the on-voltage is temperature dependent.
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Fig.2.5. iC–vCE characteristics of an IGBT, with intersection point [88].

Although the case temperature of the IGBT is measured by the thermistor, it is

difficult to separate the characteristic fluctuations attributable to degradation and

temperature because the case and junction have different heat capacities.

To eliminate the effect of on-voltage fluctuations caused by temperature, Ref.

[34] has proposed a method to estimate the power device losses. However, it is

difficult to accurately estimate these losses in power conversion circuits during

operation.

In addition, it has been proposed in Ref. [88] that the temperature dependence

can be eliminated by measuring the on-voltage at the IGBT intersection point.

Fig. 2.5 shows the iC–vCE characteristics of an IGBT, which feature an intersection
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[89].

point that is independent of temperature. On the other hand, such intersection

points do not exist in SiC MOSFETs; therefore, they cannot be applied to SiC

MOSFETs.

2.1.2 Gate Threshold Voltage

Gate threshold voltage has been proposed as an aging precursor that can detect

gate oxide degradation [89]. Fig. 2.6 shows the results of the high temperature

gate bias (HTGB) test for Si MOSFETs. From Fig. 2.6, the gate threshold voltage

can be seen to increase with HTGB test time. However, no measurement circuit

has been proposed for condition monitoring. Ref. [90] has proposed a method to

measure the gate threshold voltage online during accelerated aging tests; however,

the implementation of a similar method in power conversion circuits has not been

discussed. Furthermore, the gate threshold voltage is temperature dependent.

Therefore, it is difficult to separate the characteristic fluctuations attributable to

degradation and temperature. In addition, and similar to the on-voltage precursor,

the measurement may be affected by electromagnetic noise from the main circuit.

2.1.3 Switching Waveforms

Switching waveforms have been proposed as aging precursors that can detect the

degradation of both the package and semiconductor bare die [29][91]–[94]. Fig. 2.7
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Fig.2.7. Fluctuations of switching waveform in accelerated aging test [29].
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Fig.2.8. Measurement circuit used to measure the switching time [29].

shows the fluctuation of the switching waveform caused by the degradation of SiC

MOSFETs [29]. In Fig. 2.7, the power cycling test was performed as an accelerated

aging test, and the switching waveforms fluctuated because of the degradation of

SiC MOSFETs.

In Ref. [29], the switching time was identified as an aging precursor, based on

the fluctuation of the switching waveforms. Fig. 2.8 shows the measurement circuit

used for measuring the switching time. This circuit calculates the switching period
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(a) Experimental waveforms. (b) Measurement results for switching time due
to degradation.

Fig.2.9. Condition monitoring result of switching time [29].

by measuring the drain–source voltage and gate–source voltage of the MOSFET.

Fig. 2.9(a) shows the experimental waveform of the switching time, as measured

by the measurement circuit. Fig. 2.9(b) shows the results of the switching time

measured by the measurement circuit, which fluctuates due to degradation. In

Ref. [91], the Miller platform voltage was identified as an aging precursor, based

on the fluctuation of the switching waveforms.

However, a high time resolution is required to measure the switching waveforms.

In Ref. [29], a controller with a sampling period of 300 ps was used to detect the

fluctuation of the switching time. In addition, the switching waveforms are temper-

ature dependent, and the switching waveforms also depend on the load current.

Therefore, it is difficult to separate degradation from characteristic fluctuations

attributable to temperature and main circuit operating conditions.

2.1.4 Gate Leakage Current

Gate leakage current has been proposed as an aging precursor to detect gate

oxide degradation [95][96]. Fig. 2.10 shows the fluctuation of the gate leakage

current caused by the degradation of SiC MOSFETs [95]. In Fig. 2.10, the power

cycling test was performed as an accelerated aging test, and the gate leakage cur-

rent fluctuated owing to the degradation of SiC MOSFETs. Fig. 2.11 shows the
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Fig.2.10. Fluctuations of gate leakage current in accelerated aging test [95].
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Fig.2.11. Temperature dependence of gate leakage current [95].

temperature dependence of the gate leakage current. Because the temperature de-

pendence is small compared to the degradation-induced characteristic fluctuation,

the characteristic fluctuation by temperature can be neglected.

Fig. 2.12 depicts a measurement circuit that can measure the gate leakage cur-

rent; it was proposed in Ref [95]. The circuit measures the voltage across the gate

resistor Ron, to thereby measure the gate leakage current. When the gate leak-

age current exceeds a predetermined threshold, the comparator outputs a signal

indicating that the SiC MOSFET has degraded. Fig. 2.13 shows the experimental

results when detecting the degradation of SiC MOSFETs using the proposed mea-

surement circuit. In the healthy device under test (DUT), no signal is outputted

from the measurement circuit; meanwhile, in the aged DUT, the signal indicating

degradation is outputted from the measurement circuit.
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Fig.2.13. Measurement results of gate leakage current switching attributable to degradation [95].

However, the gate leakage current does not consistently change as the gate oxide

degradation progresses, and a dramatic increase occurs just before failure. In

addition, the only case in which the gate leakage current increases to a detectable

value occurs at the soft breakdown. At the hard breakdown, the time between

the increase to a detectable value and the failure is short. Therefore, it is not

suitable as an aging precursor for early warning, and it is not suitable for condition

monitoring.
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Table.2.1 Features of aging precursors of power devices for condition monitoring.

Sec. Aging precursors Temperature Other comments
dependence

2.1.1 On-voltage ✓ Dependency on operating conditions
2.1.2 Gate threshold voltage ✓ –
2.1.3 Switching waveforms ✓ Dependency on operating conditions
2.1.4 Gate leakage current – Not always fluctuating due to degradation

2.1.5 Summary of Features of Aging Precursors

Tab. 2.1 summarizes the features of the aging precursors introduced in Sections

2.1.1–2.1.4. As shown in Tab. 2.1, electrical characteristics that fluctuate with

respect to gate oxide degradation and have a small temperature dependence are

suitable as aging precursors for condition monitoring. It is necessary to identify

new aging precursors offering such characteristics.

2.2 Theoretical Consideration of Gate Oxide

Degradation

In this section, the aging precursors considered suitable for the condition moni-

toring considered in this study are theoretically considered and identified through

a literature review.

2.2.1 Changes in Oxide Charge and Characteristic Fluctu-

ations of Power Devices

Prior to the identification of aging precursors, the occurrence of gate oxide

degradation in MOSFETs is investigated theoretically.

Fig. 2.14 shows the oxide charge Qox in the gate oxides grown on semiconductor

surfaces [97]. In the gate oxides of MOSFETs, the oxide charge Qox change is

attributable to the change with respect to the degradation process of the mobile

charge QM, fixed charge QF, and trapped charge QT in the gate oxide. Neglecting

the effect of the interface charge QI at the gate oxide-semiconductor interface, the
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Fig.2.14. Gate oxide charge Qox in the gate oxide grown on semiconductor surfaces [97].

oxide charge Qox can be given by the following equation [98]:

Qox = QM +QF +QT. (2.1)

The change of the oxide charge Qox produces various fluctuations in the electrical

characteristics of the MOSFET. For example, the gate threshold voltage Vth is

given by [97]

Vth =

√
4εskTNA ln (NA/ni)

Cox
+

2kT

q
ln

(
NA

ni

)
− Qox

Cox
, (2.2)

where εs is the dielectric constant for the semiconductor, k is Boltzmann’s con-

stant, T is the absolute temperature, NA is the acceptor density in the P-base

region, ni is the intrinsic carrier concentration, Cox is the specific capacitance of

the gate oxide, and q is a quantum of electricity. From Eq. 2.2, it can be seen that

the gate threshold voltage Vth fluctuates under the change of the oxide charge Qox.

The channel resistance RCH, which forms the on-resistance RDS(ON) of the MOS-

FET, is given in the linear region by [97]

RCH =
LCH

ZµniCox (vGS − Vth)
, (2.3)

where LCH is the channel length, Z is the channel width, and µni is the inver-

sion layer mobility for electrons. From Eq. 2.3, the channel resistance RCH can

be seen to also fluctuate under the fluctuation of the gate threshold voltage Vth.

On the other hand, Eq. 2.2 includes the absolute temperature T , which indicates

– 29 –



Source metal

Gate metal

Drain metal

Gate oxide

N+ P+

P-base

N-drift

N+substrate

Channel region

JFET
region

Coc

Cdc

Coj

Cdj

Fig.2.15. Parasitic capacitors around gate oxide.

that the gate threshold voltage Vth fluctuates not only because of the change in

oxide charge Qox but also the change in temperature. Even in the channel re-

sistance RCH, the inversion layer mobility for electrons µni included in Eq. 2.3 is

temperature dependent. In addition, the drift region resistance, which accounts

for a large percentage of the MOSFET on-resistance RDS(ON) along with the chan-

nel resistance RCH, also exhibits a temperature dependence. Therefore, the gate

threshold voltage Vth and the on-resistance RDS(ON) fluctuate because of the gate

oxide degradation and temperature change. Therefore, the gate threshold volt-

age Vth and on-resistance RDS(ON) are unsuitable aging precursors for condition

monitoring.

2.2.2 Theoretical Investigation of Aging Precursor Suitable

for Condition Monitoring

In this section, an electrical characteristic that fluctuates with respect to the

oxide charge Qox and is suitable as an aging precursor for condition monitoring is

identified.

The depletion layer capacitance of MOSFETs is another electrical characteristic

that fluctuates as the oxide charge Qox changes. Fig. 2.15 shows the parasitic

capacitors around the gate oxide: Coc, formed by the gate capacitance between the
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gate metal and the P-base region; Coj, formed by the gate capacitance between the

gate metal and the JFET region; Cdc, formed by the depletion capacitance of the

P-base region; and Cdj, formed by the depletion capacitance of the JFET region.

When the channel region is in the depletion state, the depletion layer capacitance

Cdc is given by the following equation (for the depletion layer capacitance of a

P-type MOS capacitor) [97]:

Cdc =
Cox√

1 +
2C2

ox(vGS+Qox/Cox)
qNAεs

− 1
. (2.4)

Furthermore, when the JFET region is in the depletion state, the depletion layer

capacitance Cdj is given (when the drain–source voltage vDS = 0 V and assuming

the depletion layer capacitance of a N-type MOS capacitor) by [97]

Cdj =
Cox√

1 +
2C2

ox(vGS+Qox/Cox)
qNDεs

− 1
, (2.5)

where ND is the donor density of the drift layer. Equations 2.4 and 2.5 consider

the case of an ideal MOS capacitor where there is no work function difference

between the metal and semiconductor, and all doped impurities are ionized.

From Eqs. 2.4 and 2.5, it can be seen that the depletion layer capacitances

Cdc and Cdj are voltage-dependent capacitances that depend on the gate–source

voltage vGS. In addition, Eqs. 2.4 and 2.5 show that when the oxide charge Qox

changes under gate oxide degradation, the depletion layer capacitance Cdc and Cdj

are affected not only by the applied gate–source voltage vGS but also the oxide

charge Qox. However, Eqs. 2.4 and 2.5 do not include the absolute temperature T ,

indicating a lack of temperature dependence *1. From the aforementioned analysis,

the depletion layer capacitance Cdc and Cdj fluctuate under the degradation of the

gate oxide and features a small temperature dependence, making it a suitable aging

precursor for condition monitoring. However, it is not possible to directly measure

*1 Actual MOSFETs cannot be said to have no temperature dependence, because the ioniza-
tion rate of the donor depends on the temperature. However, the temperature dependence
of the Ciss is considered to be small, as described in Ref. [99]. Therefore, in this disserta-
tion, the expression “the Ciss has a small temperature dependence” is used.
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Fig.2.17. Measured Ciss–vGS characteristics of a SiC MOSFET.

the depletion layer capacitance Cdc, Cdj in a packaged MOSFET.

One way to measure the depletion layer capacitance Cdc, Cdj of a packaged

MOSFET is to measure the input capacitance Ciss, which is a voltage-dependent

capacitance. The input capacitance Ciss is represented in the circuit diagram by

the composite capacitance of the gate–source parasitic capacitance CGS and the

gate–drain parasitic capacitance CGD. Fig. 2.16 shows a circuit diagram for mea-

suring the input capacitance Ciss of a MOSFET using the high-frequency method.

In this method, the drain–source of the DUT is shorted and the signal voltage vAC

is used to measure the voltage-dependent capacitance whilst the DC voltage VG

is applied to the gate–source. Details of the high-frequency measurement method

are presented in Section 5.1.1.

Fig. 2.17 shows the measured input capacitance Ciss with respect to the gate–

source voltage vGS characteristic (Ciss–vGS characteristic) of the SiC MOSFET
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Table.2.2 MOSFET status and input capacitance Ciss at each section

Sec. Channel region　 JFET region Input capacitance Ciss

( I ) Inversion Accumulation Coc + Coj

(II) Depletion Accumulation CocCdc/ (Coc + Cdc) + Coj

(III) Depletion Depletion CocCdc/ (Coc + Cdc) + CojCdj/
(
Coj + Cdj

)
(IV) Accumulation Depletion Coc + CojCdj/

(
Coj + Cdj

)
(V ) Accumulation Inversion Coc + Coj

(C2M0280120D, Cree) used as the DUT in Section 4.3. The Ciss–vGS characteristic

was measured using a “high-voltage CV measurement system” (CS-603A, Iwatsu)

at vAC = 25 mV and 1 MHz. As shown in Fig. 2.17, the input capacitance Ciss

is the voltage-dependent capacitance. The Ciss–vGS characteristic can be divided

into five sections ( I )–(V ) depending on the parasitic capacitors shown in Fig. 2.15.

Tab. 2.2 summarizes the state of the channel and JFET regions. In addition, the

parasitic capacitors that make up the input capacitance Ciss at each section are

summarized [17]. From Tab. 2.2, the input capacitance Ciss is composed of the

oxide capacitances Coc and Coj and the depletion layer capacitances Cdc and Cdj.

Here, the oxide capacitances Coc and Coj are determined by the structure of the

gate oxide, and they are independent of voltage and temperature. Therefore, the

Ciss–vGS characteristic fluctuates parallel to the vGS axis as the oxide charge Qox

changes along with the depletion layer capacitances Cdc and Cdj. Furthermore,

the Ciss–vGS characteristic has a small temperature dependence, in addition to the

depletion layer capacitance Cdc, Cdj. Therefore, in packaged MOSFETs, the Ciss–

vGS characteristic represents a suitable aging precursor for condition monitoring.

In this study, the Ciss–vGS characteristic is proposed as an aging precursor for

condition monitoring.

2.3 Summary

In this chapter, the current status of condition monitoring technology for power

devices was introduced with reference to the relevant previous studies. The aging

precursors proposed as condition monitoring techniques for power devices, as well
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as their benefits and drawbacks, were summarized. It was shown that no unified

aging precursor has thus far been defined. In addition, it was clarified that aging

precursors that fluctuate with respect to gate oxide degradation and have a small

temperature dependence are suitable for establishing the condition monitoring

technology aimed at in this study.

In order to identify an aging precursor suitable for condition monitoring, the

gate oxide degradation was theoretically investigated. It was theoretically shown

that the electrical characteristics of power devices fluctuate depending on the oxide

charge Qox. Furthermore, it was shown theoretically that the input capacitance

Ciss (which is the voltage-dependent capacitor of the MOSFET) with respect to

the gate–source voltage vGS characteristic (Ciss–vGS characteristic) fluctuates un-

der changes in the oxide charge Qox and has a small temperature dependence.

Therefore, in this study, the Ciss–vGS characteristic is proposed as an aging pre-

cursor for condition monitoring.
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Chapter 3

Accelerated Aging Test Circuit for

Power Devices Applying

Continuous Switching

In Section 2.2, the Ciss–vGS characteristic is theoretically investigated as a suit-

able aging precursor for condition monitoring. In this chapter, an accelerated aging

test circuit of the power device is developed, to experimentally verify the above

theoretical investigation. To verify the degradation of power devices and thereby

establish condition monitoring technology, it is necessary to perform accelerated

aging tests under switching conditions similar to those of the power devices im-

plemented in power conversion circuits. Therefore, a test circuit for accelerated

aging under continuous switching conditions is proposed.

Based on analysis of the test circuit, a design method is proposed to ensure that

no failures spread to that circuit, even when the DUT fails during the accelerated

aging tests. The test circuit is designed according to the proposed method, and

the experimental results at 500 V, 50 A or 800 V, 20 A conditions show the validity

of the design method.

3.1 Review of Accelerated Aging for Power

Devices

Power devices have a design lifetime of several decades. For this reason, ac-

celerated aging tests are used to verify their degradation characteristics. These

tests obtain the degradation characteristics within a realistic test time, by apply-
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Fig.3.2. Lifetime evaluation of gate oxide using the conventional HTGB test [102].

ing intentionally higher voltages or temperatures than those normally used. This

section provides a review of accelerated aging tests for power devices.

3.1.1 Stress on Gate Oxide

The HTGB test is generally used to induce accelerated aging in gate oxides.

The HTGB test is defined as follows. “The HTGB test biases the gate or other

oxides of the device sample. The devices are normally operated in a static mode

at (or near) the maximum rated oxide breakdown voltage levels” [100]. Therefore,

in conventional HTGB tests, a constant DC voltage is applied as a stress voltage

at the gate–source of the DUT [101]. Fig. 3.1(a) shows the conventional HTGB

test circuits. In the test circuit, the gate voltage VG is set to an over-voltage, and

the drain–source voltage vDS is set to 0 V (shorted). Fig. 3.2 shows the result
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of a conventional HTGB test conducted by a manufacturer on a SiC MOSFET

[102]. The conventional HTGB test was performed with the test circuit shown in

Fig. 3.1(a). As shown in Fig. 3.2, the higher the test gate voltage VG, the more the

lifetime is accelerated. Furthermore, the gate oxide lifetime at the recommended

operational value can be estimated from the HTGB test result.

However, the gate oxide of SiC MOSFETs implemented in power conversion cir-

cuits receives stress under conditions different to those of the conventional HTGB

test. Here, the stress applied to the gate oxide under switching conditions is con-

sidered.

Square Voltage

Under switching conditions, a square voltage is applied between the gate–source

of the SiC MOSFET, instead of a constant DC voltage. Therefore, the square

voltage is also used as the stress voltage for evaluating the gate oxide TDDB

lifetime. Fig. 3.1(b) shows a test circuit that applies a square voltage as the

stress voltage between the gate and source of the DUT. It has been reported that

the gate oxide lifetimes of low-voltage MOSFETs (for LSIs) are longer when the

square voltage is applied, compared to when DC voltage is applied [49][53][54][103].

However, there is a lack of HTGB test data for SiC MOSFETs when square voltage

is applied as the stress voltage.

Drain–Source Voltage

The gate oxide is applied to the electrical field induced not only by the gate–

source voltage vGS but also by the drain–source voltage vDS. The relationship

between the drift layer field strength Edri induced by the drain–source voltage vDS

and gate oxide field strength Eox is given by [42]

Eox =
εs
εox

Edri, (3.1)

where εox is the dielectric constant of the gate oxide. Because the maximum field

strength of SiC is approximately ten times greater than that of Si, the maximum
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Fig.3.3. Short-circuit time and fluctuation rate of gate threshold voltage under repetitive short-
circuit tests [43].

drift layer field strength of the SiC MOSFET can also be designed to be ten times

greater than that of the Si MOSFET. Therefore, the gate oxide of SiC MOSFETs

is more stressed by the drain–source voltage vDS than that of Si MOSFETs.

Drain Current

Studies have reported gate oxide degradation attributable to localized heating

of the gate oxide near the channel region by the drain current iD [43]. In Ref.

[43], repetitive short-circuit tests were performed upon SiC MOSFETs. Fig. 3.3

shows the relationship between the short-circuit time and fluctuation rate of the

gate threshold voltage in the repeated short-circuit test. From Fig. 3.3, we see

that the longer the short-circuit time, the larger the fluctuation rate of the gate

threshold voltage. The reason for this is the localized heating of the gate oxide by

the drain current iD, as described above.

Under continuous switching conditions, these stresses are applied together as

“dynamic-stress.”

3.1.2 Accelerated Aging Applying Continuous Switching

A feature of conventional accelerated aging tests is that static stress is applied to

accelerate the aging. Although the static-stress condition is effective in clarifying a

specific cause of degradation, it is unsuitable for evaluating the dynamic stress ap-

plied under continuous switching conditions. The long-term reliability of Si power
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Fig.3.4. Overview of the method used to produce the wear model under the continuous switching
accelerated aging test [104].

devices under dynamic stress has been achieved through years of experience and

development [104]. Against this background, the Joint Electron Device Engineer-

ing Council (JEDEC) developed (in 2020) a standard that provides continuous

switching tests for the long-term-reliability evaluation of gallium nitride (GaN)

[104]. The purpose of the continuous switching test was to perform accelerated

aging of wide bandgap power devices (which are less understood than Si power

devices) under dynamic-stress conditions similar to those of actual use.

Fig. 3.4 presents an overview of the method used to obtain the wear model

via the continuous switching accelerated aging test. In the test, the evaluation

was based on the switching locus. For example, the test was performed with the

maximum drain current iD at a fixed value of IDP and the maximum drain–source

voltage vDS at various values of VDP. The maximum drain–source voltage VDP

was set higher than the normal operating voltage for accelerated aging, and the

test was performed until the power devices failed. By calculating the failure time

from the Weibull plot of the time to failure (ttf) for the power device at each VDP,

the mean time to failure (MTTF) can be expressed as a function of VDP.

Fig. 3.5 presents an example of a continuous switching circuit shown in the
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Fig.3.6. Continuous switching test circuit proposed in Ref. [106].

JEDEC standard. The circuit is composed of a boost converter and can perform

accelerated aging tests for hard switching. However, because energy is consumed

by a resistor R, a large-capacity DC power supply and resistor R are required

when testing power devices with large capacities (e.g., power modules).

Ref. [106] proposed a circuit based upon a half-bridge inverter as a suitable test

circuit for continuous switching tests. Fig. 3.6 shows the circuit diagram proposed

in Ref. [106]. One feature of the circuit shown in Fig. 3.6 is that it is implemented

with a protection circuit, assuming that the test is continued until the DUT fails.

However, the protection circuit is implemented between the DC link capacitor and

DUT (IGBT Q1 and Q2). This circuit configuration differs from that of a typical
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Fig.3.7. Differences in load connections (attributable to test currents in the circuit) shown in
Fig. 3.6.

power conversion circuit. In addition, long-term reliability tests of power devices

require test results from many samples. Therefore, multiple test circuits are used,

and each test circuit must have a simple circuit configuration. Fig. 3.7 shows the

difference in the loads connected between the DC and AC test currents in the

test circuit shown in Fig. 3.6. When the test current is AC, the load is only the

inductor L1, and power regeneration is possible. On the other hand, when the

load is DC, the load (EL) is connected. This resembles the test circuit shown

in Fig. 3.5, where a large-capacity DC power supply (PSU) and load (EL) are

required when testing power devices with large capacities (e.g., power modules).

Furthermore, there is no accelerated aging method and continuous-switching-

operated test circuit for gate oxide. Therefore, to achieve the accelerated aging of

SiC MOSFETs required in this study, the following issues should be solved:

• Consideration of a test method that facilitates accelerated aging of the gate

oxide under continuous switching conditions

• Consideration of continuous switching circuits capable of power regeneration

without a large power supply and load resistance
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Fig.3.8. Accelerated aging test waveforms for conventional and advanced HTGB tests.

3.2 Overview of Proposed Test Method and

Circuits

3.2.1 Proposed Advanced HTGB Test Method

An advanced HTGB test is proposed to accelerate the aging of the gate oxide

under continuous switching conditions. The advanced HTGB test is a combination

of the conventional HTGB test method and continuous switching test method

established by the JEDEC standards [104][105].

Fig. 3.8(a) shows the conventional HTGB test waveforms. In the conventional

HTGB test, a DC voltage VG is applied to the gate–source of the DUT. The DC

voltage VG is set higher than the rated voltage, to produce accelerated aging of

the gate oxide. Fig. 3.8(b) shows the test waveforms of the advanced HTGB test.

As in the conventional HTGB test, the gate–source voltage VGp is set higher than

the rated voltage. In addition, the test voltage VDS and test current ID are set to

accelerate the gate oxide aging under continuous switching conditions. Therefore,

the advanced HTGB test can evaluate the gate oxide degradation under conditions

resembling the actual operating conditions. It should be noted that the advanced

HTGB test is proposed not to accurately evaluate the relationship between the

gate oxide bias and degradation but to induce accelerated aging of the gate oxide
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under conditions similar to the actual operating conditions.

3.2.2 Advanced HTGB Test Circuit Specifications

A test circuit was developed to perform the advanced THGB test. Fig. 3.9 shows

a schematic diagram of the advanced HTGB test circuit; it consists of a continuous

switching circuit and gate drive circuit for the DUT. In this chapter, the continuous

switching circuit and gate drive circuit for the DUT were developed separately.

The target switching waveform to be developed is that of hard switching, which

is commonly applied in power conversion circuits. Fig. 3.10 depicts the ideal

switching waveform of hard switching. In Fig. 3.10, VDS is the test voltage, ID

is the test current, DD is the on-duty ratio of the DUT, fSW is the switching

frequency, TS is the switching period, and ∆ID is the current ripple of the test

current ID. The following conditions are required for the test circuit specified in

the JEDEC standards [104]:
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• To set the test voltage VDS higher than the normal operating voltage for

accelerated aging, it should be adjustable according to the test conditions

within a range extending up to the maximum rated voltage of the DUT.

• To set the test current ID larger than the normal operating current for

accelerated aging, it should be adjustable according to the test conditions

within a range extending up to the maximum rated current of the DUT.

• The switching frequency fSW should be adjustable according to the test

conditions.

• The on-duty ratio DD should be adjustable according to the test conditions.

• The test should be able to run until the DUT fails.

The specifications of the continuous switching circuit should satisfy these con-

ditions and be able to solve the issues described in Section 3.2.1.

3.2.3 Existing Power Supply System and Circuit Configu-

ration

To achieve continuous switching operation and power regeneration, a cascaded

buck-boost (or boost-buck) converter is adopted as the continuous switching cir-

cuit. Furthermore, because the load current of the circuit is DC, the test current

ID is constant and therefore suitable for continuous switching tests.

In continuous switching tests (unlike switching tests), the energy consumed dur-

ing the continuous test must be supplied from a DC power supply. A DC power

supply with a large voltage rating and large capacity is required for testing power

modules with large voltages and current ratings [107, 108]. Hence, two types of

continuous switching circuits are proposed for testing DUTs of various voltage and

current ratings: The first type is the cascaded buck-boost converter, which is here-

after referred to as the “buck-type test circuit.” The buck-type test circuit can be

used only when the test voltage VDS is lower than the output voltage of the DC

power supply. The second type is the cascaded boost-buck converter, hereinafter
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referred to as the “boost-type test circuit.” The boost-type test circuit can boost

the input voltage and be set to a test voltage VDS that exceeds the output voltage

of the DC power supply. In this dissertation, each design method is proposed.

By considering the design method, it is shown that the buck-type test circuit is

more suitable when the test voltage VDS is lower than the output voltage of the

existing DC power supply. On the other hand, in long-term reliability tests of

power devices, and depending on the test conditions, the DUT is operated near its

rated voltage for accelerated aging. Therefore, when a test voltage VDS exceeding

the output voltage of the existing DC power supply is required, the boost-type

test circuit is suitable.

3.3 Design of Buck-type Test Circuit

Fig. 3.11 shows the circuit diagram of the buck-type test circuit [109]. The

buck and boost converters are connected in this order from a DC power supply

side, and the output of the boost converter is connected to the input of the buck

converter to realize power regeneration. The DUT is implemented as a transistor

of the boost converter because it acts as a low-side transistor, which is suitable

for measurement. A diode BD is inserted to prevent a voltage exceeding the input

voltage from being applied to the DC power supply. As shown in Fig. 3.11, the

inductor of the buck converter and boost converter can be shared [110].

In this dissertation, when the DUT fails, we refer to it as “abnormal operation.”

Meanwhile, we use “normal operation” to refer to failure during the continuous
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Table.3.1 Operating modes of buck-type test circuit.

Operating mode Q1 DUT vL1

A ON ON E
B ON OFF 0
C OFF ON 0
D OFF OFF −E

Carrier

DD

D∗
Q1

Q1

DUT

iL1

on on

on on on

Mode C A B A C A B A C

Fig.3.12. Theoretical gate waveform and inductor current waveform of the buck-type test circuit.

switching test. A control method for the test voltage VDS and test current ID

during normal operation is described below. In addition, because the circuit pa-

rameters are dominated by the influence of an overvoltage or overcurrent during

abnormal operation, the circuit parameter design method that considers abnormal

operation is described.

3.3.1 Control Method for Normal Operation

Because the test voltage VDS is equal to the input voltage E, it can be set

arbitrarily by the DC power supply, as shown in the following equation:

VDS = E. (3.2)

The inductor current iL1 is feedback-controlled by a transistor Q1 of the buck con-

verter to arbitrarily set the test current ID. However, the volume of the inductor

should be largely produced by the DC current ID that constantly flows through

the inductor. Therefore, a control method that can reduce the current ripple ∆ID

is applied to reduce the inductance L1.

The circuit operation can be divided into four modes according to the on/off
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i∗L1

iL1

KP
E

DD

Q1 gate
signal

DUT
gate signal

DD

PWM generator

Fig.3.13. Control block diagram.

state of the transistor Q1 and the DUT. Tab. 3.1 shows an inductor voltage vL1

in the four modes. Even in Modes B and C, the inductor current iL1 decreases

because of the power loss in the circuit. Therefore, Mode A occurs, and energy is

supplied to the inductor. Fig. 3.12 shows the gate waveforms and inductor current

iL1 waveform, using only Modes A, B, and C. The off-duty ratio command value

D∗
Q1 of the transistor Q1 is represented as [111]

D∗
Q1 = DD − KP

E
(i∗L1 − iL1) , (3.3)

where KP is the proportional gain, and i∗L1 is the inductor current command value,

which is equal to the test current ID. Fig. 3.13 shows the control block diagram.

The ratio dA in Mode A is a single period, given by

dA =
ID

E − (RQ1 −RD1) ID

×{(−RQ1 +RDUT +RD1 −RD2)DD +RQ1 +RD2 +RL1} , (3.4)

where RQ1, RDUT, RD1, RD2, and RL1 are the resistances of Q1, DUT, D1, D2,

and L1, respectively.

When the control method described above is applied, the current ripple ∆ID

during normal operation is given by the following equation:

∆ID =
(RQ1 +RD2 +RL) ID

L1
(1−DD)TS. (3.5)
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(a) Q1 is ON

DUT

L1

E

BD

C1

Q1

D1

D2

(b) Q1 is OFF

Fig.3.14. Equivalent circuit of the buck-type test circuit when a short circuit occurs in the DUT.

Q1

ILmax

ID
iL1

Short circuit of DUT occurs

Q1 is stopped

Fig.3.15. Theoretical gate waveform and inductor current waveform when a short circuit occurs
in the DUT.

3.3.2 Circuit Parameter Design Considering Abnormal Op-

eration

The circuit operation when the DUT is short-circuited or open during the con-

tinuous switching test (i.e., abnormal operation) is analyzed. This occurs because

both short-circuit and open failures of the DUT can arise in accelerated aging tests

for gate oxides. If the gate oxide TDDB occurs during the accelerated aging test,

the DUT will undergo a short circuit failure. If a BTI-induced increase in gate

threshold voltage occurs during the accelerated aging test, the DUT will register

an open failure. In addition, the inductor and capacitor design method considered

in the analysis results is shown.

Design of Inductor

Fig. 3.14 depicts the equivalent circuit when a short circuit of the DUT occurs.

When the transistor Q1 is on, the inductor current iL1 increases owing to the

inductor voltage vL1 = E. When transistor Q1 is off, the inductor current iL1 is

freewheeling in the circuit. Fig. 3.15 depicts the inductor current iL1 when a short
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L1

E
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C1

Q1

D1
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(a) Q1 is ON

DUT

L1

E

BD

C1

Q1

D1

D2

(b) Q1 is OFF

Fig.3.16. Equivalent circuit of the buck-type test circuit when open failure of DUT occurs.

Q1

ID
iL1

Open failure of DUT occurs

Fig.3.17. Theoretical gate waveform and inductor current waveform when open failure of the
DUT occurs.

circuit occurs in the DUT. In the event of a DUT short-circuiting, the inductor

current iL1 increases and exceeds the value of the test current ID. Therefore, the

operation of the transistor Q1 should be stopped by detecting an overcurrent of

the inductor current iL1. The maximum value of the inductor current ILmax is

given by

ILmax = ID +
E

L1
TON, (3.6)

where TON is the total on-time of the transistor Q1 between the time when the

short circuit of the DUT occurs and the time when the transistor Q1 is stopped.

In Eq. 3.6, the resistance components in the test circuit were neglected when

considering the worst case. As the total on-time TON depends on the switching

frequency fSW and the delay time for overcurrent detection, it is necessary to

design the inductance L1 by considering this.

Design of Capacitor

The design of the capacitor should account for the open failure of the DUT.

Fig. 3.16 illustrates the equivalent circuit when this open failure occurs. When
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Q1
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D2

iL1

iL2

vC1 vC2

iC2

Fig.3.18. Circuit diagram of the boost-type test circuit.

transistor Q1 is on, the inductor current iL1 is freewheeling in the circuit. When

transistor Q1 is off, the inductor current iL1 decreases owing to the inductor voltage

vL1 = −E. Fig. 3.17 shows the inductor current iL1 at open failure. In the event

of a DUT open failure, the inductor current iL1 decreases and gradually reaches 0

A. However, because the energy of the inductor is transferred to the capacitor, the

capacitor voltage vC1 increases and exceeds the input voltage E. The maximum

value of the capacitor voltage VCmax is given by the following equation:

VCmax =

√
L1

C1
I2D + E2. (3.7)

In Eq. 3.7, the resistance components in the test circuit were neglected when

considering the worst case.

3.4 Design of Boost-type Test Circuit

Fig. 3.18 depicts the circuit diagram of the boost-type test circuit. The boost

and buck converters were connected in this order from the DC power supply side.

The output of the buck converter was connected to the input of the boost converter

to realize power regeneration. The DUT was implemented as a transistor for the

buck converter. When the transistor of the boost converter was the DUT, short-

circuiting of the DUT occurred, and a short circuit occurred in the DC power

supply via the inductor L1. This short circuit of the DC power supply cannot

be stopped by the transistor of the buck converter. Therefore, the DUT should

perform the role of this transistor.
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Table.3.2 Operating modes of the boost-type test circuit.

Operating mode Q1 DUT iC2

A ON ON −iL2

B ON OFF 0
C OFF ON 0
D OFF OFF iL2

Carrier

DD

D∗
Q1

Q1

DUT

vC2

on on

on on on

Mode C A B A C A B A C

Fig.3.19. Theoretical gate waveform and capacitor voltage waveform of the boost-type test
circuit.

The control method for the test voltage VDS and test current ID during nor-

mal operation is described below. In addition, because the circuit parameters are

dominated by the influence of an overvoltage or overcurrent during abnormal op-

eration, the circuit parameter design method that considers abnormal operation

is described.

3.4.1 Control Method for Normal Operation

The test voltage VDS is bucked to the input voltage E by a buck converter

with a duty ratio of DD. Therefore, the test voltage VDS is given by the following

equation:

VDS =
E

DD
. (3.8)

An inductor current iL1 is feedback-controlled by a transistor Q1 of the boost

converter, to set the test current ID arbitrarily. No limitations are placed on the

set value of the test voltage VDS; thus, theoretically, the design limits of the test

voltage VDS are small. However, because it is necessary to select a capacitor with
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a high rated voltage, film capacitors should be applied. When the test current ID

flows through capacitor C2, the voltage ripple tends to increase. Therefore, the

control method described below was applied to reduce the capacitance C2.

The circuit operation can be divided into four modes according to the on/off

state of the transistor Q1 and the DUT. Tab. 3.2 shows the capacitor current iC2

in the four modes. Even in Mode C, the capacitor voltage vC2 increases because

the energy corresponding to the loss of the buck converter is provided from the

DC power supply. Therefore, Mode A occurs, and capacitor C2 supplies energy

to the buck converter. Fig. 3.19 shows the gate waveforms and capacitor voltage

vC2 waveform, using only Modes A, B, and C. The off-duty ratio command value

D∗
Q1 of the transistor Q1 is as follows:

D∗
Q1 = DD − KP

E
(i∗L1 − iL1) . (3.9)

The control block diagram matches that of the buck-type test circuit shown in

Fig. 3.13.

The ratio dA in which Mode A occurs is a single period, which is given by

dA =
E + (2R′′ −R′′′) ID −

√
α

2 (E +R′′ID)
DD, (3.10)

where

α = {E + (2R′′ −R′′′) ID}
2
D2

D−4 (E +R′′ID) (R
′ +R′′) IDD

2
D, (3.11)

R′ = RL1 +RQ1 (1−DD) +RD1DD, (3.12)

R′′ = RL2 +RDUTDD +RD2 (1−DD) , (3.13)

R′′′ = (RQ1 −RD1)DD, (3.14)

where RL2 is a resistance of L2.

3.4.2 Circuit Parameter Design Considering Abnormal Op-

eration

In the boost-type test circuit, when short-circuiting of the DUT occurs during the

continuous switching test, a maximum current ILmax that exceeds the test current
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Fig.3.20. Equivalent circuit of the boost-type test circuit when short circuiting of the DUT
occurs.

iL2

iL1

vC1

vC2

0

0

ILmax

IOC

ID

VDS

E

t0 t1 t2 t3

Fig.3.21. Theoretical waveforms when short circuiting of the DUT occurs.

ID occurs. In addition, when an open failure of the DUT occurs, a maximum

voltage VCmax that exceeds the test voltage VDS occurs. Thus, the abnormal

operation is analyzed, and the maximum current ILmax and maximum voltage

VCmax are calculated. Moreover, a relationship between the abnormal operation,

inductance, and capacitance is shown, to help design inductors and capacitors.

In this section, the inductances L1 and L2 and capacitances C1 and C2 satisfy

the following equations because the maximum current ILmax and maximum voltage

VCmax are minimized under the following conditions:

L1 = L2 = L, (3.15)

C1 = C2 = C. (3.16)

Furthermore, in the abnormal operation analysis, the resistance components in

the test circuit are neglected, to consider the worst case.
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Short Circuit Failure of DUT

Fig. 3.20 shows the equivalent circuit when a short circuit of the DUT oc-

curs. Fig. 3.21 shows the theoretical waveforms when the short circuit occurs. In

Fig. 3.21, a short circuit occurs at time t = t0. In the period t0-t1, the inductor

current iL2 increases owing to the capacitor voltage vC1 < vC2. The inductor cur-

rent iL1 = ID, owing to the constant current control. Therefore, an overcurrent

IOC of the inductor current iL2 should be detectable. At time t = t1, the opera-

tion of the transistor Q1 is halted by the overcurrent IOC of the inductor current

iL2. After t = t1, it can be divided into two patterns, depending on the inductor

current iL1. One pattern is the inductor current, iL1, in the continuous conduction

mode; the other pattern is the inductor current iL1 in a discontinuous conduction

mode for t = t2 − t3, as shown in Fig. 3.21.

When the inductor current iL1 is in the continuous conduction mode, the mini-

mum value ILmin of the inductor current iL1 satisfies

ILmin ≃ ID + IOC −
√

C

L
(1−DD)

2
V 2
DS + (ID − IOC)

2
> 0, (3.17)

and the maximum current ILmax is given by the following equation:

ILmax ≃ 1

2
(ID + IOC) +

1

2

√
C

L
(1−DD)

2
V 2
DS + (ID − IOC)

2
. (3.18)

The approximate expressions vC2 (t1) ≃ VDS and vC1 (t1) ≃ E1 = DDVDS are

applied to Eq. 3.17 and Eq. 3.18.

When ILmin ≤ 0, the inductor current iL1 reaches 0 A at time t = t2. In the

period t2-t3, the inductor current iL1 = 0 A because the diode D1 is off. At time

t = t3, the inductor current iL2 reaches the maximum current ILmax, which is

given by

ILmax ≃
√

C

2L
(1−DD)

2
V 2
DS + (ID + IOC)

2
. (3.19)

The approximate expressions vC2 (t2) ≃ VDS and vC1 (t2) ≃ E1 = DDVDS are

applied to Eq. 3.19.
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Fig.3.22. Equivalent circuit of the boost-type test circuit when open failure of the DUT occurs.

Q1

ID iL1

iL2

VCmax

VDS

E
vL1

vL2

Open failure of DUT occurs

Fig.3.23. Theoretical waveforms when open failure of the DUT occurs.

Open Failure of DUT

Fig. 3.22 depicts the equivalent circuit when open failure of the DUT occurs.

Similarly, Fig. 3.23 shows the theoretical gate, inductor current, and capacitor

voltage waveforms under such failure. The inductor currents iL1 and iL2 and

capacitor voltage vC1 gradually decrease because their energy is transferred to the

capacitor C2. Thus, the capacitor voltage vC2 increases, and its maximum value

VCmax is given by the following equation:

VCmax =

√
2L

C
I2D + V 2

DS + E2. (3.20)

3.4.3 Design of Inductor and Capacitor

From Eqs. 3.18–3.20, the maximum voltage VCmax and maximum current ILmax

are seen to depend on the ratio of inductance L and capacitance C (thus L/C).

Fig. 3.24 illustrates the calculation and circuit simulation results of VCmax and
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∆VCmax [V]
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Ratio L/C of inductance and capacitance
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Fig.3.24. Calculation and simulation results of ∆VCmax and ∆ILmax.

Table.3.3 Calculation and simulation conditions of the boost-type test circuit.

Parameters Value
Test voltage VDS 800 V
Test current ID 20 A

Duty ratio of DUT 0.5
Overcurrent detection value IOC 30 A

ILmax. The calculation and circuit simulation conditions are listed in Tab. 3.3. In

Fig. 3.24, ∆VCmax and ∆ILmax are defined by the following equations:

∆VCmax = VCmax − VDS, (3.21)

∆ILmax = ILmax − IOC. (3.22)

In Eqs. 3.18 and 3.19, even though the approximation is used, the calculated

results almost replicate the circuit simulation results. As VCmax and ILmax exist

in a trade-off relationship, it is necessary to design L/C by considering both.

During normal operation, because the current ripple ∆ID is equivalent to the

current ripple of the inductor current iL2, it is given by the following equation:

∆ID =
{(RL2 +RD2) ID + E} (1−DD)

L2fSW
. (3.23)

From the above equations and the relationship of Fig. 3.24, the inductance L and

capacitance C can be designed.
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Q1 & D1

DUT & D2

Test circuit

Inductor L1

100 mm

Fig.3.25. Experimental setup of test circuit.

Table.3.4 Circuit parameters of both buck-type and boost-type test circuit.

Parameters Value of buck-type Value of boost-type
Capacitance C1 = 80 µF C1 = C2 = 40 µF
Inductance L1 = 740 µH L1 = L2 = 370 µH
Resistance RL1 = 20 mΩ RL1 = RL2 = 10 mΩ
Resistance RQ1 = RDUT = 25 mΩ [112]
Resistance RD1=RD2 = 30 mΩ [112]

Table.3.5 Specifications of power devices.

Contents Value
Type number BSM120D12P2C005 (ROHM)
Rated drain-source voltage 1,200 V
Rated drain current 134 A
Rated gate-source voltage +22/−6 V

Table.3.6 Specifications of measuring instruments.

Measuring Manufacturer Model Specifications Measurement
instruments number points
Oscilloscope Iwatsu DS-5634A 350 MHz, 1 GS/s −
Differential probe Iwatsu SS-320 100 MHz vDS, vGS

Rogowski coil Iwatsu SS-664 32−30 MHz, 300 A iD
Current probe Iwatsu SS-260 10 MH, 150 A iL1, iL2

3.5 Experimental Verification of Buck/Boost

Type Test Circuits

Experiments were performed to validate the design methods described in Sections

3.3 and 3.4. Fig. 3.25 shows the experimental setup of the test circuit. Tab. 3.4

shows the circuit parameters of both the buck and boost-type test circuits. The
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Table.3.7 Experimental conditions of the buck-type test circuit.

Contents Value
Test voltage VDS 500 V
Test current ID 50 A
Switching frequency fSW 100 kHz
Duty ratio of DUT DD 0.5
Overcurrent detection value IOC 70 A

vGS

vDS

iD

iL1

vDS

iD

20 V

500 V

50 A

50 A 10 µs

500 V

50 A
0.5 µs

Fig.3.26. Experimental waveforms of buck-type test circuit.

test circuit can be switched between a buck- or boost-type test circuit by changing

the wiring. The boost-type test circuit requires two capacitors and inductors.

These two capacitors were arranged in parallel and the inductors were arranged

in series in the buck-type test circuit; hence, both the capacitance and inductance

were twice as high as those in the boost-type test circuit. Tab. 3.5 shows the

specifications of the power devices used in the experiment. To verify the operation

of the test circuit, the same devices were used for transistors Q1 and the DUT.

The proportional gain KP was set to 5.0 [113]. Tab. 3.6 shows the specifications

of the measuring instruments used in the experiment.
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Fig.3.27. Experimental gate waveform and inductor current waveform when short circuit of the
DUT occurs.

3.5.1 Buck-type Test Circuit

Tab. 3.7 shows the experimental conditions for the buck-type test circuit. The

test voltage VDS was set to 500 V, which is the rated voltage of the DC power

supply. The test current ID was set to 50 A. Under these conditions, the conversion

capacity was 12.5 kW because the duty ratio of the DUT was set to 0.5.

Fig. 3.26 depicts the experiment waveforms during normal operations. Because

the test current ID was measured by a Rogowski coil, the DC component was offset

in Fig. 3.26. Almost no current ripple ∆ID was observed, because the control

method described in Section 3.3.1 was applied. The input power of the DC power

supply was 610 W, which was 4.9% of the conversion capacity.

Fig. 3.27 shows the experimental waveforms when short-circuiting of the DUT

occurs. The overcurrent detection value of the inductor current iL1 was set to 70

A. The transistor Q1 stopped operating owing to the detection of an overcurrent.

In addition, the inductor current iL1 gradually decreased and reached 0 A. Thus,

the test can be stopped without spreading the DUT failure to the test circuit.
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Fig.3.28. Experimental gate waveform and inductor current waveform when open failure of the
DUT occurs.

Fig. 3.28 shows the experiment waveforms when open failure of the DUT occurs.

After the open failure, and when the transistor Q1 is on, the inductor current iL1

is freewheeling in the circuit. Therefore, the reduction rate of the inductor current

iL1 is small. In contrast, when transistor Q1 is off, the inductor current iL1 charges

the capacitor C1. Therefore, the reduction rate of the inductor current iL1 is large.

Whether the transistor Q1 is on or off, the inductor current iL1 gradually reaches

0 A. The drain-source voltage of the DUT was equal to the capacitor voltage vC1;

thus, the maximum value of the capacitor voltage VCmax was applied to the drain-

source of the DUT. The maximum value of the DUT drain-source voltage was 522

V, 4.4% higher than the test voltage VDS = 500 V. Furthermore, the maximum

value was approximately equal to the value (523 V) calculated using Eq. 3.7. The
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Table.3.8 Experimental conditions of the boost-type test circuit.

Contents Value
Test voltage VDS 800 V
Test current ID 20 A
Switching frequency fSW 100 kHz
Duty ratio of DUT DD 0.5
Overcurrent detection value IOC 30 A

vGS

vDS

iD

iL1

vDS

iD

20 V

800 V

20 A

20 A

10 µs

800 V

20 A
0.5 µs

Fig.3.29. Experimental waveforms of the boost-type test circuit.

test circuit can be stopped without spreading the failure to the test circuit.

3.5.2 Boost-type Test Circuit

Tab. 3.8 depicts the experimental conditions of the boost-type test circuit. The

test voltage VDS was set to 800 V, larger than the rated voltage of the DC power

supply. The test current ID was set to 20 A. Under these conditions, the conversion

capacity was 8 kW because the duty ratio of the DUT was set to 0.5.

Fig. 3.29 depicts the experiment waveforms during normal operation. The test

current ID was measured by the Rogowski coil; hence, the DC component is offset

in Fig. 3.29. The current ripple ∆ID was 5.6 A, which is in good agreement with
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Fig.3.30. Experimental waveforms when short circuit failure of the DUT occurs.

the calculated value obtained by applying Eq. 3.23. The input power of the DC

power supply was 480 W, which was 6.1% of the conversion capacity.

Fig. 3.30 shows the experimental waveforms when a short circuit of the DUT

occurs. At this time, the overcurrent set value of the inductor current iL2 was set to

30 A. The transistor Q1 stopped operating owing to the detection of an overcurrent.

The maximum current ILmax was 97 A, 8% smaller than the value calculated using

Eq. 3.19. The reason for the error is that the approximate expressions were applied

to Eq. 3.19, and the resistance components in the circuit were not considered in

the worst case. The inductor currents iL1 and iL2 gradually decreased and reached

0 A. The maximum voltage VCmax did not exceed the test voltage VDS, and the

capacitor voltages vC1 and vC2 converged to an intermediate value between the

input voltage E and test voltage VDS. Therefore, the test can be stopped without

spreading the DUT failure to the test circuit.

Fig. 3.31 shows the experiment waveforms when open failure of the DUT occurs.

After open failure of the DUT, the inductor current iL2 decreased. At this time,

a low inductor current iL2 was detected, and the operation of the transistor Q1

was stopped (the low current detection value was set to 5 A in this experiment).
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Fig.3.31. Experimental waveforms when open failure of the DUT occurs.

Subsequently, the inductor current iL1 decreased. The maximum voltage VCmax

was smaller than the value calculated by Eq. 3.20 because the operation of the

transistor Q1 could be stopped by detecting the low inductor current iL2.

3.6 Development of Gate Drive Circuit for DUT

Fig. 3.32 shows the advanced HTGB test circuit. The continuous switching

circuit includes the cascaded buck-boost converter. The gate drive circuit for

the DUT was specifically designed to output an overvoltage attributable to the

accelerated aging for gate oxide. The gate drive circuit consisted of a half-bridge

inverter. The test gate–source voltages, VGp and VGn, could be set using the

DC power supplies, and the following design was used to prevent the failure from

spreading to the gate driver circuit (in case the DUT failed during the accelerated
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Fig.3.32. Advanced HTGB test circuit.

aging test):

• Switching elements Q2 and Q3 had the same rated voltage as switching

element Q1 in the continuous switching circuit.

• Capacitors C2 and C3 had the same rated voltage as capacitor C1 in the

continuous switching circuit.

• Blocking diodes BD2 and BD3 had the same rated voltage as blocking diode

BD1 in the continuous switching circuit, to prevent overvoltage from being

applied to the DC power supplies.

Fig. 3.33 shows the fabricated gate drive circuit for the DUT. Fig. 3.34 shows its

experimental waveform. The experimental conditions were as follows: VGp = 50

V, VGn = 0 V, switching frequency fSW = 100 kHz, and on-duty ratio DD = 0.5.

The output of the gate drive circuit was open (no-load). From Fig. 3.34, it can be

confirmed that the voltage waveform was outputted according to the specifications.
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Fig.3.33. Fabricated gate drive circuit for DUT.

10 µs

50 V

Fig.3.34. Experimental waveforms of the gate drive circuit for DUT.

3.7 Summary

An accelerated aging method and its test circuit were developed to verify the

degradation characteristics of SiC MOSFETs implemented in power conversion

circuits.

An advanced HTGB test method combining conventional HTGB testing and

continuous switching tests was proposed. The advanced HTGB test circuit was

divided into a continuous switching circuit and a gate drive circuit for the DUT.

In the development of the continuous switching circuit, two types of test circuits

(and their design method) were proposed. Compared with the boost-type test

circuit, the buck-type test circuit offers the following advantages: the DUT acts as

a low-side transistor, which is suitable for measurement; the number of components
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is small; and the circuit design easily accounts for abnormal operation. On the

other hand, when a test voltage exceeding the output voltage of the existing DC

power supply is required, the boost-type test circuit is suitable. Furthermore, the

proposed test circuits do not implement complicated protection circuits, thereby

facilitating a simplified test circuit configuration. This facilitates the preparation

of multiple test circuits to simultaneously test numerous samples. The proposed

design method was verified using a circuit simulation, and the circuit operation

was verified using an experimental circuit under conditions of 500 V, 50 A and 800

V, 20 A; the effectiveness of the design method was demonstrated.

In the development of a gate drive circuit for the DUT, a circuit was devel-

oped to output a voltage exceeding the rated gate–source voltage (caused by the

accelerated aging of the gate oxide) of the DUT.
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Chapter 4

Characteristic Fluctuations of SiC

MOSFETs Due to Oxide Charge

This chapter presents an experimental verification of the theoretical study in Sec-

tion 2.2, to show that the Ciss–vGS characteristic is suitable as an aging precursor

for condition monitoring.

Through accelerated aging tests for the gate oxide of SiC MOSFETs under

switching conditions, the Ciss–vGS characteristic is verified to fluctuate under gate

oxide degradation. First, the degradation of the gate oxide is verified using the

conventional accelerated aging method as well as the advanced HTGB test method

(to verify the degradation characteristics of different test methods). Next, four

types of commercially available 1.2 kV SiC MOSFETs are used as DUTs for the

accelerated aging test, to verify the degradation characteristics of different types

of DUTs. Finally, characteristic fluctuations of Ciss–vGS caused by degradation or

temperature dependence are discussed based on the experimental results.

4.1 Comparison of Conventional and Advanced

HTGB Test Results

4.1.1 Test Conditions

In this section, HTGB tests were performed on one type of SiC MOSFET DUT

under various conditions. The purpose of performing HTGB tests under various

conditions was to verify the test-condition-dependent differences in test results.

Commercially available SiC MOSFETs were used as DUTs. Tab. 4.1 presents

the specifications of the DUT [114].
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Table.4.1 Specifications of the DUT [114].

Parameters Value
Manufacturer Cree
Model name C2M0280120D
Gate structure Planar type
Rated drain–source voltage 1200 V
Rated drain current 11 A
Rated gate–source voltage +25/−10 V
Maximum junction temperature 150 ◦C

Table.4.2 Test conditions for various HTGB tests.

No. Test type VGp/VGn VDS ID fSW Temperature
i ) Conventional 44/− V 0 V 0 A – Tc = 150◦C
ii ) Advanced 44/0 V 300 V 2 A 100 kHz Tc = 140◦C
iii ) Advanced 44/0 V 500 V 5 A 100 kHz Implemented on heat sink

The test conditions are shown in Tab. 4.2. Test condition i ) was the conventional

HTGB test method. The test circuit is shown in Fig. 3.1(a). The test gate

voltage was DC and set to 44 V. The test voltage VDS was 0 V (short). The

DUT experiment was implemented on a hot plate to achieve a case temperature

of Tc = 150◦C. That is, the junction temperature of the DUT was estimated to

be 150◦C, matching the case temperature.

Test condition ii ) represented the advanced HTGB test method. The positive

test gate voltage was set to VGp = 44 V, as in test condition i ). The negative

test gate voltage VGn was set to 0 V, to verify the degradation tendency when

the gate–source voltage was positive; the reason for this is that SiC MOSFETs in

power conversion circuits are often used with VGn = 0 V. The test voltage was set

to VDS = 300 V, the test current was set to ID = 2 A, the switching frequency was

set to fSW = 100 kHz, and the on-duty ratio was set to DD = 0.5. To make the

estimated junction temperature of the DUT equal to that of test condition i ), the

DUT was implemented on a hot plate to achieve the case temperature Tc = 140◦C.

The reason for setting the case temperature at Tc = 140◦C is that the junction

temperature during the test is estimated to be 150◦C, according to the generated

loss and thermal resistance of the DUT, as verified beforehand.
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Gate drive circuit for DUT

Cascaded buck-boost converter

Fig.4.1. Experimental setup for the advanced HTGB test.

Test condition iii ) was set in consideration of the actual operating conditions of

the DUT. The positive test gate voltage was set to VGp = 44 V and the negative

test gate voltage VGn was set to 0 V as in test conditions i ) and ii ). The test

voltage was set to VDS = 500 V, the test current was set to ID = 5 A, the

switching frequency was set to fSW = 100 kHz, and the on-duty ratio was set

to DD = 0.5. The DUT experiment was implemented on a heatsink for cooling.

The thermal resistance of the cooling system (including heatsink) was 7 K/W.

The ambient temperature during the test was 25 ◦C. In test conditions iii ),

the junction temperature of the DUT was uncontrolled. Therefore, the junction

temperature increased as the loss increased or decreased, owing to the degradation

of the DUT. This situation resembled that of the power devices used in actual

power conversion circuits. However, the junction temperature of the DUTs did

not exceed the maximum value given in the datasheet (150◦C) during the test

involving the cooling system.

For test conditions ii ) and iii ), the advanced HTGB test circuit shown in

Fig. 3.32 was used. Fig. 4.1 shows the experimental setup for test condition iii ).

Three samples were tested under each of the test conditions i ) to iii ). Dur-
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Table.4.3 Measured electrical characteristics and measurement conditions.

Symbols Parameters Measurement conditions
Vth Gate threshold voltage vDS = vGS, iD = 1.25 mA

RDS(ON) On-resistance vGS = 20 V, iD = 6 A
– Ciss–vGS characteristics vDS = 0 V, vAC = 25 mV (1 MHz)

vGS

vDS

iD

500 V

44 V

5 A

10 µs

Fig.4.2. Experimental waveforms of test condition iii ).

ing the test, the electrical characteristics were measured at certain intervals at

room temperature ( 25◦C). The measured parameters were the gate threshold

voltage Vth, on-resistance RDS(ON), and input capacitance Ciss–vGS characteris-

tics. The measurement conditions are shown in Tab. 4.3. These characteristics

were measured using a semiconductor curve tracer (CS-3200, Iwatsu) and high-

voltage capacitance–voltage (C–V) measurement system (CS-603A, Iwatsu). All

tests were performed until the DUT failed. In those tests, all DUTs registered

short-circuit failures, and the continuous switching circuit stopped the operation.

4.1.2 Test Results and Discussion

Fig. 4.2 shows the experimental waveforms of test condition iii ). The experi-

mental waveforms conformed to the test conditions. Fig. 4.3 shows the fluctuation

of the gate threshold voltage Vth. Test condition i ) had the shortest average time

to DUT failure, followed by iii ) and finally ii ). In test conditions i ) and ii ), the

gate threshold voltage Vth tended to decrease in the initial stage. Later, the gate

threshold voltage Vth increased and led to DUT failure. On the other hand, in test

condition iii ), the gate threshold voltage VTH decreased, leading directly to DUT
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Fig.4.4. HTGB test results under various conditions (fluctuations of on-resistance RDS(ON)).

failure.

Fig. 4.4 shows the fluctuation of the on-resistance RDS(ON). In test conditions

i ) and ii ), the on-resistance increased, leading directly to DUT failure. On the

other hand, in test condition iii ), the on-resistance RDS(ON) remained almost the

same or decreased slightly, leading to DUT failure.

Figs. 4.5–4.7 show the fluctuation of the input capacitance Ciss versus the gate–

source voltage vGS characteristic (Ciss–vGS characteristic) under test conditions

i )–iii ), respectively. No significant difference was observed between samples under

different test conditions; hence, only the Ciss–vGS characteristics of one sample are
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Fig.4.6. Fluctuation of Ciss–vGS characteristics under test condition ii ).

shown. Here, the standardized stress-applied time t∗ is defined as

t∗ = t/tBD, (4.1)

where t is the HTGB test time and tBD is the DUT failure time. The Ciss–

vGS characteristic fluctuated under the degradation of the gate oxide (details are

presented in Section 2.2). Therefore, the fluctuations of gate threshold voltage Vth

and on-resistance RDS(ON) were considered to be produced by the degradation of

the gate oxide.

From the experimental results, it was clarified that the degradation trend dif-

fered according to the HTGB test conditions. Because this dissertation does not

aim to analyze the detailed degradation mechanisms of SiC MOSFETs, the dif-

ferences in the degradation trends attributable to different test conditions are not
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discussed in detail. However, it remains desirable to perform accelerated aging

tests of power devices for condition monitoring, taking into account the voltage,

current, and switching frequency at which devices are operated.

4.2 Comparison of Advanced HTGB Test

Results for Four Types of SiC MOSFETs

4.2.1 Test Conditions

In this section, HTGB tests are performed on four types of SiC MOSFET DUTs

under one condition. The purpose of performing HTGB tests for four types of SiC

MOSFETs is to verify the differences in test results with respect to the type of

DUT.

Tab. 4.4 shows the specifications of the selected SiC MOSFETs, which are all

commercially available 1.2 kV SiC MOSFETs of the discrete type [114]–[117].

Planar-type and trench-type gate structures were considered.
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Fig.4.9. TZDB test results for the four types of SiC MOSFETs.

To determine the test gate voltage VGp for the advanced HTGB test, the gate

oxide time zero dielectric breakdown (TZDB) voltages VBD of the four types of

SiC MOSFETs were measured. The purpose of the TZDB test was to determine

the test gate voltage VGp for the advanced HTBG, rather than to evaluate the

exact TZDB voltage. Therefore, the number of samples for each DUT was one.

Fig. 4.8 shows the test circuit diagram for the TZDB test. In the TZBD test,

the ramp functional voltage (2 V/sec) outputted from a ramp functional voltage

source was applied between the gate and source of the DUT, and the gate leakage

current iGSS was measured using a DC ammeter (DMM6500, Tektronix). Fig. 4.9

shows the TZDB test results for the four types of SiC MOSFETs. The highest

dielectric breakdown voltage (VBD of DUT–D) was 1.5 times that of the lowest

(VBD of DUT–B). Moreover, in this case, the VBD of the DUT with the trench-type

gate structure tended to exceed that of the planar-type DUT.
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Table.4.7 Measured electrical characteristics and measurement conditions.

Symbols Parameters Measurement conditions
Vth Gate threshold voltage vDS = vGS, iD = 1.25 mA

RDS(ON) On-resistance vGS = 20 V, iD = 6 A
– Ciss–vGS characteristic vDS = 0 V, vAC = 25 mV (1 MHz)
– iD–vGS characteristic vDS = 20 V

The HTGB test conditions are shown in Tabs. 4.5 and 4.6. The positive test

gate voltage VGp was set to 90% of the TZDB voltage VBD, as shown in Fig. 4.9.

The other test conditions were the same as for test condition iii ), as described in

Section 4.1. The negative test gate voltage was set to VGn = 0 V, the test voltage

was set to VDS = 500 V, the test current was set to ID = 5 A, the switching

frequency was set to fSW = 100 kHz, and the on-duty ratio was set to DD = 0.5.

The case of the DUT was implemented on a heatsink for cooling. The thermal

resistance of the cooling system (including heatsink) was 7 K/W. The ambient

temperature during the test was 20 ◦C and the junction temperature was set not

to exceed the maximum rating.

Three samples were tested for each of the four types of SiC MOSFETs: DUT–

A to DUT–D. During the test, the electrical characteristics were measured at

certain intervals at room temperature ( 20◦C). The measured parameters were

the gate threshold voltage VTH, on-resistance RDS(ON), Ciss–vGS characteristic,

and drain current iD with respect to gate–source voltage vGS characteristic (iD–

vGS characteristics). The measurement conditions are shown in Tab. 4.7. The

duration of the test was set to 300 min, to detect degradation according to fixed test

conditions. However, when the DUT suffered a failure or the static characteristics

of the DUT became unmeasurable before 300 min, the test was stopped.

4.2.2 Test Results and Discussion

Figs. 4.10 and 4.11 show the results of the advanced HTGB test (degradation

characteristics) in DUT–A. The DUT failures occurred in all three samples within

80 min. Figs. 4.10 and 4.11 show that the gate threshold voltage Vth and on-
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Fig.4.12. HTGB test results for DUT–B (fluctuations of gate threshold voltage Vth).

resistance RDS(ON) tended to decrease compared to the initial values, which even-

tually led to DUT failure. The on-resistance RDS(ON) was within the datasheet’s

guaranteed value; however, the threshold voltage Vth was below this value. The

decrease in the threshold voltage can be attributed to the migration of the mobile

oxide charge in the gate oxide to the vicinity of the oxide–semiconductor interface.

Figs. 4.12 and 4.13 show the results of the advanced HTGB test (degradation
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Fig.4.15. HTGB test results for DUT–C (fluctuations of gate threshold voltage RDS(ON)).

characteristics) for DUT–B. One of the DUTs failed immediately after the test

began, owing to the gate oxide dielectric breakdown. Therefore, the other sample

was added as the DUT. For these three DUTs, the DUTs did not fail, even after 300

min. From Figs. 4.12 and 4.13, the gate threshold voltage Vth and on-resistance

RDS(ON) tended to first decrease and then increase compared to the initial values.

The on-resistance RDS(ON) was within the datasheet’s guaranteed value; however,

the threshold voltage VTH varied and almost exceeded this value.
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Fig.4.16. HTGB test results for DUT–D (fluctuations of gate threshold voltage Vth).
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Fig.4.17. HTGB test results for DUT–D (fluctuations of gate threshold voltage RDS(ON)).

Figs. 4.14 and 4.15 show the results of the advanced HTGB test (degradation

characteristics) for DUT–C. Similar to DUT–B, the DUTs did not fail after 300

min. Figs. 4.14 and 4.15 show that the gate threshold voltage Vth and on-resistance

RDS(ON) tended to increase compared to the initial values, fluctuating to a value

above the maximum guaranteed one.

Figs. 4.16 and 4.17 show the results of the advanced HTGB test (degradation

characteristics) for DUT–D. It was not possible to determine when the DUTs

would fail because the test was stopped after 100 min owing to the on-resistance

RDS(ON), which became immeasurably large. The on-resistance RDS(ON) increased

exponentially within the test time. The gate threshold voltage Vth tended to

increase beyond the initial value and fluctuated to a value exceeding the maximum

guaranteed one.

As shown in Figs. 4.14 and 4.17, the DUT with the trench-type gate structure
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Fig.4.18. Advanced HTGB test waveforms for DUT–D (Sample 1) at 0 min.
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Fig.4.19. Advanced HTGB test waveform for DUT–D (Sample 1) at 300 min.

showed a significant fluctuation in both the gate threshold voltage Vth and on-

resistance RDS(ON), when compared to the datasheet’s guaranteed value. Figs.

4.18 and 4.19 show the advanced HTGB test waveforms of DUT–D (sample 1) at

0 min and 300 min, respectively. The experimental waveforms conformed to the

test conditions. Moreover, despite the drastic change in the static characteristics,

no significant change was observed in the switching waveform.

Different trends in the degradation characteristics were observed for the four

types of DUTs. In contrast, three samples showed the same degradation charac-

teristic trends for the same type of DUT. Thus, different manufacturers and gate

structures may lead to different processes and integrations and therefore different

devices. The same result was obtained for different samples of the same DUT.

This result suggests that the process is under control.

The fluctuation of the gate threshold voltage Vth and on-resistance RDS(ON) is
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Fig.4.20. Ciss–vGS characteristics for DUT–A.
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Fig.4.21. Ciss–vGS characteristics for DUT–B
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Fig.4.22. Ciss–vGS characteristics for DUT–C.

discussed according to the input capacitance Ciss–vGS characteristics [118]. Figs.

4.20–4.23 show the Ciss–vGS characteristics of DUT–A, DUT–B, DUT–C, and

DUT–D, respectively. The Ciss–vGS characteristics were measured for sample 1,

as shown in Figs. 4.10 to 4.17 for each DUT. The Ciss–vGS characteristics were
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Fig.4.23. Ciss–vGS characteristics for DUT–D
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Fig.4.24. iD–vGS characteristics for DUT–A.

measured using a high-frequency C–V method, to evaluate trapped charges in the

oxide or oxide–semiconductor interface.

The fluctuation of the threshold voltage Vth was considered to be caused by the

mobile oxide charge and oxide-trapped charge in the gate oxide above the channel

region. In Figs. 4.20–4.23, the enlarged areas are those where the Ciss–vGS char-

acteristics changed because the depletion-layer capacitance in the channel region

changed significantly [17]. In these enlarged areas, the Ciss–vGS characteristics of

all DUTs fluctuated along the vGS axis. The parallel fluctuation of the Ciss–vGS

characteristics along the vGS axis was attributable to the mobile oxide charge and

oxide-trapped charges in the gate oxide [118][119].

In addition, Figs. 4.24–4.27 show the iD–vGS characteristics for DUT–A, DUT–

B, DUT–C, and DUT–D, respectively. The iD–vGS characteristics were measured
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Fig.4.25. iD–vGS characteristics for DUT–B.
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Fig.4.26. iD–vGS characteristics for DUT–C.
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Fig.4.27. iD–vGS characteristics for DUT–D.

for Sample 1, as shown in Figs. 4.10–4.17 for each DUT. It can be confirmed

that the fluctuations in the direction of the vGS axis of the iD–vGS characteristic

resembled the fluctuations in the enlarged area of the Ciss–vGS characteristics.

Therefore, it is inferred that the surface potential of the gate oxide and threshold
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voltage Vth fluctuated.

The fluctuation of the on-resistance RDS(ON) was considered to be caused by

the interface-trapped charge at the oxide–semiconductor interface of the channel

region. For DUT–C and DUT–D, the fluctuation of the on-resistance RDS(ON) was

large and exceeded the datasheet’s guaranteed value. The Ciss–vGS characteristics

of DUT–C and DUT–D (Figs. 4.22 and 4.23) show both a parallel fluctuation in

the vGS axis direction and a stretched fluctuation in the vGS axis direction. The

stretched fluctuation in the vGS axis direction was attributable to the interface-

trapped charge at the oxide–semiconductor interface [118][119]. Therefore, it is

inferred that the defect density at the interface increased and the on-resistance

RDS(ON) fluctuated.

4.3 Discussion on Ciss–vGS Characteristics as

Aging Precursors

The experimental results in Sections 4.1 and 4.2 confirm the fluctuation of the

Ciss–vGS characteristics attributable to accelerated aging for the gate oxide of SiC

MOSFETs under various conditions and in different types of DUTs. In this sec-

tion, the results of Sections 4.1 and 4.2 and the experimental verification of the

temperature dependence of the Ciss–vGS characteristics are presented, to demon-

strate experimentally that these characteristics are suitable as aging precursors for

condition monitoring.

The temperature dependence of the degradation characteristics of the gate oxide

before and after aging was experimentally verified using the advanced HTGB test

discussed in Sections 4.1 and 4.2. To clarify the temperature dependence of the

degradation characteristics, the static characteristics of the DUTs before and after

aging were measured under the conditions of case temperatures Tc = 25◦C and

Tc = 150◦C, respectively. The DUT was an SiC MOSFET (C2M0280120D, Cree),

and the detailed specifications are summarized in Tab. 4.1. The test conditions
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Fig.4.28. Degradation and temperature dependence of Ciss–vGS characteristics.

for the advanced HTGB test matched the test condition iii ) described in Section

4.1. However, the test duration was set to 30 minutes.

Fig. 4.28 shows the measurement results of the Ciss–vGS characteristics. From

Fig. 4.28, a characteristic fluctuation can be observed where the Ciss–vGS charac-

teristic shifts parallel to the vGS axis under degradation, whilst the characteristic

fluctuation attributable to temperature is almost negligible. The Ciss–vGS char-

acteristics show a maximum parallel shift of 2.5 V in the negative direction of

the vGS axis, attributable to degradation. Assuming that this fluctuation is due

to the change in the oxide charge Qox, the defect density can be calculated. The

oxide charge Qox change entailed by accelerated aging is given by the following

equation:

Qox = Cox × 2.5 V

= 650 pF× 2.5 V

= 1.63 nC. (4.2)

The area of the gate oxide Sox is given by

Coc = εox
Sox

tox
, (4.3)

where εox is the dielectric constant of the oxide and tox is the oxide thickness.

Because the oxide thickness of the DUT used is 63 nm, Sox = 1.19 × 10−2 cm2

[46]. Therefore, assuming that the oxide charge Qox is distributed over the sheet,

the oxide charge density is calculated to be 2.3×1012 cm−2. The defect density of
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Fig.4.29. Degradation and temperature dependence of iD–vDS characteristics (vGS = 10 V).
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Fig.4.30. Degradation and temperature dependence of iD–vDS characteristics (vGS = 20 V).

SiC MOSFETs has been reported to be of the order of 1011–1012 in general, equal

to the change in oxide charge density. Therefore, the characteristic fluctuation is

considered to have occurred as a result of the oxide charge.

For comparison, Fig. 4.29 shows the measurement results of drain current iD

verses drain–source voltage vDS characteristics (iD–vDS characteristics) at a gate–

source voltage of vGS = 10 V. From Fig. 4.29, we seen that both the character-

istic fluctuation due to temperature and degradation are clear. Fig. 4.30 shows

the measurement results of the iD–vDS characteristics at the gate–source voltage

vGS = 20 V. Fig. 4.30 shows that the characteristic fluctuation attributable to

temperature is obvious, whilst the characteristic fluctuation due to degradation is

almost negligible.

From the above measured results of the Ciss–vGS and iD–vDS characteristics, it is
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concluded that the theoretical study in Section 2.2 can be experimentally demon-

strated. Therefore, it is experimentally shown that the Ciss–vGS characteristic is

suitable as an aging precursor for condition monitoring.

4.4 Summary

In this chapter, accelerated aging tests were performed to experimentally verify

the degradation characteristics of SiC MOSFETs using the accelerated aging test

method and circuit (the advanced HTGB test) developed in Chapter 3. From the

results of the accelerated aging tests, the gate oxide degradation of SiC MOSFETs

was discussed, and the theoretical considerations in Section 2.2 were experimen-

tally verified.

In the advanced HTGB test employing one type of SiC MOSFET as the DUT,

the experimental results show that the degradation trend differed under different

test conditions. Furthermore, in the advanced HTGB test for four types of SiC

MOSFETs as DUTs, it was found that the degradation tendencies between sam-

ples of the same type were identical, though the degradation tendency differed for

different DUTs. These results suggest that when developing a condition monitor-

ing technology for power devices, it is necessary to perform accelerated aging tests

of power devices under conditions close to those of actual use.

The temperature dependence of the degradation characteristics of SiC MOS-

FETs under accelerated aging of the gate oxide was verified by experiments. The

experimental results show that the temperature dependences of the Ciss–vGS char-

acteristics were sufficiently small compared to the degradation characteristics.

These results suggest that the Ciss–vGS characteristics are suitable as an aging

precursor for condition monitoring.
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Chapter 5

Measurement Circuit for

Condition Monitoring

To establish a condition-based maintenance technology for power devices, a

measurement circuit is needed to detect degradation. The measurement circuit

measures the aging precursor of power devices implemented in power conversion

circuits. In this chapter, a measurement circuit is proposed that can measure the

Ciss–vGS characteristics, which are the aging precursor of the gate oxide specified

in the previous discussions. Furthermore, the experimental verification shows that

the measurement circuit can measure the fluctuation of the Ciss–vGS characteristic

produced by gate oxide degradation.

5.1 Measurement Method of Ciss–vGS

Characteristics

In this section, the established methods for measuring the Ciss–vGS charac-

teristic of power devices is reviewed. Based on the features of these measurement

methods and the perspective of a measurement circuit to be implemented in power

conversion circuits, a suitable measurement method is identified.

5.1.1 High-Frequency Method

The “high-frequency measurement method” is generally used to measure the

Ciss–vGS characteristics of power devices [120][121]. The high-frequency measure-

ment method is described in international standards as a method to measure the

Ciss–vGS characteristics of power devices. Fig. 5.1 shows the circuit diagram for
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Fig.5.1. Ciss–vGS characteristics measurement circuit using high-frequency measurement method
[101].
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Fig.5.2. Impedance measurement circuit diagram using AC bridge.

measuring the Ciss–vGS characteristic [101]. The Ciss–vGS characteristic is ob-

tained by setting a variable DC power supply VDD = 0 V and measuring the input

capacitance Ciss using a capacitance bridge (AC bridge) whilst changing the value

of VGG.

Fig. 5.2 shows an impedance measurement circuit diagram using an AC bridge.

In the circuit shown in Fig. 5.2, the equilibrium condition for the Detector D

pointing to zero is{
R1R3 −X1X3 = R2R4 −X2X4

R1X3 +R3X1 = R2X4 +R4X2,

when

Zi = Ri + jXi (i = 1, 2, 3, 4). (5.1)

From the above equations, if three impedances are known, the unknown impedance

can be calculated [122].
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Fig.5.3. Comparison of measurement circuit using quasi-static method and conventional gate
drive circuit.

However, it is difficult to implement the functions required for Ciss–vGS charac-

teristic measurements when using the high-frequency method in a power conversion

circuit.

5.1.2 Quasi-Static Method

In this study, the quasi-static method (charge–voltage method) was adopted as

the measurement method for the Ciss–vGS characteristic, because its configuration

for the measurement is similar to that of the gate drive circuit, and its measurement

function can be implemented in that circuit. Fig. 5.3 shows a comparison of the

measurement circuit using the quasi-static method and conventional gate drive

circuit. As shown in Fig. 5.3(a), the measurement of Ciss–vGS characteristics using

the quasi-static method requires a stepwise voltage source and current sensor, to

measure the charging current to the input capacitance Ciss. On the other hand,

the conventional gate drive circuit requires a square voltage source for the gate

drive, as shown in Fig. 5.3(b). Furthermore, it is possible to measure the charging

current to the input capacitance Ciss using the gate resistor RG as a shunt resistor.

Fig. 5.4 demonstrates the principle of measuring the Ciss–vGS characteristics

using the quasi-static method (charge–voltage method). vG and vout in Fig. 5.4

represent the output voltage of the stepwise voltage source and integrator, re-

spectively, as shown in Fig. 5.3(a). In the quasi-static method (charge–voltage
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Fig.5.4. Outline of the measurement principle under the quasi-static method (charge–voltage
method).

method), the following procedure is used to measure the Ciss–vGS characteristics:

1. The output voltage vG of the stepwise voltage source is changed using the

voltage width ∆VG.

2. The current sensor measures the charging current to the input capacitance

Ciss.

3. The charge current is integrated by the integrator, and vout is outputted

therefrom.

4. The input capacitance Ciss is calculated from the output voltage vout of the

integrator.

5. The integrator is reset.

By repeating the above procedure, the Ciss–vGS characteristics of the DUT can be

measured.

5.2 Gate Drive Circuit with In-situ Measurement

Function of Ciss–vGS Characteristics

5.2.1 Design Method of the Proposed Circuit

In this study, the Ciss–vGS characteristic measurement function using the quasi-

static method was added to the gate drive circuit. Fig. 5.5 shows the configuration
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Fig.5.5. Comparison of conventional and proposed gate drive circuits.

of a conventional and proposed gate drive circuit. In the conventional gate drive

circuit [as shown in Fig. 5.5(a)], the binary signal (Hi or Lo) output from the

controller is isolated by a digital isolator. The output of the digital isolator is

amplified to the power required to drive the gate of the DUT. The measurement

of Ciss–vGS characteristics using the quasi-static method described in Section 5.1.2

requires the stepwise voltage source to apply a stepwise voltage to the gate–source.

Therefore, in the proposed gate drive circuit shown in Fig. 5.5(b), the digital signal

output from the controller is converted to an analog signal using a digital-to-analog

converter (D/A converter). The analog signal is isolated by an analog isolator

and amplified to the power required to drive the gate of the DUT. Under this

configuration, vG can output both the square voltage required to drive the DUT

gate and the stepwise voltage required to measure the Ciss–vGS characteristic.

Fig. 5.6 shows the circuit diagram of the proposed gate drive circuit. The circuit

shown in Fig. 5.6 can be divided into a “gate driver part” that outputs the stepwise

voltage and a “charge measurement part” that measures the charge charged in the
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Fig.5.7. Schematic waveforms of the output voltages for the gate driver and charge measurement
parts.

input capacitance Ciss.　 The analog output signal vSIG is isolated by the analog

isolator and inputted to the gate driver part.　 The gate driver part amplifies the

input signal using a push-pull circuit in the same way as the conventional gate

drive circuit. The charge charged to the input capacitance Ciss of the DUT is

calculated by measuring the voltage across the gate resistance RG in the charge

measurement part. Fig. 5.7 presents schematic waveforms of the output voltage

of the gate driver vG and charge measurement vout parts.

First, the design of the gate driver part is described. The specifications of the

stepwise voltage outputted from the gate driver part should be designed consider-
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ing the specifications of the Ciss–vGS characteristics to be measured. Fig. 5.8(a)

shows the specification of the Ciss–vGS characteristic measured by the stepwise

voltage shown in Fig. 5.7. The measured gate–source voltage range (−VG+∆VG ≤

vGS ≤ +VG) and DC bias width (∆VG) of the Ciss–vGS characteristic are deter-

mined by the minimum stepwise voltage −VG, maximum stepwise voltage +VG,

and voltage width of the stepwise voltage ∆VG. If the gate–source voltage reso-

lution is to be improved, the DC bias width (i.e., the voltage width ∆VG) needs

to be smaller. However, if the voltage width is smaller, the error from the ideal

stepwise voltage becomes larger, owing to the decrease in the voltage change rate.

Moreover, the error in the measured Ciss–vGS characteristic also increases. There-

fore, Fig. 5.8(b) shows the method of improving the gate–source voltage resolution

whilst maintaining the voltage width ∆VG of the stepwise voltage. From Fig. 5.8(b)

(e.g., when ∆VG = 1 V), the stepwise voltage was varied in a stepwise manner

from -15, -14, -13,..., 13, 14, 15 V to -14.5, -13.5, -12.5,..., 12.5, 13.5, 14.5 V. In

this manner, the gate–source voltage resolution was improved without changing

the voltage width ∆VG.

Next, the design of the charge measurement part is described. When the output

voltage of the gate driver part vG changes stepwise by ∆VG, the output voltage of

the charge measurement part Vout is given by

Vout =
GRGCiss∆VG

R1CF
, (5.2)
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where G is the gain of the differential amplifier. As shown in Eq. 5.2, when the

output voltage of the gate driver part vG changes stepwise, the charge measurement

part outputs Vout, proportional to the charge charged in the input capacitance Ciss.

The output voltage of the charge measurement part vout gradually decreased as

the charge charged in the capacitor of the integrator CF was discharged by the

resistor RF. If the time constant RGCiss is sufficiently small and the charging

time of the input capacitance Ciss is neglected, the output voltage of the charge

measurement part Vout (t) at time t after the stepwise voltage changes are given

by the following equation:

Vout (t) = Vout exp

(
− t

RFCF

)
. (5.3)

From Eq. 5.3, and by setting the time width of the stepwise voltage ∆TG longer

than the time in which the capacitor of the integrator CF is sufficiently discharged,

a reset circuit for the integrator (using a switch) is unnecessary.

5.2.2 Operation Sequence

When measuring the Ciss–vGS characteristic of the DUT via the proposed gate

drive circuit, the drain–source voltage of the DUT must be set to vDS = 0 V.

Therefore, the gate drive circuit is suitable for power conversion circuits in which

the main circuit and power supply can be opened by a contactor. In this study, it

was considered that the condition monitoring of the DUT was performed when the

main circuit was not operating in a power conversion circuit with such a circuit

configuration.

Fig. 5.9 shows a schematic diagram of a typical buck converter circuit imple-

mented in the proposed condition monitoring system. Fig. 5.10 shows the oper-

ation sequence during startup in the circuit shown in Fig. 5.9. In the dormant

power conversion circuit, the main circuit is disconnected from the power supply

by the contactor, and the input voltage of the main circuit is vIN = 0 V. Be-

fore the DC voltage E is applied to the main circuit, the control circuit including
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Fig.5.9. Schematic diagram of the proposed condition monitoring system in a typical buck
converter.
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Fig.5.10. Operation sequence of the proposed gate drive circuit.

the gate drive circuit is activated. At that time, as shown in Fig. 5.10, the gate

drive circuit outputs the stepwise voltage as the “condition monitoring mode” and

measures the Ciss–vGS characteristic. After that, the DC voltage E is applied

to the main circuit, and the gate drive circuit outputs the square voltage as the

“normal operating mode.” In the normal operating mode, the operation matches

that of a conventional buck converter circuit. In the proposed operation sequence,

the condition monitoring is performed when the main circuit is not operational;

therefore, the Ciss–vGS characteristic can be measured without being affected by

electromagnetic noise from the main circuit.
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DUT

Fig.5.11. Prototype of the gate drive circuit.

Furthermore, in a circuit configuration where MOSFETs are connected in series

(e.g., in the leg of an inverter circuit), condition monitoring can be performed

by turning off one MOSFET and setting the drain–source voltage of the other

MOSFET to vDS = 0 V.

5.2.3 Experimental Verification

It is experimentally verified that the proposed gate drive circuit can monitor the

condition of the Ciss–vGS characteristic and drive the gate of the power devices.

Fig. 5.11 shows the experimental circuit. Fig. 5.12 shows the circuit diagram of the

gate drive circuit used in the experiment. Tab. 5.1 summarizes the part numbers

and parameters used in the experimental circuit. In addition, Tab. 5.2 summarizes

the specifications of the output voltage of the gate driver part vG in the condition

monitoring and normal operating modes. The maximum output voltage of the

gate driver part was set to 15 V, and the minimum output voltage was set to −15

V. The voltage width of the stepwise voltage ∆VG in the condition monitoring

mode was set to 1 V, and the time width ∆TG was set to 100 µs. The square

voltage in the normal operating mode was set to ±15 V, 20 kHz (the on-duty ratio

was 0.5).
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Table.5.2 Specification of output voltage for gate driver part vG

Parameters Condition　 Normal
monitoring operating

Maximum voltage 15 V 15 V
Minimum voltage −15 V −15 V
Voltage width　 ∆VG 1 V –
Time width　 ∆TG 100 µs 25 µs (20 kHz)

Fig. 5.13 shows the experimental waveforms of the output voltage of the gate

driver vG and charge measurement vout parts. The experimental waveforms shown

in Fig. 5.13 were averaged 1,000 times using the averaging function of the oscil-

loscope, to remove aperiodic noise. In the condition monitoring mode, the gate

driver part produced the stepwise voltage according to the specifications. The

output voltage of the charge measurement part vOUT was outputted according to

the change in the stepwise voltage.

Fig. 5.14 shows the calculation results of the Ciss–vGS characteristics monitored

by the gate drive circuit. In Fig. 5.14, the results of condition monitoring using

that gate drive circuit are shown with crosses, and the results of measurement

using the high-voltage CV measurement system (CS-603A, Iwatsu) are shown with

solid lines. The measurement conditions using the high-voltage CV measurement

system were as follows: the measurement signal was vAC = 25 mV (1 MHz), the DC

bias width was 0.25 V, and the measurement time was “Medium.” The purpose

of this experiment was to verify the basic operation; hence, the output voltage

Vout of the charge measurement part was measured using an oscilloscope. Based

on the measured Vout, the input capacitance Ciss was calculated using Eq. 5.2.

From Fig. 5.14, it can be seen that the Ciss–vGS characteristic of the condition

monitoring was generally consistent with those measured by the high-voltage CV

measurement system. It can also be seen that the fluctuations attributable to

degradation could be measured by condition monitoring.
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Fig.5.14. Comparison of the Ciss–vGS characteristics between the measured values and condition
monitoring (without the gate–source voltage resolution improvement method).

Fig. 5.15 shows the result of applying the gate–source voltage resolution improve-

ment method to condition monitoring using the gate drive circuit. The gate–source

voltage resolution can be seen to be improved compared to Fig. 5.14, although the

DC bias width of 1 V remains the same. The results also show that the Ciss–

vGS characteristic of the condition monitoring is generally consistent with those

measured by the high-voltage CV measurement system.

On the other hand, Fig. 5.14 shows that in the region where the input capac-

itance Ciss changes significantly with respect to the gate–source voltage vGS, the

error between the value measured by the high-voltage CV measurement system

and that obtained through condition monitoring tends to be large. This measure-

ment error is thought to be caused by the fact that a part of the charge in the

semiconductor takes time to follow the change in DC bias. Fig. 5.16 shows the

results of measuring the Ciss–vGS characteristics of the fresh DUT under different

sweep conditions of the DC bias. In Fig. 5.16, the area of vGS ≦ 0, where the

measurement error was particularly large in Fig. 5.14, is shown enlarged. In the

measurement by the high-voltage CV measurement system, the DC bias sweep

was set in the positive direction. In the measurement by the high-voltage CV

measurement system in Fig. 5.14, the DC bias width was 0.25 V and the measure-

ment time was set to “Medium” as the DC bias sweep conditions. On the other

hand, the measurement results shown in blue in Fig. 5.16 were obtained with a
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Fig.5.15. Comparison of the Ciss–vGS characteristics between the measured values and condition
monitoring (with the gate–source voltage resolution improvement method).
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Fig.5.16. Ciss–vGS characteristics under different DC bias sweep conditions (Fresh DUT).

DC bias width of 1 V and a measurement time set to “Short,” because the sweep

conditions of the DC bias (the measurement time cannot be set in absolute val-

ues because it depends on the time required for GPIB/USB communication and

screen display, though “Short” has a shorter measurement time than “Medium”).

In other words, because the voltage change of DC bias is large and the measure-

ment time is short, the charge that requires time to follow the change of DC bias

is not measured accurately. In the measurement of the Ciss–vGS characteristic by

condition monitoring, the charge time required to follow the change in DC bias is

not accurately calculated because the charging time to the input capacitance Ciss

is neglected when deriving Eq. 5.3.
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5.3 Summary

A gate drive circuit that can measure the Ciss–vGS characteristics (proposed as

an aging precursor in this study) were developed for condition monitoring of SiC

MOSFETs.

First, to select a measurement method for Ciss–vGS characteristics, the conven-

tional measurement methods were reviewed. The quasi-static method (charge–

voltage method) was selected as a measurement method from the perspective that

the measurement function must be implementable in power conversion circuits.

Next, the design method of the gate drive circuit and operation sequence was

proposed. Finally, experiments using the 1.2 kV SiC MOSFET as the DUT were

performed to verify the possibility of monitoring the condition of the Ciss–vGS

characteristic and driving the gate at 20 kHz. The experimental results demon-

strate that the degradation characteristics expressed in the Ciss–vGS characteristic

can be measured by condition monitoring.
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Chapter 6

Conclusions and Future Work

6.1 Conclusion

This dissertation proposed a method for monitoring the gate oxide degradation

of SiC MOSFETs, which represent a fundamental technology for realizing the

condition-based maintenance of power conversion circuits. The subjects covered

and the proposals given in each chapter are described below.

Chapter 2 summarized the relevant previous studies on condition monitoring

technology for power devices. From the aging precursor issues that have already

been proposed, we clarified that electrical characteristics that fluctuate with re-

spect to degradation and have small temperature dependences are suitable as new

aging precursors. Through theoretical studies, it was shown that the Ciss–vGS

characteristic (a voltage-dependent capacitance) is suitable as an aging precursor.

In Chapter 3, to experimentally verify the theoretical studies in Chapter 2, an

accelerated aging method for power devices (and the relevant test circuit) was

proposed. The method facilitates the accelerated aging of the gate oxide under

similar switching conditions as the power devices implemented in the power con-

version circuit. In addition, the design method operates such that the failure does

not spread to the test circuit even if the device fails during the test. The validity

of the design method was verified in experiments using a 1.2 kV SiC MOSFET as

a DUT under 500 V, 50 A or 800 V, 20 A conditions.

In Chapter 4, the accelerated aging test circuit developed in Chapter 3 was

used to perform accelerated aging tests for 1.2 kV SiC MOSFET DUTs. From

the test results, it was concluded that (when developing condition monitoring
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technology for power devices) the accelerated aging test should be performed under

conditions similar to those in actual use, because the degradation trends differ

depending on the test conditions. From the results of accelerated aging tests, it

was experimentally demonstrated that the Ciss–vGS characteristics fluctuate with

aging and have a small temperature dependence.

In Chapter 5, a gate drive circuit that can measure the Ciss–vGS character-

istics proposed as the aging precursor in this study was developed to perform

condition monitoring. The design method and operation sequence were proposed.

Experimental verification using the 1.2 kV SiC MOSFET DUT was performed to

verify the possibility of monitoring the condition of the Ciss–vGS characteristic and

driving the gate at 20 kHz. The experimental results demonstrate that the degra-

dation characteristics expressed in the Ciss–vGS characteristic can be measured by

condition monitoring.

Through this discussion, a condition monitoring technology for SiC MOSFETs

was proposed; it uses the Ciss–vGS characteristics as an aging precursor. In addi-

tion, a gate drive circuit that can measure the Ciss–vGS characteristics was pro-

posed, and the experimental verification of the gate drive circuit was demonstrated.

6.2 Future Works

In this dissertation, the condition monitoring technology for SiC MOSFET gate

oxide degradation was proposed, and the main studies were discussed. However,

some considerations still need to be taken into account before practical application

of the proposed study. In this section, those considerations are described and the

prospects of this study are discussed.

• Further investigation of Ciss–vGS characteristic and gate oxide

degradation

This dissertation has shown that Ciss–vGS fluctuates owing to the

degradation of the gate oxide. However, further investigation of the
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Ciss–vGS characteristics and gate oxide degradation is needed. In Section

5.2, charges that required a change in time to follow the change in DC bias

during Ciss–vGS characteristic measurement were not accurately calculated

by the condition monitoring procedure. It is necessary to investigate how

these charges are related to the degradation of SiC MOSFETs and to clarify

which degradation is detectable under the proposed method. Furthermore,

it is necessary to consider the threshold for determining degradation, with

respect to the relationship between the occurrence of BTI or TDDB and

the fluctuation of Ciss–vGS.

The proposed accelerated aging test circuit and Ciss–vGS characteristic

measurement circuit can be used in combination. The degradation char-

acteristics of SiC MOSFETs can be further analyzed by simultaneously

performing accelerated aging and condition monitoring tests.

• Further investigation of the Ciss–vGS characteristic measurement

circuit

The proposed measurement circuit has a small issue, in that the timing

of the condition monitoring is limited. Because the oxide charge may be

trapped and de-trapped repeatedly, it is better to monitor the condition

several times. Because the Ciss–vGS characteristics have a small temperature

dependence, a method to monitor the condition whilst the power conversion

circuit is still operating may be considered.

• Digitization of power electronic systems

Focusing on the fact that condition monitoring technology has a high

affinity with the digitization technology of power electronic systems, the

integration of the power electronics field with other fields is being consid-

ered. Fig. 6.1 presents a conceptual diagram of digitization technology for

power electronic systems [123]. The data measured by sensors in power elec-
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Fig.6.1. Digitization of power electronic systems [123].

tronic systems is collected in a cloud via a network. Manufacturers of these

systems or power devices can access the collected information. Obtaining

the degradation characteristics of power devices in operational systems is

important for clarifying the degradation mechanisms. Because the degra-

dation mechanism of power devices remains unclear in many areas, it is

of great academic significance. Furthermore, clarification of the degrada-

tion mechanism will facilitate the design of power electronic systems with

an appropriate expected lifetime, which will contribute to developments in

sustainability.
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をいただきました。お蔭さまで，本博士論文をより良いものとして上梓することがで

きました。

シニアエキスパート，ポスドクの方々を含む研究室のメンバーには，日々の研究室

生活において多くのサポートをしていただきました。研究室に所属されている方々は，

企業を退職し課程博士として在籍していた私を分け隔てなく迎え入れ接してください

ました。日々の雑談や COVID-19蔓延以前の飲み会，イベントにも積極的に誘ってい

ただいたことは，研究室生活を楽しく送るうえで不可欠な事でした。

課程博士としてこれまで研究に精進できたのは，家族からのサポートがあったお蔭

でもあります。学位取得のために企業を退職することを快く受け入れてくれた妻をは

じめとする家族の理解に感謝しています。COVID-19 の蔓延により研究生活を含む

日々の生活様式が大きく変わり，心身ともに不安定であった時期にも支えてくれま

した。

さいごに，研究費を助成いただいたパワーアカデミーに感謝いたします。

多くの「お蔭さま」により本博士論文を上梓できたことに，改めて感謝申し上げ

ます。

合掌
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