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Jonathan Safran Foer





Abstract
Enhanced Electrical and Reliability Testing of Power

Semiconductor Devices
by Davide Cimmino

Before the last two decades, power electronics was strictly related to electrical engi-
neering, and relegated to applications ranging from medium to high powers, such as
industry drives, railway traction and power supplies. But with the increasing demand
for electricity and the diffusion of modern consumer products related to power manage-
ment, the whole grid comprehending generation, transmission, distribution and use of
electric energy, gained remarkable visibility along with the engineering field of power
electronics, with the goal of maximizing the efficiency, versatility and reliability of the
supply chain, as well as the integration of renewable power sources into this continu-
ously evolving organism. This PhD thesis, carried out at the Polytechnic of Turin and
sponsored by a Vishay Intertechnology Inc. scholarship, focuses on the performance
and lifetimes of power semiconductor devices, when electrical and environmental testing
conditions apply high stress to the devices beyond current standards, especially in terms
of reliability. Part I gives a brief introduction on the major definitions in the field of
reliability testing, focusing on the terms involved in the following sections, along with
an overview of current and possible future trends in the field of reliability testing. In
part II, the standard High Temperature High Humidity Reverse Bias (H3TRB) relia-
bility test for power semiconductor devices, also known as Temperature Humidity Bias
(THB) test, is performed at high voltage in order to investigate and analyze peculiar
failure modes generated by the combination of high reverse bias voltage and humidity.
The results led to the publication of 3 research papers during the doctoral program. The
main topic of part III is the study and development of a high-current on-wafer Forward
Voltage Drop (VF) drop measurements system for power semiconductor diodes. The
methodology involves the design, characterization, evaluation and further improvement
of a dedicated testing setup with the objective of performing measurements without
inducing any degradation in the devices under test. Eventually, part IV is dedicated
to the evaluation of the cosmic ray ruggedness of power semiconductor devices. The
testing has been performed in agreement with the JEDEC standard JEP151, and the
experimental work involved the development of dedicated testing boards, for the follow-
ing test campaign at the “ISIS Neutron and Muon Source” of the “Rutherford Appleton
Laboratory” in Didcot, United Kingdom.





Acknowledgements

At the moment of writing this acknowledgment section, a lot of mixed feelings spiral
inside my head as I conclude this doctoral program and my thesis manuscript. It is
indeed a very complicated period of modern history. If I think about the difference
from how everything changed from the beginning of these three years to the present,
it really feels like a incredible amount of time. I have changed a lot as a person and
as a professional, and I believe I owe most of what I have achieved to a multitude
of individuals whose consciousness, presence, grit, determination, kindness, patience,
charisma, friendship, involvement and love, have let me understand how much we need
to grow up everyday as workers, students and human beings in order to evolve toward
a better future, for us in our daily life, and for everyone else with our legacy.

First of all I want to say thanks to the two institutions that made my doctoral
program possible, which are the Polytechnic University of Turin on the academic side,
and Vishay as the company who issued the scholarship for my research. In particular
I am grateful to my supervisor Prof. Candido Pirri from the Department of Applied
Science and Technology (DISAT), and Rossano Carta from Vishay, head of the Power
Diodes R&D group, who represented for me these two worlds during my daily experience.
When I first arrived at the company to start my research, Rossano welcomed me and
followed my first steps in a territory which was unknown to me, as I started my very
first experience after the master degree. I can say that his dedication and resolution
really helped in shaping my approach to research, my experience in a company and my
attitude as a young professional.

I am sure I would never change my co-supervisor Prof. Sergio Ferrero to anyone else.
He has seen me in the best and worst moments, and I am proud and grateful of the
human relationship that we naturally formed. He successfully supported me through
the complex world of research publications, as well as being my point of reference at
the Polytechnic of Turin. I want to say thanks to all my colleagues at Vishay, from all
the laboratories and departments, for the great support and effort they dedicated to me
and my projects, in particular to Nabil El Baradai who became my supervisor at the
company in the last year, for his knowledge, dedication and friendship, as we fought side
by side to achieve our objectives. I am also grateful to Giovanni Richieri and Roberta
Busca for the great synergy that we established together, in order to gave birth to two
of the publications from this thesis, I would have never reached this goal without them.

In conclusion I would like to say thanks to my friends, family, my parents and in
particular my brother and my girlfriend Roberta, for how much they have done for
me in this period. Your encouragement, your strength and affection, have helped me
in the hardest moments to reset and start again with all my enthusiasm, you are the
foundations holding the temple of my spirit.

Davide Cimmino
Turin, Italy

March 15, 2021

vii





Table of Contents

Abstract iii

Table of Contents ix

List of Figures xiii

List of Tables xvii

List of Abbreviations xix

I Introduction 1

1 Introduction 3
1.1 Thesis Framework and Outline . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 Power Devices and Global Trends . . . . . . . . . . . . . . . . . . 4
1.2.2 Reliability: basics concepts and definitions . . . . . . . . . . . . . 5
1.2.3 Mathematical Definitions . . . . . . . . . . . . . . . . . . . . . . 7

1.2.3.1 Weibull Distribution . . . . . . . . . . . . . . . . . . . . 8
1.3 Overview of Power Semiconductor Reliability Testing . . . . . . . . . . . 10

1.3.1 Reliability Test Standards for Power Semiconductor Devices . . . 10
1.3.1.1 High Temperature Reverse Bias test (HTRB) . . . . . . 12
1.3.1.2 High Temperature Gate Stress (HTGS) Test . . . . . . 13
1.3.1.3 Temperature Humidity Bias (THB) Test . . . . . . . . 13
1.3.1.4 High Temperature and Low Temperature Storage Tests 14
1.3.1.5 Temperature Cycling and Temperature Shock Test . . . 15
1.3.1.6 Power Cycling Test . . . . . . . . . . . . . . . . . . . . 15
1.3.1.7 Cosmic ray Testing . . . . . . . . . . . . . . . . . . . . 18

1.3.2 Current and future challenges of reliability testing . . . . . . . . 18
1.3.2.1 Current approaches to enhanced reliability . . . . . . . 18
1.3.2.2 Future Challenges . . . . . . . . . . . . . . . . . . . . . 19

II High Voltage Temperature Humidity Bias (HV-THB) Test 21

2 High Voltage Temperature Humidity Bias (HV-THB) Test 23
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.2 Review and state of the art of HV-THB . . . . . . . . . . . . . . . . . . 23

2.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.2.1.1 Current Normatives . . . . . . . . . . . . . . . . . . . . 24

2.2.2 Comparison of Test Methodologies . . . . . . . . . . . . . . . . . 25
2.2.2.1 Test Setup and Procedures . . . . . . . . . . . . . . . . 25

ix



2.2.2.2 Leakage Current Monitoring . . . . . . . . . . . . . . . 26
2.2.2.3 Intermediate Testing and Electrical Degradation . . . . 28
2.2.2.4 Accelerated Test Models . . . . . . . . . . . . . . . . . 29

2.2.3 An overview of the failure modes . . . . . . . . . . . . . . . . . . 30
2.2.3.1 The Corrosion Cell . . . . . . . . . . . . . . . . . . . . 31
2.2.3.2 Aluminum Corrosion . . . . . . . . . . . . . . . . . . . 31
2.2.3.3 Electrochemical Migration (ECM) . . . . . . . . . . . . 32
2.2.3.4 Device Failure Analysis . . . . . . . . . . . . . . . . . . 33

2.2.4 Materials and Accelerated Testing Performances . . . . . . . . . 34
2.2.4.1 Passivation and Termination Materials . . . . . . . . . 35
2.2.4.2 Silicon Nitride as a Passivation Material . . . . . . . . . 36
2.2.4.3 Silicon Carbide Devices . . . . . . . . . . . . . . . . . . 36

2.2.5 Review Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.3 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.3.1 Design of the measurement system . . . . . . . . . . . . . . . . . 39
2.3.1.1 System Architecture . . . . . . . . . . . . . . . . . . . . 39
2.3.1.2 Programming of the Control System . . . . . . . . . . . 41
2.3.1.3 Test conditions and DUTs . . . . . . . . . . . . . . . . 44

2.3.2 System Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.3.2.1 Monitoring of the leakage current . . . . . . . . . . . . 45
2.3.2.2 Curvetracer analysis . . . . . . . . . . . . . . . . . . . . 47
2.3.2.3 Device Failure Analysis . . . . . . . . . . . . . . . . . . 47

2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

III On-Wafer High Current Forward Voltage Drop (VF ) Test of
Power Semiconductor Diodes 55

3 On-Wafer High Current VF Test of Power Semiconductor Diodes 57
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.1.1 Research Framework and objectives . . . . . . . . . . . . . . . . 57
3.1.2 Forward Voltage Testing of Power Diodes . . . . . . . . . . . . . 57

3.2 Preliminary Evaluations . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.2.1 Benchmark Analysis of High-current VF Measurements . . . . . 61
3.2.2 Baseline Setup for VF testing and Limitations . . . . . . . . . . 62

3.3 Methodology: Phase 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.3.1 High Current Probe Card Designs . . . . . . . . . . . . . . . . . 63
3.3.2 New Probe Card Evaluation and Preliminary Testing . . . . . . 65

3.3.2.1 Optical Inspection . . . . . . . . . . . . . . . . . . . . . 65
3.3.2.2 Mechanical Overdrive Evaluation . . . . . . . . . . . . . 65
3.3.2.3 Mechanical Marathon Test . . . . . . . . . . . . . . . . 69

3.3.3 Electrical Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
3.3.3.1 Over-current Test . . . . . . . . . . . . . . . . . . . . . 73
3.3.3.2 Assembly Data Analysis . . . . . . . . . . . . . . . . . . 75

3.4 Methodology: Phase 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
3.4.1 Possible Causes of standard deviation . . . . . . . . . . . . . . . 78
3.4.2 Wafer Rotation Test . . . . . . . . . . . . . . . . . . . . . . . . . 78
3.4.3 Serialized Assembly Test . . . . . . . . . . . . . . . . . . . . . . . 78
3.4.4 Vacuum Chuck Analysis . . . . . . . . . . . . . . . . . . . . . . . 82

3.4.4.1 Initial Conditions . . . . . . . . . . . . . . . . . . . . . 82



3.4.4.2 New Vacuum Chuck Design and Evaluation . . . . . . . 83
3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

IV Cosmic Ray Robustness Of Power Semiconductor Diodes 87

4 Cosmic Ray Robustness 89
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.1.1 Nature of Cosmic Radiation . . . . . . . . . . . . . . . . . . . . . 89
4.1.2 Effects of Cosmic Radiation On Power Devices . . . . . . . . . . 90

4.1.2.1 Single Event Effects in Power Devices . . . . . . . . . . 91
4.1.2.2 Single Event Burnout (SEB) . . . . . . . . . . . . . . . 92
4.1.2.3 Single Event Gate Rupture (SEGR) . . . . . . . . . . . 95
4.1.2.4 Neutron-induced single event effects in power devices . 96

4.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
4.2.1 Recommended test setup to measure single event effects in power

devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
4.2.2 Irradiation facility and test setup . . . . . . . . . . . . . . . . . . 100
4.2.3 Devices and irradiation test set-up . . . . . . . . . . . . . . . . . 100
4.2.4 Neutron irradiation runs . . . . . . . . . . . . . . . . . . . . . . . 102
4.2.5 Neutron irradiation results . . . . . . . . . . . . . . . . . . . . . 102

4.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

V Conclusions 111

5 Conclusions 113

Bibliography 115





List of Figures

1.1 Power Modules Market for mainstream Applications . . . . . . . . . . . 4
1.2 Bathtub Curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 Weibull Failure Rate Curve at several Beta Values . . . . . . . . . . . . 9
1.4 HTRB Leakage Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.5 Power Cycling Test Setup and Typical time Evolution . . . . . . . . . . 16
1.6 Bonding Lift-off due to power cycling test . . . . . . . . . . . . . . . . . 17
1.7 Wide Bandgap Materials Properties Diamond Chart . . . . . . . . . . . 19

2.1 Schematics of a generic HV-THB test architecture . . . . . . . . . . . . 26
2.2 Typical HV-THB Leakage Monitoring Characteristics . . . . . . . . . . 27
2.3 Example of an HV-THB test monitoring for 1.2 kV devices tested at 65%

Vnom . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.4 Main types of electrical degradation of I–V characteristics after HV-THB 28
2.5 Effect of acceleration due to bias level on the breakdown voltage . . . . 31
2.6 Schematic process of aluminum corrosion and accumulation . . . . . . . 32
2.7 Schematic process of ECM dendrite formation . . . . . . . . . . . . . . . 33
2.8 Power module showing polyimide blistering after HV-THB testing . . . 34
2.9 Power module showing polyimide blistering after HV-THB test . . . . . 34
2.10 Leakage current monitoring during THB test on SiC-MOSFETS in plastic

package . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.11 Electric field cross-section of SiC Diode with different passivation materials 38
2.12 Schematics of a generic HV-THB test architecture . . . . . . . . . . . . 39
2.13 HV-THB Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . 40
2.14 Schematic of the HV-THB measurement circuit. . . . . . . . . . . . . . 40
2.15 HV-THB Control Software: User interface . . . . . . . . . . . . . . . . . 42
2.16 HV-THB Control Software: Back Panel . . . . . . . . . . . . . . . . . . 43
2.17 HV-THB Leakage current monitoring in the first hours. . . . . . . . . . 45
2.18 HV-THB Leakage current monitoring of a 1000 h test. . . . . . . . . . . 46
2.19 Schematic of the HV-THB measurement circuit. . . . . . . . . . . . . . 47
2.20 Device Optical Inspection after HV-THB test. . . . . . . . . . . . . . . . 48
2.21 HV-THB Passivation Study: Sample Structure . . . . . . . . . . . . . . 48
2.22 HV-THB Passivation Study: Leakage Current Degradation Summary . 49
2.23 HV-THB Passivation Study: Bubble Formation on Sample A . . . . . . 50
2.24 HV-THB Passivation Study: EDX Analysis of Sample A . . . . . . . . . 51
2.25 HV-THB Passivation Study: Sample Structure . . . . . . . . . . . . . . 52

3.1 Typical Forward Characteristic of a p-i-n diode . . . . . . . . . . . . . . 58
3.2 VF Measurement Setup Diagram . . . . . . . . . . . . . . . . . . . . . . 59
3.3 VF Measurement Electrical Schematic . . . . . . . . . . . . . . . . . . . 60
3.4 Example of Probe Marks from two different Manufacturer . . . . . . . . 62
3.5 Probe Card Circuit Schematic . . . . . . . . . . . . . . . . . . . . . . . . 64
3.6 High-current probe card designs: needle side structure . . . . . . . . . . 64

xiii



3.7 High-current probe card designs: bottom view . . . . . . . . . . . . . . . 65
3.8 SEM Probe Mark Inspection before and after delayering . . . . . . . . . 66
3.9 Cantilever Probe Card VF statistical values vs Overdrive . . . . . . . . 67
3.10 Vertical Probe Card VF statistical values vs Overdrive . . . . . . . . . . 68
3.11 VF Marathon Test Statistical Analysis . . . . . . . . . . . . . . . . . . . 69
3.12 Probe Card Cantilever Marathon Test: Probe Mark Analysis . . . . . . 70
3.13 Probe Card Vertical Marathon Test: Probe Mark Analysis . . . . . . . . 71
3.14 Probe Card Cantilever Marathon Test: Probe Mark Depth Analysis . . 71
3.15 Probe Card Vertical Marathon Test: Probe Mark Depth Analysis . . . . 72
3.16 Example of micro fusion damage due to high current below a probe mark 74
3.17 Variability chart of VF Testing at 150A: Cantilever vs Vertical . . . . . 74
3.18 Cantilever versus low current probe card: assembly comparison at 5 A . 76
3.19 Vertical probe card: assembly versus probe comparison at 5 A. . . . . . 76
3.20 Cantilever versus low current probe card: assembly comparison at 100 A 77
3.21 Vertical probe card: assembly versus probe comparison at 100 A. . . . . 77
3.22 Wafer Rotation Test: VF Map at 100A . . . . . . . . . . . . . . . . . . 79
3.23 Wafer Rotation Test: VF Map at 100A . . . . . . . . . . . . . . . . . . 80
3.24 Wafer Schematic of the Serialized Assembly Test . . . . . . . . . . . . . 80
3.25 VF Serialized 1:1 Test Analysis . . . . . . . . . . . . . . . . . . . . . . . 81
3.26 VF Serialized 1:1 Test Variability Chart . . . . . . . . . . . . . . . . . . 81
3.27 Initial Configuration of the Vacuum Chuck Plate . . . . . . . . . . . . . 82
3.28 Schematic of newly designed vacuum chuck plate . . . . . . . . . . . . . 83
3.29 New Vacuum Chuck Wafer Rotation Test: VF map comparison . . . . . 84
3.30 New Vacuum Chuck Wafer Rotation Test: VF Variability Chart . . . . 85

4.1 Schematic view of a primary cosmic radiation event generating a particle
shower . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.2 Cosmic ray salt mine experiment . . . . . . . . . . . . . . . . . . . . . . 91
4.3 Sketch of a vertical power MOSFET . . . . . . . . . . . . . . . . . . . . 91
4.4 I-V characteristic of a power MOSFET . . . . . . . . . . . . . . . . . . . 92
4.5 MOSFET drain-source current during during SEB event . . . . . . . . . 93
4.6 SEB cross section versus applied drain voltage for a MOSFET under ion

irradiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
4.7 SEB Failure Voltage versus atomic number of impinging ions. . . . . . . 94
4.8 MOSFET drain current during SEGR event . . . . . . . . . . . . . . . . 95
4.9 SEGR critical voltage versus ion atomic number . . . . . . . . . . . . . 96
4.10 SEB cross section for different power MOSFETs irradiatied at WNR . . 97
4.11 SEB cross section for different power MOSFETs irradiatied at WNR . . 97
4.12 SEB cross section for different power devices irradiatied at WNR . . . . 98
4.13 Example of FIT versus altitude as a function of breakdown . . . . . . . 98
4.14 Example of the test setup to detect single event effects in power devices 99
4.15 Picture of the experimental room for broad-energy spectrum neutron ir-

radiation at ChipIr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
4.16 Sketch of the experimental set-up for accelerated neutron tests . . . . . 101
4.17 Circuit schematic for the electrical connection of the DUTs during irra-

diation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
4.18 Accelerated neutron Test set-up at the ChipIr experimental room. . . . 103
4.19 DUT board exposed accelerated neutron beam at the ChipIr facility. . . 104
4.20 Time to failure for all tested diodes and Metal Oxide Semiconductor Field

Effect Transistors (MOSFETs) versus bias voltage . . . . . . . . . . . . 107



4.21 Time to failure for all tested diodes and MOSFETs versus bias voltage . 109





List of Tables

2.1 Generic stress parameters of standard versus high-voltage Temperature
Humidity Bias test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.2 Material properties of selected power semiconductor passivation materials 35
2.3 HV-THB Test Condition Summary . . . . . . . . . . . . . . . . . . . . . 44

3.1 High Current VF: Device Manufacturers Benchmark . . . . . . . . . . . 61
3.2 Probe Card Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.3 Over-current Test Summary . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.1 Example of an irradiation test plan with 10 power MOSFETs exposed in
parallel to accelerated neutron beam at ChipIr. . . . . . . . . . . . . . . 100

4.2 Experimental runs performed during the neutron accelerated test cam-
paign at ChipIr. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.3 Times to failure in accelerated conditions (expressed in seconds) for the
diodes and MOSFETs exposed to neutron radiation. . . . . . . . . . . . 105

4.4 Nominal times to failure (expressed in hours) for the diodes and MOS-
FETs exposed to neutron radiation in each run. . . . . . . . . . . . . . . 106

4.5 Mean time to failure at NYC (in hours) for the diodes and MOSFETs
tested with neutrons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

4.6 Mean time to failure at NYC (in FIT) for the diodes and MOSFETs
tested with neutrons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

4.7 Upper bound (99% confidence) for mean time to failure at NYC (in FIT)
for the diodes and MOSFETs tested with neutrons and not showing fail-
ures during the experimental run. . . . . . . . . . . . . . . . . . . . . . . 108

xvii





List of Abbreviations

BV . . . . . . . . . .Breakdown Voltage

CDF . . . . . . . . .Cumulative Distribution Function

CR . . . . . . . . . .Cosmic Ray

DC . . . . . . . . . .Direct Current

DMM . . . . . . . .Digital Multimeter

DUT . . . . . . . . .Device Under Test

EDX . . . . . . . . .Energy-Dispersive X-ray spectroscopy

EECR . . . . . . . .Extreme Energy Cosmic Ray

FIB . . . . . . . . . .Focused Ion Beam

FIT . . . . . . . . . .Failures In Time

FR . . . . . . . . . .Floating Ring

H3TRB . . . . . . .High Temperature High Humidity Reverse Bias

HALT . . . . . . . .Highly Accelerated Life Test

HASS . . . . . . . .Highly Accelerated Stress Screening

HTGB . . . . . . . .High Temperature Gate Bias

HTGS . . . . . . . .High Temperature Gate Stress

HTRB . . . . . . . .High Temperature Reverse Bias

HTS . . . . . . . . .High Temperature Storage Test

HV-THB . . . . . .High Voltage Temperature Humidity Bias

IGBT . . . . . . . . .Insulated Gate Bipolar Transistor

JTE . . . . . . . . . .Junction Termination Extension

LTJ . . . . . . . . . .Low Temperature Joining

LTS . . . . . . . . . .Low Temperature Storage Test

MOSFET . . . . . .Metal Oxide Semiconductor Field Effect Transistor

xix



MS . . . . . . . . . .Mechanical Shock

MTBF . . . . . . . .Mean Time Between Failures

MTTF . . . . . . . .Mean Time To Failure

NYC . . . . . . . . .New York City

PC . . . . . . . . . .Power Cycling

PDF . . . . . . . . .Probability Density Function

PECVD . . . . . . .Plasma-Enhanced Chemical Vapor Deposition

PSD . . . . . . . . .Power Semiconductor Device

PSU . . . . . . . . .Power Supply Unit

RESURF . . . . . .Reduced Surface Field

SAM . . . . . . . . .Scanning Acoustic Microscopy

SEB . . . . . . . . . .Single Event Burnout

SEE . . . . . . . . . .Single Event Effects

SEGR . . . . . . . .Single Event Gate Rupture

SEM . . . . . . . . .Scanning Electron Microscopy

SOA . . . . . . . . .Safe Operating Area

TC . . . . . . . . . .Thermal Cycling

THB . . . . . . . . .Temperature Humidity Bias

Tj . . . . . . . . . . .Junction Temperature

TST . . . . . . . . . .Thermal Shock Test

UHECR . . . . . . .Ultra High Energy Cosmic Radiation

USB . . . . . . . . .Universal Serial Bus

VF . . . . . . . . . .Forward Voltage Drop

VLD . . . . . . . . .Variation Lateral Doping

VT . . . . . . . . . .Vibration Test



In loving memory of my grandmother Maria . . .

xxi





Part I

Introduction

1





Chapter 1

Introduction

1.1 Thesis Framework and Outline
The following doctoral thesis work has been carried out at the Polytechnic University of
Turin, with an industrial scholarship offered by Vishay Intertechnology Inc. and carried
out at Vishay Semiconductor Italiana S.P.A., a power semiconductor company located in
Borgaro Torinese, Italy. This research work has been focused on better understanding
the effects of enhanced electrical and reliability testing conditions on state-of-the-art
Power Semiconductor Devices (PSDs). Given the nature of the research activity, this
manuscript has been divided accordingly in 3 main parts.

Part I gives a brief introduction on the major definitions in the field of reliability
testing, focusing on the terms involved in the following sections, as well as an overview
of current and possible future trends in the field.

In part II, the standard High Temperature High Humidity Reverse Bias (H3TRB)
reliability test for power semiconductor devices also known as Temperature Humidity
Bias (THB) test, is performed at high voltages in order to investigate and analyze
peculiar failure modes generated by the combination of high reverse bias voltage and
humidity, which led to the publication of 3 articles from the PhD candidate [1–3] during
the doctoral program.

The main topic of part III is the study of on-wafer forward voltage drop measure-
ments of power semiconductor diodes at high current. The methodology involves the de-
sign, characterization, evaluation and further improvement of a dedicated testing setup
with the objective of performing measurements without inducing any degradation in the
Devices Under Test (DUTs).

Part IV is dedicated to the evaluation of the Cosmic Ray (CR) ruggedness of power
semiconductor devices. The testing has been performed in agreement with the JEDEC
standard JEP151 “Test Procedure for the Measurement of Terrestrial Cosmic Ray In-
duced Destructive Effects in Power Semiconductor Devices”[4] and the experimental
work involved the development of a dedicated testing board and the following test cam-
paign at the ISIS Neutron and Muon Source located at the Rutherford Appleton Labora-
tory in Didcot, United Kingdom. The experimental work has been carried out under the
supervision of the Reliability and Radiation Effects on Advanced CMOS Technologies
(RREACT) group from the University of Padova, Italy.

1.2 Introduction
In recent years, Power Electronics has become a crucial part of modern electronic sys-
tems and applications in a wide range of fields, such as electric power generation and
transmission, home appliances, heavy industry and transportation. Each one of these
system relies on the performances and properties of the underlying components in order

3
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to operate for the required period of time. We can rephrase this statement by recurring
to the definition of Reliability, which is defined for instance as “the ability of a system
or component to perform its required functions under stated conditions for a specified
period of time” [5–7]. For this reason, differently from what happened until the first
half of the XXI century, high reliability has become nowadays one of the key require-
ment of modern systems and consequently of their components, which in turn need to
pass a broad set of screening and reliability tests before moving to mass production and
distribution. In the following sections, an brief overview of reliability testing and cur-
rent standards for power semiconductor devices is presented, as well as some necessary
definitions.

1.2.1 Power Devices and Global Trends

Before the last two decades, power electronics was strictly related to electrical engi-
neering, and relegated to applications ranging from medium to high powers, such as
industry drives, railway traction and power supplies. But with the increasing demand
for electricity and the diffusion of modern consumer products related to power manage-
ment, the whole chain comprehending generation, transmission, distribution and use of
electric energy, gained remarkable visibility along with the engineering field of power
electronics, with the goal of maximizing the efficiency, versatility and reliability of the
above mentioned electricity chain, and the integration of renewable power sources into
a continuously evolving electrical power grid, including electric mobility [8]. Figure 1.1
shows the trend of power modules market for mainstream applications [9].
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Figure 1.1: Trend of power modules market for mainstream applica-
tions. © 2019 IEEE [9].

There are several reasons for which power electronics is and will be a key technology,
and according to some analysts [10] these reasons are strictly related to several global
trends driving our present. One of the main drivers is the global increase of population
yielding to an increase in the demand of natural resources needed for primary indus-
tries and for the sustenance in new urban areas. In order to satisfy this demand, the
consumption of energy increases inevitably, along with the demand of water and rare
earth minerals. Nonetheless, the byproduct of this ascending exploitation is the increase
of greenhouse gases, and temperature on a global scale, with the impossibility for the
earth to sustain itself and replenish its resources in a short circuit leading to inevitable



Chapter 1. Introduction 5

consequences. It then becomes necessary to implement major changes to the electrical
power conversion chain in order to greatly increase its capabilities, in order to drive
society towards a new paradigm of interconnection between humans and their environ-
ment, which can one day allow to achieve an equilibrium between human needs and
the environment. Main power electronic applications will drive the sustainable energy
revolution with the integration of renewable sources, including photovoltaics and wind
power, into the existing grid. This integration will then need an improvement of trans-
mission efficiency and power distribution, which will be achieved thanks to enhanced
high voltage lines and local distribution strategies, including energy storage, bidirec-
tional power flow strategies, and other smart grid approaches. The improve in efficiency
will then require improvements at the component level, with the increasing diffusion of
wide band gap power devices, or at the circuit level, with the adoption of new converter
topologies to reduce parasitic effects and efficiency and eventually at the size level thanks
to the miniaturization of power circuits, leading to the substitution of voluminous and
expensive legacy systems with newer and smaller counterparts. Moreover, the diffusion
of new generation full electric vehicles is leading the mobility revolution thanks to the
popularity of electric bikes, scooters, cars, trucks, trains, ships and air transport [8, 11].

1.2.2 Reliability: basics concepts and definitions

The definition of reliability exposed at the beginning of section 1.2 is not unique and it is
continuously evolving through the years, as well as other reliability related concepts are.
In this section, the most significant reliability definitions are listed in order to introduce
the necessary terminology used in the next sections. A more complex definition of
reliability comes from the IEC 60050-191 standard:

• Reliability: The ability of a product to perform required functions, under given
environmental and operational conditions and for a stated period of time. [12, 13]

Following this definition, the concept of failure of a device is described for instance as:

• Failure: The termination of the ability of an item to perform a required function
[12, 13]

The state of a failed device is defined “Fault”:

• Fault: “a fault is the state of an item characterized by its inability to perform its
required functions” A fault is therefore the state resulting from a failure.[12, 13]1

A way to describe a fault is what is defined as Failure mode:

• Failure mode: is the description of a fault. In other words, is how one observes
the fault, generally as a deviation from the expected function of a device or system.

Closely related to the concept of failure mode, is the Failure Cause:

• Failure Cause: “is the circumstances during design, manufacture or use which
have led to a failure” [12, 13].

Understanding the failure cause is of paramount importance for device engineers in order
to improve their designs and prevent failures. Failure causes are generally coming from
design, intrinsic weaknesses, manufacturing, aging and misuse of a system [13]. In order
to understand a failure cause, it is important to analyze the Failure Mechanism:

1It is important to notice that this definition excludes temporary situations in which a system is
temporarily unavailable due to programmed maintenance or other voluntary interruptions of working
operation.



6 Chapter 1. Introduction

• Failure Mechanism: The physical, chemical or other processes that may lead to
a failure [12, 13].

Considering the framework and the topics treated in this thesis, it is necessary to
extend these definitions, considering power electronic devices as the target. Device
Failures can be generally categorized in several layered ways, considering the time span,
the entity, the manifestation and the type of stress.

First of all, a failure can be Intermittent or Extended:

• Intermittent: when the failure has a limited duration in time;

• Extended: failure continues indefinitely until, when possible, some corrective
action restores the fault.

When the entity of the fail is taken into account, there are two possible definitions:

• Complete: when failure results in a total loss of functionality;

• Partial: when some functionalities are not lost.

Moreover, failures can be also identified according to the way they manifest in time:

• Sudden: when failure occurs suddenly, without or with limited warning in time;

• Gradual: when failure occurs in a longer time frame, generally accompanied by
specific signals that can be monitored in time.

Two common terms used to describe failures are a sub-classes of the latter definitions,
these terms are:

• Catastrophic: failure is complete and sudden;

• Degraded: failure is gradual and partial.

Moreover, considering the condition under which failure occurs, failures can be classified
as:

• Primary: when failure is due to the natural aging of the device in normal use con-
ditions and stresses as specified by the manufacturer (e.g. datasheet conditions).

• Secondary: when failure is caused by device overstress. An overstress is the use
of a device outside its datasheet conditions or its specific Safe Operating Area
(SOA).

It is important to highlight that ovestresses can cause failure when either the device
is deliberately used outside its normal use conditions (i.e. voluntary overstress) or
when the use conditions do not fit the specifications of the device. Furthermore, while
secondary failures can be avoided by using the device in conditions allowed by design
and specifications, primary failures can only be solved by changing the device’s design.

In order to describe the time behavior of device failure it is important to introduce
the definition of Failure Rate, and the “bathtub curve”.

• Failure Rate: the frequency with which failures occur in time, generally expressed
in number of failures per second [14].
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The bathtub curve is essential to reliability, since it well models the failure behavior
versus time of a wide class of items, including power semiconductor devices. This model
is schematized in 1.2 and can be divided in 3 main sections:

• Infant Mortality: early failures region, where failures occur with a rapidly de-
creasing failure rate

• Normal Usage also called “normal life”: a region where failure rate has a mini-
mum and is approximately constant.

• Wear Out Failures: also known as “end of life” region, where failure rate is
increasing due to long term device wear-out.

In the first region, failures are highly undesirable and their origin is attributed to
issues related to the manufacturing phase. This region gives rise to “dead-on-arrival”
devices [15], with obvious consequences for both the manufacturer and final customer’s
point of view. In the infant mortality region, the failure rate generally has an exponential
decreasing behavior, which can last from hours to even years depending on the specific
product, before moving to the normal life phase [15]. The occurrence of failures in
the infant mortality period can be lowered significantly thanks to the so called burn-in
tests, accelerated tests where devices are stressed for a small period of time, and only
the passed devices are distributed to the final user.

In the Normal life period, when devices are operated in datasheet conditions, the
failure rate encounters a minimum. In this region, device failure happens mostly due to
excess stress. This period is the one considered in the design phase.[16].

Eventually, in the wear-out period, wearing and aging of the product determines
material degradation, the failure rate increases progressively and eventually leads to the
failure of the whole population of devices after a given time (t→∞).

Interestingly, electronic devices failure rate can be generally modeled by the bathtub
curve behavior, so failure rate curves can be fitted accordingly [17] by achoosing the
appropriate model for the failure rate, as it will be shown in the next section.

1.2.3 Mathematical Definitions

The following section gives a brief overview of the main mathematical definitions and
models involved in reliability evaluation [19]. If the cumulative distribution function or
“failure distribution” F(t) (or “unreliability”) represents the fraction of failed samples
at time t, then the reliability function (or survival function) can be defined as follows:

R(t) = 1− F (t) (1.1)

This function represents the fraction of survived devices at time t, which allows to define
the Probability Density Function (PDF) f(t):

f(t) = dF (t)
dt

(1.2)
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Figure 1.2: Bathtub failure rate distribution curve [18].

representing the variation of failed devices at time t. The latter definition allows to
write the hazard function or “instantaneous” failure rate:

h(t) = f(t)
R(t) = − 1

R(t)
dR(t)
dt

(1.3)

The hazard function describes how the failure rate changes in time for a population of
devices [16]. Eventually, all these definitions allow to describe also the Mean Time To
Failure (MTTF):

MTTF =
∫ ∞

0
tf(t)dt =

∫ ∞
0

R(t)dt (1.4)

which is the expected value of the PDF f(t), denoting the average time to failure for
a non-repairable system.

1.2.3.1 Weibull Distribution

The weibull distribution is a very useful model, which can describe all three regions of
the bathtub curve presented in the previous section. Its reliability function is:

R(t) = e
−
(
t

α

)β
(1.5)
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The consequent Cumulative Distribution Function (CDF) is then:

F (t) = 1−R(t) = 1− e−λt (1.6)

Which allows to determine the relative PDF:

f(t) = −dF (t)
dt

= β

αβ
tβ−1e

−
(
t

α

)β
(1.7)

As a consequence, the hazard function is:

h(t) = β

αβ
tβ−1 (1.8)

As said at the beginning of this section, thanks to this function it is possible to model
device failure rate in all the three regions of the bathtub curve by changing the value of
β, as reported in 1.3.
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1.3 Overview of Power Semiconductor Reliability Testing

1.3.1 Reliability Test Standards for Power Semiconductor Devices

Given the current level of diffusion and their continuously widening market, there can
be several motivations to evaluate the reliability of power semiconductor devices [11].

The first reason is the increase of power density, which is a measure of how much
power is dissipated in the volume unit (W/m3). Higher power density requirements, of-
ten related to package downsizing and increasing currents per chip, yield to a global in-
crease of temperatures and significant temperatures differences between different points
in being it a discrete package or power module.

In terms of environment temperatures, state-of-the-art power applications face in-
creasingly hard conditions. For instance, modern hybrid automotive systems involve
working operation of power electronic circuit in proximity of the combustion engine,
with heat-sink temperatures which can be as high as 120°C, in order to control the
temperature of the control circuitry. This temperature requirement has been increasing
through the years moving up to 175°C as a specification limit for the junction temper-
ature.

The same consideration can be done regarding the humidity of the environment.
For instance modern offshore wind power farms, include power converters which can be
exposed to oscillating environmental conditions, including high humidity peaks during
working operation [20]. In this case, and as we will see in II, the combined effect of high
humidity and high voltage operation can yield critical failures on the field, lowering the
harvesting efficiency of the system and in critical cases to power production.

Another interesting trend is the increasing number of interlinked frequency inverters
per system, a significant trend in the industrial automation field. When multiple systems
are linked, the total Mean Time Between Failures (MTBF) is the sum of each inverter’s
MTBF divided by the total number of inverters:

MTBF Total =

n−1∑
i=0

MTBFi

n
(1.9)

Where n is the number of interlinked inverters, which can significantly lower the
total MTBF.

With respect to those listed in section 1.2.1, these latter are two more practical
examples of driving forces in the world of power electronics, but they are a major
focus continuing from the past which will continue to be followed also in the coming
years. With these considerations and knowing that some high-demanding mainstream
applications, such as it happens in the automotive field, require working operation and
stable performance for service times of 30 years.

Therefore, testing and assuring reliability in order to have an acceptable time to
market deeply relies in what is called “Accelerated Reliability Testing”. Several kind
of accelerated stress tests for reliability have been developed in the last 40 years, and
are nowadays accepted as the basis for product qualification in several fields, of which
automotive represents one of the main the references.

The most common qualification test considered by manufacturers are reported in
the following list [6]:

• HTRB: High Temperature Reverse Bias (HTRB) Test
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• HTGS (or HTGB): High Temperature Gate Stress (or Bias) Test

• THB (or H3TRB): Temperature Humidity Bias Test

• LTS: Low Temperature Storage Test

• HTS: High Temperature storage test

• TST: Thermal Shock Test

• TC: Temperature Cycling

• PC: Power Cycling

• VT: Vibration Test

• MS: Mechanical Shock

The normatives behind the definition of these test are always changing, but the gen-
eral approach, setup and requirements in terms of test limits and lifetime requirements
are converging towards a common structure, even if several manufacturers can present
slight differences in their testing methods.

As main reference, we can consider the AECQ-101 normative “Stress test qualifi-
cation for automotive grade discrete semiconductors” from the Automotive Electronic
Council [21], which is being continuously updated, or the more recent ECPE directive
AQG 324 “Qualification of Power Modules for Use in Power Electronics Converter units
in Motor Vehicles” [22]. With these two guidelines, a comprehensive set can be retrieved
in terms of testing methods, failure criteria and requirements covering the topics con-
sidered in this thesis and beyond, given that the main subjects are power diodes but the
normative include definitions for other common power devices such as Insulated Gate
Bipolar Transistors (IGBTs), power Metal Oxide Semiconductor Field Effect Transistors
(MOSFETs), etc. . .

These tests can qualify the device both at the chip level and at the level of the
package, by stressing the interaction with properties related to the assembly process
such as the kind of package, the bonding method, the type of molding compound,
the passivation gel in power modules, the effect resistance to humidity and several other
mechanical and thermal properties related to the assembly materials. In addition, several
tests consider also package stability in defined environmental conditions of storage, such
as fixed high or low temperature stress, cyclic temperature variation, vibration and
mechanical shock test.

Before moving to the next section it is useful to give two more definitions:

• Stressor:the physical conditions to which a component is exposed during testing
(e.g. Voltage, power, temperature, humidity, pressure, etc...) [23].

• Accelerated Stress Test: A test in which the applied-stress level is chosen to
exceed that stated in the reference conditions, in order to shorten the time required
to observe the stress responses of the item, or magnify the response in a given time.
To be valid, an accelerated test shall not alter the basic modes and/or mechanisms
of failure, or their relative prevalence [23].

The following sections will introduce the listed reliability tests, which are valid for both
discrete plastic packages and power modules, except for the vibration test and mechan-
ical shock test which can be considered out of the scope of this thesis.
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1.3.1.1 High Temperature Reverse Bias test (HTRB)

The High Temperature Reverse Bias (HTRB) applies both temperature and reverse
bias stressors to the device, in order to evaluate the stability of leakage through time.
The applied bias is a Direct Current (DC) voltage forcing each DUT in reverse bias
conditions, generally up to 100% of their nominal Breakdown Voltage (BV) or blocking
voltage, and the temperature of the environment chamber or hot plate is set in order
to bring the devices close to their maximum Junction Temperature (Tj) but avoiding
thermal runaway effects.

This test has the main objective of highlighting degradation or critical failures ap-
pearing not in the bulk, but in the edge termination structure and in the passivation
stack of the power device, independently on the field spreading technique exploited to
reduce the field at the surface of the chip, which can be for instance, Floating Ring (FR),
Junction Termination Extension (JTE), Variation Lateral Doping (VLD), Reduced Sur-
face Field (RESURF), etc. . .

As a consequence, these surface fields induce ions migration and can cause charge
accumulations in critical points, leading to local increased leakage current, unwanted
local inversion in regions with low doping, BV reduction and even short-circuit filaments
through pn junctions.

The sources of mobile ions can be several, and can be due to impurities accumulated
during the front-end and even the assembly process of the device, eventually leading
to performance degradation or failure, and highlighted in a shorter time thanks to the
acceleration factor given by high temperatures.

Figure 1.4: Example of HTRB leakage monitoring curve. One device
exhibits unstable behavior, but then re-enters in the limits before the end
of the test, revealing a design issue in the bonding diagram which can has
then been addressed by the designers.Picture reproduced with permission

from [6].

At each test checkpoint, the bias and temperature stressors are removed, and the
DUTs are left at room temperature until they reach thermal equilibrium conditions,
allowing electrical measurements comparable with the initial test conditions. The test
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limits, or failure criteria for High Temperature Reverse Bias (HTRB) focus on the in-
crease of leakage current at room temperature, with a limit of 5 times the initial leakage
value of the DUT [21].

As we will see in part II for other tests such as the High Temperature High Humidity
Reverse Bias (H3TRB), or in the case of some research or manufacturers standards,
leakage monitoring can be performed throughout the whole duration of the test, which
can last beyond 1000h in the case of automotive qualifications. In this way, also the
stability of the leakage current is taken into account as an additional observable of
test. Some authors even suggest an advanced method to monitor each device singularly,
and perform intermediate electrical verification on the single device under test without
removing it from the test apparatus, thanks to a dedicated local heating system and
control circuit [24].

Sometimes, even if the above stated characteristics of the device (e.g. passivation
stack, quantity of mobile ions, etc..) fulfill the requirements, some package level issues
can arise and be highlighted by the HTRB test. For instance, Figure 1.4 , shows the
monitored evolution of the leakage current during HTRB test for an IGBT.

It can be seen that without monitoring, the outlier device rising above the initial
value and then coming back into limits before intermediate tests, would have resulted
in an “Pass” after test. Thanks to monitoring, this single device was analyzed and
showed a non-conformity in the bonding diagram, with a wire lying open loop above the
IGBT guard ring. This analysis allowed designers to correct the bonding geometry and
eliminate this issue on the final design, as confirmed by further HTRB testing [6].

It has been shown [25] that new silicon carbide devices allow higher robustness
thanks to the higher critical surface field up to 3MV/cm, but with respect to silicon,
higher margin are considered, so that critical fields are held below the 1MV/cm limit,
which is approximately one order of magnitude higher than the safe limit of Silicon
(100 kV/cm÷ 150 kV/cm) [6].

Moreover, even with these margin, SiC device processing [26] can induce charge
accumulation and change locally the BV with respect to the expected nominal value,
which can localize in higher field positions causing device failure [25]. It is important
to highlight that the electrical failure modes of HTRB can be similar to those observed
in the Temperature Humidity Bias (THB) test, which is the main subject of the next
section, and of II.

1.3.1.2 High Temperature Gate Stress (HTGS) Test

The High Temperature Gate Stress (HTGS) or High Temperature Gate Bias (HTGB),
focuses on the evaluation of the gate leakage current stability of power transistor devices
(e.g. MOSFETs, IGBT, etc. . . ).

The gate voltage is set to a maximum value of ±20V , for devices with gate oxide
thickness higher than 100nm, resulting in an electric field of generally 2MV/cm. This
high field is influenced by surface charges and defects, which combined with the accel-
erating effect of temperature allows to evaluate not only the stability of the leakage
current but also the influence of surface cleanliness, especially for power modules, where
the dice are only protected by a silicone soft gel [6].

1.3.1.3 Temperature Humidity Bias (THB) Test

The Temperature Humidity Bias (THB) test or High Temperature High Humidity Re-
verse Bias (H3TRB), evaluates the ruggedness of DUTs against 3 combined stressors:
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humidity, high voltage, and high temperature, the last of which is used as an accelera-
tion factor. According to current standards for testing [21, 22, 27] describing the testing
protocol and requirements, the following values for temperature, humidity and bias are
shown as reference:

• Temperature: 85°C

• Humidity: 85% R.H.

• Reverse Voltage (DC) : 80% · Vnom (100V max)

Discrete packages are supposed to be hermetically sealed against humidity, and when
no defects are present, devices perform as expected in terms of BV and leakage current.

Since this condition is not always trivial to achieve in a manufacturing platform, THB
testing is always included in the qualification plan of power semiconductor devices, and
it will be explained in part II, the general approach is to remove the bias limitation and
test the devices at the true 80% of their nominal blocking voltage [1–3, 28–30].

Furthermore, humidity penetration is more critical to power modules, where the only
protection is a silicone soft gel, the type and deposition of which can even introduce
contaminant ions, yielding to can local changes in the behavior of the device in terms
of BV and leakage current, or even long term reliability failure.

Moreover, another main aspect of silicone soft gel is the high humidity absorption
causing humidity to reach the surface of the chip. In this way voltage-humidity phe-
nomena such as corrosion, electrochemical migration, and ion transport can be triggered
causing BV and leakage current degradation. For these reasons, Temperature Humidity
Bias (THB) is considered the main test to evaluate the reliability of the passivation
stacks and terminations in power semiconductor devices.

In the case of power modules, additional protective layers on top of the silicone soft
gel have been proposed, but with the risk of lowering humidity diffusion outwards the
module when the external value of humidity is lower than the inside’s value, for this
reason if humidity absorption cannot be lowered such as in the case of advanced epoxy
rosin materials, the only choice is to remove humidity faster to avoid moisture trapping
thanks to high diffusive non-hermetical compounds.

A more extended review of THB testing will be treated in part II, since one of the
main topic of this work is related to the high voltage version of this test, with the aim
of testing devices without limiting voltage to the 100V value, in order to understand
their performance in terms of reliability.

1.3.1.4 High Temperature and Low Temperature Storage Tests

High temperature and low temperature storage tests have been implemented in order
to test material integrity, focusing on rubber, plastic, and organic passivation materials,
as well as typical module soft mold gels and glues.

The term “storage”, refers to the device being not in operation [6], so the term is
referring to the maximum and minimum temperature limits out of which the device will
be undergo permanent damage due to the environmental temperature, which for the
purpose of this test is static.

For instance, typical silicone gels involved in module production have high temper-
ature limits of 180°C and low temperature limits of -55°C, which are in the range of
automotive applications (-40°C to 150°C range), but may result inappropriate in the
case of e.g. space applications or high temperature applications such as oil and gas
drilling [31].
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Below their critical temperatures, cracks will appear in soft molds and rubbers so
that when the temperatures goes back to normal their elastic properties will not be
restored. Similarly, degradation of some materials happens at high temperatures, but
when the temperature is back into operational limits. In both cases, these kind of the
damages cannot be restored, yielding to performance and integrity loss for the device,
both in terms of humidity and mechanical properties.

In conclusion, it is clear how these requirements will be harder to satisfy when future
application will require extended operative ranges, thus making these temperature tests
a crucial step for qualification.

1.3.1.5 Temperature Cycling and Temperature Shock Test

Temperature excursions are a remarkable stress for power semiconductor devices and
their packaging, depending on their final application, for these reasons the Tempera-
ture Cycling and Temperature Shock test are key qualification tests which emulate the
variations of temperature during working operation.

Depending on the entity of the temperature wings (i.e. °C per minute), these tests
can be divided in two typologies: fast and slow temperature swing. The first type,
involving temperature swings of around 10 ÷ 40 °C/min, is generally called temperature
cycling test, and the DUTs are translated repeatedly between two separate environments
representing temperature extremes, with typical chamber temperatures of - 40 °C to +
125 °C [32].

Oppositely, in the second testing method, higher temperature swings are applied.
This test is generally performed by changing the heat transfer method from air to liquid
in order to increase the heat transfer rate, for instance involving liquid baths of hot oil
at more than 150 °C and liquid nitrogen on the other extreme at a temperature of -196
°C, allowing higher thermal “shock” to the devices.

Moreover, at the beginning of the test and after each step of the cycling sequence,
having a 1000 cycles requirement, devices undergo electrical testing in order to detect
material and performance degradation.

The above described tests have the objective of evaluating the whole device assembly
in order to highlight possible criticalities between materials having different thermal
expansion coefficients, including both functional and interconnection layers. It has been
shown that bi-metal strain can be reduced by designing proper heat-sinks allowing proper
heat transfer rates, in order to reduce bending and increasing the lifetime of the device
[33].

The typical failure mode involves crack formation and layer delamination, which
can be detected by Scanning Acoustic Microscopy (SAM), X-Ray imaging, and Scan-
ning Electron Microscopy (SEM) imaging. Given the nature of the failure mode, it
is important to highlight that package having small size are less sensitive to thermal
shock failure with respect to large assembly (e.g. Power modules) given the compact-
ness of the assembly and lower bending thanks to the smaller size of their lead frame
and interconnects.

1.3.1.6 Power Cycling Test

In a power cycling test, the DUTs are self-heated by an intermittent current flow in
forward conducting conditions. The quantity of the dissipated heat flow is proportional
to the area of the device and the device technology.
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The general setup involves a battery of DUTs mounted on a heat-sink emulating
application conditions, while the devices are set in DC conduction with proper timing
in order to obtain a well defined temperature curve. During the ON time the device self-
heats until the maximum target temperature, detected by a sensing current, is reached.
At that point, the load current is switched OFF and the device is cooled until it reaches
the selected minimum temperature and ends the cycle, which is then repeated for the
required amount of times.

Figure 1.5: Power cycling typical circuit schematic (a) and time evo-
lution of a single power cycle, highlighting the load current, the sense
current, the voltage drop on the device (i.e. IGBT) and the temperature

evolution. © 2018 Reproduced with permission from [6].

The lower limit is set by the heat-sink temperature Th, and represents the lower limit
in which the device is back to its initial temperature conditions. The main parameters
of this test are:

• ∆Tj: the temperature delta between the maximum and minimum junction tem-
perature of the DUT

• Tm: the average temperature of the DUT

• tON : the ON time of the load current
If we define the ∆Tj as in the following formula:

∆Tj = Thigh − Tlow (1.10)

The value of the average temperature Tm can be defined as:

Tm = Tlow + Thigh − Tlow
2 = Tlow + ∆Tj

2 (1.11)
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Moreover, depending on the value of tON , which is the other important testing
parameter, it is possible to stress the device in different ways depending on the duration
of the load current pulse. Normative IEC 60749-34:2010 [34] defines a short and a long
pulse test, with tON < 5 s in the first case and tON > 15 s in the second.

On the one hand, the short pulse power cycling, the self heating is mostly limited to
the interconnects and wires and is very useful to highlight possible design issues related
to the quality of the bonding and of the metallization.

On the other hand, the long pulse test applies a much higher stress and allows to
evaluate the overall strength and resistance of the assembly materials to thermal fatigue,
simulating possible harsh intermittent behavior of real applications. [6]

Typical failure mechanisms include, wire bond lift-off (see Figure 1.6, metallization
degradation or reconstruction, solder fatigue or wire bonding heel cracks. These latter
can be interlinked, thus requiring accurate failure analysis in order to determine the
root cause of the failure and improve device reliability.

Figure 1.6: Example of wire bonding lift-off due to power cycling

In general, the detection of failure is achieved through the monitoring of the forward
voltage drop of the DUT, with typical limits of 5% and 20% increase with respect to the
initial value. Moreover, failure can also be determined by final electrical characterization
by showing an increase of Rth or parameteric degradation of BV, leakage current or ather
typical parameters. For further reference please consider the following publications [6,
22, 34, 35].
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1.3.1.7 Cosmic ray Testing

Even if this test is not yet included in the main qualification standards, the importance
of electronic equipment sensitivity to cosmic radiation, in particular for power electronic
devices, has been gaining importance among device manufacturers since the observation
of early failures in the first years of the 1950’s decade.

High-energy phenomena including high energy radiation bursts and particles, can
induce the formation of particle “showers” in the earth’s atmosphere. These particle
showers are composed mostly of high energy neutron and protons, which can interact
with electronic circuits and cause either digital disturbances or critical failure depending
on the kind of application [6]. In the particular case of power electronics, when a device is
in reverse bias, and for voltage levels above 200 V, a so called Single Event Effects (SEE)
caused by single particle collisions, can induce local breakdown phenomena yielding to
a sudden device failure called Single Event Burnout (SEB).

The nature of this phenomenon, the related normatives and the testing methods will
be discussed in Part IV.

1.3.2 Current and future challenges of reliability testing

1.3.2.1 Current approaches to enhanced reliability

Following from the testing methodologies listed in section 1.3, it is possible to do several
consideration to shed a light on the current approaches and testing methodologies. First
of all, these tests generally involve the use of new, randomly chosen devices from produc-
tion or samples, in order to perform a single reliability test. But another approach could
be, in order to improve the reliability level of the devices, to perform more than one test
on the device, defining a test chain where each device undergoes a sequence of several
test conditions, increasing the number of possible testing methods It is indeed hard to
have a reference literature of such testing approach, which generally is adopted inter-
nally by companies for what is called design for reliability, with the aim of improving the
design from the reliability point of view and reducing the management cost of solving
reliability issues when the design is frozen and already in production. An example of this
kind of approach, has been materialized in the concept of sequenced Highly Accelerated
Life Test (HALT) and Highly Accelerated Stress Screening (HASS)), testing. When a
device undergoes HALT testing, the testing levels are increased progressively, and even
beyond, the datasheet conditions until the failure of the DUT. Some examples of this
kind of test can be for instance the step-by-step increase of voltage during insulation
testing, or a progressive increase of temperature swing during the power cycling test.
After the HALT test, and by using the same enhanced limits coming from the latter
procedure, the stress conditions of the HASS can be defined. These new conditions are
generally set higher than the datasheet conditions, but with a guard-band to let the de-
vice operate below the destruction level. The defined HASS conditions are then applied
to production devices, in order to perform a screening of the weak devices which could
result on a failure on arrival or failure on the field faster than expected. In general, in
the stress sequence, a combination of stress levels can be applied. This is what happens,
for instance, for power modules, when both high load currents, variable ambient tem-
perature and vibration are combined and applied simultaneously to simulate working
operation in the final applications.

A further development of the testing approaches is defined in [5], and denominated
“robustness validation”, where all the knowledge from testing and device simulations is
combined together, in order to define dedicated specification limits and “mission profiles”
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to improve the reliability of the devices. Real mission profiles are not easily defined,
and sometimes even the measurement of real stress in the final application requires a
significant amount of time, as it is for instance the case when humidity and temperature
is monitored throughout the four season of the year in a wind power farm, or even
defining a “reference” mission profile for automotive applications when the vehicles are
used in the most various environmental conditions across the globe. A way to address
this issue is to implement monitoring strategies, in order to perform more realistic
measurements to better outline the stress requirements, and perform active evaluation
on particular device parameters with the objective of avoiding sudden failure of the
system in use [36–39].

1.3.2.2 Future Challenges

Last developments in research and market trends, show how wide bandgap power de-
vices are the present and future of power electronics, thanks to their superior material
characteristics, which makes them the most suitable successors of silicon devices. For
this class of devices, properties such as superior thermal conductivity, high breakdown
fields and high saturation drift velocity, will enable the development and deployment of
new highly reliable and efficient technologies in a wide variety of fields, such as com-
munications, energy harvesting, electric mobility and many others [40]. The two main
protagonists of this transition into the wide bandgap world, are SiC and GaN [41–43],
for which a summary of their characteristics and most suitable applications is shown in
Fig. 1.7 with respect to Silicon.

Figure 1.7: Wide Bandgap Materials Properties Diamond Chart [44].

The main peculiarity of these new generation of devices, is that with the improve-
ments in terms of bulk materials and front end processing, proceed at a faster pace
with respect to the development of the packaging technologies, and this holds for both
discrete packages and power modules [45]. In order to close this gap, and allow the
full deployment of these new technologies, reliability testing will be a key requirement
with respect to the following trends related to the improvement and qualification of the
assembly technologies.
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The first is the increase of current density, which can be obtained only by lowering the
voltage drops at the package level, accounting to a significant amount at rated current,
which can be lowered by reducing the series resistance from the package contacts down
to the metallization of the chip. The second aspect is the continuously increasing trend
of the power density requirements per unit area, requiring dedicated systems for heat
dissipation. The third factor is the maximum junction temperature of the devices,
which is set by the material and for classical silicon devices can reach a maximum of
200 °C, only with a considerable amount of development in terms of leakage current and
passivation reliability. This point can be addressed thanks to SiC and GaN technologies
thanks to their superior thermal conductivities, but a true improvement can only be
achieved with enhanced package thermal design, especially in terms of power cycling
capabilities. Eventually, the fourth factor is the minimization of parasitic inductances
and capacitances, which need to be controlled in order to be assimilated into functional
elements, and not just an intrinsic issue of the circuits. Moreover, all these factors are
interconnected, and a dedicated solution must be tailored to each application in order
to obtain the wanted performance, which is a remarkable challenge for researchers and
designers around the world [6].

For instance, the substitution of the classical wire bonding with flat metallic foils
(e.g. Ag) is one kind of proposal to address the increase of current density by allowing
a better contact with reduced DC resistance, improved heat dissipation, optimized cur-
rent flow distribution, as well as reduced inductance and electrical parasitics [46, 47].
In addition, several kinds of interconnects are under evaluation such as ceramic-based
structures [48]. This solution works very well when complemented by another interest-
ing proposal, which is the inclusion of a liquid cooling circuit inside the base plate of
power modules. This solution can yield very high heat transfer rates, removing the need
of the intermediate thermal grease layer, thus significantly lowering the overall thermal
resistance [49]. Furthermore, in order to achieve higher power cycling capabilities at
maximum Tj, it is possible to exploit the low Low Temperature Joining (LTJ) process.
In this sintering technique, a silver particle powder is deposed between two plated sur-
faces which are protected with an organic film to avoid the diffusion of Ag. Then the
combination of pressure and temperature up to 250°C removes the protective layers al-
lowing the diffusion and densification of Ag, yielding a highly reliable interconnection
sintered layer [50]. This technique also improves the thermal conductivity up to four
times with respect to standard SnAg soldering with very thin layers measuring even
less than 20µm, reducing the substrate-chip thermal resistance, while having a very
high melting temperature. Moreover, new pressureless sintering techniques are under
evaluation [51].
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Chapter 2

High Voltage Temperature
Humidity Bias (HV-THB) Test

2.1 Introduction
The problem of humidity and its effect on power circuits has been, is, and will remain a
topic of great importance in the field of power electronics. Modern qualification standard
for power semiconductor devices, from Si to wide band gap alternatives, always include
at least the standard Temperature Humidity Bias (THB) test to highlight possible de-
sign and assembly issues with the reliability of the final product causing performance
degradation or even critical failure on the field when the device is in operation in its final
application. Moreover, the high-voltage version of this test is becoming the de-facto
standard to intercept possible reliability issues in state-of-the-art power devices, as it
will be shown in the following sections.

For this reason, one of the main objective of this industrial PhD work has been
the development of a dedicated High Voltage Temperature Humidity Bias (HV-THB)
testing setup, control software and methodology, to perform and analyze the sensitivity
of a set of sample devices against humidity using 650V power diodes as testing vehicle,
assembled in standard MTP packages.

In the first part of this chapter, an overview of current methodologies for HV-THB
testing is reported as a complete review work from the author [2]. The second part
of the chapter is then complemented by a description of the methodologies, including
the control software and measurement boards, followed by the experimental results and
discussions related to the analyzed samples, which led to the publication of two papers
by the candidate [1, 3].

2.2 Review and state of the art of HV-THB
The main objective of this section is to present an in-depth overview of current HV-
THB testing in order to give the reader a broad representation of current approaches to
setups and methodologies for the reliability assessment of combined voltage and humidity
effects, for the qualification and analysis of power semiconductor devices.

As already mentioned in Part I, this is one of the main topic of the thesis, which led
to the publication of 3 peer reviewed papers [1–3], of which reference [2] is exactly the
topic of this section.

For this reason the content of this section will be reproduced as-is, in compliance
with the publisher’s (MDPI - https : / / www . mdpi . com/) open access license
(https : / / www . mdpi . com / openaccess). The following material of section
2.2 is reproduced with permission from the paper entitled “High-Voltage Temperature
Humidity Bias Test (HV-THB): Overview of Current Test Methodologies and Reliability
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Performances” [2], located at https : / / doi . org / 10 . 3390 / electronics9111884.
The policy excludes the copyright of the figures, for which the author obtained dedicated
permissions for reuse, in order to keep the original form of the whole paper and safeguard
the integrity of the work.

2.2.1 Introduction

The last few years have seen a remarkable drive toward the use of alternative energy
sources, and the transition from fossil fuels to electric energy in several fields. For
these reasons, the efficiency and reliability of power semiconductor applications have
become critical focuses of the industry, along with the increasing of performances [52].
Therefore, researchers and designers in the field of power electronics are challenged to
find new solutions and adapt current designs to achieve the expected transition into an
electric world, while allowing all new technologies to meet and go beyond current safety
and reliability requirements [30]. The only way to achieve this target is to intercept
possible failures not only by following current regulations, but also going a step forward
and testing devices and systems with increased stress, in order to broaden the spectrum
of application for each piece of technology.

The presence of humidity is one of the most critical factors for the reliability of power
semiconductor devices and circuits [6], and each component has its own sensitivity to
this stressor, especially when high-voltage designs are considered [53, 54], so that proper
design rules must be implemented to avoid failure. Common power semiconductor de-
vices are generally deployed in either plastic packages, where usually one or two devices
are encapsulated in molding compound, or power modules, in which several power de-
vices with a given topology are integrated into a single case filled with gel. In plastic
packages, the penetration of moisture is very slow when compared to modules [3], since
plastic packages offer a higher level of protection with respect to gel. That happens in
the case of power module packages, easily allowing moisture penetration toward active
areas of the devices [28].

When power devices are biased in humidity conditions, the co-presence of high-
electric fields and moisture can trigger failure mechanisms which are different with re-
spect to cases where each stressor is applied singularly, alongside with the temperature
of the environment in which the device is operated. The high voltage temperature hu-
midity bias (HV-THB) test is a device test which can be applied to power devices both
in plastic packages and power modules [1, 3, 55, 56]. In this kind of accelerated test, the
devices undergo triple stress due to the simultaneous application of high-voltage reverse
bias, high-humidity and temperature for a pre-determined period of time. In this review,
we will focus on HV-THB testing, comparing the methodologies, acceleration models,
failure modes and passivation materials, in order to give an overview of state-of-the-art
voltage-humidity testing for power semiconductor devices.

2.2.1.1 Current Normatives

As highlighted in the previous paragraph, the most tested vehicles are power modules
and plastic packages. In the case of plastic packages, the current normative for dis-
crete active electronic components is the AEC-Q101 [21] by the Automotive Electronics
Council, entitled “Failure mechanism based stress test qualification for discrete semi-
conductors in automotive applications” defining the minimum stress test requirements
and conditions for automotive applications. This normative defines several tests in both
static and dynamic environmental and electric conditions, including the humidity bias

https://doi.org/10.3390/electronics9111884
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testing, named the high humidity high temperature reverse bias, or H3TRB. The test
requires the devices to pass 1000 h test with an ambient temperature (Ta) of 85 °C and
relative humidity (R.H.) of 85%, while reverse biased at 80% of rated blocking volt-
age (Vnom) up to a maximum of 100 V DC. Moreover, the devices must be electrically
tested at least before and after H3TRB as a minimum requirement. In real qualifica-
tion tests, devices under test (DUTs) are evaluated at defined times—for instance, 0 h,
168 h, 500 h and 1000 h—in order to record the evolution of the electrical parameters
in a more detailed way. It is important to notice that the current standard does not
require continuous monitoring of any electrical parameters. In the case of power mod-
ules, the reference normative is the ECPE AQG 324, “Qualification of Power Modules
for Use in Power Electronics Converter Units in Motor Vehicles” [22]; the H3TRB test
is described in section QL-07. The static conditions of 85 °C and 85% R.H. are the
same as those seen in AEC-Q101, while the maximum Vnom has a lower limit of 80
V. It should be noticed that this 80 ÷ 100V limitation was set in order to satisfy the
maximum temperature increase and maximum power dissipation required respectively
by the IEC 60068-2-67 [57] and IEC 60749-5 [27], on which the latter regulations were
based, in order to avoid unwanted self-heating that would drive away moisture [58] or
the additional failure modes which are instead investigated by the HV-THB version of
the test. For both power modules and plastic packages, the DUTs must be electrically
characterized before and after each test iteration until the 1000 h requirement is satis-
fied, and they need to be DC biased in blocking conditions for the whole duration of
the test. Table 2.1 shows a summary of the most important differences between current
HV-THB parameters versus standard H3TRB, the details of which will be discussed in
the following section.

Table 2.1: Generic stress parameters of standard versus high-voltage
Temperature Humidity Bias (THB) test. The HV-THB is not limited in
voltage, while the standard H3TRB has a maximum reverse bias voltage

of 100 V [2].

Parameter Standard THB (or H3TRB) High Voltage THB
Temperature 85 °C 85 °C

Relative Humidity 85% 85%
Reverse Bias 80% · Vnom Up to 90% · Vnom

Bias Limitation Max. 80 ÷ 100 V Unlimited
Leakage Monitoring Not required Continuous

2.2.2 Comparison of Test Methodologies

2.2.2.1 Test Setup and Procedures

Performing a high voltage test in high humidity conditions requires a dedicated setup,
in most cases capable of continuous active monitoring of the DUTs [1, 3, 53, 59–61], and
with high voltage design rules requirements. A general schematic of the HV-THB test
setup is shown in Figure 2.1 [1]. The DUTs are positioned on a high voltage biasing board
or a dedicated rack inside a climatic chamber, allowing both environmental and electrical
isolation with respect to the external environment. A high-voltage power supply unit
(PSU) applies the voltage bias to the devices in the chamber and is controlled by a
monitoring and control unit, usually a dedicated computer with ad hoc control software.
Moreover, a measurement board with a dedicated active or passive circuit reads the
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leakage current values flowing through each device. Where possible, the control software
can be also linked to the test chamber, in order to continuously monitor both humidity
and temperature levels, which must be kept under control during the whole duration of
the test. Moreover, an overcurrent limit is usually set to prevent extended damage in
case of DUT failure [62], and active leakage monitoring can also be configured in order
to remove device bias in cases of high leakage drift beyond a previously set value, so
that critical failure is avoided and fine failure analysis can be carried out on the samples
[1].

Figure 2.1: Schematics of a generic HV-THB test architecture. Figure
reproduced with permission from [1].

The testing procedure is generally performed as follows: the DUTs are tested with a
curvetracer in order to obtain their reverse I-V characteristics, and are then positioned in
the climatic chamber and integrated in the test circuitry. In order to avoid condensation,
the chamber is ramped up to 85 °C and 85% R.H., and only after reaching stable
conditions is the voltage applied. The devices are then monitored continuously, and the
test is halted in order to perform intermediate reverse I–V characteristics to evaluate the
status of the DUTs at desired checkpoints (0 h, 168 h, 500 h, etc.) up to their nominal
blocking voltage Vnom or below their Breakdown Voltage (BV). At these checkpoints,
the devices are left outside the testing chamber [1, 3] or baked [29] in order to drive out
moisture before testing at room temperature.

2.2.2.2 Leakage Current Monitoring

Leakage monitoring is a key feature when performing HV-THB, especially in the first
hours of testing. In this period, the leakage curves usually show a peculiar transitory
behavior that must be taken into account to properly set the test limits. This behavior
is depicted in Figure 2.2. The leakage curve has an initial steep increasing trend, later
evolving into an asymptotic decreasing behavior, which is probably caused by charge
relocation inside the DUT and is not related to the typology of the device—for instance,
there are metal oxide semiconductor field effect transistors (MOSFETs), insulated gate
bipolar transistors (IGBTs), power diodes, etc. [1, 28, 56, 62, 63]. This behavior is
always present, but no literature specifically addresses a model for this phenomenon.

In order to address this behavior, it is not possible to stick to the usual strategy of
setting a rigid percentage limit to discriminate between test pass and fail. The general
approach is to leave the DUTs to follow their evolutions, and after reaching the maxima
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a) b)

Figure 2.2: Typical leakage monitoring curves for a single 650 V power
diode in the first 24 h of HV-THB testing at 85 °C and 85% R.H.—reverse
biased at 80% Vnom (a). Evolution of HV-THB testing for a set of 4 power
modules with 24 IGBTs and 12 diodes each, tested at 85 °C and 85% R.H.
with a reverse bias at 4500 V (b). (a) Reproduced with permission from

[1] and (b) reproduced with permission and adapted from [63].

of their respective curves, constantly read the minimum values of the curves and set
those as the references for classical rigid limits in the form of:

Imonitored < α · Ireference (2.1)

where α > 1 is a chosen positive constant defining the maximum limit with respect
to the reference value [1, 60]. It is important to notice that sometimes, during the
asymptotic phase of the test, some devices could exhibit an unstable behavior (Figure
2.3). It can be seen that the DUTs overcome the fixed limit and subsequently go back
to their asymptotic regime [55, 60, 64]. In this case, there is no clear agreement coming
from the authors on whether to consider this behavior a pass or a fail, but its effect is
something that needs to be considered when designing the final circuit.

A similar recovery behavior has been observed also during the HV-THB testing of
SiC MOSFETs. In this case a DUT showed a temporary reduction in blocking voltage
capability at 6000 h of testing, and later fully recovered its blocking voltage at the
9000 h checkpoint measurement [64]. Another point that should be examined regarding
leakage current monitoring is the sampling time during the test. Considering the general
evolution of a HV-THB monitoring curve, it is hard to define a standardized value for the
sampling interval, which depends on the behavior of the technology under examination.
For this reason, since a single sampling value cannot be defined, future standards will
need to take this into account when defining the guidelines of the HV-THB testing in
order to set a minimum monitoring frequency. For instance, authors report sampling
rates ranging from 1 s [59] to 5 min [61]. Moreover, the presence of higher frequency
peaks on the monitored signal [55] implies that the choice of a longer sampling time has
to be considered only if the presence of these peaks is not meaningful with respect to
the trend of the curve for the technology under examination, since these peaks could
not be detected and averaged out by the longer sampling time. For this reason, it is
also important to have stable temperature and humidity conditions inside the chamber,
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Figure 2.3: Example of an HV-THB test monitoring for 1.2 kV devices
tested at 65% Vnom. Failure timestamps are reported at the top of the

picture. Figure reproduced with permission from [56].

in order to remove secondary effects such as the periodic oscillation of the curves, which
may be related to the thermostat and hygrostat cycle times inside the test chamber.

2.2.2.3 Intermediate Testing and Electrical Degradation

As already specified in section 2.2.2.1, intermediate measurements are performed in
order to evaluate device degradation at each checkpoint of the HV-THB testing. The
observable degradation of characteristics generally occurs in two ways, as represented in
Figure 2.4.
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Figure 2.4: The two main types of electrical degradation of I–V char-
acteristics after HV-THB: Breakdown voltage decrease (a), and leakage

current increase (b) in a generic power semiconductor device [2].
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The first type of degradation is a decrease in breakdown voltage (Figure 2.4a), where
the knee of the characteristic moves toward lower voltages, but without increasing the
leakage values below the Breakdown Voltage (BV) voltage. The second kind of degra-
dation is the gradual increase of leakage on the whole characteristic (Figure 2.4b), but
without significantly impacting the BV value. Both these electrical degradation mech-
anisms can happen at the same time, and have direct effects on the leakage current
measured by the monitoring system. It is important to highlight that the observable
degradation of the characteristics, involving either an increase of leakage current or a
decrease of BV, is mostly due to the wear out of passivation stacks in the junction ter-
mination regions, where voltage–humidity-related phenomena are generally localized [1,
3, 28, 56]. These phenomena will be described in the following sections.

2.2.2.4 Accelerated Test Models

In order to define a model for the accelerated stress of the HV-THB, as proposed by
several authors [28, 29, 56, 61], it can be useful to list previously defined models in order
to see which are the most suitable for the calculation of the acceleration factor. First,
we have the DiGiacomo model, a physical model developed to describe the behavior of
metallic migration in encapsulated packages. This latter is defined in equation 2.2 [65]:

tf = Qc
β · Jtip

(2.2)

In this equation, tf is the time to failure for dendritic growth between the two
biasing electrodes, Qc represents the critical amount of migrating metal ions required to
achieve dendrite formation across the space between the electrodes, β is the degree of
oxidation or fraction of active surface (which is metal dependent) and Jtip is the current
density at the dendrite tip [66]. This model, which is based on Butler–Volmer’s equation
relating electrode potential to current density [67], is indeed well defined from a physical
point of view and gives good insights into the nature of the phenomenon, but it is not
applicable to HV-THB testing because it needs to be related to the stressors of the test:
temperature, humidity and voltage. For this reason, several models can be integrated in
order to extrapolate the acceleration factor. The first step is to consider the Arrhenius
equation, linking temperature and reaction rate, described in equation 2.3:

tf = A1 · exp
(
EA
k · T

)
(2.3)

where tf is the median time to failure, A1 is a fitting parameter, k is the Boltzmann’s
constant, T is the absolute temperature and EA is the activation energy for the chem-
ical reaction. The Arrhenius equation only considers the effect of temperature, so the
model must be extended in order to include multiple stressors. A first approach to this
extension could be achieved with the Eyring equation [66, 68], but with the drawback
of increasing the complexity of the equation. For this reason, the Hornung model is
preferred [69], and its equation was developed to describe dendritic growth based on the
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Arrhenius model [66] by adding the effect of voltage to the term A1 from equation 2.3:

tf = α · d
V
· exp

(
EA
k · T

)
(2.4)

In this equation, α is a fitting parameter, d represents the spacing between the elec-
trodes and V is the applied voltage [66, 69]. Furthermore, it is possible to consider the
effect of humidity by considering Peck’s model [70]. This model extends the Arrhenius
equation by including relative humidity to the Arrhenius model [70–73]:

tf = A3 ·RH−x exp
(
EA
k · T

)
(2.5)

where A3 and x are fitting coefficients, and RH is the relative humidity. In this way,
by combining Hornung’s and Peck’s models (Equations 2.4 and 2.5), it is possible to
derive an acceleration factor for the stressors of the THB test [28, 74–76]:

af (RH,T, V ) =
(
RHa

RHu

)x
· exp

(
EA
k
·
[ 1
Tu
− 1
Ta

])
·
(
Va
Vu

)y
(2.6)

where the indices a and u refer respectively to the accelerated and usage conditions.
However, this approach does not include the interaction between the stressors. For
reference purposes, additional details regarding each model (Equations 2.2 to 2.6) can
be found in the work by Zorn et al. from 2014 [28]. Voltage can indeed be a strong
acceleration factor; in fact, let us consider the example from [29]. Here a standard 80
V THB test is compared to a HV-THB test with a bias of 65% Vnom (780 V) applied
to 1200 V IGBT module devices. In this case, the substitution of the latter values
into Equation 2.6 gives an acceleration factor of 150, meaning that the standard 80 V
value from AECQ101 applies a significantly lower amount of stress at fixed 85 °C/85%
R.H. conditions. Moreover, due to the nature of the test, long runners make it hard to
estimate the effective acceleration of the test and the validity of the model, especially
at voltages below 60% Vnom. In order to overcome this issue and estimate the effect of
acceleration, one option [28] is to measure the reduction of the breakdown voltage. For
instance, as reported in Figure 2.5, it has been shown that by passing from a 65% to
90% Vnom reverse bias, the experiments show an acceleration factor of 2.1 [56], which is
not a huge increase but significant for a test that can last for several thousands of hours.

2.2.3 An overview of the failure modes

In section 2.2.1, it was anticipated that different package technologies could behave
differently with respect to humidity intake. For instance, it has been shown that power
modules and small plastic packages (e.g., standard TO-247) have significantly different
moisture uptakes. In fact, for a standard MTP power module, a weight increase of 1.9
g has been measured after 24 h at 85 °C/85% R.H, mostly absorbed by the silicon gel,
while it is not possible to measure a significant change in weight for a TO-247 package
exposed to the same conditions [3]. The presence of humidity together with the applied
bias can activate a chain of chemical reactions, leading to corrosion and consequently
device degradation and failure.



Chapter 2. High Voltage Temperature Humidity Bias (HV-THB) Test 31

Figure 2.5: The effect of acceleration due to bias voltage with respect
to the initial breakdown voltage (BV) values versus test time. Figure

reproduced with permission from [56].

2.2.3.1 The Corrosion Cell

The corrosion process starts with the hydrolysis of water adsorbed by the surface between
the biased electrodes, forming a so called “corrosion cell.” This happens on the anode’s
surface, with the formation of hydrogen, according to the following oxidation reaction:

2 H2O → O2(g) + 4H+ + 4e− (2.7)

Differently, the cathode side presents a reduction reaction with the formation of
hydroxide ions and hydrogen gas [29, 77–80]

2H2O + 2e− → H2(g) + 2(OH)−

2H2O + O2 + 4e− → 4(OH)−
(2.8)

In this way, the anode side process yields a locally acidic solution, and the cathode
side a basic one. Thus, a pH gradient is formed between the electrodes.

2.2.3.2 Aluminum Corrosion

Aluminum is very reactive and Al(OH)3 forms at its surface when in presence of water,
yielding a high oxidation resistance at pH values between 4 and 9 [81–84]. Outside
this range, the aluminum hydroxide can react as an acid or a base depending on the
properties of the solution (i.e., pH and equilibrium potential). In the case of an acid
solution, Al(OH)3 is oxidized as follows:

Al(OH)3 + 3H � Al3+ + 3H2O (2.9)
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These ions are very unstable in solution, so the probability of them reaching the
cathode by migration is very low. Oppositely, on the cathode side, the Al(OH)3 can
form aluminates following the reaction:

Al(OH)3 + OH− � [Al(OH)3]− (2.10)

Differently from Al3+ ions, these aluminates are very stable and can migrate in the
solution, form a precipitate on the anode side or even form complex salt ions on their
migration path. In addition, an alternate source of gaseous H2 with respect to water
hydrolysis can be the following:

Al + 3H2O → Al(OH)3 + 3
2H2 (2.11)

This gaseous hydrogen, and the product of Equation 2.8, can lead to blistering and
delamination of the upper passivation layers [3, 85]. The whole reaction is represented
schematically in Figure 2.6 [56], where the process is described schematically in Figure
2.6a, while a real example of aluminum corrosion is shown in Figure 2.6b.

Figure 2.6: Schematic process of aluminum corrosion and accumulation
(a). An example of an eroded metallization edge on the junction termi-
nation of a diode chip after HV-THB testing (b). Figure reproduced with

permission from [56].

2.2.3.3 Electrochemical Migration (ECM)

Section 2.2.3.2 has shown how aluminum has a peculiar migration behavior when a
corrosion cell is built, but not all metals have the same behavior with respect to transport
under an electric field. For instance, for Cu and silver, which are common materials
involved in powered device manufacturing, failure due to ECM can be observed since
the native metal oxides of these materials can be easily decomposed, and due to local
acid conditions, metal ions are produced by corrosion at the anode, following the reaction
[56, 86]:

M → Mn+ + ne− (2.12)
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The metal ions produced at the anode are then accelerated by the electric field toward
the cathode. It is here that they can recombine back to neutral atoms and deposit on
the cathode:

Mn+ + ne− → M (2.13)

This behavior is described schematically in Figure 2.7 [56]: here the Cu and Ag
metal ions progressively build a dendrite structure following the direction of the electric
field, starting from the anode side.

Figure 2.7: Schematic process of ECM dendrite formation (a) and an
example of Cu and Ag dendrite formation on the junction termination of
a 1.7 kV diode chip after HV-THB testing (b). Figure reproduced with

permission from [56].

2.2.3.4 Device Failure Analysis

As a combination of the three mechanisms highlighted in section 2.2.3.1, 2.2.3.2 and
2.2.3.3, the entity of failure and degradation can manifest in several ways, which gener-
ally involve charge accumulation; a mix of polyimide blistering and lifting; and metal or
nitride corrosion. An example of polyimide blistering is shown in Figure 2.8 for an HV-
THB power diode at 80% Vnom [3]. The top view shows the presence of darker spots,
where outgassing and lifting of the inner layers give rise to the presence of “blisters” or
“bubbles” on the upper polyimide layer.

In the internal layers of the passivation, underneath the polyimide bubble, other
layers showed significant degradation. In Figure 2.9a, the aluminum field plate of a
power diode HV-THB tested at 80% Vnom is revealed with a focused ion beam (FIB)
cross-section. The top polyimide layer was lifted, leaving a gap from the underlying
metal field plate showing high degradation both in shape and composition. The change in
composition was confirmed by energy-dispersive X-ray spectroscopy (EDX) at two points
(Figure 2.9b), showing (1) no degradation and (2) compositional and shape degradation.

Moreover, it has been shown that even simple charge accumulation at the interfaces
of the passivation stacks of HV-THB tested IGBTs [87] can lead to the electrical degra-
dation of characteristics, as shown previously in Figure 2.4a. In this case, even if no
morphological degradation is observed on the surface of the device, a significant reduc-
tion in BV voltage is reported, with negligible effect on the leakage current of the device.
In this specific situation, localizing the point of degradation on the device is very hard
and can only be achieved by getting accurate Focused Ion Beam (FIB) cross-sections of
the DUTs [1, 3].
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Figure 2.8: Top view of a decapsulated MTP module showing poly-
imide blistering (darker spots) after HV-THB testing. Device degrada-
tion is concentrated on the surface of the junction termination. Figure

reproduced with permission from [3].

Figure 2.9: FIB cross-section of a degraded aluminum field plate for an
HV-THB tested diode after 200 h of testing at 80% Vnom (a). The capping
layer (polyimide) was lifted, revealing a gap and the underlying metal
field plate, showing 2 different phases (b). The change in composition
was confirmed by energy-dispersive X-ray spectroscopy (EDX) analysis
at 2 points, showing: (1) no degradation and (2) compositional and shape

degradation. Figure reproduced with permission from [3].

2.2.4 Materials and Accelerated Testing Performances

As seen in the previous sections, HV-THB applies a strong stress to the DUTs, and
as highlighted by several studies [3, 30, 55, 63, 80, 88–92] the optimization of power
semiconductor devices against humidity-voltage phenomena is strictly related to the
intertwined roles of both the passivation stack and the structure of the junction ter-
mination, where field peaks are generally localized and can trigger humidity related
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degradation processes [3, 88, 89, 93]. This section presents current developments in
silicon and silicon carbide power semiconductor devices and their relative performances
under HV-THB. In addition, it is important to highlight that humidity and reliability
studies regarding other wide bandgap semiconductor power devices such as GaN and
GaAs are currently ongoing, and can be already found in the literature; see, for instance,
[94, 95]. Nonetheless, such studies will not be included in this review, since these latter
are still at an early stage and do not yet present extensive results regarding HV-THB.

2.2.4.1 Passivation and Termination Materials

Moisture related degradation is strictly dependent on the materials of the passivation
structure. Several solutions are possible, but in some cases a complex multi-material
passivation stack becomes necessary to achieve superior roughness, as will be explained
in the following sections. Table 2.2 shows key characteristics of a series of passivation
materials for the manufacturing of power semiconductor devices. In Table 2, it is im-
portant to notice the differences in relative dielectric constant and critical electric field
among the listed materials, in particular, for 4H-SiC, Si3N4, SiO2, AlN and HfO2, since
these materials will be objects of discussion in the following sections.

Table 2.2: Dielectric constant, band-gap, and critical electric field
for several dielectric materials with Si and 4H-SiC as reference. Table

adapted from [2, 96].

Material
Relative
dielectric
constant

Band-gap (eV)
Critical

electric field
(MV/cm)

Thermal
conductivity
(W/cmK)

Al2O3 8 8.8 > 5 0.02#
AlN 9.14 6.03 1.2 ÷ 1.8 11.7
CaF2 6.81 12.3 14.44 0.1
HfO2 ∼ 30 6 8.5 0.015#
LiF 9 11.6 12.24 0.15##

Si3N4 7.4 5.3 10 0.3
SiO2 3.9 9 10 0.015#
TiO2 24 ÷ 57 3.05 2.7 0.07#
ZrO2 15 5.8 15 ÷ 20 0.02
Si 11.7 1.12 0.3 1.5

4H-SiC 9.66 3.23 3 ÷ 5 3.7

# - thermal conductivity data for sputtered material, otherwise for bulk
## - thermal conductivity at 77K

Passivation coatings in silicon devices are generally divided into two categories: pri-
mary and secondary passivation layers. Primary layers are generally in contact with the
bulk single crystal silicon, while secondary layers are generally separated from the bulk
by at least one dielectric layer [97]. Both layers are important with respect to humidity
related issues, since local immobile and mobile charges at their interfaces can have great
impacts on device reliability. Historically, SiO2 was generally the standard primary
passivation material, grown by thermal oxidation in a dry or wet oxidizing atmosphere
[97–103], which was generally followed by an annealing step to improve layer stability
and overall electrical properties of the device [97, 103–107]. The deposition of secondary
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passivation layers can have significant impacts on the electrical characteristics of the
underlying layers. Thus, the deposition of a further layer becomes critical in order to
obtain the desired electrical and reliability performances, since the application sequence
of the passivation layers in power semiconductor devices is generally primary (gener-
ally SiO2), secondary (SiO2, Si3N3, etc.), upper organic passivation layer (polyimide,
etc.) and a final capping silicone gel or epoxy in the case of power modules, or molding
compound in the case of plastic packages [97].

2.2.4.2 Silicon Nitride as a Passivation Material

Silicon nitride Si3N4 is generally involved in the fabrication of high-reliable devices,
due to its multiple advantages. In fact, silicon nitride can act both as a getter and
alkali barrier [97], and at the same time have great resistance with respect to humidity.
Silicon nitride layers are usually formed by the reaction of either SiH4 or SiCl4 in an
NH3 atmosphere at 800–900 °C, or at lower temperatures by plasma enhanced chemical
vapor deposition (PECVD) or even by atomic layer deposition (ALD). Several works
show significant HV-THB performance improvements when silicon nitride layers are
included in the passivation stack. [1, 3, 55]. In such cases the nitride layer has been
deposited by plasma PECVD [3, 55], and even variations to the stoichiometry of the
deposited layer can lead to consequent variations in the performances of the devices
[55]. Moreover, in the presence of high electric fields, silicon nitride itself can undergo
a corrosion process [63, 108] leading to the penetration of humidity, and eventually to
the critical failure of the device. It has been shown that the addition of a further semi-
insulating layer on the passivation structure of the device, and the optimization of the
polyimide material [3, 55, 63], allows to achieve improved HV-THB capabilities without
activating other failure modes.

2.2.4.3 Silicon Carbide Devices

SiC technologies are bound to become the standard in the coming years; therefore, this
section has been devoted to current advances in the study of their performances when
evaluated under HV-THB test. In particular, actual HV-THB testing of SiC power de-
vices is in its early stages, and few studies are currently available, but these results are
already meaningful with respect to HV-THB capabilities and other classes of reliability
tests of silicon carbide power devices. One line of research related to possible voltage-
humidity issues is the investigation of charge accumulation, an important topic in the
case of SiC devices. For instance, in the case of 4H SiC power diodes, a breakdown volt-
age instability due to charge accumulation has been observed [89]. Two different charge
accumulation phenomena have been described, both connected to metal contaminants.
The first one induced by temperature and bias, and the second one due to humidity
[89]. A second study from the same author [93] investigated the effects of several passi-
vation stacks with the aim of reducing charge accumulation in the termination area of
4H-SiC power diodes. In this study, a customized capacity measurement method [109]
was used to identify, among the proposed ones, the structures which suppress positive
charge accumulation, leading to BV instability in the termination [110]. In addition,
another aspect related to the testing of HV-THB SiC devices is the presence of very
low leakage current values, as in the case of SiC MOSFETs. As shown in Figure 2.10,
monitoring can be challenging since leakage values are extremely low and many devices
must be monitored at the same time [30, 59].
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Figure 2.10: Leakage current monitoring during THB test on four 1200
V SiC-MOSFETS in plastic package. The right axis shows both temper-
ature and relative humidity, having constant values throughout the whole
duration of, respectively, Tamb = 85 °C and R.H. = 85%. Current read-
ing is so low that it is mostly determined by noise and offset correction.

Figure reproduced with permission from [30].

Passivation stacks for SiC devices show promising results with the use of AlN and
HfO2 due to their high dielectric constants and higher critical electric fields [88, 96].
The device simulations reported in Figure 2.11 show a comparison of three different
passivation materials applied to a SiC device.

In this simulation work, a good reduction of the electric field peak was achieved
with an HfO2 layer applied to the termination region. In this way enhanced shrinking
of SiC power devices becomes viable not only for their thermal performances, which
are ensured by the physical properties of silicon carbide, but also with respect to THB
performances, since local peaks in critical junction termination points can be reduced
significantly. In conclusion, several studies reveal that SiC devices show superior robust-
ness [30] and outstanding humidity capabilities with respect to silicon devices [59, 111].
Whenever reported, device failures are supposedly triggered by chip imperfections or
by the preparation process, shifting the focus of reliability improvement, in these cases,
more to the packaging and manufacturing process than the device itself.

2.2.5 Review Conclusions

Several aspects of the High Voltage Temperature Humidity Bias (HV-THB) test have
been investigated. Firstly, current regulations and standards have been described and
compared to the HV-THB characteristics, and the main features of the test setup have
been outlined, discussing also the main issues related to the testing of the DUTs, followed
by the description of the acceleration models of the three main stressors: temperature,
humidity and voltage. Secondly, the main failure modes triggered by the interaction of
humidity and high voltage have been described, and examples of the physical degradation
have been given. Indeed, the literature shows that HV-THB testing is a valuable source
of information for the evaluation of reliability performances of power semiconductor
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Figure 2.11: Cross-section electric field distribution of SiC Schottky
diodes, including SiO2 (a), AlN (b) and HfO2 (c). On the right side
(d), horizontal cut line of the electric field close to the passivation layer.

Figure reproduced with permission from [88].

devices when high bias and humidity are applied simultaneously at fixed temperature.
Moreover, HV-THB will remain a remarkable reliability test even for new generations of
wide band-gap power semiconductor devices. In particular, it has been highlighted how
several authors already use this test for the evaluation of multiple class of SiC power
MOSFETs, IGBTs and diodes, and how the use of these new materials will enable
further studies and application development. Eventually, it is important to notice that
this improvement will come only by further optimization of materials and architectures
of both passivation and junction termination structures, in order to control local electric
fields, moisture absorption, and unlock the maximum potential of these new materials
by improving their reliability in harsh environment applications.
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2.3 Methodology
The main objectives of this methodology section are to develop a dedicated system
setup for the monitoring of the leakage current during HV-THB, validate the testing
results, and finally enable further studies on power semiconductor devices passivation
improvement, as a part of a wider study in collaboration with Roberta Busca and
Giovanni Richieri. These studies eventually resulted in the publication of two papers
during this PhD program, and several parts of the next section are reproduced in part
from these 2 publications [1, 3]. Moreover, permission for reuse of this material and
images have been obtained by the author for both articles [1, 3]. In the first part of this
section, a description of the system setup is provided, as well as the logic and features of
the dedicated measurement software. In the second part, the results and approach of this
methodology are analyzed from an electrical point of view, including leakage monitoring
curves and I-V characteristics of the sample Devices Under Test (DUTs). These results
are then analyzed by standard failure analysis techniques, including dedicated Scanning
Electron Microscopy (SEM) and FIB analyses performed on passivation structures after
HV-THB testing, aiming to better understand the failure modes and obtain insights on
the improvement of passivation structures and materials.

2.3.1 Design of the measurement system

2.3.1.1 System Architecture

In order to achieve continuous monitoring of the DUTs, these latter need to be biased and
exposed to humidity and high-temperature inside a climactic chamber, with a dedicated
power supply system and measurement board. This setup is described schematically in
Figure 2.12, while a picture of testing equipment is reported in Fig. 2.13

Figure 2.12: Schematics of a generic HV-THB test architecture. Figure
reproduced with permission from [1].

The core of the system is the control unit, which has been realized with a National
Instruments PXIe equipped with a PXIe 4081 Digital Multimeter (DMM) unit, and
four high speed PXIe 2527 switch modules. Each switch is capable of reading either
32 dual ended channels or 64 single ended channels in common ground configuration,
allowing for a large sample size. The operating system of the control unit supports the
LabVIEW™environment, which will be used to control and configure both the leakage
current monitoring and the power supply. The control software has been written by the
author and will be described in the following sections.

The second part of the system is the Power Supply Unit (PSU), realized with an
Elektroautomatik PS9000, having a maximum DC voltage of 750 V, covering the biasing
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Figure 2.13: HV-THB Experimental Setup.

requirement of the samples involved in this research. The PSU can be controlled and
configured through standard USB serial connection by the monitoring unit, allowing the
setup of current and power maximum limits in order to avoid excessive damage to the
DUTs in case of critical failure.

Figure 2.14: Schematic of the HV-THB measurement circuit.
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The last main part of the system is the measurement board. This latter is positioned
outside the environmental chamber and is generally an active board including opera-
tional amplifiers current-to-voltage conversion circuits, or simple high value resistors on
which the very small leakage currents of a power diode, which can go down to the value
of a few nA, can be measured thanks to proper dimensioning of the resistor’s value.

Figure 2.14 [1] shows the schematics of the resistor measurement circuit, and the
working principle can be described as follows. The PSU is activated by the control unit,
and for each channel the DMM performs a voltage measurement on the selected resistor
in order to determine the value of the leakage current on each branch of the board. The
chosen value of the resistors for this circuit has been set to 100 kΩ ± 1% ceramic type,
with the purpose of reading current values down to the order of a few tenths of nA.

Eventually, at each cycle, all data are shown on a dedicated graph on the monitoring
interface’s screen and saved in a dedicated log file. This configuration allows to contin-
uously scan the leakage current on all selected channels, and to monitor the evolution
of the test both online and offline thanks to the data-logging capabilities of the control
software, which will be thoroughly described in the next section.

2.3.1.2 Programming of the Control System

Due to the nature of the DUTs and the test, some custom features have been imple-
mented in order to achieve monitoring and control of the HV-THB test. The core loop
of the LabVIEW™program performs a measurement of all the selected channels with
the defined speed and resolution, which are both fully adjustable for multiple class of
devices. The real time data is then processed and visualized at each measurement, so
that changes in the behaviour of the devices can be identified right from the beginning
of the test1 [1].

The user interface of the control software is reported in Fig. 2.15, showing the main
user controls and configuration options.

The left column is dedicated to channel selection and allows the user define the
channels to be monitored on the 4 DMM units, which can be enabled singularly. After
the selection of the channels, the total number of these latter is reported on the top
left in a dedicated box. At the center of the interface, two more columns allow the
configuration of both the switch and DMM. The switch setup includes options to select
the switch configuration (e.g. dual ended 32 channel mux, 64 single ended mux, etc...),
the slot position of each switch unit, and the sync trigger configuration allowing the
control software to cycle through all channels at each iteration. The DMM configuration
section allows to set the measurement range in volts, the resolution of the DMM, the
type of measurement (which for the purpose of this study is always set to DC voltage),
the trigger and measurement destination which enables the single channel measurement
and sync with the switches, the sampling time value, and an acquisition timeout in
order to automatically free the system and stop the measurement in case the selected
sampling time is too long. On the right side, the other main part is the monitoring
graph, showing the evolution of the leakage current, allowing the individual selection
of the channels to be visualized, and showing the elapsed time in hours on the top left
corner.

In the center top side section of the interface, several option are available to configure
the power supply, including the software configuration of the Power Supply Unit (PSU),
the voltage bias level, the emergency “STOP” button, the board resistor value and

1this paragraph is reproduced as-is from [1]. The policy excludes the copyright of the figures, for
which the author obtained dedicated permissions for reuse.
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Figure 2.15: View of the user interface of the control software developed
in LabVIEW™ environment.

the threshold configuration. The voltage ramp setup is located on the top right corner,
allowing the selection of the ramp rise time, the number of steps and a dedicated voltage
meter. Eventually, the log file configuration is positioned at the bottom center of the
page, and allows to set the log file directory and file name, with the data output in “.csv”
format including the times and leakage values for each selected channel.

The back panel and control logic is summarized in Fig. 2.16, where the channels,
power supply, ramp and log file configuration inputs are sent to the a first level configu-
ration box, where the DMM is configured and synchronized with the switch as they enter
the main loop to start the leakage monitoring. The main loop controls the graphing,
data-logging, visualization and control on the measured data, updates the main status
variable and performs the control on the selected threshold level. When the threshold
criteria is fulfilled, the program is halted and the flow exits from the loop moving to the
setup exit configuration, deactivating the power supply and closing the data stream of
the log file.

The two main control features of the system are the percentage threshold and ab-
solute threshold of the measured current value. Both these options have the possibility
to interrupt the test when the actual leakage value of the device overcomes the selected
limit, thus saving them from critical damage. These controls act on each individual
channel, and as soon as one channel triggers the condition its number is returned to
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Figure 2.16: View of the back panel of the control software developed
in LabVIEW™ environment.

the user, the bias is removed and the test is stopped. Apart from monitoring and high
voltage, an additional feature has been added to the system, in order to study the effects
of how the voltage is initially applied to the DUTs, which is not part of the standard
H3TRB methodology. This additional feature is the possibility to ramp the voltage up
to the target DC bias of the test. The voltage ramp brings all devices to the desired bias
level, and the duration and the step increase of the voltage can be controlled individually.
Eventually, in order to avoid condensation, the DUTs are inserted into the chamber at
ambient temperature, and then the chamber is ramped up to the nominal conditions of
humidity and temperature, only at that point bias is applied [63]. As such, with the use
of a ramp, an additional control has been implemented to evaluate the test methodology
and its effects on the devices2[1]. All the features and programming blocks are described
in the next section and the programming is performed in LabVIEW™environment.

2this paragraph is reproduced as-is from [1]. The policy excludes the copyright of the figures, for
which the author obtained dedicated permissions for reuse.
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2.3.1.3 Test conditions and DUTs

Firstly, before the test, all DUTs undergo a curvetracer measurement at room tempera-
ture, determining the initial conditions of the reverse IV characteristics. The DUTs are
positioned in the climatic chamber, which is then ramped up to 85 °C and 85% R.H.
conditions. After waiting for 30 min, the voltage ramp is applied with a duration of 30
min. When the ramp reaches the selected voltage level, the test is officially started, and
the regime conditions are shown in 2.3. At selected time steps of 168, 500, 1000 h (or
more if needed) all DUTs are removed from the chamber, and after 12 h of rest at room
conditions, a curvetracer measurement is performed. This process is repeated at each
time step until a device exceeds the selected threshold criteria, or the test is deemed as
over. Each DUT has been tested after each test step, with a Keysight B1505A curve-
tracer, assessing the actual status of the I-V reverse characteristics, and allowing for
highly detailed electrical and failure analysis evaluations. All tested DUTs are 650 V
power diodes in standard MTP dual die power modules. These samples were prepared
with the purpose of evaluating the nature of the failure mode and several termination
passivation schemes3 [1].

Table 2.3: Set of stressors applied during the test. [1]

Parameter Value
Temperature 85 °C

Relative humidity 85%
Voltage 80% Vnom

3this paragraph is reproduced with some editing from [1]. The policy excludes the copyright of the
figures, for which the author obtained dedicated permissions for reuse.
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2.3.2 System Evaluation

2.3.2.1 Monitoring of the leakage current

A typical curve of 650 V with 80% voltage rating applied is reported in Fig. 2.17. At the
beginning of the test, all devices exhibit a slow initial increasing and decreasing evolution
of the leakage current. This phenomenon can be attributed to moisture penetration
and interface charge relocation, and in particular to local charge distribution inside
the termination of the devices, when interacting with the applied electric field. After
the initial phase, typically lasting around 10 hours, all devices stabilize asymptotically
toward a stable current level.

Figure 2.17: Leakage current evolution in the first 24 h of the test for a
650 V diode polarized at 80% Vnom. Figure reproduced with permission

from [1].

At this point, as indicated in Section 2.3.1.2, control can be switched to percentage
threshold mode. In this way the reference value is set to the regime level, and control is
performed more coherently with the testing methodology and the nature of the DUTs.
This kind of phenomenon is mostly present only at the first start of the test, and
thanks to our software implementation, the use of an optimized voltage ramp has helped
the devices reach the regime level with a smooth evolution. Moreover, an example of
monitoring up to 1000h is reported in fig. 2.18, showing the evolution in time of leakage
for 8 DUTs under HV-THB, the negative peaks are due to momentary opening of the
test chamber for other test run in parallel in the same chamber or electrical supply
interruption4 [1]..

4this section is reproduced with some editing from [1]. The policy excludes the copyright of the
figures, for which the author obtained dedicated permissions for reuse.
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Figure 2.18: Leakage current evolution of 650 V diodes polarized at
80% Vnom.



Chapter 2. High Voltage Temperature Humidity Bias (HV-THB) Test 47

2.3.2.2 Curvetracer analysis

As discussed in section 2.3.1.3, in order to identify and understand the kind of degra-
dation that affects the devices, each test is complemented with an I-V analysis of the
reverse characteristics of the diodes, before and after each step of the test session. Fig.
2.19 shows an example where the electrical characteristics of the DUTs are mostly unaf-
fected by the stress conditions. During the test, the monitoring presents a stable leakage
current level up to 1000 h. This stability is then confirmed by the curvetracer analysis,
the shape of the characteristic remains the same even after 1000 h of testing5 [1]..

Figure 2.19: reverse characteristic of a 650 V diode, tested at 0 h, 168
h, 500 h and 1000 h, exhibiting no electrical degradation

2.3.2.3 Device Failure Analysis

As already highlighted, thanks to the threshold control, device degradation is intercepted
in time, allowing for a more accurate failure analysis of the DUTs. After the initial
testing, the analysis flow continues with an optical inspection of the selected DUTs,
followed by a FIB/SEM analysis.

One example of optical inspection is reported in 2.20, performed on a DUT failed
at 168 h. In such case, the leakage monitoring shows electrical degradation, but only
thanks to the inspection we can link this phenomenon to the consistent morphological
variation of the surface. The curvetracer analysis also confirms a significant variation
of the BV limit of the reverse I-V characteristic. This variation can be identified as
the cause of leakage drift observed during the monitoring phase, confirming what has
been evidenced in previous studies [28]. The actual nature and entity of degradation
induced by the test is then analysed through FIB and SEM in order to complete the
methodology flow.

5this paragraph is reproduced with some editing from [1]. The policy excludes the copyright of the
figures, for which the author obtained dedicated permissions for reuse.
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Figure 2.20: Device Optical Inspection after HV-THB test.

A set of 3 different groups of 650 V sample power diodes, with blocking voltage of
650 V and an floating ring termination structure was used to validate the HV-THB
system. The structures are listed in Fig. 2.21. Group A presents a simple passivation
structure composed of oxide, a silicon resistive layer as primary passivation, and an
additional polyimide layer as secondary passivation. Group B and C have been reinforced
with dedicated capping layers deposed by Plasma-Enhanced Chemical Vapor Deposition
(PECVD) to complete the passivation structure. For this purpose, these diode having
the same secondary passivation structure, were produced by adding either a silicon
dioxide (sample B) or a silicon nitride (sample C) interlayer with the same thickness.

Figure 2.21: Passivation details: Polyimide only base sample (A), SiO2
capping layer sample (B) and Si3N4 capping layer sample (C) on a typical

planar FR termination design.



Chapter 2. High Voltage Temperature Humidity Bias (HV-THB) Test 49

After fabrication and assembly in MTP power modules, the devices were stressed
by performing HV-THB tests at 85 °C, 85% RH, with 520 V applied bias (Vr at 80%
of rated voltage capability). Before and after each step of the HV-THB test, the DUTs
were subjected to I–V analysis of the diode reverse characteristics and a summary of
leakage degradation by sample group is reported in 2.22.

Group A

Group B

Group C

DUT n°
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Failed at 168 h

Failed at 750 h

Good after 1000 h

Figure 2.22: Leakage Current Degradation Summary after HV-THB
test: Polyimide only base sample (A), SiO2 capping layer sample (B)
and Si3N4 capping layer sample (C) on a typical planar FR termination
design. The samples show signs of failures respectively at 168 (A), 750
(B), while no failures are detected for sample C even after 1000 h of

HV-THB test.
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For sample A, after silicone gel removal, optical microscope inspection revealed poly-
mer degradation with bubble formation in all three passivation materials. An SEM
image from an FIB cross section performed on a bubble in the failed termination area,
highlights that the organic materials have not degraded but have instead been lifted,
possibly as a result of the corrosion of the underlying layer of resistive silicon and of
the aluminum field plate [63]. Indeed, the aluminum field plate appears swollen, with
a change in conformity close to the edges (Fig. 2.23). Moreover, from SEM imaging,
the polyimide seems to maintain its adhesion with a very thin portion of the underlying
film, but any deterioration in the latter could have induced a detachment, probably
stimulated by the gas formation that caused the swelling.

10 µm

Figure 2.23: SEM image of an FIB cut of a bubble in the failed termi-
nation area of sample A device. The polyimide is lifted and the aluminum

layer is severely degraded.

Further Energy-Dispersive X-ray spectroscopy (EDX) analysis is then performed to
evaluate the change in composition along the aluminum field plate. Comparing data
acquired from untouched aluminum portions and on degraded ones, it is possible to
observe the appearance of different peaks. The presence of silicon can be explained by
migration from the upper silicon resistive layer with the formation of aluminum silicide.
Instead, the oxygen peak demonstrates the formation of aluminum oxide species (Fig.
2.24).

These species derive from a combination of humidity penetration, electrochemical
phenomena, and the high chemical reactivity of aluminum with water. More specifically,
when water is adsorbed and an external bias is applied, a pH gradient forms due to the
separation of H+ and OH- ions. In this environment, different types of reactions can
occur. As evidenced in section 2.2.3.1 the general behavior for metal atoms in these
conditions is the following:

M → Mn+ + ne− (anode) (2.14)
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A

B

Figure 2.24: (A) SEM image of an FIB cut across the aluminum field
plate, for a Group A sample DUT failed after 168 h. (B) EDX analysis
on two different points of the aluminum field plate: (1) untouched por-
tion (2) degraded portion. EDX spectra comparison reveals AlOx and
aluminum silicide formation (migration from resistive layer). Peaks of
fluorine and carbon can be attributed to previous plasma etching (with
SF6) or cleaning (diluted HF) processes and to the presence of organic

materials such as polyimide.

Mn+ + ne− → M (cathode) (2.15)

Reaction 2.15 is usually accompanied by dendrite formation along the surface of the
material involved in the metal transportation. Aluminum, which is typically used as a
contact metal in this type of device, is known to be particularly reactive in the conditions
previously explained. In fact, aluminum easily forms hydroxides when in contact with
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B

C

Figure 2.25: (B) SEM image of an FIB cut of SiO2 DUT that failed
after 750 h. Small voids on the Si resistive layer and on the oxide capping
interface are evident. (C) SEM image of an FIB cut of silicon nitride DUT
showing good electrical characteristics after 1500 h of HV-THB testing.

No signs of degradation are present between passivation layers.

water. These compounds are quite stable in neutral solutions, but in the presence of
acids or bases, they dissolve rapidly, resulting in layer corrosion.
The proposed reactions occur as follows (overall reaction of aluminum with water):

Al + 3H2O → Al(OH)3 + 3/2 H2 (2.16)

In neutral environments, Al(OH)3 (amorphous) is transformed to the stable hydrated
oxide:

Al(OH)3 → Al2O3 · H2O (2.17)

which has a free energy of formation of -436.3 kcal and acts as a passivated barrier.
Alkaline solutions are able to destabilize this protective oxide that forms AlO−2 [112]
and can cause rapid dissolution of aluminum at room temperature, which continues
to react and consume water following Eq. 2.16. In high-humidity conditions, this
equilibrium is completely right-shifted, causing H2 formation, which could explain the
spongy appearance of the aluminum layer and polyimide bubble formation.

Furthermore, thanks to FIB analysis for sample B and C it is possible to extract
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some additional results. In fact, as seen in Fig. 2.22, the devices with a silicon nitride
capping layer do not exhibit any shift or significant electrical characteristic variation,
presenting a stable leakage current level beyond 1000 h. In contrast, the devices with
a SiO2 capping layer display a leakage shift above the imposed threshold after 750 h,
and so the test is stopped before further device degradation. After device decapsulation,
failure analysis proceeded with an optical inspection of the selected DUTs. SiO2 samples,
which failed after 750 h, seemed to evidence no physical damage in the device structure.
As expected, the same result was obtained for the silicon nitride samples, which were
still presenting good electrical characteristics at 1500h, when the test was considered
finished with no degradation or failure of the latter devices.

However, an in-depth observation performed with SEM on an FIB cut of the DUTs
that failed after 750 h, highlighted small voids in the Si resistive layer and on the capping
oxide (Fig. 2.25B). After further inspections, we can link the leakage degradation to the
morphological variation of the interface between the oxide capping layer and the silicon
resistive layer. (Fig. 2.25C) shows the SEM image of an FIB cut of a silicon nitride
sample which still showed good electrical characteristics after 1500 h of the HV-THB
test, confirming the absence of physical degradation6 [1].

6several parts of section 2.3.2.3 are reproduced with some editing from [1]. The policy excludes the
copyright of the figures, for which the author obtained dedicated permissions for reuse.
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2.4 Summary
The High Voltage Temperature Humidity Bias (HV-THB) highlights particular failure
modes due to the interaction of high voltage with humidity by using temperature as an
acceleration factor. This kind of test is of great importance in the reliability assessment
of power semiconductor devices.

Firstly, this chapter gives an overview of the existing test methodologies and ap-
proaches to HV-THB, as well as current developments in the field as an introduction to
the methodology section, coming from a published review paper by the author in [2].

Secondly, in the methodology section, a dedicated system setup is successfully de-
veloped and described. The control software has been customized in order perform a
non-invasive analysis, by continuously monitoring the electrical evolution of the leakage
current in the Devices Under Test (DUTs), and allowing automatic test stop in case of
progressive degradation of the devices. Moreover, the functionalities of this system and
its dedicated methodology, are then exploited to show results related to the testing of
power diode modules, showing the capabilities of the test to enable significant reliabil-
ity evaluation in the study of semiconductor passivation materials. This achievement
is then also confirmed by failure analysis of the devices including Scanning Electron
Microscopy (SEM) and Focused Ion Beam (FIB) characterization of the internal struc-
tures, and giving remarkable insights and enabling further studies on the reliability of
power semiconductor device passivations. The results coming from the studies in this
chapter have been published resulting in 2 papers from the author [1, 3].
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Chapter 3

On-Wafer High Current VF Test
of Power Semiconductor Diodes

3.1 Introduction

3.1.1 Research Framework and objectives

The wafer sell market of power semiconductor devices represents an important busi-
ness for device manufacturers all over the world, and accurate product information is
important for the final customer in order to select the best devices for their application.

In the case of power diodes, wafer sell datasheet require several key parameters
including the Forward Voltage Drop (VF) measured at the datasheet “nominal cur-
rent” value. This kind of measurement at the wafer level, requires proper setup and
methodology in order to avoid chip damage or degradation, and as a consequence can
be increasingly challenging depending on the maximum current rating of the chip.

The main objective of this chapter is to design, implement and evaluate a wafer-level
high current VF measurement setup on a pre-existing production apparatus, in order to
extend the initial low current testing level up to 100A.

As a side note, the content of this chapter involves a purely experimental work, thus
it does not include a literature review section.

3.1.2 Forward Voltage Testing of Power Diodes

The Forward Voltage Drop (VF) test is a standard test performed both during the
front end manufacturing phase and assembly of power semiconductor diodes. This test
is performed by imposing an external current pulse to the Device Under Test (DUT),
in order to measure the voltage drop between the anode and cathode of the device in
forward bias conditions.

One of the key datasheet parameter for power diodes, useful for circuit designers
to select the correct device for their application, is the “Nominal Current” or “Current
Rating”. This value, usually represented as IF (AV ), represents the maximum average
current that a diode can handle in forward bias operation, which basically describes a
thermal limitation for the junction and is thus directly related to the maximum Junction
Temperature (Tj) and the maximum power dissipation of the device.

The VF datasheet value is another key datasheet parameter, and is generally re-
ported at the current rating of the diode. In the case of assembled device in standard
packages (e.g. TO220, TO247, MTP modules and other packages), the wires allow easy
access to the anode and cathode terminals, allowing safe contacting for the test. Op-
positely, testing at the wafer level is generally performed at lower currents, and the VF
value can only be correlated to the assembly value in order to determine production
and assembly limits. This approach can be a problem in the case of wafer-sell products,

57
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since the actual statistical limits of the product do not represent significant information
for the final customer.

For these reasons it is crucial to obtain accurate high current VF measurement in
order to provide this key wafer-level parameter to the final customer, without introducing
damage to the chips, which can be then safely shipped to the final customer allowing
high quality standards.

Taking into consideration the case of a common p-i-n junction power diode, we can
describe the current characteristics determining the forward I-V characteristic of the
device, as reported in Fig. 3.1.

Figure 3.1: Typical Forward Characteristic of a p-i-n diode, divided by
working operation regions./, © Springer, 2018. Reproduced with permis-

sion from [113].

In the lower region, the conduction current is determined by generation and recom-
bination in the space-charge region, and the proportionality rate is qV

2kT , where q is the
unit charge, V the forward bias voltage, k the Boltzmann constant and T the tempera-
ture of the device. In the Low-level injection region, with bias level of 0.1 ÷ 0.5V , the
conduction is dominated by the diffusion of minority charge into the n− region, also
called drift region. In these conditions, the carrier injected carrier density is still below
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the background levels and the proportionality with respect to the bias voltage is qV
kT ,

increasing faster than the recombination current region. When the injection charge level
rises above the background doping limit, the diode is in High-Level Injection conditions.
The current density in this operation region is proportional to qV

2kT and the voltage drop
across the drift region can be considered constant thanks to the conductivity modula-
tion effect. At higher current levels, the forward voltage drop increases faster due to
recombination in the end regions of the device, resulting in a carrier density decrease in
the n− region, and series resistance effect become dominants [113].

The area of interest of this study falls between the two upper end operation region
of series resistance and high injection level, since the final measurement of the VF
also includes series effects “outside” the chip, given by the contact resistance of the
measurement terminals (for reference see Figure 3.3).

Figure 3.2: Diagram of the VF measurement system, showing the
Prober and Tester assembly. The Prober system allows the movimen-
tation and contacting of each chip, while the Tester generates both the

measurement signal and control signal for the probe.

The schematic of the measurement setup is represented in Fig. 3.2, and can be
divided in Prober and Tester. The tester machine is the main control unit and coordinate
both the testing process and the test signal generation, for the testing several diode
electrical parameters such as leakage current, Breakdown Voltage (BV) and VF low
current VF. The Prober allows the movimentation and alignment of wafers from a
dedicated cassette to the surface of the vacuum chuck, which has both the functions
of keeping the wafer in place and contacting the back side of the wafer, representing
the “common cathode” of all the diode chip on the wafer’s front. The anode contact is
performed for each chip through a “probe card”, whose main function is the routing of
the generated signal from the tester unit to the contact needles, which are positioned
on the back of the probe card. The probing system allows the contacting of each die
through an user defined wafer map, and the inking of “failed” devices, which resulted
non-compliant with respect to the defined test limits.

Figure 3.3 shows a schematic electrical representation of the testing setup. The
measurement is performed between terminal A and B, where Rp1 and Rp2 represent
respectively the equivalent resistance of the probe tip and the resistance of the back
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Figure 3.3: VF Measurement Electrical Schematic. The measurement
is performed between terminal A and B, where Rp1 and Rp2 represent
respectively the resistance of the probe tip and back contact, Rc1 and
Rc2 define respectively the contact resistances between the tip and the
DUT at the anode and the contact resistance between the DUT and the
back vacuum chuck at the cathode. Rs is the source internal resistance

of the current pulse generator.

terminal (vacuum chuck), which can be considered as negligible given the high conduc-
tivity of the constructing materials (Be-Cu alloys for the probe tips and Au plating for
the vacuum chuck). Moreover, Rc1 and Rc2 define respectively the contact resistance
between the tip and the DUT at the anode side and the contact resistance between the
back of the DUT and the vacuum chuck at the cathode.

The structure of the probe card needles and routing allow to have separated “power”
and “sensing” needles, in order to perform a current force/voltage sense measurement
between the points A and B shown in Fig.3.3.
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3.2 Preliminary Evaluations

3.2.1 Benchmark Analysis of High-current VF Measurements

In the first part of this work, the internal capabilities at the research site have been
evaluated in order to define the starting point of this analysis. The maximum current
level tested at the in-site front-end manufacturing resulted being 5A, while other com-
pany sites reported values up to 25A, with currents per needle as high as 5A/needle
considered as a safe limit with the chosen needle shape.

Table 3.1: High Current VF: Device Manufacturers Benchmark.

Device
Manufacturer

Source
Type

Current
Rating (A)

Voltage
Rating (V)

Needle
Traces

Estimated Current
per Needle (A)

A

Assembled 18 1200 16 1,13
Assembled 30 1200 17 1,76

Die 75 1200 22 3,41
Die 75 1200 22 3,41

B Assembled 60 1200 3 -

C Assembled 60 1200 5 -

D Assembled 75 1200 48 1,56
Die 200 650 105 1,90

E Assembled 75 1200 7 10,71

F Assembled 20 1200 16 1,25

G Die 200 650 16 12,5
Die 8 1200 4 0,50

Internal Die 5 200-1200 - 1,25

Moreover, in order to achieve setup capabilities in-line with the main manufacturers,
a product benchmark analysis has been performed in order to select the desired max-
imum current capabilities to be implemented in the final system. This analysis went
through more than 200 commercially available products from major power diode man-
ufacturers, showing that the highest current level for testing VF on-wafer, were as high
as 300A as declared in their datasheets.

The second part of this benchmark addressed the actual testing trace on reverse en-
gineered devices from several manufacturers, in order to estimate some key information
related to the shape and number of probe marks on a variety of commercially available
power diodes. The results of this analysis is reported in Table 3.1, where it is possible to
notice how different manufacturers have different testing approaches, especially in terms
of number of probe needles, and thus in the maximum current level per needle at fixed
current rating.

Another interesting difference is the positioning of the needles, which varies from one
manufacturer to the other, depending on their testing methodology. Figure 3.4 shows
two examples of opposite approaches for probe mark positioning. Fig. 3.4a shows the
typical centered testing pattern, where all needles touch the chip covering a wide area
on the device, from manufacturer A. On the right an example of perimeter contacting,
following the inner edge of the whole chip’s active area, from manufacture D. Both
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these approaches are valid, and choosing one with respect to the other depends on the
requirements of the assembly process.

a) b)

Figure 3.4: Example of Probe Marks from two different Manufacturer.
From Table 3.1, Manufacturer A on the left (a) and manufacturer D on

the right (b)

3.2.2 Baseline Setup for VF testing and Limitations

The testing setup involving the tester system described in section 3.2.1, presents a
pulsed test with well defined characteristics, which will be described in order to have
the full starting picture on which the high current system will be defined in the following
sections.

The VF measurement is a square-pulse current test, with the following main char-
acteristics set on the tester’s control unit, and defined in the test program file:

• Peak Current: 5A (standard, native capability up to 200A)

• Pulse width: 380µs

• Upper and Lower Voltage Limits: representing the defined test limits, inside
of which the device is considered “good”.

It is important to notice that the native capability of the tester allows currents peaks
as high as 200A, a good reason to implement changes only in the prober section of the
system (Fig. 3.2).

Eventually, a cost evaluation for the purchase of a dedicated new tool from a test
machine manufacturer, revealed a required investment of 1M$, which is well beyond the
stated limit for this project, thus the decision to follow a challenging lower investment
solution.
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3.3 Methodology: Phase 1
In this first phase of the methodology, an overview of the main design and evaluation
steps for the new setup are proposed, as well as a wide set of preliminary electrical and
mechanical testing, in order to understand the performance and capabilities of the new
system with respect to the stated requirements. The testing vehicles for this section are
600V power diode sample wafers with several current ratings up to 250A.

3.3.1 High Current Probe Card Designs

In this section, two probe card design are proposed following the requirements listed in
the previous sections. The two design can be differentiated based on their needle shape
and structure, which are Vertical and Cantilever probe cards, and will be referenced
in this way throughout the whole chapter.

Before going into the detail of each probe card, it is useful to describe the probe card
circuit schematic, which is the same for both the two high-current probe cards designs.
This latter is reported in Figure 3.5 showing the current “equalization” circuit and probe
needles contacting on the DUT chip’s surface for a number n of branches. Each branch
include its corresponding fuse Fi and 1 Ω equalization resistor Ri, and all branches are
driven by the current generator.

The contact resistance, which includes the tip resistance and can be variable during
the whole lifetime of the needles due to the mechanical wear-out of the probe material,
requires a current equalization circuit in order to ensure that the current flows equally
in each branch of the circuit and eventually through the probe needle. The contact
resistance can be estimated in a magnitude range between ∼ 10 ÷ 100mΩ, thus the
choice of a 1 Ω resistor, being one order of magnitude higher than the worst case value.

Table 3.2: Probe card summary table, showing the characteristics of
the Cantilever and Vertical design.

Cantilever
Probe Card

Vertical
Probe Card

Power Needles 40 33
Sense Needles 2 2
Tip Profile Flat Round

Needle Diameter (mils) 15 5
Needle Material Be-Cu Alloy

Maximum Current (A) 100

Table 3.2 includes a summary of the two proposed designs, in terms of number of
power needles, sense needles, maximum current and dimensions, while Fig. 3.6 shows
the main structural differences between the two designs. The Cantilever structure is a
rigid beam design with flat tip touching on the surface of the chip, while the vertical
design includes a spring suspension system with the purpose of reducing the mechanical
wear-out of the needle’s tip, improving the total lifetime of the needles and reducing
both contact pressure and scratch damage on the DUT.
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Figure 3.5: Probe Card Circuit Schematic, showing the current equal-
ization circuit and probe needles contacting on the DUT chip’s surface
for a number n of branches. Each branch include its corresponding fuse
Fi and 1 Ω equalization resistor Ri, and all branches are driven by the

current generator.

CANTILEVER

VERTICAL
Figure 3.6: High-Current probe card designs, showing the side Struc-

ture of the Cantilever and Vertical designs.
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3.3.2 New Probe Card Evaluation and Preliminary Testing

3.3.2.1 Optical Inspection

Both design, with chosen specification, have been built by a probe card manufacturer
and provided for optical inspection, mechanical and electrical evaluation. The bottom
optical view of both prototypes is shown in Fig.3.7, where the Cantilever design is
reported on the left (a) and the Vertical probe card on the right (b). From the initial
inspection both probe cards present the expected dimensions and type of needles, but
the vertical distribution of needles tips is more regular in the Cantilever probe card than
in the Vertical one. This condition is determined by the spring system of the vertical
probe card, and a proper Overdrive can compensate the differences in height between
the needles by lowering the distance between the probe card and the surface of the wafer
under test.

Figure 3.7: High-Current probe card designs: bottom view optical view
of Cantilever (a) and Vertical (b) probe card needles assembly.

For both probe cards, probe mark analysis at the SEM (Fig.3.8, A1 and B1), pro-
filometer measurements, and silicon surface check after contact metal delayering (Fig.3.8,
A2 and B2), all performed after VF testing up to 100A, show no damage to the device.

3.3.2.2 Mechanical Overdrive Evaluation

In order to determine the proper overdrive for each probe card, several mechanical
and electrical tests have been performed for the sake of determining an optimal value
with good contact on the wafer, good probe mark shape and depth in line with the
initial setup, low impact on the value of the median and standard deviation of the final
statistical VF measurements.

An analysis has been performed on the values of the VF standard deviation and VF
median with respect to the chosen overdrive sweep range, and the results are shown in
Fig. 3.9 and Fig.3.10. In particular for both probe cards, a minimum value for the VF
standard deviation has been found, and this evidence increases with the current level of
the test. For the cantilever design, the optimal value of the overdrive has been found to



66 Chapter 3. On-Wafer High Current VF Test of Power Semiconductor Diodes

CANTILEVER VERTICAL

A2

A1

B2

B1

Figure 3.8: SEM Probe Mark Inspection for Cantilever (A1) and Verti-
cal high current probe card (B1). Image taken at same location after top
metal delayering, showing no damage on the silicon surface for Cantilever

(A2) and Vertical (B2) probe cards.

be 100µm while for the vertical probe card this value has to be in the range between
300÷ 400µm.

Furthermore, in the case of the Vertical design, needle contacting is not uniform due
to the native difference in height of the needles, caused by the spring suspension system.
In the range 450 ÷ 500µm the probe marks show no variation and good contact, even
if the standard deviation is slightly affected, while below 400µm, not all needles show
good contact in terms of uniformity, repeatability and definition of the probe marks. For
these reasons, the overdrive value has been chosen as the minimum value for which all
needles were contacting the surface of the device in the analysed range, and as close as
possible to the standard deviation minimum, resulting in an overdrive value of 400µm.
A final assessment on the overdrive value has been done also in collaboration with
the probe card manufacturer. From this confrontation, the suggestion to increase the
overdrive to 700µm emerged, but the capabilities of the prober only allow a maximum
value of 500µm, thus the decision to proceed with the latter value for all the following
evaluations. As a side note, it is important to consider that lower overdrive values
are preferred in order to reduce the mechanical wear-out of the needles and increase
the lifetime of the probe card, which results in an increase of the maximum number of
touchdowns before maintenance.
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Figure 3.9: Cantilever Probe Card VF Median and standard deviation
versus Overdrive, measured at different current levels from 1A up to 50A.
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Figure 3.10: Vertical Probe Card VF Median and standard deviation
versus Overdrive, measured at different current levels from 1A up to 50A.
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3.3.2.3 Mechanical Marathon Test

Another significant test is the so called “marathon” test, evaluating the degradation of
needles in time due to repeated touchdown on the metal surface of the wafer under test.
The test has been performed on a selection of dummy device test wafer, and at defined
checkpoints (0, 5k, 10k touchdowns), both probe card design have been been evaluated
separately on a dedicated wafer, in order to monitor the degradation of the probe marks
after repeated mechanical stress of the needles.

Figure 3.11: VF Marathon Test Statistical Analysis.

The statistical analysis and probe mark analysis is reported in figure 3.11, showing
discording effects for the 2 probe card designs. For the cantilever probe card, the median
is almost unaffected, while the graph shows a slight linear increase in time for a total
of ' 10mV . This is not true for the vertical probe card, where the standard deviation
reaches a minimum at 5 k touchdowns (' 50mV ), and then rises back up (' 75mV ) to
reach a final value which is lower than the initial one, showing a final absolute decrease
of ' 5mV .

The optical monitoring and evaluation of the probe marks is reported in Fig. 3.12
and 3.13, while the profilometer analysis is reported in Fig. 3.14 and 3.15. These results
confirm the phenomenon observed from the statistical observation (3.11), for which the
wearing of the needle in the first 10 k touchdowns gives a slight linear increase in depth
for the cantilever (measured on at least 3 different needles), while for the vertical probe
card this increase is not constant and shows an unstable behavior for which the stability
of the probe mark is affected. This phenomenon is probably due to the combined effect
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Figure 3.12: Probe Card Cantilever Marathon Test Analysis of the
Probe Mark, showing the initial conditions and the status of the probe

mark at 5k and 10k touchdowns.

of the overdrive (maximum possible 500µm opposed to the suggested 700µm), and the
wearing of the needle during the marathon test. It is important to consider that 10 k is
a first “seasoning” for a probe card, which generally has maximum limits in the range of
100 k ÷ 1M touchdowns of expected lifetime before maintenance, so a further analysis
would require longer times and resource investments, which are out of scope for this
prototype evaluation, focusing more on the feasibility of the measurement system and
the stability of the probe cards in their activity.
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Figure 3.13: Probe Card Vertical Marathon Test Analysis of the Probe
Mark, showing the initial conditions and the status of the probe mark at

5k and 10k touchdowns.

Figure 3.14: Probe Card Cantilever Marathon Test Analysis of the
Probe Mark’s Depth, showing the initial conditions and the status of the

probe mark at 5k and 10k touchdowns.
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Figure 3.15: Probe Card Vertical Marathon Test Analysis of the Probe
Mark’s Depth, showing the initial conditions and the status of the probe

mark at 5k and 10k touchdowns.
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3.3.3 Electrical Testing

This section shows the set of electrical test evaluation, with the objective of under-
standing the capabilities and limits of the two proposed probe card design, while also
including a comparison with respect to the reference low current probe card.

3.3.3.1 Over-current Test

With the objective of understanding the maximum safe current for VF testing of each
probe card, several current levels were tested and the results are reported in Table 3.3,
based on device failure analysis by delayering of the contact metal and SEM inspection
on at the anode silicon surface.

Table 3.3: Over-current test, involving the initial setup low current
probe card, cantilever and vertical ones.

Probe
Card

Current
Level (A)

Current per
Needle (A)

Device
Damage

Low
Current

2,5 0,63 No
5 1,25 No
8 2,00 Yes
12 3,00 Yes
20 5,00 Yes

Cantilever
100 2,5 No
115 2,88 No
170 4,25 No

Vertical
100 3,03 No
115 3,48 No
170 5,15 Yes

For the low current probe card, a current level of 1, 25A per needle can be considered
as safe limit, since for all values above, a micro-fusion appears in correspondence of the
probe mark on the surface of the silicon. An example of this phenomenon is reported in
Fig. 3.16, where the passage of current generates a crater on the surface of the silicon,
with a diameter of approximately 15µm, the size of which depends on the current
density and the quality of the contact with the needle at the anode metallization during
VF test. Given the higher size of the needles for the high current probe cards, and the
higher number of these latter, higher current levels per needle are achievable and both
high-current designs support safe testing up to 115A. But when overcoming the 5A
per needle limit, the vertical probe card design shows signs of micro-fusion below the
needles at the silicon surface. Oppositely, the cantilever probe card shows no damage
even at a total current of 170A.

In addition, a statistical analysis on a selected wafer measured with both probe cards
highlights some differences between the two designs, and the result of this test is reported
in Fig. 3.17. The variability chart shows a 30 0mV statistical offset between the two
probe cards, with the cantilever’s median being higher than the vertical’s. Moreover,
the standard deviations are in the order of 75 ÷ 90mV , a value which is considerably
higher with respect to the same measurement at low current (5A). For this reason the
next section will address further evaluation of the standard deviation values by taking



74 Chapter 3. On-Wafer High Current VF Test of Power Semiconductor Diodes

5 μm

Figure 3.16: Example of micro fusion damage due to high current below
a probe mark.
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Figure 3.17: Variability chart of VF Testing at 150A: Cantilever vs
Vertical. The difference between the median value of the two wafers is

' 30mV .
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into account the assembly value as reference and comparing the baseline probe card data
with respect to the high-current prototypes.

3.3.3.2 Assembly Data Analysis

In this section, sample devices are assembled in standard TO-247 in order to evaluate
statistical differences between the VF testing at the wafer level and the assembly data.
The chosen test vehicles are 600V power diodes samples with current rating of 250A
with 400 assembled diodes per wafer.

Figure 3.18 and 3.20 show the measurement comparison performed respectively at
5A and 100A highlighting the difference in VF value and standard deviation, between
the probe measurement and the assembly test with both the low current reference probe
card and the high current cantilever design. The same comparison is done on the Vertical
probe card and the results are summarized in Fig. 3.19 and 3.21.

At low current (5A), the median value of VF after the assembly process is always
slightly lower than the probe level as to be expected, due to better contacting at the
package level thanks to wire bonding, or possible offsets of the assembly test equipment
with respect to the on-wafer VF testing equipment. In Fig. 3.18, the maximum value of
the standard deviation (16mV ) is reached by the low current probe card, while after the
assembly this value shifts down significantly for the same reasons described previously
in this paragraph, and holds for both the low current and cantilever probe cards. The
same considerations can be done in the case of the Vertical probe card, whose analysis
is reported in Fig. 3.19, and can be placed in direct comparison with the cantilever
and low current probe card data. In this case, the lower VF standard deviation for
wafer D and E is due to screening of the edge value dice at around ' 1V and ' 1, 05V
respectively due to the assembly test program screening, while at the probe level the
standard deviation values are in line with those observed for both the cantilever and low
current probe cards.

At high current (100A), the results highlight a significant lowering in the values of
the standard deviation from probe to assembly, as highlighted by Fig. 3.20 and Fig.3.21.
For the Cantilever probe card, the standard deviation for wafer A is lowered by ' 50mV
while for wafer C the downshift is exactly half the probe value being ' 40mV . Similarly,
for the high current vertical probe card this shift is even more remarkable, where for
wafer D the lowering is from ' 70mV to ' 10mV , and for wafer E from ' 70mV to
' 40mV . It is interesting to notice that for both probe cards, the probe value of the
standard deviation seems to be almost fixed, independently from the nature of the wafer
under test, for this reason an in-depth analysis of the assembly versus probe analysis is
performed in the phase 2 of this methodology, with the main objective of understanding
the cause behind the high-current VF standard deviation measured at the probe and
lower this value to a level as close as possible to the low current one.
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Figure 3.18: Cantilever versus low current probe card: assembly com-
parison at 5A.

Figure 3.19: Vertical high current probe card assembly versus probe
comparison at 5 A.
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Figure 3.20: Cantilever versus low current probe card: assembly com-
parison at 100A.

Figure 3.21: Vertical high current probe card assembly versus probe
comparison at 100 A.
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3.4 Methodology: Phase 2
The second part of this methodology focuses on the improvement of the VF standard
deviation values at high current, which involved further analysis of the possible sources
of VF variability, wafer map analysis, serialized testing of a set of device and eventually
the design for the hardware improvement leading to the proposed solution and final test.

3.4.1 Possible Causes of standard deviation

In the first part of this analysis, several sources have been listed as a possible source
of higher standard deviation as a part of the system, and their impact on the final VF
measurement have been evaluated in order to identify the main source to be addressed
by further testing and finally improve the precision of the test.

The first analyzed item is the power generator (Tester) (Fig. 3.2), which has been
inspected and calibrated in order to bring the tool to its datasheet conditions, and
showed performances in agreement with the expected ones, in terms of pulse shape,
levels and ripple, as well as accuracy and precision. For this reason the analysis lead
first to the evaluation of the wiring outside the tester, from the signal generator down
to the prober assembly and eventually to the probe card (Fig. 3.2), the inspection of
which revealed no issues in terms of signal interference, active or reactive power loss.
The last analyzed time is the vacuum chuck contact below the wafer. This part of the
hardware is a high conducting heavy metal plate, including a dedicated vacuum circuit
allowing negative pressure to keep the wafer in place during the test. For the sample
DUT wafer of this study, the back plane of the wafer contacting on the vacuum chuck
is the common cathode of all chips during test, thus a non uniform contact or vacuum
level could increase the series resistance yielding a higher VF value with respect to the
real one of the selected chip.

For this reason, two test have been developed ion order to evaluate this hypothesis,
a wafer rotation test and a serialized assembly test performed on a whole wafer row of
chips, in order to confirm the discrepancy between the real value at the assembly and
the VF measured on the wafer.

3.4.2 Wafer Rotation Test

A key measurement related to the issue exposed in the previous section, is the one
involving 2 wafers measured twice, first in the standard position and then with a 180°C
rotation. As it is possible to see in Fig. 3.22, the map of normalized VF values tested a
100 A, shows the presence of a set of patterns (A,B,C,D), appearing at the same location
independently from the wafer under test, and the rotation of the latter.

This consideration is confirmed by statistical analysis in Fig. 3.23, showing no
variation with respect to rotation, both in terms of median and standard deviation.
As a consequence, a further test is selected to strengthen this observation, and will be
described in the next section.

3.4.3 Serialized Assembly Test

As said in the previous section, in order to further confirm the presence of a high VF
test pattern due to bad contact at the backside vacuum contact with the wafer (cathode
contact), a serialized assembly test is performed on 31 devices from 2 wafers, as shown
in 3.24 by correlating the map values 1:1 to those observed at the assembly test.
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Figure 3.22: Wafer Rotation Test: VF Map at 100 A. The patterns A,
B, C, and D repeat at the same positions independently from the rotation

of the wafer.

The results of this test is reported in 3.25, showing that the probe values (blue
squares) are not in line with the assembly values (red crosses), and how the difference
between probe and assembly increases with the distance from the center of the wafer,
confirming the results observed with the rotation test where the high VF pattern is
observed (Fig. 3.22). This analysis is also complemented by the variability chart in
3.26, showing the same standard deviation reduction observed in 3.3.3.2. The results
coming from this test, allow to move the focus of this analysis to the cathode contact
with the vacuum chuck.
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Figure 3.23: Wafer Rotation Test: VF Map at 100A.

Figure 3.24: Wafer Schematic of the Serialized Assembly Test, high-
lighting the row of dice to be assembled for the 1:1 correlation of assembly

high current VF values versus probe measurement.
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Figure 3.25: VF Serialized 1:1 Test Analysis, showing the difference
between the values measured at the probe versus the assembly values of
VF at high current. The difference increases with the distance from the

center of the wafer.

Figure 3.26: VF Serialized 1:1 Test Variability Chart
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Figure 3.27: Initial Configuration of the Vacuum Chuck Plate, showing
in red the bad vacuum region, and in green the good vacuum regions,

with respect to the 6” wafer’s edge.

3.4.4 Vacuum Chuck Analysis

In order to conclude the second phase of the methodology and obtain a significant im-
provement in high current VF standard deviation, the results from last sections identified
the vacuum chuck as a good target of improvement.

3.4.4.1 Initial Conditions

The initial setup of the vacuum chuck plate is reported in 3.27, highlighting the main
parts of the vacuum assembly and the regions of good vacuum (green), and bad vacuum
(red). In the red regions the number of vacuum points is significantly lower than in the
green region, and an entire ring where no without vacuum points is present in corre-
spondence of a 4 inches edge wafer, as well as 3 bad vacuum region in correspondence
of the wafer lifting pins for wafer movimentation. In addition, in this initial setup the
minimum distance between vacuum point distance is 10 mm. Moreover, the 6 inches
wafer edge is also outlined showing the similarities between the pattern in Fig. 3.22
and the red vacuum region, which is responsible for the high VF pattern not found at
the assembly test. For these reasons a new vacuum chuck has been designed and imple-
mented into the setup in order to achieve the wanted improvements in high-current VF
standard deviation.
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Figure 3.28: Schematic of newly designed vacuum chuck plate, showing
in red the bad vacuum region, and in green the good vacuum regions,

with respect to the 6” wafer’s edge.

3.4.4.2 New Vacuum Chuck Design and Evaluation

Following the evidence described in the previous section 3.4.4.1 a new chuck has been
designed in order to lower the standard deviation of VF at high current, and is reported
in 3.28. In the new design the vacuum point density has been doubled, in particular the
bad vacuum area due to the 4 inches vacuum chamber has been removed as well as any
large contiguous region where no vacuum points were present, while the wafer lifting
pins remain at the original location for compatibility reasons.

Following the same approach described in 3.4.2, a wafer rotation test has been per-
formed in order to evaluate the improvements introduced by the new vacuum chuck
design. The following trials have been performed only with one high current probe card
(Cantilever), since no significant difference in standard deviation between the two high
current designs were observed in the preliminary measurements. The results of the high
current VF rotation test are mapped in Fig. 3.29, while the corresponding variability
chart is reported in Fig. 3.30. The VF wafer map shows the absence of high VF pattern
observed previously in Fig. 3.22 and the achievement of a lower standard deviation level
is confirmed by the variability chart, showing a remarkable decrease of ' 40mV which
is approximately half the value measured with the initial vacuum chuck.
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Figure 3.29: Wafer rotation test performed on the new vacuum chuck
assembly for a selected wafer, measured before and after rotation (0° and
180°). The initial high current VF pattern is not present and negligible
increases of VF are observed only in correspondence of the 3 lifting pins.
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Figure 3.30: Wafer rotation test performed on the new vacuum chuck
assembly. The variability chart shows a great improvement in standard

deviation with respect to the initial setup.
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3.5 Conclusions
The main objective of this chapter has been the design, implementation and evalua-
tion of a wafer-level high current Forward Voltage Drop (VF) measurement setup on
a pre-existing production apparatus. The initial test setup has been analyzed, and a
manufacturer benchmark allowed to define the correct specifications for the new system.
In the methodology, a set of two high current probe cards has been evaluated with a
wide range of mechanical and electrical analyses, in order to understand the performance
and limitations of the two solutions. In the second part, a further improvement of the
test setup is performed by analyzing the possible sources of series resistance yielding
high VF standard deviation. The pattern of high VF is correlated to the backside vac-
uum contact, which is re-designed and tested showing a great improvement of the high
current VF standard deviation, and the removal of the observed edge pattern.
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Chapter 4

Cosmic Ray Robustness

4.1 Introduction
This chapter is dedicated to the evaluation of the cosmic ray ruggedness of power semi-
conductor devices. The testing is performed in agreement with the JEDEC standard
JEP151 “Test Procedure for the Measurement of Terrestrial Cosmic Ray Induced De-
structive Effects in Power Semiconductor Devices”[4]. In the methodology section, the
experimental work involves the development of a dedicated testing is described, followed
by the description of the test campaign, and relative results, performed at the ISIS Neu-
tron and Muon Source located at the Rutherford Appleton Laboratory in Didcot (UK).
The experimental work has been carried out under the supervision of the Reliability
and Radiation Effects on Advanced CMOS Technologies (RREACT) group from the
University of Padova, Italy.

4.1.1 Nature of Cosmic Radiation

On Earth, cosmic radiation can have three main sources: galactic, extra-galactic and
solar high energy particles, having a broad range of energies. When a particle first
collides with the Earth’s atmosphere it is called a primary cosmic ray, having a general
composition of high energy protons (87%) alpha-particles (12%) and heavy nuclei (1%)
and very small portion of positrons and antiprotons. After the collision, the primary ray
generates a “particle shower” including several particles such as photons, muons, pions,
electrons and positrons as shown in Fig.4.1 [114].

A great part of particles is coming from the sun, which is responsible for the ma-
jority of particles with energies below 1010 eV . Above this value, probable sources can
be supernova eruptions (1016 eV ), from our galaxy up to 1018 eV Ultra High Energy
Cosmic Radiation (UHECR). Beyond 5 · 1019 eV Extreme Energy Cosmic Ray (EECR),
the particles are coming probably from the core of distant active galaxies in the local
supercluster. The higher the energy, the lower the occurrency, infact EECR are very
rare, and are measured in the number of just 9 events per year in some observatories,
while exceptional events like the so called Oh-my-god-particle in (1995) can be only
detected a few times per decades [115].

Primary cosmic rays generally collide with atomic nuclei in the atmosphere and gen-
erally do not reach the Earth’s surface, so a particle shower is a common event involving
the production of a number of secondary particles as high as 1010. The most interesting
particles for the Single Event Burnout (SEB) phenomenon are neutrons and protons. In
the case of neutrons a flux of 20 cm−2h−1 is typical of sea level [116], while this increases
progressively and at common civil plane flight altitudes can reach even 7200 cm−2h−1

[117]. These values depend firstly by altitude and secondarily by the geographic co-
ordinates of the occurrence. Given their lower interaction with matter with respect to
protons, the neutron flux has a higher contribution in the lower atmosphere, but at flight

89
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Figure 4.1: Schematic view of a primary cosmic radiation event gener-
ating a secondary particle shower, including photons, neutrons, protons,

pions, neutrinos, electrons and muons. [114] © 2017.

altitudes (12.2km) protons can contribute to 50% of the total cosmic radiation flux, and
above this altitude represent the majority of particle flux [118]. For these reasons, the
incidence of cosmic ray failures is generally related mostly to neutrons at sea level, and
due to the non-uniformity of the Earth’s magnetic field, the flux intensity at the poles
is 3 times higher [117].

4.1.2 Effects of Cosmic Radiation On Power Devices

The problem of cosmic ray ruggedness was first raised to the scientific audience in
the first 1990s, when peculiar failures in the field were observed in blocking conditions
for power semiconductor devices in electric traction and airspace applications. The
same kind of devices for which failure was observed were tested in blocking conditions
at high continuous voltage, confirming the manifestation of sudden failure without any
detectable sign of failure before the occurrence in the emblematic “salt mine experiment”
[119].

In this experiment reported in Fig.4.2, a set of 18 diodes wired in parallel and reverse
biased at 4000 V is monitored during 4 phases for a total testing time of 9000 hours.
In the first phase the 18 diodes are biased in a laboratory at ground floor, with only a
tin roof shielding the setup, and 6 failures occurred in the first 700 hours. The whole
setup was then moved in a salt mine at the depth of 140 m, and in these conditions no
failure occurred for around 7000 hours. In the third part of the test the devices were
brought back to the lab, and showed a similar failure rate as in the first phase of the
test. Eventually the whole setup was moved into the cellar of a building, under 2,5 m
of concrete above the setup, showing an appreciable reduction of the failure rate with
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18 x 65 mm diodes in parallel
reverse biased at 4000 V DC

Lab.

Lab.

2.5 m 
concrete

140 m salt mine

Figure 4.2: Cosmic ray salt mine experiment. A set of 18 4000 V power
diodes is monitored for 9000h hours in 4 phases, in lab, under a 140m
deep salt mine, again in the same lab and lastly under a 2.5 m concrete
building, showing a correlation between exposure and the failure rate.

Figure reproduced with permission from [119] © IEEE 1994.

respect to the lab conditions. This experiment outlined the presence of what today are
called SEBs [120].

4.1.2.1 Single Event Effects in Power Devices

Power semiconductor devices such as Metal Oxide Semiconductor Field Effect Transis-
tors (MOSFETs) and diodes can be sensitive to Single Event Effects (SEE) induced by
ionizing radiation. SEE are caused by wandering ionizing particles, randomly hitting
electronic devices in sensitive areas. SEE are stochastic effects which are generated by a
single ionizing particle. At terrestrial levels, the natural sources of radiation responsible
for SEE are atmospheric neutrons and alpha-emitting contaminants inside package and
chip materials. There are two types of SEE that can affect a power MOSFET (a vertical
device is shown in Fig. 4.3) hit by an ionizing particle:

N+ Substrate

N-Epitaxial Region

Space Charge Region

P-Body

P+ N+

Poly-Si Gate

Metal (Source)

Gate 
oxide

Figure 4.3: Sketch of a vertical power MOSFET.

1. Single Event Burnout (SEB), consisting in the activation of the parasitic bipo-
lar transistor (e.g., in Fig. 4.3 source=emitter, p-body=base, n-epi=collector),
especially in n-channel devices, which may cause permanent damage.
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2. Single Event Gate Rupture (SEGR), consisting in the rupture of the transistor
gate oxide (neck region), both in n-channel and p-channel devices.

Power diodes can experience SEB, and both SEB and Single Event Gate Rupture
(SEGR) can be triggered by a single ionizing particle, depositing enough energy in
the sensitive regions of the device, and leading to degradation in performance and/or
system failure. In the following, the main features of SEB and SEGR phenomena will
be summarized.

4.1.2.2 Single Event Burnout (SEB)

Figure 4.4 depicts a typical drain current versus drain voltage characteristic for a power
MOSFET. As the drain voltage is increased avalanche breakdown takes place. Above
the avalanche breakdown point, the drain current abruptly increases as a function of
the drain voltage. The drain current flows through the body region, eventually causing
the parasitic bipolar transistor to turn on. Afterwards, although the device current
keeps increasing, the drain voltage starts to decrease. When the parasitic bipolar tran-
sistor is activated, the drain current flows through both the source and the p-body.
At some point, the current-voltage condition that triggers second breakdown (i.e., sud-
den decrease in the device blocking voltage capability with an uncontrolled increase in
current) is reached and catastrophic failure occurs. If a heavy ion traverses the power
MOSFET and deposits enough charge in the drain depletion region, the parasitic bipo-
lar transistor can be turned on in a tiny region. In case the applied drain voltage stress
is high enough, the local current regeneratively increases and SEB occurs. As shown in
Fig. 4.4, the I-V curve defines the operating region where a MOSFET is sensitive to
SEB . The maximum operating voltage at which the MOSFET is insensitive to SEB is
highlighted with a dotted line: if the device is operated at a drain voltage below the
second breakdown, SEB is not a concern.

Figure 4.4: I-V characteristic of a power MOSFET. The SEB sensitive
area is highlighted. [121]
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The typical signature of SEB is an abrupt and large increase in the drain current,
whereas the gate current is usually not impacted, as depicted in Fig. 4.5. Other char-
acteristics typical of SEB are the following:

• SEB failure threshold voltage usually does not depend on the off-state gate bias

• SEB failure usually induces discoloration and/or die surface degradation

• SEB failure usually induces a resistive short between the drain and source (whereas
the gate is not necessarily damaged after SEB )

• SEB is sensitive to circuit impedance (resistance and inductance) at the drain and
source.

Figure 4.5: Evolution of the drain and gate current in a power MOSFET
experiencing a SEB during heavy-ion irradiation.[121]

The occurrence of SEB strongly depends on the features of the impinging particles.
In most of the reports about SEB , heavy ions with high ionizing power, i.e. with
a Linear Energy Transfer (LET) larger than 25MeV cm2/mg, have been used, but in
some cases even ions with LET values below 10MeV cm2/mg have been shown to cause
SEB phenomena [122]. Nevertheless, until some time ago, LET was believed to be the
key factor for SEB . Fig. 4.6 illustrates the SEB cross section versus drain voltage for
an unhardened 200 V N-channel power MOSFET, irradiated with four different heavy
ions. As seen, the larger the ion LET, the lower the drain voltage at which the SEB is
triggered. Inversely, the saturated cross section is independent of the particle species.

Recent data showed that an even stronger correlation exists with the atomic number
of the impinging particle, with the heaviest ions having larger probability of inducing
SEB (see Fig. 4.7) [123].

Also, an obvious dependence on the range of the particles used during the test has
been reported: the shorter the range, the larger the failure threshold voltage for SEB
[123]. Concerning the angular dependence of the impinging particle beam, usually SEB
occurrence decreases with increasing ion angle, but it may increase as well, depending
on the device geometry [121].
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Figure 4.6: SEB cross section vs. applied drain voltage for an unhard-
ened MOSFET exposed to different ions [121]

Figure 4.7: SEB failure voltage dependence on the atomic number Z of
impinging ions. [123]

In addition to the particle features, there are also some device parameters that should
be considered when evaluating SEB . One of these is the operating temperature. Gener-
ally, higher temperature increases the failure threshold voltage [124], although different
devices may exhibit different behaviors. P-channel type devices are usually much less
sensitive with respect to their N-channel counterparts [125]. Process and design hard-
ening techniques to limit the susceptibility to SEB have been studied in several papers.
One of these methods is the introduction of a buffer layer (i.e. a second epitaxial layer)
[126]. Many of these SEB -hardening techniques tend to reduce the devices electrical
performances, typically increasing the on-resistance, so there is generally a trade-off
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between higher performances and lower SEB susceptibility.

4.1.2.3 Single Event Gate Rupture (SEGR)

SEGR takes place when an ionizing particle traverses the MOSFET gate oxide region,
generating a plasma filament of electron-hole pairs between the gate oxide and the drain.
This leads to an increase in the electric field between the gate oxide and the channel.
In certain conditions (e.g., if the applied drain voltage is high enough, the gate voltage
is zero or negative, . . . ) the gate oxide will experience a local rupture. An example of
the evolution of the drain and gate currents when a SEGR is triggered during heavy-ion
irradiation is depicted in Fig. 4.8. The typical signature is an abrupt increase in the
gate current, accompanied by an increase in the drain current. Also, typically the die
surface does not appear damaged after SEGR upon visual inspection (contrary to SEB
).

Figure 4.8: Evolution of drain and gate currents in a MOS experiencing
SEGR during heavy-ion exposure [121].

Although the physics behind SEGR has not yet been completely elucidated, three
components have been identified:

• The capacitor SEGR response (or dielectric SEGR response) corresponds to a
temporary lowering of the breakdown voltage during the ion strike, down to a
critical voltage Vcrit. This voltage has been shown to greatly depend on the
ion atomic number [127], whereas the energy/range dependence is not relevant.
Concerning angular effects, the worst-case occurs with perpendicular irradiations.
Finally, the effect is more pronounced as the gate thickness decreases, as illustrated
in Fig. 4.9. The dielectric SEGR response can be measured by applying 0 V to
the drain and increasing the gate voltage in small steps, until SEGR is observed.

• The epitaxial layer SEGR response can be thought of as a heavy-ion induced
field distortion, which results in coupling part of the drain voltage onto the gate
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oxide. There are conflicting results in the literature about the ion energy/range
dependence for the epitaxial layer SEGR response. Concerning angular effects, the
worst-case occurs with tilted irradiations. This component is extremely sensitive
to process and design parameters (e.g. width of the neck region), different from
the capacitor SEGR response. Also, there is a negligible difference in the behavior
of n-type and p-type channel MOSFETs.

• The substrate SEGR response is usually considered of minimal importance: as
there is no depletion layer inside the substrate, the heavy-ion effect on the SEGR
response is negligible.

Figure 4.9: SEGR critical voltage versus ion atomic number, for differ-
ent gate oxide thicknesses [121].

4.1.2.4 Neutron-induced single event effects in power devices

Differently from heavy ions, which are charged and can directly cause single event effects,
neutrons are not charged and are the most abundant particles in the terrestrial natural
radiation environment. They can only indirectly induce single event effects by generating
charged secondary particles, through nuclear reactions and/or fragmentation. If the
secondary particles (heavy ions) have enough mass and energy, a single event effect can
occur. The data in the literature about neutron-induced single event effects in power
devices are more sparse compared to heavy-ion data, but some phenomena, mainly SEB,
were observed extensively also with neutrons. In general, for neutron-induced SEB
a higher voltage stress is required with respect to ion-induced SEB. Neutron-induced
SEGR is more rare but still possible [128]. The first evidence of SEB induced by high-
energy neutrons dates back to 1996 [129]. Figure 4.10 shows the SEB cross section
versus drain voltage for different power MOSFETs exposed to spallation neutrons at
the Los Alamos National Laboratory WNR facility. Whereas the 200 V MOS exhibited
failure only close to the full rated voltage, 400 V and 500 V ones experienced SEB at
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drain voltages significantly below the full rated voltage. The observed drain current
pulses were reported to be comparable to those previously observed during heavy-ion
exposure. For all devices, the neutron-induced SEB threshold voltage is higher compared
to the heavy-ion one. Also, as the MOSFET rated voltage increases, the neutron SEB
threshold voltage was shown to get closer to the heavy-ion one.

Figure 4.10: SEB cross section for different power MOSFETs exposed
to spallation neutrons at WNR [129].

In most of the applications, MOSFETs are operated at a lower voltage with respect
to their maximum breakdown voltage. For this reason, it is relevant to evaluate the
failure rate as a function of the derated voltage. as illustrated in Fig. 4.11 [130]. Again,
different power MOSFETs were subject to accelerated tests at the WNR spallation
neutrons facility, and their SEB cross section is plotted versus the breakdown voltage
percentage.

Figure 4.11: SEB cross section for different power MOSFETs exposed
to spallation neutrons at WNR [130].

Fig. 4.11 highlights both the similarity in SEB cross-sections at maximum drain-
source voltage, and the variability in the effect of derating for different high-voltage
MOSFETs. As seen, for the lower voltage devices (B, E) the drop-off with respect to
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breakdown voltage is more obvious than for the higher voltage devices (A, C, F). A
derating factor of at least 75% has been recommended by Oberg et al. [129] and a even
higher margin (50%) has been suggested for a more conservative approach [131]. The
SEB cross sections for other power devices irradiated with neutrons at WNR, including
high-power ones, are illustrated in Fig. 4.12.

Figure 4.12: SEB cross section for different power devices exposed to
spallation neutrons at WNR [131].

If the SEB cross sections in Fig. 4.11 are translated to FIT rates in different atmo-
spheric neutron environments, the plot in Fig. 4.13 is obtained. FITs larger than 100
were observed at sea level, depending on the device operating voltage.

Figure 4.13: Failure rates in different atmospheric neutron environ-
ments, compared to a reference level of 100 FITs, typical of microelec-

tronics mechanical fails [130].

Concerning SEB phenomena in power diodes, in the literature these events have
been reported in high-voltage devices (> 1000 V). SEB at voltages as low as 67% of
the maximum rating voltage were observed, hence 50% was recommended as a suitable
safety margin [132].
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4.2 Methodology

4.2.1 Recommended test setup to measure single event effects in power
devices

Following the guidelines reported in JEDEC standard JEP151 [4], cosmic ray testing
for SEE ruggedness is possible with either high energy protons or neutrons. In this case
an accelerated neutron spectrum beam is selected [4, 133], and a recommended setup
for SEE measurement in a power MOSFET Device Under Test (DUT) is shown in Fig.
4.14, including:

• Drain-to-source capacitor (stiffening capacitance, usually > 250µF ) to minimize
parasitic effects such as resistance and inductance of power cables (mandatory)

• Gate resistor–capacitor–resistor filter to protect the gate from external voltage
transients (optional)

• Drain resistor to prevent permanent SEB -induced damage (optional)

• Parameter Analyzers/SMU (current limit replaces fuse)

• Transient current monitoring device (optional).

Generally, cables inductance should be minimized as it may reduce the SEB /SEGR
DUT sensitivity. Also, resistance between source and ground should be avoided as it
may induce device premature failure of the device, causing a voltage drop that may be
reflected across the gate.

Figure 4.14: Example of the test setup to detect single event effects in
power devices [121].

Table 4.1 shows an example of a neutron irradiation test plan, with 10 nominally
identical power MOSFETs irradiated in parallel at ChipIr. With the numbers shown
in Table 4.1, a fluence in the order of a few 108 n/cm2 is reached in about 1 minute
of exposure at the ChipIr beam, corresponding to an equivalent exposure time to the
atmospheric neutrons spectrum at sea level (NYC) of about 2 · 107hours. The minimum
observable failure rate in these conditions with a 90% confidence interval, assuming a
Binomial distribution, is about 10 Failure in Time (FIT, i.e. the number of fails in 109

hours of operation). Of course, the actual run time (i.e. fluence) will depend on the
DUT sensitivity to neutron-induced effects.
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Table 4.1: Example of an irradiation test plan with 10 power MOSFETs
exposed in parallel to accelerated neutron beam at ChipIr.

DUT
n°

Bias
(V)

Flux
(cm−2s−1)

Fluence
(cm−2)

Exposure time
(min)

Equivalent time
at NYC (h)

1 600 5.00+06 3.00E+08 1.00 2.31E+07
2 600 5.00+06 3.00E+08 1.00 2.31E+07
3 600 5.00+06 3.00E+08 1.00 2.31E+07
4 600 5.00+06 3.00E+08 1.00 2.31E+07
5 600 5.00+06 3.00E+08 1.00 2.31E+07
6 600 5.00+06 3.00E+08 1.00 2.31E+07
7 600 5.00+06 3.00E+08 1.00 2.31E+07
8 600 5.00+06 3.00E+08 1.00 2.31E+07
9 600 5.00+06 3.00E+08 1.00 2.31E+07
10 600 5.00+06 3.00E+08 1.00 2.31E+07

4.2.2 Irradiation facility and test setup

The accelerated neutron irradiation test campaign on power devices was performed at
the ChipIr line, located at the Rutherford Appleton Laboratories (RAL, Didcot, UK).
The ChipIr facility features a wide-energy neutron spectrum, which is very similar to
the atmospheric one and a neutron flux accelerated by several orders of magnitude with
respect to the sea-level flux (about 109). Further info regarding the irradiation facility
are available at https://www.isis.stfc.ac.uk/Pages/ChipIR.aspx

Fig. 4.15 shows a picture of the ChipIr experimental chamber. The test board can
be placed on movable tables that can be adjusted so that the neutron beam properly
reaches the DUT. A patch panel (with USB, ethernet, RS232 connectors, SHV, etc.)
below the table provides connections to the control room, where the users can safely
monitor the experiment remotely. Instruments can be placed on the ground in the
experimental room, outside the neutron beam. Critical and very expensive instruments
can be placed in a shielded area and connected via the patch panel, as there are (few)
neutrons in the experimental room, also outside of the area directly irradiated by the
beam, that may damage the equipment. The size of the beam can be adjusted through
the use of different collimators (e.g. 7x7 cm, 40x40 cm, . . . ). The neutron flux at ChipIr
facility is in the order of 5 · 106cm−2s−1. An on-line dosimetry system allows logging of
the neutron fluence on the device under test once every 3 s during the irradiation run.

Due to activation issues (i.e. irradiated material becomes radioactive), the connectors
that need to be touched (e.g. to change boards) should stay outside the beam area. Even
though exposure times are limited, the amount of heavy metals in the beam should be
reduced whenever possible. Finally, an interlock system is necessary for experiments
with power devices, to ensure that when a person enters the experimental room the
high voltage is removed.

4.2.3 Devices and irradiation test set-up

Two sample groups of power diodes, respectively 15 A PiN diode (type A) and a 30
A merged pin schottky (type B) and one group of 70 A n-channel power MOSFETs
were tested with the accelerated neutron beam at the ChipIr line at the Rutherford
Appleton Laboratories. The nominal supply voltage was 600 V for all tested devices.

https://www.isis.stfc.ac.uk/Pages/ChipIR.aspx
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Beam exits from here

Large table (can be moved)

Figure 4.15: Picture of the experimental room for broad-energy spec-
trum neutron irradiation at ChipIr (RAL, UK).

Overall, 84 diodes (42 nominally identical samples for each of the two generations)
and 18 MOSFETs were tested under neutron exposure. A sketch of the test set-up is
depicted in Fig. 4.16. The board with the DUT was placed inside the experimental
room and connected to the measurement unit (PXI) through a 40-pin flat cable. The
patch panel in the experimental room was used to bring the high-voltage connections
to the control room, where the power supply (EA-9750-04) was placed. The interlock
system was attached to the power supply, with a key that allowed disabling the output
voltage source before entering the experimental room. The power supply communicated
with the control computer via Ethernet connection.

Board with
devices

under test

Power supply Personal
computer

Ethernet cable

High-voltage
cables

Experimental room

Interlock
system

Power outlet

Control room

Measurement
unit

40 channels
USB

Figure 4.16: Sketch of the experimental set-up for accelerated neutron
tests.

Three DUT boards were tested (in the following called Board #1, Board#2, and
Board#3) with nominally identical devices. Each board included 14 type A diodes,
14 type B diodes, and 6 power MOSFETs. The diodes and MOSFETs were electrically
connected as shown in the schematic in Fig. 4.17. The gate and source of each MOSFET
were shorted together. Stiffening capacitors were placed between the source and drain of
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Figure 4.17: Schematic of the electrical connections for the devices
under test (diodes and MOSFETs).

the MOSFET (or between the anode and cathode of the diodes). Shunt resistors were
used to measure the current on each device (drain current or diode current). A fuse
was placed in series with each DUT. A picture of the irradiation test set-up inside the
experimental room is shown in Fig. 4.18. The DUT board exposed to neutron radiation
is shown in Fig. 4.19.

4.2.4 Neutron irradiation runs

During each irradiation run, all the devices (diodes and MOSFETs) are biased at the
same voltage level (in the range between 575 V and 675 V). The leakage current of each
DUT is measured for each DUT, generally once every second (except for Run 1, where
the current was measured once every 10 s), through a LabVIEW program controlling
a PXI dedicated setup (the setup specifications are described in 2.3.1). A neutron-
induced single event effect on a specific DUT was recorded when the corresponding
current abruptly increased (and immediately afterwards dropped to zero due to the
fuse). The time when the current dropped to zero (i.e. the time to failure of each
DUT) was logged and related to the neutron fluence accumulated until that time. The
presence of a fuse in parallel with each device under test allowed the measurement to
continue until all the devices in the DUT board were non-functional. The details on all
irradiation runs performed at ChipIr are described in Table 4.2. If some of the devices
in the DUT board were still functional after a given run, another irradiation run on the
same DUT board was carried out (sometimes at a different voltage), until all the devices
in the board were not functional. The neutron fluences indicated in Table 4.2 are the
total fluences accumulated in each run (devices failure times are not accounted for).

4.2.5 Neutron irradiation results

For each category of tested devices (diodes type A, diodes type B, and MOSFETs), the
times to failure (hence the neutron fluences at the time of failure) were extracted at
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Figure 4.18: Picture of the accelerated neutron test set-up inside the
ChipIr experimental room.

Table 4.2: Experimental runs performed during the neutron accelerated
test campaign at ChipIr.

Test
Run
n°

DUT
Board
ID

Voltage
(V)

Neutron
Fluence
(n/cm-2)

Failed
During
Run

Functional
After
Run

1 2 600 5.05E+08 MOSFETs, B diodes A diodes
2 2 600 1.35E+10 - A diodes
3 2 625 3.86E+09 A diodes -
4 1 550 1.25E+10 MOSFETs, B diodes A diodes
5 1 650 1.07E+09 A diodes -
6 3 575 1.14E+09 MOSFETs, B diodes A diodes
7 3 675 1.41E+08 A diodes -
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Figure 4.19: Picture of one of the three DUT boards exposed to the
accelerated neutron beam at the ChipIr facility.

the different test voltages. It is worth to remark that the failure of one component has
no impact on the functionality of the other components. After the testing campaign,
electrical characterization confirmed that all failed devices exhibit a short circuit between
the terminals, indicative of single event burnout. Table 4.3 shows the times to failure
in accelerated conditions, observed during neutron irradiation for all the tested diodes
and MOSFETs.

Nominal times to failure at NYC, the standard site for terrestrial neutron effects,
have been calculated using the dosimetry data and are reported in Table 4.4 for all
experimental runs and plotted in Fig. 4.20.

As shown in Fig. 4.20, there is a good repeatability of the measurements in nominally
identical devices, as the failure times at each voltage are all consistent. From the nominal
failure rates in Table 4.4, mean times to failure can be calculated for each tested device
and for each operating voltage. If no failures were observed at a given voltage, an upper
bound can be calculated for the failure rate with a given statistical confidence, based on
the Binomial distribution. The mean times to failure for type A diodes, type B diodes,
and MOSFETs are reported in Table 4.5 and 4.6, in units of hours and Failures In Time
(FIT), i.e. number of failures in 109 hours at New York City (NYC). The failure rate
upper bounds with a confidence of 99% in case of no recorded events are reported in
Table 4.7.

Fig. 4.21 shows the experimental data for the three types of tested devices, with
the failure rate (in FIT) plotted as a function of the operating voltage. Empty sym-
bols represent upper bounds for the failure rate (when no neutron-induced events were
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Table 4.3: Times to failure in accelerated conditions (expressed in sec-
onds) for the diodes and MOSFETs exposed to neutron radiation.

Run n° 1 2 3 4 5 6 7
Board ID 2 2 2 1 1 3 3

Diodes A

443 89 48
396 162 48
709 149 47
585 116 44
488 115 48
114 98 47
154 63 47
625 78 47
444 58 49
389 54 47
379 57 48
548 48 47
163 59 47

Diodes B

98 1314 72
52 456 79
63 367 60
52 430 118
52 936 56
63 733 109
52 253 46
40 1591 71
40 786 71
63 2137 68
52 410 77
52 590 53
40 - 50
63 87 64

MOSFET

29 33 42
29 33 42
29 33 36
29 30 35
29 30 35
29 30 43
29 37 42
29 37 42
29 37 42
29 37 42
17 44 42
17 45 42
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Table 4.4: Nominal times to failure (expressed in hours) for the diodes
and MOSFETs exposed to neutron radiation in each run.

Run n° 1 2 3 4 5 6 7
Board ID 2 2 2 1 1 3 3

Diodes A

1,78E+08 3,50E+07 1,01E+07
1,59E+08 6,57E+07 1,01E+07
2,76E+08 5,96E+07 1,01E+07
2,36E+08 4,64E+07 1,01E+07
1,96E+08 4,64E+07 1,01E+07
4,62E+07 3,92E+07 1,01E+07
6,21E+07 2,53E+07 1,01E+07
2,52E+08 3,12E+07 1,01E+07
1,79E+08 2,34E+07 1,01E+07
1,55E+08 2,22E+07 1,01E+07
1,52E+08 2,34E+07 1,01E+07
2,21E+08 1,95E+07 1,01E+07
6,57E+07 2,34E+07 1,01E+07

Diodes B

3,58E+07 5,28E+08 3,14E+07
1,79E+07 1,88E+08 3,39E+07
2,26E+07 1,53E+08 2,65E+07
1,79E+07 1,77E+08 5,04E+07
1,79E+07 3,81E+08 2,39E+07
2,26E+07 2,98E+08 4,65E+07
1,79E+07 1,05E+08 2,01E+07
1,30E+07 6,44E+08 2,99E+07
1,30E+07 3,20E+08 2,99E+07
2,26E+07 8,67E+08 2,87E+07
1,79E+07 1,68E+08 3,28E+07
1,79E+07 2,42E+08 2,25E+07
1,30E+07 2,16E+07
2,26E+07 3,51E+07 2,75E+07

MOSFET

7,67E+06 1,24E+07 1,86E+07
7,67E+06 1,24E+07 1,86E+07
7,67E+06 1,24E+07 1,60E+07
7,67E+06 1,12E+07 1,44E+07
7,67E+06 1,12E+07 1,44E+07
7,67E+06 1,12E+07 1,86E+07
7,67E+06 1,36E+07 1,86E+07
7,67E+06 1,36E+07 1,86E+07
7,67E+06 1,36E+07 1,86E+07
7,67E+06 1,36E+07 1,86E+07
3,35E+06 1,59E+07 1,86E+07
3,35E+06 1,71E+07 1,86E+07
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Diode B

MOSFETs

Figure 4.20: Time to failure for all tested type A diodes, type B diodes,
and MOSFETs, at the different voltages.
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Table 4.5: Mean time to failure at NYC (in hours) for the diodes and
MOSFETs tested with neutrons.

Run n° 1 2 3 4 5 6 7
Voltage (V) 600 600 625 550 650 575 675

Diode A 1,68E+08 3,55E+07 1,01E+07
Diode B 1,94E+07 3,16E+08 3,04E+07
MOSFET 6,95E+06 1,32E+07 1,79E+07

Table 4.6: Mean time to failure at NYC (in FIT) for the diodes and
MOSFETs tested with neutrons.

Run n° 1 2 3 4 5 6 7
Voltage (V) 600 600 625 550 650 575 675

Diode A 5,97 28,21 7,50 99,07
Diode B 51,42 3,17 32,87
MOSFET 143,93 75,75 55,86

Table 4.7: Upper bound (99% confidence) for mean time to failure at
NYC (in FIT) for the diodes and MOSFETs tested with neutrons and

not showing failures during the experimental run.

Run n° 1 2 3 4 5 6 7
Voltage (V) 600 600 625 550 650 575 675

Diode A 0,61 0,68
Diode B
MOSFET
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observed).

Diode A

Diode B

MOSFETs

Figure 4.21: Failure rate (in FIT) versus operating voltage for MOS-
FETs, type A and type B diodes. Empty symbols represent upper bounds

for the failure rate (if no events were observed).

As it has been seen, failures in type A diodes occur at a higher voltage with respect
to type B diodes. Failure voltages for type A diodes are higher than 600 V (nominal
voltage), whereas those for type B are lower than 600 V. The MOSFETs also fail at
voltages smaller than 600V. Concerning the dependence of the failure rate on the oper-
ating voltage, for both generations of tested diodes the trend is similar to those observed
in previous works [128, 129, 131, 134]. It has been reported that the best fit curve for
SEB test data is an empirical curve that can be approximated to a simple power law
for practical purposes [128]. For the MOSFETs, no clear trend of the failure rate with
the operating voltage can be identified. Cross sections are in general agreement with
previous reports, where power devices were reported to fail at voltages even well below
the rated voltage [129]. The values of the failure rates in Fig. 4.21 are in line with those
published in the literature after neutron irradiation [129–131].
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4.3 Summary
In the first part of this chapter, a brief review of cosmic radiation effects on power devices
is proposed, including the two main Single Event Effects (SEE) relative to power devices:
Single Event Burnout (SEB) and Single Event Gate Rupture (SEGR), with a particular
focus on neutron-induced effects. In the methodology section a standard set-up following
JEDEC guidelines ([4]) is outlined, in order to develop a dedicated test setup to monitor
the failure of devices under accelerated stress at the ISIS neutron and muon source at the
Rutherford Appleton Labroatory (UK). A description of the neutron irradiation facility
is provided, as well as the description of test setup used for measuring the sensitivity
of power devices to atmospheric neutrons. Then the results of an accelerated neutron
test campaign on sample power Metal Oxide Semiconductor Field Effect Transistors
(MOSFETs) and diodes is reported, experimental data show a sensitivity which is in
line with previously reported values for power devices under neutron exposure. In the
case of MOSFETs the Failures In Time (FIT) value as a function of voltage shows an
undefined trend in the investigation range, while trends on power diodes show results
which are consistent with the existing scientific literature.
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Conclusions

The following doctoral thesis work has been carried out at the Polytechnic University of
Turin, with an industrial scholarship offered by Vishay Intertechnology Inc. and carried
out at Vishay Semiconductor Italiana S.P.A., a power semiconductor company located in
Borgaro Torinese, Italy. The research work, has been focused on better understanding
the effects of enhanced electrical and reliability testing conditions on state-of-the-art
Power Semiconductor Devices (PSDs).

Part I gives a brief introduction on the major definitions in the field of reliability
testing, focusing on the terms involved in the field of reliability which were of interest
for this thesis, as well as an overview of current and possible future trends in the field.

In part II, the High Voltage Temperature Humidity Bias (HV-THB) highlights par-
ticular failure modes of power semiconductor diodes, due to the interaction of high
voltage and humidity by using temperature as an acceleration factor. Given the impor-
tance of this test, the first part of the chapter proposes an overview of the existing test
methodologies and approaches to HV-THB, as well as current developments in the field
as an introduction to the methodology section, coming from the published review paper
by the author in [2]. Secondly, in the methodology section, a dedicated system setup
is successfully developed and described. The control software is customized in order
perform a non-invasive analysis, by continuously monitoring the electrical evolution of
the leakage current in the Devices Under Test (DUTs), while allowing automatic test
stop in case of progressive degradation of the devices. Moreover, the functionalities of
this system and its dedicated methodology, are then exploited to show results related
to the testing of power diode modules, showing the capabilities of the test to enable sig-
nificant reliability evaluation in the study of semiconductor passivation materials. This
achievement is also complemented by failure analysis of the devices including Scanning
Electron Microscopy (SEM) and Focused Ion Beam (FIB) characterization of the inter-
nal structures, giving remarkable insights and enabling further studies on the reliability
of power semiconductor device passivations. The results coming from the studies in this
chapter have been published, resulting in 2 papers from the author [1, 3].

Part III is dedicated to the the design, implementation and evaluation of a wafer-
level high current Forward Voltage Drop (VF) measurement setup on a pre-existing
power diode production apparatus. The initial test setup is analyzed, and a manufac-
turer benchmark allows to define the correct specifications for the new system. In the
methodology, a set of two high current probe cards is successfully evaluated with a wide
range of mechanical and electrical analyses, in order to understand the performance
and limitations of the two solutions. In the second part of the methodology, a further
improvement of the test setup is performed by further analyzing the possible sources of
series resistance yielding high VF standard deviation. Furthermore, the high VF pattern
at the edge of the wafers is then correlated to the backside vacuum contact, which is
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re-designed and tested, showing a great improvement of the high current VF standard
deviation, and confirming the removal of the observed high VF edge pattern.

In part IV, a brief review of cosmic radiation effects on power devices is proposed,
including the two main Single Event Effects (SEE) relative to power devices: Single
Event Burnout (SEB) and Single Event Gate Rupture (SEGR), with a particular fo-
cus on neutron-induced effects. In the methodology section a standard set-up following
JEDEC guidelines is described, in order to develop a dedicated test setup to monitor
the failure of devices under accelerated stress at the ISIS neutron and muon source
(Rutherford Appleton Labroatory, UK). A description of the neutron irradiation facility
is provided, as well as the description of test setup used for measuring the sensitivity
of power devices to atmospheric neutrons. The results of an accelerated neutron test
campaign on sample power Metal Oxide Semiconductor Field Effect Transistors (MOS-
FETs) and diodes are reported, and experimental data is analyzed, showing a cosmic
ray sensitivity which is in line with previously reported values for both power diodes and
MOSFETs under neutron exposure. In the case of MOSFETs the Failures In Time (FIT)
value as a function of voltage shows an undefined trend in the investigation range, while
trends on power diodes show results which are consistent with the existing scientific
literature.
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