
Systems for electromigration study under frequency effect and non-uniform thermal effect:  

design, fabrication, and testing 

 

by 

 

Srijita Patra 

 

 

A dissertation submitted to the graduate faculty 

in partial fulfillment of the requirements for the degree of 

DOCTOR OF PHILOSOPHY  

 

Major: Electrical Engineering  

 

Program of Study Committee: 

Ratnesh Kumar, Major Professor 

Long Que 

Mani Mina 

Meng Lu 

Cheng Huang 

 

 

 

The student author, whose presentation of the scholarship herein was approved by the program of 

study committee, is solely responsible for the content of this dissertation.  

The Graduate College will ensure this dissertation is globally accessible and will not permit 

alterations after a degree is conferred. 

 

 

 

Iowa State University 

Ames, Iowa 

2024  

 

Copyright © Srijita Patra, 2024. All rights reserved. 



ii 

 

DEDICATION 

 

 

 

 

 

        To my family, friends who held me up over the years with their endless love 

    Deeply grateful to God for blessing me with this life  

 



iii 

 

TABLE OF CONTENTS 

Page 

LIST OF FIGURES ........................................................................................................................ v 

ACKNOWLEDGMENTS ........................................................................................................... viii 

ABSTRACT ................................................................................................................................... ix 

CHAPTER 1. GENERAL INTRODUCTION ........................................................................... 1 
1.1 Background ........................................................................................................................... 1 
1.2 Motivation for this work ....................................................................................................... 2 
1.3 Thesis Organization .............................................................................................................. 3 
1.4 References ............................................................................................................................. 4 

CHAPTER 2. ELECTROMIGRATION: A REVIEW, WITH OVERVIEW OF OTHER IC 

FAILURES  
2.1 Abstract ................................................................................................................................. 5 
2.2 Introduction: Various IC Failures ......................................................................................... 6 

2.2.1. Hot Carrier Injection (HCI) .......................................................................................... 8 
2.2.2. Bias Temperature Instability (BTI) ............................................................................... 9 
2.2.3. Time Dependent Dielectric Breakdown (TDDB) ....................................................... 10 
2.2.4. Soft Error Rate (SER) ..................................................................................................11 

2.3 Electromigration ................................................................................................................. 13 
2.3.1. EM Fundamentals ....................................................................................................... 14 
2.3.2. Grain and Surface Boundary Effects .......................................................................... 16 
2.3.3. EM Flux Divergence Effects ....................................................................................... 18 
2.3.4. Current Distribution Effects ........................................................................................ 19 

2.4 Electromigration Quantifications ....................................................................................... 20 
2.4.1. Black’s Model ............................................................................................................. 20 
2.4.2. EM Induced Material Transport Equations ................................................................. 22 
2.4.3. Blech’s Model ............................................................................................................. 25 
2.4.4. Kirchheim’s Model ..................................................................................................... 28 
2.4.5. Korhonen’s Model ...................................................................................................... 31 
2.4.6. EM Void Induced Effects ............................................................................................ 37 

2.4.6.1. ...................................................................................................................................... 37 
2.5 Other Stress Effects on EM ................................................................................................. 39 

2.5.1. Thermal Migration (TM) ............................................................................................ 39 
2.5.2. Stress Migration (SM) ................................................................................................. 40 
2.5.3. Frequency Effects on EM ........................................................................................... 42 

2.6. EM Reduction Methodology .............................................................................................. 44 
2.6.1. Reservoir Effects ......................................................................................................... 44 
2.6.2. Double/Multiple Vias .................................................................................................. 45 

2.7. EM Tools For Physical Design Flow ................................................................................. 46 
2.8. Conclusion ......................................................................................................................... 48 



iv 

 

2.9 References ........................................................................................................................... 50 

CHAPTER 3. NOVEL TEST CHIPS FOR ELECTROMIGRATION FAILURE   

CHARACTERIZARION FROM DC TO GHz FREQUENCIES ............................................ 62 
3.1 Abstract ............................................................................................................................... 62 
3.2 Introduction ......................................................................................................................... 62 
3.3 Circuit Based EM Structures .............................................................................................. 65 

3.3.1 Unidirectional Pulsed DC Test Structure ..................................................................... 68 
3.3.2 Bidirectional Pulsed AC Test Structure........................................................................ 69 

3.4 Testing Methodology ........................................................................................................... 71 
3.5 Measurement Results and Discussion ................................................................................. 72 

3.5.1 On Die Heater Thermal Simulation ............................................................................. 72 
3.5.2 On Die Heater Measurement ....................................................................................... 72 
3.5.3 Stress Temperature Consistency Test ........................................................................... 73 
3.5.4 EM DUT Failure Under Pulsed DC Stress .................................................................. 74 
3.5.5 Physics Explanation of EM DUT MTTF Under Pulsed DC Stress ............................. 77 
3.5.6 EM DUT Failure Under Pulsed AC Stress ................................................................... 78 

3.6 Conclusion .......................................................................................................................... 78 
3.7 References ........................................................................................................................... 79 

CHAPTER 4. NON-UNIFORM HEATING INDUCED ELECTROMIGRATION FAILURE 

CHARACTERIZATION USING LASER ................................................................................ 82 
4.1 Abstract ............................................................................................................................... 82 
4.2 Introduction ......................................................................................................................... 82 
4.3 Non- Uniform Heating Based Electromigration ................................................................. 84 
4.4 Traditional EM Test Structure ............................................................................................. 86 
4.5 Laser based Spot- Heating Set Up ...................................................................................... 87 
4.6 Results and Discussions ...................................................................................................... 89 
4.7 Conclusion .......................................................................................................................... 95 
4.8 References ..................................................................................................................... 95 

CHAPTER 5. GENERAL CONCLUSION ............................................................................. 97 
 



v 

 

LIST OF FIGURES 

Page 

Figure 2.1. Classical bathtub failure rate curve observed in semiconductor industries ................ 7 

Figure 2.2. HCI mechanism in a semiconductor device (NMOS) .................................................. 9 

Figure 2.3. NBTI mechanism in a PMOS device .......................................................................... 10 

Figure 2.4. TDDB effect in devices ................................................................................................11 

Figure 2.5. Neutron and alpha based SER mechanism ................................................................ 12 

Figure 2.6. Two factors influence the metal ions (Cu) constituting the lattice of the interconnect 

material; EM is the result of the prevailing force, the transfer of momentum from 

electrons moving within the applied electric field E ................................................... 15 

Figure 2.7. Hillock and void formations in metal interconnect due to EM (left, photography 

courtesy of G. H. Bernstein und R. Frankovic, University of Norte Dame) ............... 16 

Figure 2.8. Movement of metal atoms via various diffusion paths ............................................... 17 

Figure 2.9. Paths of diffusion at triple junctions result in the formation of (a) voids (b) hillocks 18 

Figure 2.10. Depletion of lines and vias in metal line .................................................................. 19 

Figure 2.11. Stress migration is a byproduct of EM and involves the migration of vacancies. It 

occurs in response to a hydrostatic stress gradient and acts as a back stress opposing 

the effect of forward migration caused by EM ............................................................ 25 

Figure 2.12. A two-terminal metal line with electron flow and current flow indicated by the 

arrow. .......................................................................................................................... 26 

Figure 2.13. Development of hydrostatic stress within the wire, (a) at cathode, (b) over time 

when subjected to varying current densities and temperatures, assuming no initial 

stress . .......................................................................................................................... 35 

Figure 2.14. Thermal migration (TM) involves the movement of atoms and vacancies, leading to 

mass transport from one localized region to another, similar to EM, but TM is driven 

by a thermal gradient, as opposed to an electrical potential gradient in the case of 

EM . ............................................................................................................................. 40 

Figure 2.15. Metal-Via structures with single and two via contacts while reservoir area and 

overlap are varying. The reservoir is placed upstream with respect to the electron 

flow . ............................................................................................................................ 45 

Figure 2.16. EM failure check via Current density verification flow. ........................................... 47 



vi 

 

Figure 2.17. Current densities and electromigration (EM) boundary values were forecasted in 

the 2015 ITRS [108]. The green area represents a zone with no risk of EM   

degradation, while the yellow area indicates where EM degradation is possible but 

manageable. In the red area, however, EM degradation occurs, and no known 

solutions exist for designing EM-robust layouts. ........................................................ 49 

Figure 3.1. EM stress used in our testing (a) DC current (b) unidirectional pulsed DC current 

(pulsed DC) with 50% duty cycle (c) bidirectional pulsed AC (pulsed AC) current 

with 50% duty cycle. ................................................................................................... 65 

Figure 3.2. EM DUT configuration, current from CMOS circuit arrives at anode and flowing to 

cathode. ....................................................................................................................... 66 

Figure 3.3. EM DUT and metal sensor placed on top of on- die heater, where CMOS logic 

circuits are kept in safe distance. Four-point Kelvin connections are used for DUT 

and sensor resistance measurement. ........................................................................... 67 

Figure 3.4. EM test structure to work under pulsed DC stress. .................................................... 68 

Figure 3.5. EM test structure to work under pulsed AC stress. .................................................... 70 

Figure 3.6. Test boards used for packaged test structures. ........................................................... 71 

Figure 3.7. Thermal simulation results of the TFR on-die heater and its thermal impact on the 

EM DUT and the metal sensor. ................................................................................... 72 

Figure 3.8. Sensor temperature with respect to TFR on-die heater voltage at the Peltier plate 

temperature of 120 oC. ................................................................................................ 73 

Figure 3.9. Resistance of metal sensor during EM MTTF measurements. ................................... 74 

Figure 3.10. A time profile of resistance changes during pulsed DC stressing at a frequency of 1 

GHz with a 50% duty factor. TEM image of this EM failure is included as an inset. 75 

Figure 3.11. MTTF ratios to DC MTTF with respect to frequency. Both on-time model and 

average current density model (m = 2) lines are also plotted. ................................... 76 

Figure 3.12. Comparison of temperature swings (dashed lines) under unidirectional pulse stress 

(solid lines) between low- and high-frequency. .......................................................... 78 

Figure 4.1. EM DUT configuration, current from SMU is coming to anode and flowing to 

cathode side. ............................................................................................................... 86 

Figure 4.2. Inter-band thermal laser process. .............................................................................. 87 

Figure 4.3. Laser with a power control and LSM to locally heat up the packaged silicon through 

a glass opening. SMU serves as a source of current to the DUT, and it measures the 

voltage, current, and resistance of the DUT. .............................................................. 89 



vii 

 

Figure 4.4. Thermal spatial profile of the test structure by laser scanning. ................................. 90 

Figure 4.5. Cross section of thermal spatial profile across the DUT. .......................................... 90 

Figure 4.6. Laser location on the metal-via junction (left) and metal strip (right). ..................... 91 

Figure 4.7. DUT temperature vs laser power, calibrated before starting the stress. .................... 92 

Figure 4.8. DUT Resistance failure over time: metal-via junction (left) and metal strip (right). 93 

Figure 4.9. TEM images of void formations a) metal-via junction, b) on metal strip. ................. 93 

Figure 4.10. Time taken for 10% increment of DUT resistance versus time taken to generate void 

as a function of the laser injection locations. ............................................................. 95 

 



viii 

 

ACKNOWLEDGMENTS 

First and foremost, I am immensely grateful to my advisor, Dr. Ratnesh Kumar, his constant 

support, patience, guidance, technical expertise, and contribution of time to make my PhD 

experience educational, rewarding and fulfilling. I benefited by the high standards he has set and 

will continue to live up to them as I continue my career in industry.  

I am profoundly grateful for the enduring support and guidance of my mentor, Dr. Ricardo 

Ascazubi, my manager in Intel Corporation. His technical expertise, mentorship and 

encouragement have been invaluable, instrumental in my PhD journey.  

I would like to thank the members of my doctoral final defense committee: Dr. Long Que, 

Dr. Mani Mina, Dr. Meng Lu, Dr. Cheng Huang. I appreciate them taking time out of their busy 

schedules to critique my work and providing valuable guidance. 

I am wholeheartedly grateful to Intel corporation for giving me the opportunity to pursue 

my doctoral study. I am grateful for the constant support from my skip level manager Dr. Balkaran 

Gill in Intel. I would like to thank all my colleagues in my workplace who supported me throughout 

this journey. I also extend my thanks to all my colleagues in Dr. Kumar’s research group. 

I am thankful to my friends who always hold my back: Archana, Vineet, Neelam, Edwin, 

Shruti, Sheshank.  

Lastly, I want to thank my family for all their love and encouragement. Thank you to my 

parents Swapan Kumar Patra, Swapna Patra, my sister Semanti Patra for everything you have done 

to raise me up and support me in all my pursuits. A special thanks to my grandmother Sudha Ghorai 

for being my inspiration since childhood.  I am blessed for the enormous support from my husband 

Siva Konduri. I am also thankful for the mammoth support from my in-laws Visweswara Vara 

Prasad Konduri, Kanya Kumari Konduri and my brother- in- law Pavan Konduri.  

 



ix 

 

ABSTRACT 

The semiconductor industry has made great strides in recent times. On-chip integrated 

circuits are built using many discrete CMOS (complementary metal oxide semiconductor) devices 

that perform various functional operations. Today, an entire multicore processor can be built on a 

single piece of silicon. This massive downscaling has been possible due to miniaturization of the 

silicon MOS transistor in very large scare scale integration (VLSI). Any IC’s lifetime is a function 

of both device and interconnect wear out.  

The conventional approach to ensuring product’s thermal reliability involves conducting 

accelerated aging tests, exposing a product to elevated temperatures and voltages (also known as 

a stress test or High Temperature Operating Life (HTOL) test) for a duration that estimates the 

product's entire lifespan under normal usage conditions by the customer. 

Electromigration (EM) is the transport of conductor metal atoms caused by the momentum 

transfer from the conducting electrons. As device sizes shrink, it becomes possible to increase the 

number of devices per unit area, enhancing device density and causing higher current density 

within the device, which in turn raises operating temperatures non-uniformly within the ICs. 

Further, the need for high-speed operation results in a higher frequency switching that has its own 

ramifications towards heating pattern. These factors collectively contribute to making 

electromigration a significant challenge for the reliability of contemporary ICs.  

Before working on new test structures to detect EM failure under high frequency and non-

uniform heating effect, an elaborative literature review is pursued to understand the complex 

electromigration physics and to understand the previous work which are done to study EM failure 

under low to high frequency effect. We have designed novel test chips fabricated using Intel’s 

22FFL process technology to assess EM impact on failure rate of high current densities on Cu-

based metallurgies. We have demonstrated the ability for these circuits to characterize direct 



x 

 

current (DC), unidirectional pulsed DC as well as bidirectional pulsed AC stress EM effects up to 

GHz frequencies. Heater structure design enables localized thermal stress up to 300 oC and is 

compatible with high-speed CMOS logic infrastructure. Time dependent modulation of the EM 

effects is studied on 90p Cu alloy metallurgy and results are presented for the first time. 

The demand of increased accelerated temperature with a spot heating capability motivated 

us to pursue a novel method of laser based electromigration testing. This approach facilitates the 

analysis of thermal effects in two keyways: (1) it confirms the adequacy of the test temperature 

with high precision, and (2) it assesses the temperature-related aging and susceptibility of specific 

IP blocks within the silicon. Our method provides both high spatial precision and rapid testing, as 

a few days of laser-induced temperature stress reproduces the effects of multiple years of regular 

usage, while the rest of the chip remains unaffected and continues to operate normally. As per our 

knowledge, this is the first time a non-uniform temperature based electromigration effects are made 

possible and the corresponding results are depicted. 
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CHAPTER 1.    GENERAL INTRODUCTION 

1.1 Background 

In semiconductor world, the CMOS devices face reliability issues such as bias temperature 

instability (BTI), hot carrier injection (HCI), time-dependent dielectric breakdown (TDDB), soft 

error rate (SER) which create increased circuit delay, soft break down, hard failure of the devices.  

Whereas back-end metal interconnects face the electromigration and thermal migration failures.    

Electromigration (EM) refers to the movement of metal atoms within a conductor, driven 

by the momentum transfer from the electron flow.  When electric field is applied, current flows 

through a metal interconnect, and two forces are exerted on its metal ions, the first force is the 

electrostatic force caused by the electric field in the same direction of electric field, and the second 

force is the wind force generated by the momentum transfer between the conducting electrons and 

metal ions in the metal line in the direction of electron. When resulting force is higher than 

activation energy, then metal ions start to diffuse from negatively biased cathode node to positively 

biased anode node of the interconnect, after a significant diffusion, a void creates at cathode and 

hillock generates at anode [1], [2]. This phenomenon is called electromigration (EM), which is 

described elaborately in chapter 2.  

The semiconductor industry has advanced significantly in recent years. On-chip integrated 

circuits are constructed using numerous discrete CMOS (complementary metal oxide 

semiconductor) devices that carry out various functional tasks. Nowadays, a complete multicore 

processor can be fabricated on a single silicon chip. This substantial reduction in size has been 

achieved through the miniaturization of silicon MOS transistors in very large-scale integration 

(VLSI). The lifespan of any integrated circuit is influenced by the wear and tear of both the devices 

and the interconnects.   
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The increase in number of devices significantly increases the current density.  This, in turn, 

has heightened the risk of BEOL (Back-End-of-Line) connectivity failures and consequently 

shortened the lifespan due to electromigration (EM). 

1.2 Motivation for this work 

Despite decades of research on electromigration (EM) in the context of technology scaling, 

its behavior under unidirectional pulsed DC, bidirectional pulsed AC currents, and under non-

uniform heat conditions remains not fully understood. 

With the rise of high-speed applications in circuits, any delay caused by increased metal 

interconnect resistance due to electromigration (EM) significantly impacts product performance. 

Additionally, the combination of high-density currents and increased joule heating in advanced 

technologies like FinFET (Fin Field-Effect Transistor) has sparked renewed interest in studying 

pulsed DC and pulsed AC EM, particularly for high-speed circuits. Three main challenges to 

pursue high frequency-based EM study are, stressing interconnect at 1) high frequency 2) high 

temperature, and 3) high current. As per our knowledge, this is the first work to report GHz 

frequency effect in EM failure. To achieve this, an on- die ring oscillator (ROSC) is used which 

can generate MHz to GHz on chip frequencies. For low frequency (kHz to MHz range) test, an 

off-chip phase locked loop (PLL) circuit is used. Both on-die, and off-die frequencies are inserted 

through same digital logic circuit to stress the metal interconnect. The other challenge is, to sustain 

the CMOS circuit functionalities, the ambient temperature cannot cross more than 120 oC, hence 

an on-die stable heater is required with a standoff distance from the active circuit to generate the 

accelerated heat locally to stress the metal interconnect.  

To achieve high current during stress, an innovative test chip is designed with digital logic 

circuit and large sized current driver, also the metal interconnect is protected from parasitic 

capacitance effect during stress.  
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Fortunately, this work could overcome all the challenges and the novel test chips could 

generate the EM failure trend with respect to DC to GHz frequencies. Design details and tests 

results are described in chapter 3.  

Other than current density, electromigration failure depends on the temperature. The 

equipment utilized for stressing products, such as tester cards and reference design PCB (printed 

circuit board), have a finite capacity for power delivery. An increased power demand during stress 

testing can strain these power delivery systems. This issue restricts the highest possible 

temperature that can be used for stress conditions. Also, no mechanism exists to perform non-

uniform or spot heating that arise in practical settings. 

To understand the non-uniform localized temperature effect on EM failure, a laser-based 

test is performed. To our knowledge, this is the first reported laser based electromigration failure 

result, which show EM failure depends on the laser location, as thermal migration has a key role 

to play when the stress temperature in non-uniform.  The detailed laser-based EM failure work is 

explained in chapter 4.  

1.3 Thesis Organization 

This thesis is organized with following four chapters, chapter 2, chapter 3 and chapter 4 

represent the work submitted to three journals. 

Chapter 2 describes the in-depth survey of the several papers on electromigration and 

various aging phenomena, this literature survey is submitted as a review paper in a journal.  The 

chapter begins with a brief overview of reliability failures in integrated circuits (ICs) and provides 

an in-depth discussion on electromigration (EM) failures in metal interconnects. For the latter, we 

begin by reviewing the fundamentals of electromigration. In addition to discussing the widely used 

Black’s model and Blech’s model for characterizing EM failures, we also summarize more 

advanced models by Kirchheim and Korhonen. These advanced models are particularly relevant 
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for modern high-speed IC applications, as they account for the opposing forces on EM during the 

on and off periods of pulsed inputs. We also cover techniques to mitigate the effects of EM and 

mention industry-based tools used to detect EM issues during the design phase. 

Chapter 3 describes the design, fabrication and testing of novel test chips which are 

uniquely capable to generate pulsed DC and AC stress over a wide frequency range, from DC to 

100 kHz to 1 GHz for detecting EM failure of an interconnect. The test chip is fabricated using 

Intel’s 22FFL technology. Additionally, a thin film resistor (TFR) on-die heater is incorporated to 

provide stable and consistent thermal conditioning up to approximately 300 °C. The unique testing 

capability is described. The frequency-dependent EM mean time to failure (MTTF) trend is 

experimentally demonstrated. It is a collaborative work between Intel corporation and Iowa state 

university. 

Chapter 4 describes very first non-uniform heat based electromigration data. The non -

uniform heat is generated by using continuous wave-based laser on an EM test structure (metal 

interconnect) fabricated using Intel’s 22FFL technology.  The laser is focused on metal-via junction 

and on the metal strip.  The EM failure mode signatures show dependency on the heating locations. 

The void generations captured by TEM (transmission electron microscopy) images confirm the 

EM failure locations. EM test structure, laser set up, physics behind testing, silicon data, TEM 

images are presented. It is a collaborative work between Intel corporation and Iowa state university. 

1.4 References 

[1]  J. Lienig, “Electromigration and Its Impact on Physical Design in Future Technologies,” ISPD, 

Mar. 24–27, 2013, pp. 33-40. 

 

[2] J. Lienig et al., "Toward Security Closure in the Face of Reliability Effects,” ICCAD Special 

Session Paper, ICCAD, Munich, Germany, Nov. 2021, pp. 1-9. 
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CHAPTER 2.    ELECTROMIGRATION: A REVIEW, WITH OVERVIEW OF 

OTHER IC FAILURES 

                                           Srijita Patra, Ratnesh Kumar  

Department of Electrical and Computer Engineering      

        Iowa State University, Ames, Iowa, USA 

       Modified from a manuscript under review in  

IEEE Transactions on Device and Materials Reliability 

2.1 Abstract 

Electromigration (EM) is the transport of conductor metal atoms caused by the momentum 

transfer from the conducting electrons. As the integrated circuits (ICs) are shrinking in size, 

resulting in the continuous downsizing of interconnect cross-sections, the new challenges are 

encountered, particularly in the form of electromigration (EM) in circuit interconnections. It is 

widely recognized that the risks associated with electromigration due to the decreasing size of 

structures will become more pronounced in the future. Consequently, there has been a substantial 

surge in the adoption of electromigration-conscious design strategies over the past few years. To 

ensure the production of functional circuits in progressively smaller dimensions, a substantial 

boost in investment towards methodologies that enhance EM-related reliability is imperative. The 

important integrated circuit EM-affiliated failure mechanisms are reviewed in this paper. The 

fundamental physics behind the electromigration is discussed followed by the factors impacting 

electromigration. This review paper serves to showcase the importance of complex 

electromigration physics as the semiconductor industry is moving towards high-speed and 

shrinking-size applications. Also, it outlines the high frequency effects and various solution 

approaches and tools. 
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2.2 Introduction: Various IC Failures 

The semiconductor industry has made great strides in recent times. On-chip integrated 

circuits are built using many discrete CMOS (complementary metal oxide semiconductor) devices 

that perform various functional operations. Today, an entire multicore processor can be built on a 

single piece of silicon. This massive downscaling has been possible due to miniaturization of the 

silicon MOS transistor in very large scare scale integration (VLSI). Any IC’s lifetime is a function 

of both device and interconnect wear out.  

With feature size reduction, fabricating CMOS devices with high perfection becomes very 

challenging. During and after manufacturing of the small devices, more defects are observed, 

making the devices more susceptible to various in-field failures. This causes device performance 

to degrade over time, even failing completely pre-maturely before its intended lifetime [1]. With 

shrinking device size, the device characteristics incur increased variability which leads to larger 

spreads in delay, leakage/power, and loss of robustness [2].   

In this review paper we briefly overview the reliability failures in ICs and comprehensively 

discuss the electromigration (EM) failure in metal interconnects. For the latter, we start with 

reviewing electromigration fundamentals. Along with most used Black’s model and Blech’s model 

to characterize EM failures, we also summarize more advanced models of Kirchheim and 

Korhonen, which are relevant for today’s high speed IC applications to capture opposing forces on 

EM during the on- versus the off-periods of pulsed inputs. We also mention the techniques to 

reduce EM effect, and the industry-based EM tools to detect EM issues during design phase. A 

handful recent review papers on electromigration [3], [4], [5]-[10] have shared useful information 

on EM fundamentals, EM physics, but they did not discuss other IC failures mechanisms along 

with above mentioned EM related topics in a single review paper.  
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With nano-sized transistors, keeping high performance under low power reliability 

becomes a significant obstacle to further CMOS scaling as technology nodes continue to shrink. 

As per constant-electric field scaling principles [11], the power-supply voltage of the MOS 

transistor is reduced with the continued scaling down of device dimensions to retain same level of 

heating. Yet although an individual transistor is consuming very little power per switching, when 

billions of them switching at very high speed, the overall power dissipation becomes a challenge. 

 

  Figure 2.1. Classical bathtub failure rate curve observed in semiconductor industries [16]. 

   

 Hot carriers’ injection (HCI), bias temperature instability (BTI), and time dependent 

dielectric breakdown (TDDB) are the most prominent reliability mechanisms causing transistor 

aging [12], [13]. Electromigration (EM), stress migration (SM) and thermal migration (TM) are 

critical defect mechanisms causing metal interconnects failure [3]. Soft error rate (SER) is another 

distinctive defect mode for an IC under radiation environment [14]. Therefore, these mechanisms 

need to be studied thoroughly to obtain accurate overall reliability while designing robust circuits. 
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The failure rate of any integrated circuit (IC) during its lifetime is historically modeled by 

a “bathtub curve” [15], [16] shown in Fig. 2.1. The “bathtub” curve consists of 3 characteristic 

regions. The initial segment of the curve, characterized by a declining failure rate, is referred to as 

early failure or infant mortality failure, which is typically associated with manufacturing defects 

(e.g. patterning defects). Burn-In test, which is an accelerated stress-based screening, is used to 

filter out the ICs with congenital defects.  

The central portion is known as the useful life period. In this phase, the ICs are shipped to 

customers, failure rate is largely constant, but certain random failures can occur due to 

environmental conditions (noise, radiation, current, temperature, etc.). The final segment of the 

curve represents wear-out failures, characterized by the highest failure rate due to acceleration of 

failure mechanisms. 

2.2.1. Hot Carrier Injection (HCI) 

In negative-channel metal oxide semiconductor (NMOS) devices, charge carriers are 

electrons whereas in positive-channel metal-oxide semiconductor (PMOS) devices, charge carriers 

are holes. As charge carriers move along the channel from the source to the drain in a device, the 

electric field causes carriers to gain kinetic energy and become “hot”, also creating secondary 

carriers through impact ionization [13], as shown in Fig. 2.2. Eventually, a few of these primary 

or secondary energetic carriers acquire enough energy to surpass the energy barrier between silicon 

(Si) and silicon dioxide (SiO2) [17]. As a result, these high-energy carriers, known as hot carriers, 

are injected into the gate oxide layer. This injection leads to the accumulation of trapped charges 

at the interface between the silicon substrate and the gate dielectric, as well as within the bulk of 

the dielectric material. This phenomenon changes the device characteristics such as threshold 

voltage, transconductance, saturation current, and gradually the device degrades. Hot Carrier 
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the circuit. The product of the power supply voltage and the capacitance of that node is defined as 

critical charge, Qcrit. SER can be prevented if Qcrit of the particle struck node is high [27]. Higher 

Qcrit is better to prevent the SER but it also means slower circuit and higher power dissipation. As 

the feature size of chips and the supply voltage are reduced, the critical charge (Qcrit) decreases. 

Thus, the significance of soft errors increases with the downsizing of the chip technology. 

Redundant circuits in a chip also help to avoid the SER effect. 

 Aside from the reliability mechanisms related to front-end failures of an IC, the back-end  

the back-end failure mechanisms such as electromigration as well as stress-migration and thermal- 

migration have impacts on the lifetime of metal interconnects, and thereby that of the IC itself.   

2.3 Electromigration 

In the recent scaled technology nodes, electromigration induced back-end-of-line (BEOL) 

connectivity failure is a matter of frequent concern. Electromigration is a failure mechanism 

dependent on current density, frequency, and temperature. With miniaturization of device sizes, 

the increment of device density is feasible, but it also causes high current density and high 

operating temperature of the ICs, whereas high speed poses high frequency of switching. These 

make electromigration become a challenging reliability issue for today’s IC [28].  

Digital and analog circuits operate under DC current or time varying current, creating 

power/heat on the device and the interconnect network, which can get very high. A proper 

operation of the semiconductor devices depends on the robust power distribution. When designing 

an interconnect/power grid, two crucial design factors are: resistive drop and EM reliability, which 

must be properly considered [29]. A resistive drop can assure that devices do not overheat while 

receiving enough voltage, whereas a strong EM reliability prevents void formation in vias and 

lines that would otherwise raise resistance at various nodes/interconnects of the power grid over 

the course of the product's lifetime. Various simulation and modeling technologies are available 
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for power grid design [30]. Due to its extremely high levels of redundancy and dynamic current 

redistribution, accurate EM measurement of an interconnect grid is not a simple operation.  

Time varying currents with unidirectional pulses and bidirectional AC currents also flow 

through the interconnect nets and devices. Such currents are also becoming critical because of 

high-speed circuits usage and their rising root mean square (RMS) values [31]. A section of this 

paper discusses the time varying stress effects on EM. 

2.3.1. EM Fundamentals  

When electric field is applied, current flows through a metal interconnect, and two forces 

are exerted on its metal ions: The first is the electrostatic force 끫롲끫뢦끫뢦끫뢦끫뢦끫뢦 caused by the electric field, 끫롰, in the same direction of electric field, and the second force 끫롲끫룈끫뢦끫룈끫뢦 is generated by the momentum 

transfer between the conducting electrons and metal ions in the metal line shown in Fig. 2.6. The 

resulting force,  끫롲끫뢾끫뢦끫뢾 is [32]: 

                          끫롲끫뢾끫뢦끫뢾 = 끫롲끫뢦끫뢦끫뢦끫뢦끫뢦 + 끫롲끫룈끫뢦끫룈끫뢦 = 끫뢤�끫뢚끫뢦 − 끫뢚끫뢺�끫롰 =  끫뢤끫뢚∗끫뢮끫뢮                                                     (2.1) 

where 끫뢤 is electric charge of ions, Zp, Ze are the valences for the wind and electrostatic force 

respectively. 끫뢚∗ = 끫뢚끫뢺 − 끫뢚끫뢦 is the effective charge number of the material, 끫뢮 is the current density, 

and 끫뢮 is the resistivity of the material. The force exerted by the electron wind is the primary force 

experienced by the atomic ions, leading to their migration toward the anode (positively biased). 

When the resulting force exceeds the activation energy (끫롰끫뢜) of metal interconnect, metal ions 

(Cu+) start to diffuse from cathode (negatively biased) to anode in the direction of 끫롲끫룈끫뢦끫룈끫뢦 (direction 

of electron motion) shown in Fig. 2.6. Over time, 끫롲끫룈끫뢦끫룈끫뢦 moves a significant number of interconnect 

material atoms from their original positions, creating voids at cathode and hillocks at anode in the 

metal interconnect, and eventually electrical failure [32], [33].  
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The resulting atomic flux,  끫롺, due to electromigration, [34] is defined as in (2.2), where 끫롲끫뢾끫뢦끫뢾 
is the resulting EM force from (2.1), 끫롬끫뢜 is the concentration of diffusing atoms, 끫롮끫뢜 is atomic 

diffusivity, 끫뢰끫롪 is the Boltzmann constant and 끫뢎 is the absolute temperature: 

                                                                끫롺 =
끫롬끫뢜끫롮끫뢜끫뢰끫롪끫뢎 끫롲끫뢾끫뢦끫뢾 =

끫롬끫뢜끫롮끫뢜끫뢰끫롪끫뢎 끫뢤끫뢚∗끫뢮끫뢮                                                  (2.2) 

If the material transport occurred uniformly across every part of the metal line, then the 

quantity of material being replenished would equal the amount being removed, leading to no net 

alteration in the metal line's density or thickness. However, the metal interconnects within a 

fabricated integrated circuit (IC) chip comprise numerous features that introduce non-uniformities. 

Some of the dominant reasons for inhomogeneous EM are i) varying cross section of the metal 

and as a result, varying current densities, ii) variability in the lattice properties, iii) preexisting 

impurities in the metal line, iv) temperature distribution variation, v) generated mechanical tension 

gradients, and vi) directional changes of current in the metal line [28].  

Figure 2.6. Two factors influence the metal ions (Cu) constituting the lattice of the 

interconnect material; EM is the result of the prevailing force, the transfer of 

momentum from electrons moving within the applied electric field E [33]. 

 

The presence of inhomogeneities leads to divergence in the diffusion process, which can 

ultimately cause the metal to deplete, forming voids, or to accumulate, leading to the creation of 

hillocks. Voids create open circuit and hillocks cause short circuit shown in Fig. 2.7. Whisker 
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formation is another crystalline, metallurgical phenomenon due to EM, causing growth of tiny, 

filiform hairs atop a metallic surface. Whiskers create short circuits and arcing in electronic circuits 

[28], [35]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Hillock and void formations in metal interconnect due to EM (left, 

photography courtesy of G. H. Bernstein und R. Frankovic, University of 

Norte Dame) [35]. 

 

2.3.2. Grain and Surface Boundary Effects 

The material selected for fabricating interconnects affects electromigration. The most 

critical characteristic of a conductive material that has a significant impact on electromigration is 

its activation energy, 끫롰끫뢜. The activation energy is determined by the bond strength within the 

metal's crystal lattice structure [36]. The activation energy for the bulk diffusion (lattice diffusion) 

is higher than for grain-boundary diffusion and surface diffusion. Consequently, it is 

predominantly the grain boundaries that act as the pathways for diffusion in electromigration as 

shown in Fig. 2.8. Hence, the susceptibility to electromigration in the interconnect lattice is defined 

by the density and orientation of the grain boundaries [37]-[40]. 
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further decrease in current density, additional material deposition, and the formation of hillocks, 

which can potentially lead to short circuits [48]. 

A non-uniform distribution of current density is sometimes called current crowding. It 

typically happens in regions with reduced resistance, particularly in localized areas, or in regions 

where the electric field strength is concentrated, such as at the boundaries of layers [43]. For 

example, when a current passes through a contact barrier, such as the metal/TiN interface near both 

the cathode and anode ends, the current crowding occurs, and this is influenced not just by the 

resistances of the metal and TiN materials but also by the contact resistance at their interface. A 

higher contact resistance results in reduced current crowding [49]. 

2.4 Electromigration Quantifications 

Diffusion models are used to characterize the divergence in the material flow, which 

enables to understand the expected locations of material accumulation and depletion and the 

expected location of initial damage. 

2.4.1. Black’s Model 

Based on empirical studies, in 1960, J.R. Black [50]-[53] was first to predict the lifespan 

of a metal line when exposed to electromigration. It was considered that the mean time to failure, 

MTTF, is inversely proportional to the rate of the mass transport, 끫뢊끫뢴 

                                                                               끫뢀끫뢎끫뢎끫롲     ∝ 1끫뢊끫뢴                                                           (2.3) 

and the rate of the mass transport is proportional to the momentum transfer between thermally 

activated ions and conducting electrons: 

                                                                               끫뢊끫뢴 ∝ 끫뢶끫뢦끫뷊끫뷊 끫뢂끫뢜                                                             (2.4) 

where 끫뢶끫뢦 is the density of conducting electrons, 끫뷊끫뷊  is the momentum transfer from the electrons 

to the metal atoms, and 끫뢂끫뢜 is the density of thermally activated ions. Furthermore, assuming that 
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both the electron density as well as the momentum transfer are proportional to the current density, 끫뢮,  
                                                                    끫뢶끫뢦 ∝ 끫뢮   , 끫뷊끫뷊 ∝ 끫뢮                                                       (2.5) 

and as activated ions follow an Arrhenius equation, 

                                                                                  끫뢂끫뢜  ∝ exp �−끫롰끫뢜끫뢰끫롪끫뢎�                                                    (2.6) 

the mean time to failure is modeled as: 

                                                                                 MTTF =
끫롨끫뢮2 끫뢤 끫롰끫뢜끫뢰끫롪끫뢎                                                       (2.7) 

where A is a constant which comprises the material properties and the geometry of the 

interconnect, 끫롰끫뢜 is the activation energy, T is the absolute temperature, and kB is Boltzmann’s 

constant. It was found that not every experimental outcome followed (2.8); however, a fit could be 

achieved by introducing a variable exponent for the current density. Therefore, Black’s equation 

was modified to [54]: and as activated ions follow an Arrhenius equation, 

                                                                          MTTF =
끫롨끫뢮끫룈 끫뢤 끫롰끫뢜끫뢰끫롪끫뢎                                                              (2.8) 

where n is current density exponent, which can be experimentally determined. When n = 1, it 

represents a void growth phase where a pre-existing void is present, and for a void nucleation 

phase, n=2 where a void is created due to a critical stress [53]. To evaluate the time to failure of 

any metal interconnect, empirically validated Black’s equation has been predominately used within 

the EM community.  

Black’s equation measures MTTF of any metal interconnect under pure DC stress, however 

this equation has limitation when the EM stress is either unidirectional pulse DC or bidirectional 

AC. Moreover, it does not take into consideration the transitions between various materials and 

the conditions at the boundary layers [55]. Furthermore, parameters 끫롨,끫뢶 and 끫롰끫뢜 are technology 
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specific. A major limitation is that it is mainly intended for linear interconnects and might not be 

effectively applicable to complex network paths that include changes in direction. As a result, a 

few physics-based electromigration (EM) compact models have been recently introduced. These 

models explicitly describe void nucleation and evolution [56]-[58], which account for the time-

dependent degradation of resistance in interconnect wires. 

Physics-based electromigration modeling entails the use of a one-dimensional diffusion-

drift equation. To solve this equation, it is necessary to have knowledge of the initial conditions, 

boundary conditions, transport parameters for the atomic species involved, the geometry of the 

structure, and the conditions under which the testing is conducted. 

2.4.2. EM Induced Material Transport Equations  

Electromigration is a kinetic process involving the net transport of metal atoms over 

macroscopic distances, driven by the interplay between two competing mechanisms: diffusion and 

migration. Since atomic migration occurs through a vacancy exchange mechanism, it is 

appropriate to describe material transport in terms of vacancy flux. The vacancy flux is in the 

opposite direction to the atomic transport [59], [60].  

Diffusion is a non-equilibrium process that stops once the system achieves full 

thermodynamic equilibrium. The laws of diffusion are mathematical equations that describe how 

the rate of diffusion is related to the concentration gradient causing the mass transfer [60], [66]. 

Vacancies flow from high concentration regions to low concentration regions. According 

to Fick's first law, the flux of vacancies resulting from diffusion in any region of the metal line, 끫롺끫룆(끫롮) is directly proportional to the gradient of the vacancy concentration 끫롬끫룆, [60] as expressed by:  

                                                                                  끫롺끫룆(끫롮)
 = −끫롮끫룆 끫븪끫롬끫룆끫븪끫븪                                                            (2.9) 
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where 끫롮끫룆  is the vacancy diffusion coefficient or vacancy diffusivity. Diffusion coefficients are 

related to temperature by the Arrhenius law [63], [64],  

                                                                             끫롮끫룆 = 끫롮0끫뢤끫븪끫뷊 �− 끫롰끫뢜끫뢰끫롪끫뢎�                                               (2.10) 

where 끫롮0 is the diffusion coefficient, and 끫롰끫뢜 represents the activation energy for electromigration. 

The electromigration driving force  끫롲끫뢾끫뢦끫뢾, as discussed in section 2.3.1, acts on vacancies 

and induces an additional velocity component, 끫룆끫뢦 for the diffusing species, aligned with the 

direction of the force. Utilizing the Nernst-Einstein relationship, the drift velocity is expressed as 

[63], [64]: 

                                                             끫룆끫뢦 = 끫뢴 × 끫롰 ≡ �끫롮끫룆 끫뢤끫뢚∗끫뢰끫롪끫뢎� × (끫뢮끫뢮),                                          (2.11) 

where 끫뢴 denotes the mobility and 끫롰 the electric field, and the vacancy flux due to 

electromigration, 끫롺끫룆(끫롰끫롰) is derived as follows [60]: 

                                                         끫롺끫룆(끫롰끫롰)  = 끫롬끫룆끫룆끫뢦 = 끫롬끫룆끫롮끫룆 끫뢤끫뢚∗끫뢮끫뢮끫뢰끫롪끫뢎                                                     (2.12) 

Under stress-assisted diffusion conditions, the migration process combines with diffusion. 

Vacancies tend to diffuse in one direction, while their migration under the influence of the 

electromigration force occurs in the opposite direction. Therefore, the net vacancy flux 끫롺끫룆 in any 

part of the metal line due to the competition of Fickian diffusion and electromigration is given by 

[60], 

                                       끫롺끫룆 = 끫롺끫룆(끫롮) + 끫롺끫룆(끫롰끫롰) = −끫롮끫룆 끫븪끫롬끫룆끫븪끫븪  + 끫롬끫룆끫롮끫룆 끫뢤끫뢚∗끫뢮끫뢮끫뢰끫롪끫뢎                                         (2.13) 

Diffusion and electromigration fluxes lead to a redistribution of the vacancies in the metal line, 

causing divergence in vacancy flux, denoted as ▽. 끫롺끫룆. Since vacancy concentration is not a 
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conserved quantity, the continuity equation for vacancy conservation is described by Fick's second 

law, which is given by [53], [64]: 

                                                             
끫븪끫롬끫룆끫븪끫븪 = −▽. 끫롺끫룆 + 끫롴                                                                   (2.14) 

where G is the source/sink term that represents the creation and annihilation of vacancies at 

specific sites within the metal line. These sites include grain boundaries, extended defects, and 

interfaces. Vacancies will accumulate if the divergence operator has a positive sign, and they will 

deplete if it has a negative sign. 

Equations (2.13) and (2.14) are the fundamental continuum model equations that describe 

the behavior of vacancy concentration, accounting for the accumulation or depletion of vacancies 

due to diffusion and electromigration, as well as the effects of vacancy generation and annihilation, 

along an interconnect line. 

Electromigration causes vacancies to drift toward the cathode end of an interconnect line, 

leading to a buildup of vacancies in that area. At the same time, this process results in a depletion 

of vacancies at the anode end. The lattice around a vacancy is slightly relaxed, so when vacancies 

accumulate, it results in a contraction of volume at the cathode. On the other hand, the depletion 

of vacancies causes the volume to expand at the anode end [28], [33], [64]. Due to the constraints 

imposed by the surrounding layers, such as the capping layer, barrier layer, and passivation in 

copper dual-damascene interconnects, the volumetric changes caused by vacancy accumulation 

and depletion cannot be fully accommodated. This leads to the development of a hydrostatic stress 

gradient within the metal line. At the cathode end, tensile stress is generated, while at the anode 

end, compressive stress develops, as shown in Fig. 2.11. This stress gradient acts as a back stress 

force that counteracts the forward atom migration driven by electromigration, ultimately reducing 

the overall diffusion flow [28], [33], [64].  
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 끫븪 is the distance along the metal line in the direction of the electron flow, with 끫븪 =  0 at the 

cathode as shown in Fig. 2.12. 

Figure 2.12. A two-terminal metal line with electron flow and current flow indicated by 

the arrow. 

 

The equation suggests that a gradient in hydrostatic stress acts as a counterforce to 

electromigration. Therefore, electromigration comes to a halt when the opposing stress gradient, 

commonly referred to as "back stress," balances the electromigration driving force, resulting in a 

zero net flow, or 끫롺끫룆 = 0. This equilibrium state is known as the "Blech Condition", defined by [61]:  

                                                                           
끫븪끫븪끫븪끫븪  =

끫뢤끫뢚∗끫뢮끫뢮Ω끫뢜                                                                  (2.16) 

Integrating (2.16) over the length of the interconnect, the stress expression becomes [65]:  

                                                          끫븪(끫븪)  = 끫븪0 +
끫뢤끫뢚∗끫뢮끫뢮Ω끫뢜 끫븪                                                                 (2.17) 

where 끫븪0 is the stress at 끫븪 = 0. The equation demonstrates that when the backflow flux, caused by 

stress gradients, is equal to the electromigration flux, the stress exhibits a linear variation along 

the length of the line. Considering that the conductor line can withstand a maximum stress of σmax, 

a critical product of current density and interconnect length can be expressed as follows [59], [65]: 

                                                   ( 끫뢮끫뢮 )끫롪끫뢦끫뢦끫롪ℎ =
Ω끫뢜(끫븪끫뢴끫뢜끫뢴 − 끫븪0)끫뢤끫뢚∗끫뢮끫뢮                                                            (2.18) 
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This critical 끫뢮끫뢮 product is called “Blech product”. The electromigration halts when the 

product of 끫뢮 and L falls below the critical value shown by the right-hand side of (2.16). If EM stops 

before the critical compressive stress, 끫븪끫롪끫뢾끫뢦끫뢠 required for failure at the anode, the segment becomes 

immune to failure and hence ‘immortal’. The Blech effect [60] or the Blech immortality condition 

are common names for this phenomenon. The critical "Blech product" for contemporary copper 

interconnects falls within the range of 2000 to 10000 amperes per centimeter (A/cm) [66]-[68]. 

Based on (2.16), a critical line length can be determined for a given current density 끫뢮, ensuring that 

shorter lines are not susceptible to electromigration-induced failure. This is commonly referred to 

as the "Blech Length", represented by:  

                                                                 끫뢮끫롪끫뢦끫뢦끫롪ℎ =
Ω끫뢜(끫븪끫롪끫뢾끫뢦끫뢠 − 끫븪0)끫뢤끫뢚∗끫뢮끫뢮                                                      (2.19)  

Likewise, with a specified line length 끫뢮, the maximum allowable current density, below 

which electromigration failure does not occur, is given by:  

                                                                   끫뢮끫롪끫뢦끫뢦끫롪ℎ =
Ω끫뢜(끫븪끫롪끫뢾끫뢦끫뢠 − 끫븪0)끫뢤끫뢚∗끫뢮끫뢮                                                      (2.20) 

One significant implication of the Blech effect is that during electromigration assessments, 

the 끫뢮끫뢮 product must be substantially higher than the critical product ( 끫뢮끫뢮 )끫롪끫뢦끫뢦끫롪ℎ for the particular 

test structure. Failure to meet this criterion can lead to delayed failures in the test structure, thus 

providing a misleading sense of safety [60], [65]. Furthermore, it is important to recognize that 

residual stresses arising from the fabrication process reduce the amount of stress needed for 

electromigration to reach the maximum threshold that the line can withstand. As a result, this leads 

to reduced values for the Blech length and the maximum permissible current density outlined in 

(2.19) and (2.20), respectively [60], [65]. 
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2.4.4. Kirchheim’s Model 

In the study by Blech, discussed in Section 2.4.3, it was discovered that electromigration 

induces back stresses, which can potentially delay device failure. The nature and origin of the back 

stress, however, were not clearly understood. 

Kirchheim [53] was the first to incorporate the effect of transient back stress buildup in 

grain boundaries during electromigration which is caused by the transport and annihilation and 

production of vacancies. Self- consistent equations were derived describing vacancy 

electromigration through a grain boundary and the associated stress evolution. 

Kirchheim proposed that when a vacancy, induced by electromigration, moves to the grain 

boundary, the neighboring atoms in the grain adjust or relax in response to the presence of the 

vacancy, which can result in a change in the volume of the grain by a fraction 끫뢦, where 끫뢦 is the 

ratio of the volumes occupied by vacancies, Ω끫룆 and lattice atoms, Ω끫뢜 (끫뢦 = Ω끫룆/Ω끫뢜); 끫뢦 is called as 

relaxation factor, (0 < 끫뢦 < 1) [56]. This change in the grain volume causes hydrostatic stress 

gradient, to change by a factor of 끫뢦. The gradient of the mechanical stress serves as an additional 

driving force in the total vacancy flux equation mentioned before in (2.13), modified vacancy flux 

equation is expressed as: 

                        끫롺끫룆 = 끫롺끫룆(끫롮) + 끫롺끫룆(끫롰끫롰) + 끫롺끫룆(σ) = −끫롮끫룆 끫븪끫롬끫룆끫븪끫븪 + 끫롬끫룆끫롮끫룆 끫뢤끫뢚∗끫뢮끫뢮끫뢰끫롪끫뢎 − 끫롬끫룆끫롮끫룆끫뢰끫롪끫뢎  끫뢦Ω끫뢜 끫븪끫븪끫븪끫븪              (2.21) 

Where σ is the spherical part of the mechanical stress tensor. The first term on the right-hand side 

of (2.21) is due to the driving force of vacancy concentration gradient, the second term is due to 

the electric field, and the third term is due to the vacancy-induced stress gradient. Considering a 

vacancy sink/source as described in (2.14), the continuity equation can be rewritten as: 

              
끫븪끫롬끫룆끫븪끫븪 = −▽. 끫롺끫룆 + 끫롴 = − 끫븪끫븪끫븪 �−끫롮끫룆 �끫븪끫롬끫룆끫븪끫븪 − 끫뢤끫뢚∗끫뢮끫뢮끫뢰끫롪끫뢎 끫롬끫룆 +

끫뢦Ω끫뢜끫뢰끫롪끫뢎 끫롬끫룆 끫븪끫븪끫븪끫븪�� − 끫롬끫룆 − 끫롬끫룆끫뢦끫룆끫븞끫뢾     (2.22) 
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The last term (끫롬끫룆 − 끫롬끫룆끫뢦끫룆)/끫븞끫뢾 describes the annihilation or production of vacancies, in which 끫븞끫뢾  is 

the relaxation time. The equilibrium vacancy concentration, 끫롬끫룆끫뢦끫룆 in a grain boundary is defined as 

[53],  

                                                            끫롬끫룆끫뢦끫룆 = 끫롬끫룆0끫뢤끫븪끫뷊 �(1− 끫뢦)Ω끫뢜끫븪끫뢰끫롪끫뢎 �                                                  (2.23) 

where 끫롬끫룆0 is the equilibrium vacancy concentration, in the absence of stresses. A change in vacancy 

generation produces the volumetric strain in a grain which is expressed as [56]: 

                                                                  
끫뷊끫뷊끫뷊 = (1− 끫뢦)Ω끫뢜  

끫뷾끫뢢 끫뷊끫롬끫룆                                                      (2.24) 

where (1− 끫뢦)Ω끫뢜  is the volume change due to lattice relaxation, when a vacancy is considered as 

a substitutional atom, 끫뷾 is the grain boundary thickness, 끫뢢 is the grain diameter, and 끫뷊끫롬끫룆 is the 

generated vacancy concentration. The strain rate is given by [50]:  

                                                              
1끫뷊 끫븪끫뷊끫븪끫븪 = (1− 끫뢦)Ω끫뢜 끫뷾끫뢢 �끫롬끫룆 − 끫롬끫룆끫뢦끫룆끫븞끫뢾 �                                         (2.25) 

Applying Hooke’s law (끫븪끫븪 = 끫롪 끫븪끫뷊/끫뷊), where B is the effective elastic bulk modulus for the 

material that surrounds the interconnect, the stress rate evolution is given by [56]: 

                                                              
끫븪끫븪끫븪끫븪 = 끫롪(1− 끫뢦)Ω끫뢜 끫뷾끫뢢 �끫롬끫룆 − 끫롬끫룆끫뢦끫룆끫븞끫뢾 �                                         (2.26)  

By coupling the stress development equation (2.26) with the vacancy concentration 

dynamics equation (2.22) along the metal line, analytical solutions can be derived that relate the 

mechanical stress to the production/annihilation of vacancies at the grain boundary for several 

limiting cases. Additionally, Kirchheim identified three phases in the evolution of vacancy 

concentration and stress, which play a crucial role in understanding the electromigration 

phenomenon in 3D interconnects [60].  
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In summary, in Kirchheim’s Model, 끫븪(끫븪, 끫븪), 끫롺끫룆(끫븪, 끫븪),끫롬끫룆(끫븪, 끫븪) are computed by solving 

trinity of (2.21), (2.22), (2.26), and from which the nucleation and failure times can be computed.  

Void nucleation time and location:  (끫븪끫룈끫뢶끫롪, 끫븪끫룈끫뢶끫롪) ≔ arg min끫뢠 max끫뢴 끫븪(끫븪, 끫븪) > 끫븪끫롪끫뢾끫뢦끫뢠끫뢦끫롪끫뢜끫뢦, i.e., it 

finds earliest time for which exists a location where stress exceeds a critical value. 

Void growth time and location (which can also be viewed as failure time and location):  

 �끫븪끫뢨, 끫븪끫뢨� ≔ arg min끫뢠 max끫뢴 끫뷊(끫븪, 끫븪) > 끫뷊끫롪끫뢾끫뢦끫뢠끫뢦끫롪끫뢜끫뢦, where 끫뷊(끫븪, 끫븪) is the void volume at 끫븪 and 끫븪. Ie, it 

finds the earliest time for which exists a location where void volume exceeds a critical value. 

(Need a relation to map 끫븪, 끫롺끫룆,끫롬끫룆 to 끫뷊 to then compute 끫븪끫뢨 and 끫븪끫뢨.) 

Keeping in mind that 끫롪 is determined by the elastic moduli and the dimensions of the 

refractory metal liner, the dielectric diffusion barrier, and the dielectric material, its magnitude may 

vary along the length of the interconnect, especially in the vicinity of the anode and cathode. It's 

crucial to recall that the elastic bulk moduli of low-κ dielectrics are considerably lower than that 

of SiO2 (by roughly a factor of 10). Equation (2.26) demonstrates the relationship between stress 

buildup and the deviation of vacancy concentration from its equilibrium state, highlighting the 

significant impact of 끫븞끫뢾 on stress development. It is essential to understand that this model accounts 

for different mechanisms of vacancy generation or annihilation, encompassing processes that take 

place within the grain boundary, at adjacent grain boundaries, or at dislocations located within the 

bulk of the grain. These mechanisms result in vacancy relaxation times, 끫븞끫뢾 to be of smaller, median, 

or larger values. Equations (2.22) and (2.26) form a nonlinear system of differential equations 

which require numerical solutions. Nevertheless, Kirchheim derived analytical solutions for 

certain limiting cases, identifying three main stages in the evolution of vacancies and stress [53], 

[56].  

The initial phase denotes a short duration with very low initial stress. As a result, the 

equilibrium vacancy concentration remains unchanged, and the vacancy concentration continues 

to evolve until it reaches a condition of quasi-steady state. This quasi-steady-state phase is 

prolonged, characterized by only slight variations in vacancy concentration, while stress levels 
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increase linearly with time. This phase persists until stress reaches a level that influences the 

equilibrium vacancy concentration. Subsequently, a nonlinear stress increase occurs over time, 

following approximately the equilibrium vacancy concentration's development. Kirchheim model 

[53], [56] describes the rate at which vacancies are transported within the material due to the 

passage of an electric current. This equation (2.26) provides a more comprehensive understanding 

of how hydrostatic stress impacts the diffusion of metal atoms in terms of vacancy production and 

relaxation. Furthermore, Kirchheim [53], [58] demonstrated that if the electromigration lifetime is 

governed by reaching a certain critical stress, the exponent of current density in Black's equation 

shifts from n = 1 at low stress levels (where the failure time is dictated by the quasi-steady-state 

period) to n = 2 at higher critical stress levels (where the time required to reach true steady-state 

conditions governs the lifetime). 

2.4.5. Korhonen’s Model 

The equations in Kirchheim's work were limited to describing 1D finite lines that were 

blocked at both ends. In Kirchheim’s model, the values of vacancy concentration and stress buildup 

due to electromigration were found to be identical across all sections of the line, due to the 

assumption of spherical stress. Furthermore, while the stress evolution equation effectively 

accounted for the impact of sink/source reactions, the main disadvantage of this approach consists 

in neglecting the direct contribution of the vacancy flux in the stress evolution. 

Korhonen [57] proposed a slightly different model from Kirchheim's. He investigated the 

effect of the stress gradient caused by electromigration in a narrow interconnect line deposited on 

an oxidized silicon substrate and covered by a rigid passivation layer. The formulation of the 

electromigration driving forces in his model is based on atomic flux rather than vacancy flux. The 

key difference from Kirchheim's work is the consideration of changes in lattice sites per unit 

volume as the source of deformation, rather than changes in vacancy concentration. In Korhonen's 
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model, the material transport due to the passage of electric current along the line is assumed to be 

influenced solely by grain boundary diffusion [57], 

                                                                               끫롮끫뢜 =
끫뷾끫롮끫뢨끫뢨끫뢢                                                                 (2.27) 

where Da and Dgb are the atomic bulk diffusivity and the atomic grain boundary diffusivity, 

respectively. In this manner, atoms are primarily deposited at the grain boundaries. 

The flux of atoms increases due to the differences in both the chemical and electrical 

potentials between different regions of the interconnect line. For atomic diffusion the chemical 

potential function, µ  is defined as µ = µ끫뢜 − µ끫룆, where µ끫뢜  is the atomic chemical potential, µ끫룆 is 

the vacancy chemical potential [57]. At thermal equilibrium of the vacancies (µ끫룆 = 0), the 

chemical potential function μ is given by [57], [60]:  

                                                                                    µ = µ0 − Ω끫뢜σ                                                     (2.28)  

 µ0 is the chemical potential in the stress-free state, and σ is the tensile stress acting across the grain 

boundary. Considering the impact of chemical potential gradient (▽ µ), electric potential due to 

electromigration, the atomic flux  끫롺끫뢜  is given by [57], [60]: 

                                   끫롺끫뢜 = −끫롬끫뢜끫롮끫뢜끫뢰끫롪끫뢎 (▽ µ + 끫뢤끫뢚∗끫뢮끫뢮) =
끫롬끫뢜끫롮끫뢜끫뢰끫롪끫뢎 �Ωa ∂σ끫븪끫븪 − 끫뢤끫뢚∗끫뢮끫뢮�                             (2.29) 

where Ca is the atomic concentration and Da is the atomic diffusion coefficient, and the 2nd half of 

the equation follows from using (2.28). 

In thermal equilibrium, the chemical potential remains constant throughout all grain 

boundaries, which implies that the deposition of atoms at the grain boundary is independent of its 

orientation. Additionally, by considering the impact of the rigid dielectric layer on the metallization 

line, the generation and annihilation of atoms at the grain boundaries lead to changes in the lattice 
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site concentration 끫롬끫롾  per unit volume. These changes result in the development of a uniform 

mechanical stress, which can be described by Hooke's law as follows [57]: 

                                       
끫븪끫롬끫롾끫롬끫롾 = −끫븪σ끫롪 ⇒ 끫롴 ≡ 끫븪끫롬끫롾끫븪끫븪 = −끫롬끫롾끫롪 끫븪끫븪끫븪끫븪                                                            (2.30) 

Since the lattice site occupied by an atom or a vacancy is assumed to have the same volume 

[57], [60], the constitutive equation relating stress and lattice site concentration leads to the 

reformulation of the vacancy continuity equation (equation (2.14)) as follows: 

                                 
끫븪끫롬끫룆끫븪끫븪 = −▽. 끫롺끫룆 + 끫롴 = − 끫븪끫븪끫븪 �끫롬끫룆끫롮끫룆끫뢰끫롪끫뢎 (▽ µ + 끫뢤끫뢚∗끫뢮끫뢮)� − 끫롬끫롾끫롪 끫븪끫븪끫븪끫븪 ,                    (2.31) 

where it is assumed that 끫롺끫뢜 = 끫롺끫룆. Assuming that vacancy concentration is in thermal equilibrium 

with the stress inside the grain, then 

 끫롬끫룆 = 끫롬끫룆끫뢦끫룆 = 끫롬끫룆0끫뢤끫븪끫뷊 �Ω끫뢜끫븜끫뢰끫롪끫뢎� ⇒ ln끫롬끫룆 = ln끫롬끫룆0 +
Ω끫뢜끫븜끫뢰끫롪끫뢎 ⇒ 1끫롬끫룆 끫븪끫롬끫룆끫븪끫뢠 =

Ω끫뢜끫뢰끫롪끫뢎 끫븪끫븜끫븪끫뢠 ⇒ 끫븪끫롬끫룆끫븪끫뢠 =
끫롬끫룆Ω끫뢜끫뢰끫롪끫뢎 끫븪끫븜끫븪끫뢠     (2.32)  

Substituting 
끫븪끫롬끫룆끫븪끫뢠  from (2.32) and μ from (2.28), (2.31) becomes 

                                            
끫븪끫븪끫븪끫븪 �끫롬끫롾끫롪 +

끫롬끫룆Ω끫뢜끫뢰끫롪끫뢎 � =
끫븪끫븪끫븪 �끫롬끫룆끫롮끫룆끫뢰끫롪끫뢎 �Ω끫뢜 끫븪끫븪끫븪끫븪 − 끫뢤끫뢚∗끫뢮끫뢮��                            (2.33) 

Dividing both sides by 
끫롬끫롾끫롪  we get: 끫븪끫븪끫븪끫븪 �1 +

끫롬끫룆Ω끫뢜끫롪끫롬끫롾끫뢰끫롪끫뢎� =
끫븪끫븪끫븪 �끫롬끫룆끫롮끫룆끫롪끫뢰끫롪끫뢎끫롬끫롾 �Ω끫뢜 끫븪끫븪끫븪끫븪 − 끫뢤끫뢚∗끫뢮끫뢮��. 

Including the assumption that only a very small number of vacancies is required to restore vacancy 

equilibrium and to generate stress, such that 
끫롬끫룆Ω끫뢜끫롪끫롬끫롾끫뢰끫롪끫뢎 ≪ 1, the first term in the brackets on the left-

hand side of equation (2.33) becomes negligible. Furthermore, recognizing that 끫롬끫롾 = 끫롬끫룆 = 1/Ω 

and 끫롮끫뢜 = 끫롬끫룆끫롮끫룆/끫롬끫롾, the expression for the stress evolution along a metal line induced by 

electromigration is given by [57], [60]: 
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끫븪끫븪끫븪끫븪 =

끫븪끫븪끫븪 �끫롮끫뢜끫롪끫뢰끫롪끫뢎 �Ω끫뢜 끫븪끫븪끫븪끫븪 − 끫뢤끫뢚∗끫뢮끫뢮��                                             (2.34) 

Korhonen's equation provides a comprehensive description of how hydrostatic stress 

evolves in confined metal wires when material flux is obstructed at the barrier terminals, such as 

vias. This equation is applicable to both a single wire in a one-dimensional scenario and multi-

segment wires in two-dimensional cases. The advantage of this model is that a closed equation 

was obtained for the stress evolution due to electromigration. However, important disadvantages 

are that vacancy induced relaxation effects were not taken into account and vacancy equilibrium 

was assumed. 

In summary, in Korhonen’s Model, 끫븪(끫븪, 끫븪), 끫롺끫뢜(끫븪, 끫븪) = 끫롺끫룆(끫븪, 끫븪),끫롬끫룆(끫븪, 끫븪) are computed by 

solving trinity of (2.29), (2.32), (2.34), and from which the nucleation and failure times can be 

computed.  

Void nucleation time and location:  (끫븪끫룈끫뢶끫롪, 끫븪끫룈끫뢶끫롪) ≔ arg min끫뢠 max끫뢴 끫븪(끫븪, 끫븪) > 끫븪끫롪끫뢾끫뢦끫뢠끫뢦끫롪끫뢜끫뢦, i.e., it 

finds earliest time for which exists a location where stress exceeds a critical value. 

Void growth time and location (which can also be viewed as failure time and location):  

 �끫븪끫뢨, 끫븪끫뢨� ≔ arg min끫뢠 max끫뢴 끫뷊(끫븪, 끫븪) > 끫뷊끫롪끫뢾끫뢦끫뢠끫뢦끫롪끫뢜끫뢦, where 끫뷊(끫븪, 끫븪) is the void volume at 끫븪 and 끫븪. I.e., it 

finds the earliest time for which exists a location where void volume exceeds a critical value. 

(Need a relation to map 끫븪, 끫롺끫룆,끫롬끫룆 to 끫뷊 to then compute 끫븪끫뢨 and 끫븪끫뢨.) 

Figure 2.13 depicts the progression of stress over time for a single wire as described by 

Korhonen's equation [57], [64], [70]. The system achieves a steady state when the backward flux 

of vacancies balances the flux induced by the current, resulting in a uniform linear distribution of 

stress throughout the wire. In Fig. 2.13(a), the development of stress along the wire is shown, with 

the left end symbolizing the cathode node and the right end the anode node.   
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                끫븪 = 끫븪끫뢎 +
끫뢤끫뢚∗끫뢮끫뢮끫뢮Ω × �1

2
− 끫븪끫뢮 − 4�끫뢠끫뢠끫뢠 �(2끫뢶 + 1)끫븖끫븪끫뢮 �

(2끫뢶 + 1)2끫븖2∞
끫룈=0 끫뢤−끫뢰(2끫룈+1)2끫븖2끫롾2 끫뢠�                    (2.36) 

Korhonen-defined EM failure process consists of two important phases: the void nucleation phase 

and void growth phase. 

2.4.5.1. Void Nucleation Phase  

 In this phase, there is an absence of initial voids. At the cathode end of the line, 

where x =0, the tensile stress begins to rise as time progresses When the tensile stress reaches the 

critical stress 끫븪끫롪끫뢾끫뢦끫뢠 the void nucleates. To determine the nucleation time 끫븪끫룈끫뢶끫롪, the last term of (2.36) 

which is assumed to be dominant term needs to be solved [58], [64], [71]: 

                                                    끫븪끫룈끫뢶끫롪 =
끫뢮2끫뢰끫롪끫뢎
2끫롮끫뢜끫롪Ω ln � 끫뢤끫뢚∗끫뢮끫뢮끫뢮

2Ω끫븪끫뢎 +
끫뢤끫뢚∗끫뢮끫뢮끫뢮

2Ω − 끫븪끫롪끫뢾끫뢦끫뢠 �                                    (2.37) 

During this phase, the resistance of the metal line remains unchanged. 

2.4.5.2. Void Growth Phase  

 The resistance of the line stays relatively stable even after the void has nucleated 

until the void undergoes growth and attains a critical size sufficient to obstruct the wire's cross-

sectional area [72]. The phase of void growth can also be analyzed using Korhonen's equation, 

with a different set of boundary conditions. Since the drift velocity of the void edge relates to 

atomic flux as in (2.9), the void growth time, 끫븪끫뢨 required for the void to grow to a critical size, 끫뷊끫뢮끫롪끫뢾끫뢦끫뢠  can be derived as [64], [73], 

                                                                      끫븪끫뢨 =
끫뷊끫뢮끫롪끫뢾끫뢦끫뢠끫뢰끫롪끫뢎끫롮끫뢜끫뢤끫뢚∗끫뢮끫뢮                                                                  (2.38) 

It is seen that in void growth phase, the exponent of 끫뢮 is 1. When the void expands to a 

critical size, there is a sudden increase in resistance. After reaching this point, the resistance 
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continues to rise gradually due to the current being shunted by the liner barriers [74], [75]. During 

this phase, the change in metal resistance (끫뷊끫뢊) can be roughly estimated as follows [63], [73]:  

                                                   끫뷊끫뢊 =
끫롮끫뢜끫뢰끫롪끫뢎  끫뢤끫뢚∗끫뢮끫롬끫뢶끫뢮 � 끫뢮끫뢎끫뢜ℎ끫뢎끫뢜(2ℎ + 끫룈)

− 끫뢮끫롬끫뢶ℎ끫룈�                                    (2.39) 

Here, 끫뢮끫뢎끫뢜  and 끫뢮끫롬끫뢶 are the resistivities of the barrier material (Ta/TaN) and Cu respectively, 끫룈 is the metal line width, ℎ is the metal line thickness, and ℎ끫뢎끫뢜 is the barrier layer thickness. 

2.4.6. EM Void Induced Effects 

2.4.6.1. Void Growth Saturation in Long Line  

 The process of void growth and its effect on wire resistance is a multifaceted 

phenomenon that encompasses several failure mechanisms. While void nucleation is a prerequisite 

for alterations in wire resistance, it is not solely sufficient, as void growth can cease or saturate 

before the void volume reaches a critical size, 끫뷊끫뢴끫뢜끫뢴 where it significantly alters wire resistance. 

Throughout the void growth process, the stress gradient induces a backflow atomic drift velocity, 끫룆끫뢨, so the total drift velocity, 끫룆끫뢠 is given by [64], [76]:  

                                                         끫룆끫뢠 = 끫룆끫뢦 − 끫룆끫뢨 = �끫뢤끫뢚∗끫뢮끫뢮 − 끫뷊끫븪Ω끫뢮 � 끫롮끫뢜끫뢰끫롪끫뢎                                       (2.40) 

where 끫뷊끫븪 is the back-flow stress and L is the wire length. When the stress gradient 

generated across metal line balances the EM driving force (i.e. 끫룆끫뢠 = 0), metal atom depletion stops. 

Korhonen et al. derived the maximum void volume in the one-dimensional metal line, 끫뷊끫뢴끫뢜끫뢴 [63] 

as: 

                                                                       끫뷊끫뢴끫뢜끫뢴 =
끫븪끫뢦끫룈끫뢮끫롪 +

끫뢤끫뢚∗끫뢮끫뢮끫뢮22Ω끫롪                                                  (2.41) 

where 끫븪끫뢦끫룈 is the initial thermal stress. It should be noted that 끫뷊끫뢴끫뢜끫뢴 varies from line to line 

and relies on the size, and location of the void. Even when surpassing the critical product jL of 

Blech model, if 끫뷊끫뢴끫뢜끫뢴 is not reached, the metal line remains immortal. 
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2.4.6.2. Void Growth Saturation in Short Line 

At void growth region, the resistance change is measured as ΔR (2.39). In short lines, a 

steady state can be achieved before the change in resistance, ΔRmax, reaches a level that is 

considered unacceptable. As a result, at void growth saturation, there is a higher threshold 

(jL)sat ≥ (jL )Blech below which immortality can be attained. This observation is captured by the 

equation below [77]-[79]: 

                                                                 ( 끫뢮끫뢮 )끫뢾끫뢜끫뢠 ≤ 끫뢮끫롪끫뢶끫롨끫롪끫뢶끫뢮끫뢎끫뢜끫롨끫뢎끫뢜 끫뷊끫뢊끫뢴끫뢜끫뢴끫뢊0 2Ω끫롪끫뢤끫뢚∗끫뢮                                              (2.42) 

where 끫뢊0 is the initial resistance and 끫뢮끫롪끫뢶/끫롨끫롪끫뢶, 끫뢮끫뢎끫뢜/끫롨끫뢎끫뢜 are the resistivity to cross-sectional 

area ratios of the metal (Cu) and its liner (Ta), respectively, and 끫롪 is the bulk modulus. 

2.4.6.3. Void Induced Damage 

Electromigration failure resulting from void-induced damage is statistically correlated with 

the direction of electron flow. Consequently, two types of EM failure are observed: early failure 

and late failure of the wire [80]. Early failures typically occur in a via-above structure, as depicted 

in Fig. 2.10(a), where a void is created in a via-above line (also known as slit-voids) and reaches 

a critical size [64], [81], equivalent to the via's diameter. At this point, the via becomes obstructed 

by the void, interrupting electronic connection to the upper layer. Late failure typically manifests 

in a via-below structure, illustrated in Fig. 2.10(b), where a void forms in a via-below line (also 

known as trench voids) and reaches a critical size. Despite this, current can still traverse through 

the barrier layer (typically fabricated with Ta, which has a much higher resistivity than Cu), leading 

to a gradual increase in resistance over time. However, it is statistically possible for early failure 

to occur in a via-below structure and late failure in a via-above structure. Although void growth 

can occur in these positions, the likelihood is minimal.  
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A noticeable disparity exists in the reliability when comparing configurations with vias 

positioned above and below [82] (Fig. 2.10). In the configuration where vias are located above, 

the dielectric diffusion barrier does not offer a route for the shunting of current around a void. 

 Consequently, even a void with a very small volume can lead to failure. The value of 

( 끫뢮끫뢮 )끫뢾끫뢜끫뢠 is thereby lower for segments with vias positioned above compared to those with vias 

situated below [79]. The experimentally determined values of ( 끫뢮끫뢮 )끫뢾끫뢜끫뢠, are as follows: 2100 A-cm 

[83] and 1500 A-cm [84] for Cu/SiO2 for via-above segments, 3700 A-cm for Cu/SiO2 via-below 

segments [85], and 375 A-cm for Cu/low-끫븊 via-above segments [86]. 

 2.5 Other Stress Effects on EM  

Thermal migration, stress migration, and chemical diffusion are three other forms of 

diffusion in metallic interconnect structures that can significantly impact the back-end reliability 

of interconnects. Both thermal and stress migration have direct interactions with electromigration, 

making them important considerations for integrated circuit (IC) designers. 

2.5.1. Thermal Migration (TM) 

Thermal migration, also known as thermomigration, is a phenomenon that occurs due to 

the presence of temperature gradients within a material. In metal lines, elevated temperatures 

accelerate the movement of atoms. Because of their temperature-dependent activation, atoms in 

hotter regions are more likely to displace compared to those in colder regions (Fig. 2.14). As a 

result, a larger number of atoms move from areas of higher temperature to areas of lower 

temperature, resulting in a net mass diffusion in the direction of the negative temperature gradient 

[33].  
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a) High temperatures (about 500 °C) are used to deposit the metal [87]. Mechanical tension 

arises when the temperature is lowered to ambient levels due to the different coefficients of thermal 

expansion between the metal and the insulator. 

b) The uneven growth of layers that can occur during the metal deposition process 

contributes to mechanical stress within the metallization. According to [87], this issue is considered 

more significant than the effect caused by differing thermal expansion coefficients, and the 

phenomenon can be evidenced through measurements of wafer curvature [87], [88]. 

c) Metal lattices typically have vacancies, which means that some of the atomic locations 

are vacant. Vacancies take up less space than atoms at the same places, despite being aligned with 

the lattice grid. As a result, a crystal with vacancies has a lower volume than a crystal with the 

same structure but with atoms. This allows the lattice with vacancies to relax, which in turn causes 

a local decrease in material volume and a reduction in compressive stress [28]. When EM induces 

atom depletion at cathode, it develops tensile stress, and accumulation of atoms develops 

compressive stress at anode. Overall, a stress gradient is generated. 

The processes of Electromigration (EM), Thermomigration (TM), and Stress Migration 

(SM) are intricately interconnected because their influences are interrelated, and they collectively 

impact the resulting changes in migration.  

To illustrate, the increase in current density elevates temperature due to Joule heating, and 

alterations in temperature subsequently affect mechanical stress due to variations in the expansion 

coefficient. The high self-heat in FinFET and missing heat dissipation path to the bulk increases 

the local temperature in the metal lines, which enhances the EM failure. 
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2.5.3. Frequency Effects on EM 

Typically, EM failure is evaluated through DC signal testing. However, in real-world scenarios, 

ICs are powered by either unidirectional pulsed DC or bidirectional AC signals with various duty 

cycles, and not just continuous DC signals.  

Numerous research groups have conducted investigations into the frequency dependency of 

electromigration lifetime under pulsed DC stress. 

The results, as documented in [89]-[98], have consistently demonstrated that, on average, the 

lifetime is roughly double than observed under continuous DC stress for a 50% duty cycle.

 The Black equation, as presented in (4) is a reliable method for accurately assessing the 

Mean Time to Failure (MTTF) of any metal interconnect when subjected to pure DC stress. 

In the case of pulsed DC-based stress, EM failure is influenced by the frequency at which 

the interconnect is subjected to stress. Under the presence of Joule heating, in low-frequency 

conditions, the temperature during the "on" period is higher compared to the temperature during 

the "off" period. This elevated temperature in “on” period enhances the forward migration, but 

almost no effective recovery is observed during “off” period due to lower temperature. In high 

frequency case, “on” and “off” period does not have significant temperature difference, hence 

recovery during “off” period plays an important role and improves the EM failure time [90], [97]. 

When the current stress is bidirectional AC, the direction of electromigration (EM) 

diffusion also reverses during the negative current pulse. Consequently, the EM-induced damage 

that occurs during the positive current pulse is mitigated or "healed" during the negative current 

pulse due to the backward migration of atoms. This phenomenon is referred to as "self-healing". 

The extent of this healing process depends on the duty factor of the positive and negative current 

pulses [99]. 
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When interconnects are subjected to unidirectional pulsed DC stress, which alternates between 

"on" and "off" periods, the stress accumulates at the blocking boundary during the "on" phase, 

while it begins to relax during the "off" phase due to vacancy relaxation. Consequently, the failure 

of interconnects under electromigration conditions depend on the duty cycle factor of the pulsed 

DC signal, denoted as 끫뢾. In such cases, Black's equation is modified as described in [90] to account 

for these variations and to predict the mean time to failure under pulsed DC stress more accurately:  

                                                                 끫뢀끫뢎끫뢎끫롲끫뢆끫롮끫롬 =
끫롨끫뢮끫룈끫뢾끫뢴 끫뢤 끫롰끫뢜끫뢰끫롪끫뢎                                                        (2.43) 

 When the current density exponent 끫뢶 is equal to 1, it signifies a failure, limited by void 

growth. On the other hand, when 끫뢶 is equal to 2, it represents a failure that is limited by void 

nucleation. If EM failure depends on the frequency of the signal, the constant 끫롨 will also become 

frequency-dependent, as this term includes factors related to the void nucleation mechanism [90], 

[100]. 

In this context, when 끫뢴 equals to 1, it signifies that material migration exclusively occurs during 

the "on" period of the current pulse, with no recovery taking place during the "off" period. This 

model is commonly referred to as the "on-time" model.  In cases where 끫뢴 is significantly greater 

than 1, it indicates that EM recovery occurs during the "off" period of the current pulse due to 

vacancy relaxation. When 끫뢴 equals to 끫뢶, it is referred to as the "average current density model". 

In this scenario, the control over the duty factor response is governed by the time-average of the 

current [90]. 

For bidirectional AC signal, 끫뢀끫뢎끫뢎끫롲끫롨끫롬  (mean time to failure) can be estimated by the 

following modified Black’s equation [99]: 

                                                   끫뢀끫뢎끫뢎끫롲끫롨끫롬 =
끫롨

(끫뢾끫뢮+ − 끫뷼(1− 끫뢾)끫뢮−)끫룈 끫뢤 끫롰끫뢜끫뢰끫롪끫뢎                                          (2.45)  
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where 끫뢾 is the duty factor corresponding to the relative duration of positive and negative pulse 

width of the bidirectional AC current signal, 끫뢮+, 끫뢮− are current density in positive, negative pulse 

width of the signal respectively, and 끫뷼 is called as self-healing coefficient and is calculated as 

follows [99]:  

                                                                     끫뷼 =

끫뢾끫뢮+끫뢮끫뢦끫롪 −끫뢀끫뢎끫뢎끫롲끫롮끫롬끫뢀끫뢎끫뢎끫롲끫롨끫롬
(1− 끫뢾)끫뢮−끫뢮끫뢦끫롪                                                          (2.46) 

It was reported in [89], when frequency is high enough (f>1 MHz), the EM damage healing 

factor  γ ≈ 1, there is no EM failure is found under pure AC stress. This indicates that at extremely 

high-frequency AC stress, electromigration caused solely by AC stress is unlikely to pose a 

significant reliability issue. This phenomenon is significant because it permits the design of metal 

lines carrying AC signals to be more aggressive, potentially enhancing circuit density and speed 

by reducing parasitic capacitance. 

2.6. EM Reduction Methodology 

2.6.1. Reservoir Effects  

Numerous studies have indicated that the electromigration-impacted lifespan of multi-level 

interconnects is increased by the existence of a “reservoir” around the contacts [101]-[103]. 

Expanded overlaps in metal-via layers augment the volume of interconnect material at critical 

locations where electromigration failure commonly occurs: beneath, above, and within the via. 

Reservoirs refer to metallic segments that do not conduct current efficiently or at all, rather serve 

as a source of atoms to replenish the region near the blocking boundary, where atoms migrate away 

due to electrical current. The function of a reservoir as a sink or a source is determined by the 

direction of the electrical current flow as shown in Fig. 2.15.  
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mitigate this increased risk and address common manufacturing and yield issues, the use of double 

or multiple vias is a standard practice. The arrangement of the via array is crucial: multiple vias 

need to be positioned in a way that ensures the current flow, and consequently the electromigration 

degradation, is distributed as uniformly as possible among the parallel vias [28], [4]. 

2.7. EM Tools For Physical Design Flow 

The continuous shrinking of circuit feature sizes has made electromigration in integrated 

circuits a more severe problem. Manual analysis of current density in complex circuits is tedious  

and prone to errors, emphasizing the need for automated methods for current-based routing, 

verification, and post-routing layout adjustments [28], [4], [41], [104]. The most efficient way to 

limit EM prone failure is to run an EM verification tool which is based on current density check. 

The objective of current-density verification is to confirm that the maximum current densities 

within the metallization stay within the permissible limits for the designated operating temperature 

of the chip, applicable to both analog and digital circuits shown in Fig. 2.16.  

Modern layout tools, such as Synopsys IC Compiler and Cadence Encounter, now include 

typical features like "Sign-off DRC w/ EM rules" and "Sign-off Spice Simulation" with current 

density verification [28], [4], [41], [104]. 

Initially, a static verification of the current density at net terminals is performed to ensure 

that the metallization of these terminals is capable of handling the designated current levels. Nets 

that are not critical are not subjected to further checks. The criticality of a net is assessed by adding 

up the worst-case current values for each terminal. If the sum is below the maximum permissible 

current for the minimum sized and most susceptible to electromigration metallization layer, then 

the net is not considered for additional analysis [41], [104]. 
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electromigration in power and ground networks, as well as in digital signal nets. OEA International 

Inc [107], offers "P-Plan," and Cadence Inc [108], provides "ElectronStorm." Both are 

commercial-grade verification tools that assess electromigration and Joule heating in power and 

signal nets of digital circuits. 

Until recently, incorporating the impact of current densities into the physical design 

required significant manual intervention with commercial synthesis tools. The first tool that is 

aware of current densities, offered by Pulsic Ltd. [109], adjusts wire widths based on the currents 

at the terminals, though it is only applicable to direct currents (DC). For analog circuits, in 

particular, there have been verification tools for current densities available for some time, such as 

Cadence Virtuoso Power Systems [108], Synopsys CustomSim [110], and Apache Totem MMX 

[111]. These tools work by extracting a netlist from the layout that includes parasitic components, 

and then they simulate the currents in all wires. Should any of the simulated current densities 

exceed the thresholds relevant to EM, the tool detects a violation and flags it for attention. 

2.8. Conclusion 

A primary challenge in contemporary semiconductor technology is the design of reliable 

integrated circuits (ICs) that maintain high performance without escalating power consumption or 

chip area. As technology advances, current densities are increasing, and at the same time, the 

threshold values opposing electromigration are tightening, a trend that is depicted in Fig. 2.17 

[112] - [115]. 

Furthermore, electromigration mechanism is becoming more intricate and is impacting a 

broader array of nets. As a result, ensuring EM robustness has become a design challenge and is 

now tackled at different stages of integrated circuit design and manufacturing shown in Fig. 2.17.  
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density at precise points within the conductor, it must be assessed using model-based measurement 

methods or simulations [116].  

Studies are also happening to use short length metal interconnect which gives the benefit 

of Blech effect. A robust routing using multiple metal lines and multiple vias is becoming 

necessary. Expanded overlaps of metal-via layers result in an increased quantity of interconnect 

material at a critical location for EM failure: below, above, and within the via, which is called 

reservoir effect [117]. In dual-Damascene technology, from EM avoidance standpoint, via-below 

configurations are preferable to their via-above counterparts as they reduce current crowding 

[118].  If the metallic crystal lattice has less grain boundaries by introducing small cross sections 

(which is called bamboo effect), EM diffusion can be reduced as diffusion tends to happen along 

the grain boundaries. Techniques such as stress liners, dielectric cap or stress memorization are 

being used to modify the mechanical properties of the materials and reduce the impact of EM 

[119]. Studying materials with higher melting points or superior resistance to electromigration can 

be an effective approach [120]. Lowering the operating temperature of the circuit can slow down 

the diffusion of atoms, reducing the rate of EM. Efficient thermal management solutions are 

becoming essential to achieve this. 

2.9 References 

[1] Ajey P. Jacob et al., “Scaling Challenges for Advanced CMOS International Journal of High 

Speed Electronics and Systems, vol. 26, no. 01n02, 1740001, pp. 1-76, 2017. 

 

[2]  T. Skotnicki, et al., "The end of CMOS scaling: toward the introduction of new materials and 

structural changes to improve MOSFET performance," IEEE Circuits and Devices Magazine, 

vol. 21, no. 1, pp. 16-26, Jan.-Feb. 2005. 

 

[3]  H. Ceric, S. Selberherr, “Electromigration in submicron interconnect features of integrated 

circuits,” Mater. Sci. Eng.: R: Rep. pp. 53–86, Feb. 2011. 

 



51 

 

[4]  Jens Lienig, “Electromigration and Its Impact on Physical Design in Future Technologies,” 

ISPD, Mar. 24–27, 2013, pp. 33-40. 

 

[5]  D.G. Pierce, P.G. Brusius, “Electromigration: A review,” Microelectronics Reliability, vol. 37, 

no. 7, 1997, pp. 1053-1072. 

 

[6]  K.N.Tu, “Recent advances on electromigration in very-large-scaleintegration of 

interconnects,” Journal of Applied Physics, vol. 94, no. 2, pp. 5451-5473, Nov. 2003. 

 

[7] Christine S. Hau-Riege, “An introduction to Cu electromigration,” Microelectronics 

Reliability, vol 44, pp. 195-205, Oct. 2003. 

 

[8]  Baozhen Li et al., “Electromigration challenges for advanced on-chip Cu interconnects,” 

Microelectronics Reliability, vol 54, pp. 712-724, Oct. 2014. 

 

[9] Md. Khalilur Rahman et al., “A Review of the Study on the Electromigration and Power 

Electronics,”, Journal of Electronics Cooling and Thermal Control, vol. 6, pp. 19-31, 2016. 

 

[10] Yu-Chen Liu and Shih-Kang Lin, “A Critical Review on the Electromigration Effect, the 

Electroplastic Effect, and Perspectives on the Effects of Electric Current Upon Alloy Phase 

Stability,” Advanced Electronic Interconnection, vol. 71, no. 9, pp. 3094-3106, Jul. 2019. 

 

[11] R. H. Dennard et al., "Design of ion-implanted MOSFET's with very small physical 

dimensions," IEEE Journal of Solid-State Circuits, vol. 9, no. 5, pp. 256-268, Oct. 1974.  

 

[12]  Sguigna, Alan, "Silicon Aging and Signal Integrity,” ASSET InterTech, 2013. 

 

[13] J. Keane, X. Wang, D. Persaud and C. H. Kim, "An All-In-One Silicon Odometer for 

Separately Monitoring HCI, BTI, and TDDB," IEEE Journal of Solid-State Circuits, vol. 45, 

no. 4, pp. 817-829, Apr. 2010. 

 

[14] J.L. Autran et al., “Real-time soft-error rate measurements: A review,” Microelectronics 

Reliability, vol. 54, no. 8, pp. 1455-1476, Aug. 2014. 

 

[15] M. Pecht, “Product Reliability, Maintainability and Supportability Handbook,” 2nd edition, 

CRC Press, 2009. 

 



52 

 

[16] E. Suhir, "Aging-related failure rate obtained from bathtub curve data," IEEE Aerospace 

Conference, Big Sky, MT, USA, pp. 1-8, Mar. 2015. 

 

[17] Eiji Takeda, “Hot-carrier effects in scaled MOS devices,” Microelectronics Reliability, vol. 

33, no. 11–12, pp. 1687-1711, Sep. 1993. 

 

[18] Joseph B. Bernstein, “Reliability Prediction from Burn-In Data Fit to Reliability Models,” 

Book chapter 3-Failure Mechanisams, Academic Press,  2014. 

 

[19] D. Ielmini, M. Manigrasso, F. Gattel, and M. G. Valenti, “A new NBTI model based on hole 

trapping and structural relaxation in MOS  dielectrics,” IEEE Trans. Electron Devices, vol. 56, 

no. 9, pp. 1943–1952, Sep. 2009. 

 

[20] T. Grasser and B. Kaczer, “Evidence that two tightly coupled mechanisms are responsible for 

negative bias temperature instability in oxynitride MOSFETs,” IEEE Trans. Electron Devices, 

vol. 56, no. 5, pp. 1056–1062, May 2009. 

 

[21] R. Degraeve et al., “Review of reliability issues in high-k/metal gate stacks,” IEEE Int. Symp. 

Physical and Failure Analysis of Integrated Circuits, pp. 1–6, 7-11 Jul. 2008. 

 

[22] B. H. Lee, "Unified TDDB model for stacked high-k dielectrics," 2009 IEEE International 

Conference on IC Design and Technology, Austin, TX, USA, 2009, pp. 83-87.  

 

[23] A. Elhami Khorasani, M. Griswold and T. L. Alford, "A Fast I−V Screening Measurement 
for TDDB Assessment of Ultra-Thick Inter-Metal Dielectrics," IEEE Electron Device Letters, 

vol. 35, no. 1, pp. 117-119, Jan. 2014.  

 

[24] E. Ibe, “Terrestrial Radiation Effects in ULSI Devices and Electronic Systems,” Wiley-IEEE 

Press, 2015.  

 

[25]J. Li, L. Xiao, H. Li, X. Cao and C. Wang, "A Soft Error Detection and Recovery Flip-Flop 

for Aggressive Designs With High-Performance," IEEE Transactions on Device and Materials 

Reliability, vol. 22, no. 2, pp. 223-231, Jun. 2022. 

 

[26] M. Hashimoto, "Soft error immunity of subthreshold SRAM," 2013 IEEE 10th International 

Conference on ASIC, Shenzhen, China, 2013, pp. 1-4. 

  



53 

 

[27] R. Naseer et al., "Critical Charge Characterization for Soft Error Rate Modeling in 90nm 

SRAM," IEEE International Symposium on Circuits and Systems, New Orleans, LA, USA, 

2007, pp. 1879-1882. 

 

[28] Jens Lienig, Matthias Thiele, “Fundamentals of Electromigration-Aware Integrated Circuit 

Design,” Springer International Publishing, 2018. 

 

[29] V. Sukharev et al., “Theoretical predictions of EM-induced degradation in test-structures and 

on-chip power grids with analytical and numerical analysis,” IEEE IRPS, 2017, pp. 6B-5.1–

6B-5.10.  

 

[30] B. Li et al., "Electromigration characteristics of power grid like structures," IEEE IRPS, 

Burlingame, CA, USA, 2018, pp. 4F.3-1-4F.3-5. 

 

[31] J. A. Maiz, "Characterization of electromigration under bidirectional (BC) and pulsed 

unidirectional (PDC) currents," IEEE IRPS, Phoenix, AZ, USA, 1989, pp. 220-228.  

 

[32] A. Lodder and J. P Dekker, “The electromigration force in metallic bulk,” AIP Conference 

Proceedings, vol. 418, no. 1, Jan. 5, 1998, pp. 315-328. 

 

[33] J. Lienig et al., "Toward Security Closure in the Face of Reliability Effects,” ICCAD Special 

Session Paper, ICCAD, Munich, Germany, Nov. 2021, pp. 1-9. 

 

[34] J R Lloyd, “ Electromigration in integrated circuit conductors,” Journal of Physics D: Applied 

Physics, 1999, pp. R109-R118. 

 

[35] J. Lienig and G. Jerke, "Current-driven wire planning for electromigration avoidance in 

analog circuits," Proceedings of the ASP-DAC Asia and South Pacific Design Automation 

Conference, 2003, Kitakyushu, Japan, pp. 783-788. 

 

[36] C. S. Hau-Riege, “An introduction to Cu electromigration,” Microelectronics Reliability, vol. 

44, no. 2, 2004, pp. 195-205. 

 

[37] M.J. Attardo, R. Rosenberg, “Electromigration damage in aluminum film conductors,” J. 

Appl. Phys. vol. 41, no. 6, pp. 2381-2386, May 1970. 

 



54 

 

[38] C. S. Hau-Riege and C. V. Thompson, “Electromigration in Cu interconnects with very 

different grain structures,” Applied Physics Letters, vol. 78, no. 22, 2001, pp. 3451-3453. 

 

[39] S. Vaidya, A.K. Sinha, “Effect of texture and grain structure on electromigration inAl-0.5%Cu 

thin films,” Thin Solid Films, vol. 75, no. 3, pp. 253-259, Jan. 1981. 

 

[40] W. Wessner, H. Ceric, J. Cervenka and S. Selberherr, "Dynamic Mesh Adaptation for Three-

Dimensional Electromigration Simulation," 2005 International Conference On Simulation of 

Semiconductor Processes and Devices, Tokyo, Japan, 2005, pp. 147-150. 

 

[41] J. Lienig and G. Jerke, "Electromigration-aware physical design of integrated circuits," 18th 

International Conference on VLSI Design held jointly with 4th International Conference on 

Embedded Systems Design, Kolkata, India, 2005, pp. 77-82. 

 

[42] B.D. Knowlton, J.J. Clement, C.V. Thompson, “Simulation of the effects of grainstructure 

and grain growth on electromigration and the reliability of interconnects,” J. Appl. Phys. 

vol.81, no.9, pp. 6073-6080,  May 1997. 

 

[43] E. Ogawa, K.-D. Lee, H. Matsuhashi, et al., “Statistics of electromigration early failures in 

Cu/oxide dual-damascene interconnects,” IEEE IRPS, 2001, pp. 341-349. 

 

[44] M Hasunuma, H Toyoda, H Kaneko, “Electromigration induced aluminum atom migration 

retarding by grain boundary structure stabilization and copper doping,” vol. 39, no. 11, nov 

1999, pp. 1631-1645. 

 

[45] C.-K. Hu, J. Ohm, L.M. Gignac, et al., “Electromigration in Cu(Al) and Cu(Mn) damascene 

lines,” J. Appl. Phys. vol. 111, no. 9,  pp. 093722–093722-6, May 2012. 

 

[46] W.B. Loh, M.S. Tse, L. Chan, et al., “Wafer-level electromigration reliability test for deep-

submicron interconnect metallization,” Proceedings of the IEEE Hong Kong Electron Devices 

Meeting Aug. 1998, pp. 157-160. 

 

[47] Z.-S. Choi et al., “Fatal void size comparisons in via-below and via-above Cu dual-damascene 

interconnects,” Mat. Res. Soc. Symp. Proc, vol. 812, no. 76, pp. F7.6.1- F7.6.6, Dec. 2003. 

 



55 

 

[48] K. N. Tu, Yingxia Liu, Menglu Li; “Effect of Joule heating and current crowding on 

electromigration in mobile technology,” Appl. Phys. Rev. vol. 4, no. 1, Mar. 2017, pp. 

011101(0)- 011101(24). 

 

[49] K. N. Tu, C. C. Yeh, C. Y. Liu, and Chih Chen, “Effect of current crowding on vacancy 

diffusion and void formation in electromigration,” Applied Physics Letter, vol. 76, no.8, 2000, 

pp. 988-990. 

 

[50] J. R. Black, "Mass Transport of Aluminum by Momentum Exchange with Conducting 

Electrons," IEEE IRPS, Los Angeles, CA, USA, 1967, pp. 148-159. 

 

[51 J. R. Black, "Electromigration-A brief survey and some recent results,"  IEEE Transactions on 

Electron Devices, vol. 16, no. 4, pp. 338-347, April 1969.  

 

[52] J. R. Black, "Electromigration failure modes in aluminum metallization for semiconductor 

devices," Proceedings of the IEEE, vol. 57, no. 9, pp. 1587-1594, Sept. 1969.  

 

[53] R.L. de Orio, H. Ceric, S. Selberherr, “Physically based models of electromigration: From 

Black’s equation to modern TCAD models,” Microelectronics Reliability, 2010, vol. 50, no. 

6, pp. 775-789.  

 

[54] J. C. Blair, P. B. Ghate and C. T. Haywood, "Concerning electromigration in thin films," 

Proceedings of the IEEE, vol. 59, no. 6, pp. 1023-1024, June 1971. 

 

[55] K.-D. Lee, “Electromigration recovery and short lead effect under bipolar-and unipolar-pulse 

current,” Proc. IEEE IRPS, Anaheim, CA, USA, 2012, pp. 6B.3.1-6B.3.4. 

 

[56] R. Kirchheim, “Stress and electromigration in Al-lines of integrated circuits,” Acta 

Metallurgica et Materialia, vol. 40, no. 2, pp. 309-323, Feb. 1992. 

 

[57] M. Korhonen, P. Borgesen, K. Tu, and C.-Y. Li, “Stress evolution due to electromigration in 

confined metal lines,” Journal of Applied Physics, vol. 73, no. 8, pp. 3790-3799, Apr. 1993.  

 

[58] Xin Huang, Tan Yu, V. Sukharev and S. X.-D. Tan, "Physics-based electromigration 

assessment for power grid networks," 51st DAC, San Francisco, CA, USA, 2014, pp. 1-6. 

 

[59] F. Cacho, X. Federspiel, “1 - Modeling of electromigration phenomena,” Electromigration in  

Thin Films and Electronic Devices, Woodhead Publishing, 2011, pp. 3-44. 



56 

 

[60] http://www.iue.tuwien.ac.at/phd/orio/node26.html 

 

[61] I.A. Blech, “Electromigration in thin aluminum films on titanium nitride,” J. Appl.Phys. vol. 

47, no. 4, 1976, pp. 1203-1208. 

 

[62] I.A. Blech and C. Herring, “Stress generation by electromigration,” Appl. Phys. Lett., vol. 29,  

no. 3, pp. 131-133, Aug. 1976. 

 

[63] Cher Ming Tan and Arijit Roy, “Electromigration in ULSI interconnects,” Materials Science 

and Engineering, vol. 58,  no. 1, pp. 1-75, 2007. 

 

[64] S. X.-D. Tan, H. Amrouch, T. Kim, Z. Sun, C. Cook, and J. Henkel, “Recent advances in EM 

and BTI induced reliability modeling, analysis and optimization,” Integration, vol. 60, pp. 132–

152, Jan. 2018. 

 

[65] J. R. Lloyd, “Electromigration and mechanical stress,” Microelectron. Eng., vol.49, no. 1-2, 

pp. 51-64, Nov. 1999. 

 

[66] C. Herring, “Diffusional Viscosity of a Polycrystalline Solid,” J. Appl. Phys., vol. 21, pp. 

437-445, 1950. 

 

[67] D. A. Li, M. Marek-Sadowska and S. R. Nassif, "A Method for Improving Power Grid 

Resilience to Electromigration-Caused via Failures," IEEE Transactions on Very Large Scale 

Integration (VLSI) Systems, vol. 23, no. 1, pp. 118-130, Jan. 2015. 

 

[68] E. T. Ogawa et al., “Direct Observation of a Critical Length Effect in Dual-Damascene 

Cu/Oxide Interconnects,” Appl. Phys. Lett., vol. 78, no. 18, pp. 2652-2645, 2001. 

 

[69] J. Clement, C.V. Thompson, Modeling electromigration-induced stress evolution in confined 

metal lines, J. Appl. Phys., vol.78, no.2, 1998, pp. 900-904. 

 

[70] X. Huang, V. Sukharev, T. Kim, H. Chen and S. X.-D. Tan, "Electromigration recovery 

modeling and analysis under time-dependent current and temperature stressing," ASP-DAC 

conference, Macao, China, 2016, pp. 244-249. 

 



57 

 

[71] X. Huang, A. Kteyan, X. Tan, V. Sukharev, Physics-based electromigration models and full-

chip assessment for power grid networks, IEEE Trans. Comput.-Aided Des. Integr. Circuits 

Syst., vol. 35, no. 11, 2016, pp. 1848-1861. 

 

[72] K. Croes et al., "Study of void formation kinetics in Cu interconnects using local sense 

structures," IEEE IRPS, Monterey, CA, USA, 2011, pp. 3E.5.1-3E.5.7. 

 

[73] S. M. Nair et al., "Variation-Aware Physics-Based Electromigration Modeling and    

Experimental Calibration for VLSI Interconnects,"IEEE IRPS, Monterey, CA, USA, 2019, pp. 

1-6. 

 

[74] Ki-Don Lee, Young-Joon Park and B. Hunter, "The impact of partially scaled metal barrier 

shunting on failure criteria for copper electromigration resistance increase in 65 nm 

technology," IEEE IRPS, San Jose, CA, USA, 2005, pp. 31-35.  

 

[75] D. Tio Castro, R. Hoofman, J. Michelon, D. Gravesteijn, and C. Bruynseraede, “Void growth 

modeling upon electromigration stressing in narrow copper lines,” Journal of Applied Physics, 

vol. 102, no. 12, pp. 123515(1)- 23515(12), Dec. 2007. 

 

[76] R.G. Filippi, R.A. Wachnik, H. Aochi, J.R. Lloyd, M.A. Korhonen, The effect of current 

density and stripe length on resistance saturation during electromigration testing, Appl. Phys. 

Lett, vol. 69, no. 16, 1996, pp. 2350-2352. 

 

[77] V.K. Andleigh, V.T. Srikar, Y.T. Park, and C.V. Thompson, “Mechanism Maps for 

Electrmigration-Induced Failure of Metal and Alloy Interconnects,” J. Appl. Phys. vol. 86, 

no.12, pp. 6737–6745, Dec. 1999. 

 

[78] Z. Suo, “Stable state of interconnect under temperature change and electric current,” Acta 

Materialia, vol. 46, no. 11,  pp. 3725-3732, Jul. 1998. 

 

[79] C. V. Thompson, "Using line-length effects to optimize circuit-level reliability," 15th 

International Symposium on the Physical and Failure Analysis of Integrated Circuits, 

Singapore, 2008, pp. 1-4. 

 

[80] S.M. Alam, C.L. Gan, C.V. Thompson, D.E. Troxel, “Reliability computer-aided design tool 

for full-chip electromigration analysis and comparison with different interconnect 

metallizations,” Microelectron. J. vol. 38, no. (4-5), 2007, pp.  463-473. 



58 

 

 

[81] C.K. Hu et al.,  “Effects of overlayers on electromigration reliability improvement for Cu/low 

k interconnects,” IEEE IRPS, 2004, pp. 222-228. 

 

[82] C.L. Gan et al., “Effect of Current Direction on the Lifetime of Different Levels of Cu Dual-

Damascene Metallization,” Appl. Phys. Letters, vol. 79, no. 27,  pp. 4592-4594, Dec. 2001. 

 

[83] S. P. Hau-Riege, “Probabilistic immortality of Cu damascene interconnects,” J. Appl. Phys. 

vol. 91,  no. 4, pp. 2014-2022, Feb. 2002. 

 

[84] C. S. Hau-Riege, “An introduction to Cu electromigration,” Microelectronics Reliability, 

vol.44, no.2, 2004, pp. 195-205. 

 

[85] K. D Lee et al., “Electromigration critical length effect in Cu/oxide dual-damascene 

interconnects,”, Appl. Phys. Lett., vol. 79, no. 20, pp. 3236-3238, Nov. 2001. 

 

[86] C. S. Hau-Riege, A. P. Marathe, and V. Pham, “The effect of low-k ILD on the 

electromigration reliability of Cu interconnects with different line lengths,” IEEE IRPS, pp. 

173-177, 2003. 

 

[87] H. Ceric, S. Selberherr, “Electromigration in submicron interconnect features of integrated 

circuits,” Materials Science and Engineering: R: Reports, vol. 71, no. 5-6, pp. 53-86, Feb. 

2011. 

 

[88] W.G. Breiland, S.R. Lee, D.D. Koleske, “Effect of diffraction and film-thickness gradients 

on wafer-curvature measurements of thin-film stres,” J. Appl. Phys., vol. 95, no. 7 pp. 3453-

3465, Apr. 2004. 

 

[89] Jiang Tao et al., “Electromigration under time-varying current stress,” Microelectronics 

Reliability,vol. 38, no. 3, 27th Mar. 1998, pp.  295-308. 

 

[90] D. G. Pierce, E. S. Snyder, S. E. Swanson and L. W. Irwin, "Wafer-level pulsed-DC 

electromigration response at very high frequencies," IEEE IRPS, San Jose, CA, USA, 1994, 

pp. 198-206. 

 



59 

 

[91] J. J. Clement, “Reliability analysis for encapsulated interconnect lines under dc and pulsed dc 

current using a continuum electromigration transport model,” J. Appl. Phys. vol. 82, no.12, pp. 

5991-6000, 1997. 

 

[92] M. H. Lin and A. S. Oates, “AC and Pulsed-DC Stress Electromigration Failure Mechanisms 

in Cu Interconnects,” IITC, Japan, 2013, pp. 1-3. 

 

[93] Wu, J.S. Yuan, S.H. Kang, A.S. Oates, “Electromigration subjected to Joule heating under 

pulsed DC stress,” Solid-State Electronics, vol. 45, no. 12, 2001, pp. 2051-2056. 

 

[94] B.K. Liew, N. W. Cheung and C. Hu, "Projecting interconnect electromigration lifetime for 

arbitrary current waveforms," in IEEE Transactions on Electron Devices, vol. 37, no. 5, pp. 

1343-1351, May 1990. 

 

[95]Jing Xie et al., “Mitigating electromigration of power supply networks using bidirectional 

current stress,” GLSVLSI '12: Proceedings of the great lakes symposium on VLSI, May 2012, 

pp. 299-302.  

 

[96] C. Zhou et al., "A Circuit-Based Approach for Characterizing High Frequency 

Electromigration Effects," in IEEE Transactions on Device and Materials Reliability, vol. 17, 

no. 4, , Dec. 2017, pp. 763-772. 

 

[97] J. M. Schoen, “A model of electromigration failure under pulsed condition,” Journal of 

Applied Physics, vol. 51, no. 1,1980, pp 508-512.  

 

[98] B. K. Liew, N.W Cheung, C. Hu, “Electromigration interconnect lifetime under AC and pulse 

DC stress,” IEEE IRPS, Phoenix, AZ, USA, 1989, pp. 215-219. 

 

[99] L. Doyen, X. Federspiel and D. Ney, "Improved Bipolar Electromigration Model," IEEE 

IRPS, San Jose, CA, USA, 2006, pp. 683-684. 

 

[100] J. R. Lloyd, "Electromigration Failure," J. Appl. Phys., vol. 69, no. 11,pp. 7601-7604, 1991. 

 

[101] H. V Nguyen et al. “Simulation and experimental characterization of reservoir and via layout 

effects on electromigration lifetime,” Microel. Reliab., vol. 42, no. 9-11, pp. 1421-1425, Nov. 

2002. 

 



60 

 

[102] M. J. Dion, "Reservoir modeling for electromigration improvement of metal systems with 

refractory barriers," IEEE IRPS, Orlando, FL, USA, 2001, pp. 327-333. 

 

[103] H. V. Nguyen, C. Salm, T. J. Mouthaan and F. G. Kuper, “Modelling of the reservoir effect 

on electromigration lifetime," IPFA, Singapore, 2001, pp. 169-173. 

 

[104] J. Lienig, “Introduction to electromigration-aware physical design,” Proc. Int. Symp. on 

Physical Design (ISPD), San Jose, CA, USA, 2006, pp. 39-46. 

 

[105] I. N. Hajj, V. B. Rao, R. Iimura et al., “A system for electromigration analysis in VLSI metal 

patterns,” Proc. IEEE-Custom Integrated Circuits Conf., 1991, pp. 4.4.1-4.4.4. 

 

[106] G. Steele, D. Overhauser, S. Rochel et al., “Full-chip verification methods for DSM power 

distribution systems,” Proc. Design Automation Conf. (DAC), 1998, pp. 744-749. 

 

[107] OEA International, Inc. Available: www.oea.com [Online] 

 

[108] http://www.cadence.com/products/ 

 

[109] http://pulsic.com/products/pulsic-implementation-solution/unityanalog-router/ 

 

[110]http://www.synopsys.com/Tools/Verification/AMSVerification/Reliability/Pages/customsi

m-interconnect-reliability-analysis.asp 

 

[111]  http://www.apache-da.com/products/totem/totem-mmx 

 

[112] S. Rothe and J. Lienig, "Reliability by Design: Avoiding Migration-Induced Failure in IC 

Interconnects," 2022 35th SBCCI, Porto Alegre, Brazil, 2022, pp. 1-6. 

 

[113] J. Lienig, M. Thiele.  “The pressing need for electromigration-aware physical design,” 

Proceedings of the 2018 International Symposium on Physical Design, 2018, pp. 144-151. 

 

[114] ITRS, International Technology Roadmap for Semiconductors 2.0 (ITRS 2.0). 

http://www.itrs2.net/itrs-reports.html, 2015. 

 



61 

 

[115] IRDS, IEEE International Roadmap for Devices and Systems (More Moore) 

https://irds.ieee.org/editions/2021/more-moore, 2021. 

 

[116] G. Jerke and J. Lienig, "Early-stage determination of current-density criticality in 

interconnects," 2010 11th ISQED, San Jose, CA, USA, 2010, pp. 667-674. 

 

[117] S. P. Riege, C. V. Thompson and J. J. Clement, "A hierarchical reliability analysis for circuit 

design evaluation," IEEE Transactions on Electron Devices, vol. 45, no. 10, pp. 2254-2257, 

Oct. 1998. 

 

[118] E. T. Ogawa et al., "Statistics of electromigration early failures in Cu/oxide dual-damascene 

interconnects, IEEE IRPS, Orlando, FL, USA, 2001, pp. 341-349. 

 

[119] H. V. Nguyen, C. Salm, R. Wenzel, A. J. Mouthaan, F. G. Kuper, “Simulation and 

experimental characterization of reservoir and via layout effects on electromigration lifetime,” 

vol. 42, no. 9-11, 2002, pp.1421-1425. 

 

[120] D. Young, A. Christou, “Failure mechanism models for electromigration,” IEEE Trans. on 

Reliability, vol. 43, no. 2, pp. 186-192, Jun.1994. 

 

 

 

 



62 

 

CHAPTER 3.    NOVEL TEST CHIPS FOR ELECTROMIGRATION FAILURE   

CHARACTERIZARION FROM DC TO GHz FREQUENCIES 

Srijita Patra1, Yoon Jo Kim1, Subramanya Sadasiva1, 
 Ricardo Ascazubi1, Balkaran Gill1, Rahim Kasim1, Jeffrey Hicks1, 

Lei Jiang1, Marepalli Prabhakar1, Chandankumar P1, Trinadh Mutyala1, Shiv Gupta1,  

Ratensh Kumar2 

 

1Intel Corporation, Hillsboro, Oregon, U.S.A 
2Department of Electrical and Computer Engineering, Iowa State University, Ames, Iowa, USA 

 

      Modified from a manuscript under review in  

IEEE Transactions on Device and Materials Reliability 

3.1 Abstract  

The pursuit of technology scaling has resulted in a substantial rise in Back-End-Of-Line 

(BEOL) interconnect current density within integrated circuits (ICs). This paper reports the design 

of novel test chips fabricated using Intel’s 22 FFL process technology to assess the 

electromigration (EM) impact on failure rate of high current densities on Cu-based metallurgies. 

We have demonstrated the ability for these circuits to characterize direct current (DC), 

unidirectional pulsed DC as well as bidirectional pulsed AC stress EM effects up to GHz 

frequencies. Heater structure design enables localized thermal stress up to 300 oC and is compatible 

with high-speed CMOS logic infrastructure. Time dependent modulation of the EM effects is 

studied on 90p Cu alloy metallurgy and results are reported for the first time.  

3.2 Introduction  

While recent advancements in integrated circuit technology have played a pivotal role in 

expediting technology scaling, this has been accompanied by a notable increase in Back-End-Of-

Line (BEOL) interconnect current density. This, in turn, has increased the risk of BEOL 

connectivity failures and, as a result, reduced the lifetime due to resulting electromigration (EM) 

[1]-[3]. The susceptibility of BEOL interconnects can be further exacerbated due to Joule heating, 
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particularly attributed to an increase in resistivity as the metal interconnect pitch decreases along 

with scaling [4]. The EM lifetimes of signal interconnects, when subjected to unidirectional pulsed 

DC (pulsed DC) or bidirectional pulsed AC (pulsed AC) currents, exhibits distinctive features 

trending with operating frequency [5]. As such the existing DC-based EM risk assessment may not 

be adequate for enveloping the risk due to the frequency-dependent currents. 

For a metal interconnect, current flows from the anode (positively biased) to the cathode 

(negatively biased). Over time, the atoms within the interconnect begin to migrate from the cathode 

toward the anode, resulting in void formation on the cathode side and accumulation of material on 

the anode side. This migration causes volume expansion at the anode and volume contraction at 

the cathode. However, in copper dual-damascene interconnects, the capping layer, barrier layer, 

and passivation layer restrict these volumetric changes [6]. As a result, a hydrostatic stress gradient 

develops along the interconnect line, with tensile stress forming at the cathode end and 

compressive stress accumulating at the anode end. This stress gradient creates a back-stress force 

that opposes the atom migration driven by electromigration, ultimately reducing the overall 

diffusion flow [6]. 

 In the presence of electron wind and hydrostatic stress, the atomic flux 끫롺 of Cu due to EM 

can be expressed as [7]:  

                                                                     끫롺 = 끫롮 끫롬끫뢰끫뢎 �끫룎∗끫뢤끫뢮끫뢮 − Ω 끫븪끫븜끫븪끫뢴 �                                                    (3.1) 

  

where 끫롰끫뢜 is the activation energy of Cu, 끫뢠 is the concentration of Cu atoms, 끫뢰 is 

Boltzmann’s constant, 끫뢎 is the temperature, 끫룎∗ is the effective charge of Cu ions, 끫뢤 is the 

elementary charge, 끫뢮 is the resistivity in Cu, 끫뢮 is the current density, Ω is the atomic volume, 끫븪 is 

the generated mechanical stress,  끫븪 is the distance along the metal line in the direction of the electric 
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current, with 끫븪 =  0 at the cathode, and D is the diffusion coefficient or diffusivity of Cu atoms, 

which is dependent on temperature and thus governed by the Arrhenius equation as follows [8]: 

                                                     끫롮 = 끫롮0exp �−끫롰끫뢜끫뢰끫뢎 �                                                        (3.2) 

where D0 is the diffusion constant. The first term in (3.1), which represents the driving 

force due to the current creating momentum exchange between conducting electrons and metal ion 

atoms, is absent during the off-period of a pulse stress. The second term of hydrostatic stress allows 

relaxation of the ion atoms in the reverse direction, thereby facilitating recovery (or healing) effects 

and reducing the EM damage [9]-[11]. [12] reported a considerable underestimation of the 

interconnect lifetime, depending on the duty cycle under pulsed DC stressing. The recovery effect 

is more pronounced under a pulsed AC stressing, as the momentum transfer term turns negative 

during the off periods, which leads to ‘backward migration’ of metal atoms and results in a 

significant enhancement in EM lifetime [13]. For bidirectional pulsed AC EM stress, [11] and [14] 

reported substantial enhancement in recovery factors close to 1 and corresponding full recovery. 

[15] observed abrupt and progressive EM failures under 200 MHz pulsed DC stress, while they 

did not find any failure under bidirectional pulsed AC current. [9] observed a unique frequency 

dependent MTTF trend shifting from a low- (<100 kHz) to a high-MTTF regime (>10 MHz) when 

exposed to pulsed DC stressing. The shift was attributed to the thermal effect rather than EM 

recovery effect. 

In the study reported here, the aim was to design and fabricate test chip and investigate 

frequency dependent EM characteristics under pulsed DC and pulsed AC stress of 100 kHz to 1 

GHz. Signals with duty cycle of 50% were used as shown in Fig. 3.1.  
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The power delivery approach includes two rails. The signal generator, NAND gate, 

frequency detector, and transmission gates are powered up by a nominal power supply (끫뷊끫롪끫롪) to 

avoid any aging effect on the frequency. The PMOS driver is powered up with a dedicated power 

supply (끫뷊끫롪끫롪끫뢾끫뢠끫뢾끫뢦끫뢾끫뢾) which can take up higher voltages to generate high stress currents, 

The EM testing has two modes: stress and measure. An enable signal selects between these 

two modes. During the stress mode, the signal generator is enabled, the transmission gate is 

disabled, and the EM DUT is stressed with a pulsed DC stress. In the measure mode, the signal 

generator and PMOS drivers are off, the transmission gates are enabled, and the Kelvin terminals 

are available for external characterization.  

The same test chip is used to generate EM stress data under DC current. In the DC testing, 

ROSC is off, the DC stress current is coming from 끫뷊끫롪끫롪끫뢾끫뢠끫뢾끫뢦끫뢾끫뢾 and PMOS is constantly on. In this 

way, the parasitic effect of peripheral circuitry is considered in DC testing and the DC stress results 

can be compared with pulse-stress-based EM testing.  

3.3.2 Bidirectional Pulsed AC Test Structure 

The pulsed AC test structure (the CMOS control logic in Fig. 3.3) also has a ROSC block 

and a frequency selection MUX as shown in Fig. 3.5. 

It includes an innovative logic circuit which is controlled by the stress/measure input 

signal. The EM DUT is connected through large PMOS transistors (A, B) and NMOS transistors 

(C, D). There are pre-drivers as well, enlarged to properly drive the heavy drivers (A, B, C, D). 

Like the pulsed DC test structure there is a frequency detector with a MUX selection to measure 

the frequency before and after the EM DUT so that signal propagation can be verified externally. 

In this test chip also, optimized transmission gates are used to protect signal integrity during EM 

characterization at the EM DUT from any parasitic capacitance effects at the output pads. The 
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power delivery architecture is very similar to the pulsed DC test chip with two rails 끫뷊끫롪끫롪 and 끫뷊끫롪끫롪끫뢾끫뢠끫뢾끫뢦끫뢾끫뢾. 

 Figure 3.5. EM test structure to work under pulsed AC stress. 

 

Fig. 3.5 shows a simplified schematic of the test chip. The ROSC output M drives devices 

PMOS (A) and NMOS (C) while the inverted output ~M drives devices PMOS (B) and NMOS 

(D) (M in purple). While M is zero, A and D are on and current flows from X to Y. While M is 

asserted, B and C transistors are on and current flows from Y to X. This arrangement creates a 

bidirectional pulsed AC stress current flow. During the stress mode, all four transmission gates are 

off When the control signal is in measure mode, the innovative circuit turns all four transistors (A, 

B, C, D) off. At the same time the transmission gates are enabled to measure the DUT’s resistance 

using Kelvin terminals. The metal sensor resistance is also measured during this time.  
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3.4 Testing Methodology 

The standard methodology of EM testing is to detect EM failures of metal interconnect 

using wafer level testing under constant DC current and at an elevated temperature (250 oC -300 

oC) using an oven. The proposed test circuit in this work enables high frequency testing while it 

provides elevated temperatures. The basic functionality of our EM test structures has been 

validated on the wafer. For long-term stress, the structures are packaged using wire bonding pin 

grid array (PGA) packages. A custom board and system have been implemented to test the 

packaged structures (shown in Fig. 3.6). 

 

 

 

 

 

 

 

 

Figure 3.6. Test boards used for packaged test structures. 

 

The system includes general-purpose input output (GPIO) lines to control the DUTs, as 

well as a low frequency phase locked loop (PLL) and dividers to provide low frequencies (kHz to 

MHz) to the DUTs. The on-die heater is powered up by a bidirectional current source to avoid any 

EM effect in the heater itself. The stress current and stress frequency are measured from each DUT 

individually, using on-board high precision current sensors and frequency counters respectively. 

During measurement mode, the EM DUT and sensor resistances are characterized with high 
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be adapted to represent the relationship between pulsed DC and DC MTTFs, as expressed by the 

following equation [5], [9]:  

                              MTTF끫뢾끫뢜끫뢠끫뢦끫뢾 =
MTTF끫뢺끫뢺끫뢺끫뢺끫뢺MTTF끫롮끫롮 =

1끫뢾끫뢴 ≡⏟
@끫뢾=0.52끫뢴                                           (4)  

For our study for the duty factor r = 0.5, the measured MTTF ratios relative to DC MTTF 

is plotted in Fig. 3.11 across the measured frequency range. This figure shows that the MTTF ratio 

at 100 kHz is near to 2, which by (4) corresponds to the on -time model with m = 1 implying off 

period EM recovery is negligible (duty cycle is halved compared to DC, implying the on period is 

halved to DC, while the MTTF is doubled, implying a DC-like behavior).  

Figure 3.11. MTTF ratios to DC MTTF with respect to frequency. Both on-time model and 

average current density model (m = 2) lines are also plotted. 

 

However, as the frequency increases above 100 kHz, the MTTF ratio continues to rise, 

which implies reduced EM degradation, possibly due to less damages in on-periods and/or 

increased recovery in the off-periods, thereby delaying EM failures and yielding a MTTF ratio 
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greater than 2. Interestingly, the MTTF ratios in Fig. 3.11 level off at around 4.3 at the frequencies 

higher than 250 MHz, implying no further significant reduction in the net EM damage rate. 

3.5.5 Physics Explanation of EM DUT MTTF Under Pulsed DC Stress  

To develop a further understanding of the frequency dependent MTTF, in Fig. 3.12, the 

temporal thermal behaviors under low- and high-frequency pulsed DC stress are compared, where 

the solid line depicts the frequency dependent current input, whereas the dashed line represents the 

frequency dependent temperature profile of the EM DUT. At lower frequencies, the temperature 

profile (dashed line) can closely follow the square wave pattern of the current input (solid line). 

This is because the durations of the on- and off-periods are much longer than the thermal time 

constant of the EM DUT, allowing for nearly full peak-to-peak thermal fluctuations. However, at 

higher frequencies, the reduced on- and off-times offer reduced duration for temperature rise and 

fall relative to its time constant, resulting in significantly smaller thermal swings and a temperature 

profile that substantially deviates from the square wave form.  

At the higher frequencies, the lower temperature during the on-periods (relative to that 

during lower frequencies) results in decreased diffusivity/electromigration, and in contrast, the 

temperature of the EM DUT during the off-periods is higher relative to that during the lower 

frequencies, facilitating more effective recovery aided by the increased backward diffusivity 

caused by higher temperature. These dual effects both favor extended EM lifetime--The frequency 

dependent thermal behavior depicted in Fig. 3.12 shows both an on-period temperature decrease, 

and an off-period temperature rise at higher frequencies, that jointly contribute to the MTTF 

reduction in pulsed DC stress at higher frequencies. Also, there is relatively little room for the 

temperature swing to decrease beyond the 250 MHz, causing no further net reduction in EM 

damage rate at further higher frequencies, and hence the observed saturation beyond the 250 MHz. 
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was not effective, leading to the MTTF ratio following the on-time model. At frequencies spanning 

100 to 250 MHz, the increasing rise in the MTTF is indicative of net reduction in EM damage rate. 

At frequencies exceeding 250 MHz, however, the increase in the MTTF ratio surpassed what was 

originally anticipated based on the average current density model that accounts as reported in [5], 

[8], meaning that these previous publications failed to adequately account for the thermally 

induced benefits at higher frequencies due to an on-period EM suppression and an off-period EM 

recovery. Thermal simulation revealed that the MTTF enhancement at high frequencies was 

primarily attributed to a reduction in the on-period self-heat and in contrast its off-period increase 

affording a higher recovery. Additionally, no EM failures were observed in bidirectional stress tests 

implying close to full EM recovery during the negative stress periods. 

Note due to the interplay between the electromigration time constant versus the self-heat 

(SH) driven temperature time constant, it is not feasible to separate out the contribution of each 

mechanism towards the observed MTTF dependence on frequency. If indeed in some practical 

setting a lower stress current results in negligible self-heat, our approach can still be utilized for 

the MTTF study, and where the effect of thermal time constant would have no role (since negligible 

self-heat), and only the electromigration time constat will be effective. 

In summary, EM lifetime subjected to unidirectional pulsed-DC can be substantially 

enhanced, especially at high frequencies. Our study shows that when significant self-heating is 

accompanied during on-period, existing EM model based on modified Black’s equation (the 

average current density model) does not effectively predict the unidirectional pulsed DC MTTF 

trend. The MTTF saturation beyond 250 MHz is another interesting observation of our study. 
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4.1 Abstract  

Very-large-scale integration (VLSI) technology scaling has resulted in a substantial rise in 

power density within a chip. This leads to thermal non uniformity across integrated circuits (ICs) 

impacting electromigration (EM) which occurs due to dislocation of conducting elements of 

interconnects caused by electron flow. Detecting EM risk by accelerated stress methods is an active 

area of research. This paper describes a technique that uses laser to create concentrated area of 

high temperature, or hot spot. The high temperature is applied to targeted areas of the specific 

circuit or intellectual property (IP) block of a product while the rest of the chip continues to operate 

at standard conditions.  The notable benefit from this technique is the capability to selectively 

accelerate the stressing (electromigration) process of an individual IP block, rather than stressing 

the entire chip uniformly. 

4.2 Introduction  

As devices are miniaturized through fin field effect transistor (FinFET) technology, the 

power density of the products increases. This miniaturization trend can lead to notably elevated 

temperatures in specific regions within an IC (integrated circuit). Consequently, there is a growing 

attention to thermally generated reliability concerns such as fin induced self-heating (FISH), 

thermal runaway, thermal migration, negative bias temperature instability, electromigration (EM). 

These are the main degradation mechanisms sensitive to temperature that present significant risks 
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to interconnect failures and device reliability. Electromigration occurs due to the movement of 

atoms caused by the flow of current through the metal interconnect. When the current density is 

sufficiently high, the heat generated within the interconnect can repeatedly dislodge atoms from 

their original positions creating voids and hillocks.  The conventional approach to ensuring 

product’s thermal reliability involves conducting accelerated aging tests, exposing a product to 

elevated temperatures and voltages (also known as a stress test or High Temperature Operating 

Life test) for a duration that estimates the product's entire lifespan under normal usage conditions 

by the customer [1]. 

In this scenario, multiple issues arise: First, the product may exhibit various failure modes, 

each with its own rate of occurrence.  It is challenging to identify which mode is the main reliability 

limiter. Second, the equipment utilized for stressing products, such as tester cards and reference 

design PCB (printed circuit board), have a finite capacity for power delivery. An increased power 

demand during stress testing can strain these power delivery systems. This issue restricts the 

highest possible temperature that can be used for stress conditions. Also, no mechanism exists to 

perform non-uniform or spot heating that arise in practical setting, although a sensor circuit to 

detect void formation under uniform heating was reported in [2]. The authors applied standard 

uniform heating, waited for initial void to expand over metal line, and detected the increased 

resistance by using the sensor circuit, while collecting intermediate TEM (transmission electron 

microscopy) images during the process.  

Addressing these factors, a novel method has been developed to create high temperature at 

localized areas (hot spots) on a die that is operating under standard conditions by targeting the area 

of interest with a continuous wave (CW) laser. This approach facilitates the analysis of thermal 

effects in two keyways: (1) it confirms the adequacy of the test temperature with high precision, 
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and (2) it assesses the temperature-related aging and susceptibility of specific IP blocks within the 

silicon. Our method provides both high spatial precision and rapid testing, as a few days of laser-

induced temperature stress reproduces the effects of multiple years of regular usage, while the rest 

of the chip remains unaffected and continues to operate normally. 

As per our knowledge, this is the first time a non-uniform temperature based 

electromigration effects are made possible and the corresponding results are reported. 

4.3 Non- Uniform Heating Based Electromigration 

For the past thirty years, electromigration has been the subject of active research [3]-[5]. 

As device sizes shrink, it becomes possible to increase the number of devices per unit area, 

enhancing in-device density and causing higher current density within the device, which in turn 

raises operating temperatures non-uniformly within the ICs. Further, the need for high-speed 

operation results in a higher frequency switching that has its own ramifications towards heating 

pattern. These factors collectively contribute to making electromigration a significant challenge 

for the reliability of contemporary ICs.  

In case of a metal interconnect, the current flows from anode to cathode (i.e., the electrons 

flow from cathode to anode), and a current-induced electromigration accelerates under higher 

temperature, when the interconnect atoms start migrating from cathode to anode, leading to the 

formation of voids on the cathode side (and piling on the anode side).  

This results in volume expansion at the anode and volume contraction at the cathode. 

However, the surrounding layers in copper dual-damascene interconnects, specifically the capping 

layer, barrier layer, and passivation layer prevent these volumetric changes. Consequently, a 

gradient of hydrostatic stress develops within the interconnect line. Tensile stress arises at the 

cathode end, while compressive stress builds up at the anode end. This stress gradient acts as a 

back stress force that counteracts the forward migration of atoms caused by electromigration, 
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ultimately reducing the overall diffusion flow. This mechanism is called stress migration (SM) [6]-

[7].  

Thermal migration, also known as the thermomigration (TM), is driven by temperature 

gradients. It occurs due to mainly two reasons: 1) If there is a temperature difference in a metal 

interconnect, atoms situated in hotter regions are more likely to become dislodged because they 

are more energetically activated by the heat. Consequently, there is a higher rate of atomic diffusion 

from the warmer areas to the cooler ones compared to the movement in the reverse direction. This 

imbalance results in a net diffusion, towards the areas with lower temperatures, following the path 

of negative temperature gradients [6]-[7]. 2) The current flow sets off the electromigration of 

atoms, leading to the formation and expansion of voids, which progressively compromise the 

structural integrity of the area impacted by EM. As a result, the local current density intensifies, 

which in turn raises local temperatures due to Joule heating. This creates a positive feedback loop 

that further speeds up the diffusion of atoms and exacerbates the growth of voids. 

Stress migration acts against the flow of electromigration, while thermal migration speeds 

it up. In general, stress migration (SM), thermal migration (TM), and electromigration (EM) are 

closely linked, as their effects are intertwined. Together, they play a role in determining the overall 

pattern of atom migration within the metal interconnects.  

In standard electromigration test, high current density and high temperature are used as 

stress conditions, and where standardly, the applied temperature remains uniform along the metal 

interconnect. In such a test, thermal gradient generally occurs due to non-uniform resistance 

induced from electromigration and resulting non-uniform Joule-heating from the flowing current. 

In other words, the resulting thermal gradient is not controllable in traditional EM test. In our 

proposed laser based electromigration experiment, the laser induced stress temperature is 
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The laser light is precisely focused on the silicon, targeting an area at or below the level of the 

fins, to a spot of diameter approximately 1-2 micrometers. This concentration of light energy 

centered into a rather small area results in the generation of temperatures that can’t exceed 300 °C. 

 For testing complex devices with advanced multilayer interconnect technology, the FCA 

process based localized heating works well as this process generates heat in the semiconductor 

bulk. However, with backside-injected FCA it is important to use a bulk thickness that balances a 

good interaction length to generate heat and a limited heat diffusion to target the region of interest. 

Accordingly, in this work the samples are thinned 50 µm. 

In general, to determine the bulk side thickness needed for creating a specific temperature 

profile, it is essential to consider the wavelength, absorption coefficient, and carrier density. The 

absorption coefficient is a measure of how much light can be absorbed by a particular material, 

which has to do with how deeply the light can penetrate into the material. The wavelength of light 

also determines the penetration depth and the absorption coefficient. Carrier density refers to the 

concentration of free charge carriers (electrons and holes) in the material, which determines the 

level of interaction of light with the material. These factors collectively determine how much the 

substrate needs to be thinned to allow the laser beam to heat the target area within the metal line 

effectively. 

The laser setup along with the test board and the packaged silicon is shown in Fig. 4.3.  The 

laser beam used in this work is a continuous wave laser with a coherent monochromic light of 

wavelength of 1550 nm. The laser’s power depends on the applied current value. A commercial 

power supply is used to maintain a desired current into the laser diode.  In our case, the power 

output and intensity of the beam is held constant throughout the experiment. The additional power 

control consists of a polarizer and a wave plate. The polarizer rejects one polarization while 
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transmits the rest of the light. The polarized light passes through a wave plate with adjustable 

angle. By varying the angle of the laser light, its delivered power can further be adjusted. 

 

 

Figure 4.3. Laser with a power control and LSM to locally heat up the packaged silicon 

through a glass opening. SMU serves as a source of current to the DUT, and 

it measures the voltage, current, and resistance of the DUT. 

 

The polarized laser light is passed through a laser scanning microscope (LSM) to scan a 

detailed image pattern on the sample. This setup allows polarized focused light to create localized 

hot spot on the desired location in the DUT. The objective lens used has a numerical aperture of 

0.8 [11]. 

4.6 Results and Discussions  

Before starting the temperature stress testing, the TCR (Temperature Coefficient of the 

Resistor) was characterized by varying its temperature. Then a laser-based scan was performed 

throughout the test structure to evaluate the resistance profile across the DUT. Using the TCR 

value, the resistance profile was converted into temperature profile and the resulting contour plot 

is shown in Fig. 4.4. 











94 

 

At metal-via junction, the via width is much smaller than the metal width, increasing the 

rate of void formation compared to the metal strip, reaching the critical size in about 15 hrs, an 

order of magnitude smaller compared to the metal strip. Once the void reached a certain critical 

size, there was a sharp increment of resistance. 

The gradual then abrupt resistance change on metal strip suggests the existence of 

recovery/healing effect during the initial EM before the initial void turned into its critical size. The 

opposing effects of thermal versus stress gradients played the pivotal roles for delaying the critical 

size of the void [2].  To gain deeper insight into the contribution of each of these factors, 

intermediate TEM imaging of the silicon can be conducted, offering additional valuable 

information. 

The electromigration failure criteria is defined in the JDEC standard as a 20% rise in the 

original resistance [12]. However, the industry-wide EM failure criteria is considered as 10% 

increment of resistance, as even the 10% increment in resistance causes a significant RC delay in 

high-speed circuits such as clock generators [13], [14]. For the abrupt failures at the metal-via 

location (0% location) the 10% failure criteria or 20% criteria are essentially equivalent to indicate 

a failure time. For failures on the metal strip (both at the 25% and 50% locations), there are initial 

resistance changes (even reaching 10%) indicating precursor sub-critical voids, but meaningful 

void occurs much later than the initial 10% resistance increment. Hence, for the metal strip, the 

industry wide criteria of 10% resistance change does not adequately reflect the occurrence of EM 

failure. The time to increase 10% DUT resistance and time to attain EM failure at the various laser 

injected locations are shown in Fig. 4.10.  
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CHAPTER 5.    GENERAL CONCLUSION 

 

 A primary challenge in contemporary semiconductor technology is the design of reliable 

integrated circuits (ICs) that maintain high performance without escalating power consumption or 

chip area. As technology advances, current densities are increasing, electromigration is becoming 

a high risk for ICs. The EM failure in high-speed ICs such as clock generators, SerDes is under 

more scrutiny as there is limited research on EM failure due to MHz to GHz frequency effect. 

This thesis describes the novel EM test chips were designed, fabricated, and tested, which 

were uniquely capable of pulsed DC and AC stressing of an interconnect for electromigration 

effects over a wide range of frequencies spanning from DC to 100 kHz to 1 GHz based on Intel’s 

22FFL technology. The on-die ring oscillator provided the high frequencies, the on-die heater 

generated the local uniform heat to stress the metal interconnect without creating any functionality 

issues to the rest of the test chip.  At 100 kHz EM MTTF was twice the MTTF at DC. But as the 

frequency increased, we found out due to thermal swing limitation from 1 MHz to 250MHz, the 

lower temperature during the on-periods (relative to that during lower frequencies) resulted in 

decreased diffusivity/electromigration, and in contrast, the temperature of the EM DUT during the 

off-periods was higher (relative to that during the lower frequencies), facilitating more effective 

recovery aided by the increased backward diffusivity caused by higher temperature. These dual 

effects both favored extended EM lifetime. After 250 MHz as thermal swing was almost constant 

EM MTTF benefit was also constant. 

Due to the interplay of Cu atom diffusion time constants and self-heat driven temperature 

time constants, it was not feasible to de-convolute the contribution of each mechanism towards the 

observed MTTF dependence on frequency. A lower stress current resulting in negligible self-heat 

may be an alternative approach to decouple of the effect of thermal time constants. In these tests, 
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the on-period EM suppression would be minimized, and the off-period EM recovery would be 

primary mode of enhancement and effective even from low frequencies since the off-period 

temperature will closely match that of the on-period. As such, the tests will provide a more 

comprehensive understanding on how pulsed DC EM behavior varies with frequency. However, 

those approaches may require significantly longer stress durations to achieve meaningful results.  

This thesis also introduced for the first time a laser- based mechanism for localized heating 

for creating true thermal gradients and corresponding thermal stress. It also presented laser based 

thermal stress test study, to report a very first non-uniform heat based electromigration data. The 

failure mode signatures based on the types of heating locations were also presented. 

At metal-via junction, the via width was much smaller than the metal width, increasing the 

rate of void formation compared to the metal strip. The void reached the critical size at metal-via 

junction was an order of magnitude less time compared to the metal strip. Once the void reached 

a certain critical size, there was a sharp increment of resistance. 

The gradual then abrupt resistance changes on metal strip suggested the existence of 

recovery/healing effect during the initial EM before the initial void turned into its critical size. The 

opposing effects of thermal versus stress gradients played the pivotal roles for delaying the critical 

size of the void.   

In future to gain deeper insight into the contribution of each of these factors, intermediate 

TEM imaging of the silicon can be conducted, offering additional valuable information. 

In any IC product, if a designer thinks any specific location to be most vulnerable to 

temperature stress, the proposed laser-based mechanism facilitates the desired localized heat 

testing that not only does not heat up the rest of the product area, but also does not activate any 

extra carriers during the heating process. 
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