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Electromigration (EM) reliability was investigated for dual-damascene 

Cu/oxide and Cu/low k interconnects.  In addition to the basic characterization 

of EM behavior, statistical and physical analyses were performed to 

understand the effect of low k dielectric materials, interconnect geometry, and 

process control.  In order to improve the EM reliability, EM early failure 

behavior was investigated using a statistical simulation, which was developed 

to separate the bimodal failure distributions and treat them individually.   

EM experiments were performed at temperatures between 190 and 400 
oC and at current densities between 0.25 and 3.0 MA/cm2.  Temperature 

coefficient of resistivity (TCR) was found to be independent of inter-layer 

dielectric (ILD) materials simply because dielectric material does not 

contribute to electrical phenomena.  However, temperature rise due to Joule 

heating was evaluated to be higher for low k ILD compared with oxide.  The 

activation energies for Cu/oxide, Cu/porous MSQ (Methylsilsesquioxane) and 
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Cu/organic polymer were found to be in the range of 0.8–1.0 eV, suggesting 

mass transport of Cu ions at the interface of Cu and SiNx cap-layer regardless 

of ILD material.  This is because all Cu interconnect structures preserve the 

same Cu/Ta and Cu/SiNx interface for EM.   

The impact of low k ILD on EM characteristics was investigated using 

the critical product of current density and conductor length, (jL)c.  Compared 

with oxide, a significantly smaller mechanical strength of low k ILD reduces 

the (jL)c and the thermomechanical confinement.  Smaller thermomechanical 

confinement in Cu/low k interconnects reduces (jL)c and back-flow stress (∆σ), 

leading to a faster mass transport and a shorter EM lifetime.  FIB observation 

revealed that extrinsic failure in Cu/low k interconnects can decrease the (jL)c 

even further.  This can be a serious reliability issue.  For both Cu/oxide and 

Cu/low k interconnects, (jL)c is independent of temperature in the test 

condition.  However, an unpredicted current density dependence of (jL)c was 

observed in Cu/low k interconnects, which is still under investigation.   

Monte Carlo statistical simulation based on the weakest link 

approximation was developed to characterize early failures in dual-damascene 

Cu interconnects.  This simulation can separate a bimodal failure distribution 

into two individual lognormal distributions.  Therefore, early failures (the 

distribution with a smaller t50) can be treated as an independent event; it is 

now possible to evaluate the EM lifetime characteristics (t50 and σ) and the 

populations of early failures independently.  Statistical analysis suggested that 

early failures were dependent on the process controls.  Failure analysis using 

FIB and TEM confirmed the bimodal failure behaviors which were first 

detected by the statistical analysis.  Void formation at the cathode via bottom 

was responsible for the early failures.  Multi-via structures can reduce the 

effect of early failures and improve the interconnect reliability.   
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Chapter 1  Introduction 

 

This chapter describes the necessities of materials transition from 

Al/oxide to Cu/low k ILD.  This transition leads to new processes for back-

end-of-line (BEOL) integration, which include damascene process, barrier and 

seed layer deposition, Cu electroplating, chemical-mechanical polishing 

(CMP) and passivation.  Thus, due to the increased complexity, long-term 

reliability such as electromigration (EM) has become a concern.  This chapter 

provides a brief introduction of EM phenomenon, which is a major reliability 

issue of dual-damascene Cu/low k interconnects.  More detailed 

electromigration theory will be discussed in Chapter 3 and Chapter 4 with 

experimental data.  Chapter 5 will cover EM early failures.  The objective and 

overview of this work are also discussed.   
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1.01 General Background 

During the past decade, the front-end-of-line (FEOL) circuit 

performance has been improved dramatically through miniaturization of 

integrated circuits.  The reduced physical gate dimension of a metal-oxide-

semiconductor (MOS) transistor has decreased the gate delay and increased 

the signal propagation speed.  On the other hand, interconnects has increased 

in density and decreased in size due to this miniaturization.  The scaling of 

interconnects increases the back-end-of-line (BEOL) interconnect delay.  The 

interconnect delay, which is also called a RC delay, is dependent on two 

components: the line resistance (R) and the intra-line capacitance (C).  The RC 

delay in interconnects estimated with simple first order model is given by: [1] 

 

ILDM

o

tt
kLRC ερ 2

≈
                 (1.1) 

 

where ρ, L, tM are the resistivity, the line length and the line thickness of the 

metal line, respectively, and kεo, tILD is the permittivity and the thickness of 

the inter-layer dielectric (ILD), respectively.  Eq. (1.1) suggests that the 

scaling of interconnects can lead to significant increase in interconnect (RC) 

delay.  Figure 1.1 summarizes the total signal delay, the combination of 

transistor gate delay and Al/oxide interconnect (RC) delay, as a function of 

minimum feature size.  For submicron devise, the interconnect delay becomes 

the performance limiting factor of the device.  This has generated an intensive 

effort to improve materials and processing for interconnect technology.   
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Figure 1.1  Interconnect and gate delay time as a function of device feature 

size. [1] 

 

As seen in Eq. (1.1), the RC delay can be effectively controlled by two 

material constants: (ρ) and (k).  A metal with lower resistivity (ρ) for the 

interconnect lines can reduce the R component.  The low resistivity materials 

are listed in Table 1.1.  Among all elements, only silver (Ag), copper (Cu) and 

gold (Au) have lower resistivities than aluminium (Al), the metal for 

conventional interconnects.  In comparison, gold shows a small improvement 

in resistivity.  Silver with the lowest resistivity is a very fast diffuser in SiO2. 

[2]  Making diffusion barrier for silver has proven difficult. [3]  In addition, 

silver has low resistance to electromigration. [4-6]  Therefore, copper (Cu) 

attracts the most attention as the interconnect metal to replace Al(Cu) alloy. 

[7]  Cu shows lower resistivity [8,9] and better electromigration resistance 

compared with Al(Cu) alloy. [10-13]  In late 1997, several major 

semiconductor industries announced their first integration of Cu interconnects. 

[9,14,15] 
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Table 1.1.  Low resistivity materials [4,16] 

Metal Resistivity at 20 oC 

(µΩ cm) 

Melting Temp. (oC) Electromigration 

Resistance(0.5µm) 

Ag 1.63 961.93 Very Low 

Cu 1.694 1084.8 Very High 

Au 2.20 1064.43 Very High 

Al 2.67 660.37 Low 

 

The other way to reduce the interconnect delay is to use ILD materials 

with a lower dielectric constant (k) to reduce the intra-line capacitance (C).  

The dielectric constant (k) for traditional SiO2 films deposited by conventional 

techniques is at least 3.9, which is too high.  This motivated the research focus 

of industries and universities to develop materials with k value less than 3.0 

for several years. [17,18]  For the current 0.13 µm technology node, 

manufacturers are using low k materials with k values of 2.65 (SiLKTM) to 3.5 

(FSG).  For advanced research and development, an introduction of 

nanometer-sized pores into dielectric materials is currently under investigation 

to develop an ultra low k material with k value below 2.2. [19]  Cu and low k 

ILD, when successfully integrated, can improve the performance of the 

integrated circuits by reducing the interconnect delay more than 50% 

compared to Al(Cu)/oxide interconnects for subquarter micron technology as 

shown in Figure 1.2.  Also, reducing dielectric constant and/or metal 

resistivity helps to reduce the number of metal layers. (Figure 1.3) [1]  

Reduced number of layers can simplify the process flow, enhance the process 

yield, and reduce the manufacturing cost. [20] 

                                                 
TM SiLK is a trade mark of Dow Chemical’s spin-on low k film 
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Figure 1.2 (a) Total delay as a function of minimum feature size for both 

Al/oxide and Cu/low k interconnects.  (b) Total, interconnect and gate delay as 

a function of device feature size.  Interconnect delay was calculated for 

Al/oxide, Cu/oxide, and Cu/low k interconnects. [1]  

 

(a) 

(b) 
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Figure 1.3  Number of metal layers required for various interconnect material 

options. [1] 

 

1.02 Dual-damascene Process 

The use of Cu, as an alternative material to Al(Cu), offers significant 

challenges for BEOL processing.  First of all, Cu can diffuse very fast into 

both silicon and dielectrics.  Also, Cu can be oxidized easily since it does not 

have a stable self-limiting oxide similar to Al2O3 on Al. [21]  Therefore, it is 

essential to confine Cu metallization using a robust diffusion barrier.  The 

barrier must be thin enough not to increase the effective resistivity of Cu 

interconnect, and it must have good step coverage.  Also, the barrier layer is 

required to have good adhesion to Cu and the surrounding dielectric.  At the 

current technology node, the semiconductor industry has chosen tantalum-

tantalum nitride (Ta/TaN) bi-layered films acting as an adhesion promoter 

10

12

10

14
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(glue layer) and a diffusion barrier for Cu.  (Barrier and adhesion layers in 

such interconnect structures are called liners.)   

Another difficult challenge is patterning of Cu.  Wet etching is not 

useful for patterning Cu structures due to its isotropic nature.  Reactive ion 

etching (RIE) is also not practical because of the lack of volatile compounds at 

low temperature. [22]  Therefore, a damascene process using chemical-

mechanical polishing (CMP) was developed to pattern Cu interconnects with a 

large process window.  Figure 1.4 (a) and (b) show schematic diagrams of the 

conventional process for Al interconnects and the damascene process for Cu 

interconnects, respectively.  For Al interconnect processing, a blanket Al layer 

is patterned by RIE followed by dielectric deposition and CMP planarization.  

However, a dielectric layer is deposited first for Cu interconnect processing.  

This dielectric layer is patterned by RIE, followed by deposition of a liner and 

a seed Cu layer.  A thick Cu layer is deposited using an electroplating 

technique.  Then, excessive Cu is removed by CMP and a thin capping layer is 

deposited on top to complete the formation of one level of the Cu interconnect.   

Figure 1.5 shows a schematic diagram of dual-damascene process for 

Cu interconnects.  First, a stack of dielectric/hard mask/dielectric/hard mask 

layers are deposited on top of the capping layer of the lower-level 

interconnects.  Dual-damascene etching creates trenches for lines and holes for 

vias.  In this step, the capping layer between via and lower level metal line 

must be removed to allow electrical current.  Then, lines and vias are 

simultaneously metallized to form multilevel interconnect structures.  Figure 

1.6 shows the cross-sectional view of fully integrated 9 level dual-damascene 

Cu/low k interconnects for 130 nm technology node. (Hector Sanchez, IITC 

2003)  The basic process flow for Cu interconnects has been established over 

the past several years.  New processes and materials always increase the 

concern about long-term reliability such as electromigration.  
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Figure 1.4  Schematic diagrams of (a) conventional process for Al 

interconnects and (b) damascene process for Cu interconnects.  Liner 

represents for barrier layer.   
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Figure 1.5  Dual-damascene process for Cu interconnects. 
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Figure 1.6  A cross-sectional view of fully integrated 9 level dual-damascene 

Cu/low k interconnects for 130 nm technology node. (Hector Sanchez, IITC 

2003) 

 

1.03 Electromigration Phenomenon  

Electromigration (EM) is diffusion-controlled mass transport induced 

by momentum transfer from electrons to the atoms of a conductor.  Simply, 

atoms of a conductor move from the cathode to the anode due to EM.  At flux 

divergence locations, this mass transport can lead to open circuits in the form 

of voids and short circuits in the form of extrusions.  Because of these severe 

functional effects on the interconnects, EM has been studied intensively over 

the last forty years.   

In the early 1960’s, Huntington and Grone observed EM phenomenon 

in gold wire and reported that EM is dependent on the current density and the 

self-diffusion constant. [23]  The electromigration flux in a conductor line is 

given by: 
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jeZ
kT
D

nnvJ eff
EM ρ*









==

               (1.2) 

 

where J is the atomic flux, vEM is the EM drift velocity of the conductor due to  

EM driving force, n is the atomic density, Deff is the effective diffusivity, j is 

the current density, e is the electronic charge, Z* is the effective charge 

number, k is Bolzmann’s constant, T is the absolute temperature, and ρ is the 

metallic resistivity.  The product of the effective charge number and the 

effective diffusivity, Z*Deff, for various path ways is broken into the following 

major components: 

 

GBGBGBSSSIIIPPPBBBeff DFZDFZDFZDFZDFZDZ ****** ++++=      (1.3) 

 

where the subscripts, B, P, I, S and GB, refer to bulk, pipe (dislocation), 

interface, surface (if it exists), and grain boundary diffusion, respectively.  F is 

the fraction of atoms for the diffusion path.  The fastest diffusion path 

determines the electromigration flux in Eq. (1.2).  For polycrystalline Al 

interconnects, grain boundary is the dominant diffusion path at temperatures 

below 350 oC.  The natural oxide for Al, Al2O3, prevents atomic diffusion 

along the interface and the surface.  The dominant diffusion path for Cu 

interconnects is the interface between Cu and covering cap layer. [24-26]  

Therefore, EM lifetime can be improved effectively by removing the dominant 

diffusion path way for the interconnect metal: bamboo structure for Al 

interconnects and surface coating for Cu interconnects. [27-30]   

In the mid of 1970’s, Blech reported that EM-induced stress gradient 

along the metal line counter-balances the atomic flux in Eq. (1.2). [31]  Due to 

EM, atoms accumulate towards the anode and deplete at the cathode, which 

generates a stress gradient resulting in a back flow of atoms.  Figure 1.7 shows 

the drift velocity as a function of current density for a 115 µm long Al line. 
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[32]  A linear relation between the average drift velocity and current density is 

observed, but the line does not pass through the origin because of the back 

flow.  The maximum back flow velocity of the line, extrapolated from this 

graph, is -0.6 Å/s.  Therefore, the combination of EM driving force and EM 

stress-induced back flow gives a net drift velocity:  

 







 ∆

Ω−=+=
L

jeZ
kT
D

vvv eff
BFEMd

σρ*

             (1.4) 

 

where vd is the net drift velocity that consists of EM drift velocity (vEM) and 

back flow velocity (vBF), Ω is the atomic volume and ∆σ/L is a EM induced 

steady-state back stress gradient along the line.  From this equation, one can 

define a critical product of current density and line length below which net 

mass transport disappears as:  

 

(jL)c = Ω∆σ/Z*eρ                (1.5) 

 

The critical current density is inversely proportional to line length, or simply 

(jL)c is a constant value for a given structure.  More details on (jL)c and drift 

velocity will be discussed in Chapter 4 and Chapter 5.  Eq. (1.4) can be 

simplified as: 

 







 −=

L
Lvv c

EMd 1
                (1.6) 

 

This equation shows that shorter lines were significantly less susceptible to 

EM than longer lines under the same stressing condition.   
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Figure 1.7  Average drift velocity of an Al line (tested at 350 oC after heat 

treated at 500 oC for 0.5 hours) as a function of current density.  The 

maximum backflow velocity of the line, extrapolated from this graph, is -0.6 

Å/s. [32] 

 

Black reported an empirical relation in which mean time to failure 

(MTTF) is a function of temperature and current density: [33]   

 

t50 = Aj-n exp(Q/kT),                (1.7) 
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where A is a constant, j is the current density, n is the current density exponent, 

Q is the activation energy, k is Boltzmann's constant, and T is the operating 

temperature.  This industry-standard Black’s empirical equation is especially 

useful in predicting the MTTF at normal operating condition using accelerated 

EM testing.  More detail and usage of this relation will be discussed in 

Chapter 3.   

 

1.04 Objective and Overview 

The objective of this work is to characterize EM reliability in dual-

damascene Cu/oxide and Cu/low k interconnects.  In addition to the basic 

characterization of EM behavior, statistical and physical analyses were 

performed to understand the effect of low k dielectric materials, interconnect 

geometry, and process control.  EM early failure behavior was investigated 

using a new statistical simulation, which was developed to separate the 

bimodal failure distributions and treat them individually.   

Experimental details will be discussed in Chapter 2.  EM test 

equipment designed in our group will be described together with design 

specifications and system configurations.  With specially designed system 

wiring, a new analytic method will be introduced to interpret experimental 

results precisely.  Four control softwares newly programmed for this study and 

the testing sequence from sample preparation to failure analysis will be 

presented. 

Basic EM lifetime characteristics for Cu/oxide and Cu/low k 

interconnects will be discussed in Chapter 3.  The effect of Joule heating and 

the temperature coefficient of resistivity (TCR) will be evaluated for different 

ILDs.  To confirm the Joule heating measurements, a new simple numerical 

modeling will be introduced to verify the results, and it will also be used to 

correlate the parameters of interest and the temperature rise due to Joule 

heating.  The activation energy (Q) and the current exponent (n) will be 

evaluated for Cu/oxide, Cu/porous MSQ (Methylsilsesquioxane) and 
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Cu/organic polymer interconnects, which were processed to be identical 

except for the dielectric materials.  From the EM lifetime characteristics, the 

dominant mass transport mechanism will be identified.  The validity of EM 

experiments will be verified by correlating EM data with external parameters. 

In Chapter 4, the impact of low k ILD on EM characteristics will be 

investigated using statistical (jL)c determination and failure analysis for the 

first time.  Compared with oxide, a significantly smaller mechanical strength 

of low k ILD reduces the (jL)c and the thermomechanical confinement, which 

leads to a faster mass transport and a shorter EM lifetime.  Critical length will 

be evaluated by the following relation: [Ogawa et al.] 

 

( ) 







−
−

∝
Mc

ic
i LL

LLLyprobabilitFailure
/1
/1_

             (1.8) 

 

Eq. (1.8) shows the failure probability reduces as the line length, Li, 

approaches the critical line length, Lc, where LM is the length of the longest 

interconnect in the ensemble (i.e., 300 µm).  For this analysis, TEM, FIB, 

AFM, and high-resolution SEM were used to investigate the EM induced 

damages.  The effect of extrinsic failures in Cu/low k interconnects due to 

interfacial delamination will be discussed in terms of EM lifetime 

characteristics.  Also, temperature, current density, and line width dependence 

of (jL)c will be evaluated for Cu/low k interconnects.   

The objective of Chapter 5 is to understand the nature of early failures 

in dual-damascene Cu interconnects using a newly developed statistical 

simulation.  Basic statistics will be introduced to show the statistical nature of 

early failures.  This chapter is based on the old statistical theory called weakest 

link approximation (WLA).  When multiple linked chain contains N-

independent and identical elements (= interconnects) and the lifetime of the 

chain will be determined by the weakest link, the cumulative failure 

distribution within the time interval [0,t], FN(t), can be given by 
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FN(t) = 1 – (1 – F1(t))N               (1.9) 

 

This relation is called WLA and the function F1(t) is the cumulative 

distribution function for a single interconnect that follows log-normal statistics.  

Simply, Eq. (1.9) shows the correlation between the EM lifetime distribution 

for chain of interconnects and that for single interconnects.  Using the 

statistically inter-related nature of chain and single interconnects, early failures 

can be identified.  Also, multi-modal Monte Carlo simulation based on WLA 

was developed to evaluate the early failure precisely and independently.  The 

background and the usage of this simulation will be discussed in Chapter 5.  

The existence of the EM early failures in dual-damascene Cu/oxide 

interconnects, which was reported for the first time, will be reviewed with 

failure analysis.  Several EM parameters, including activation energy, drift 

velocity, diffusion constant, and failure mechanism, will be evaluated for early 

failures.  The effect of multi-via structures will be investigated in terms of the 

interconnect reliability.  This chapter will also discuss the correlation between 

annealing of test structures and early failures.   

Finally, conclusions and the suggested future works will be provided in 

Chapter 6. 
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Chapter 2  Experimental Setup 

 

This chapter covers the experimental details.  Electromigration (EM) 

test equipment, designed in our group, is described together with design 

specifications and system configurations.  With the modified circuit wiring, a 

simple analysis on the EM resistance trace can distinguish EM-induced 

damages: open voiding and short circuiting.  The functions of four new control 

programs are explained with their screen captures.  Finally, a general testing 

sequence from sample preparation to failure analysis is presented.  The details 

on test structure designs will be discussed with EM results in Chapter 4 and 

Chapter 5.   
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2.01 Testing Devices  

EM experiments were performed in a test system as shown in Figure 

2.1.  This system was designed in our laboratory to control the test 

temperature and the current density precisely.  The system was equipped with 

a high-vacuum chamber where up to 56 structures can be tested 

simultaneously in a temperature range up to 450 °C (temperature controllers).  

The system compliance rated up to 80 V and 10 mA (power supply 1 and 2) 

was designed for testing highly resistive interconnect elements, typical of the 

statistical test structures used in our study.  Multi-channel electronics were set 

up to provide a constant current (current regulating boards) and to 

continuously monitor voltage and current changes for individual test structures 

(Keithly 7002 switch system and Keithley 2000 digital multimeter).  The PC 

on the right side of the picture controls data acquisition and analysis.   

 

 
Figure 2.1  Picture of actual system. 

Control and 
Data Acquisition 

High Vacuum Chamber Current Regulating Boards 

Digital 
Multimeter 

Switching 
Box 

Power Supply 2  

Power Supply 1  

Temperature 
Controllers 
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The high vacuum chamber was purged with 20 torr of purified nitrogen 

gas to decrease the chance of oxidation and more importantly to establish the 

nominal temperature uniformity for all test structures.  In addition to primary 

heating coils, located at the top and bottom plates, two secondary heating coil 

was mounted on the side wall to reduce the thermal gradient.  Figure 2.2 

shows the geometry of both types of heating coils.  The temperature difference 

between the center and the side was measured to be around 1.0 oC at 400 oC.  

All test structures were packaged in 16-pin ceramic dual in-line packages 

(DIPs), whose high thermal capacity also helps to reduce the thermal 

sensitivity.   

 

 
Figure 2.2  A secondary heating coil is employed on the side wall of the 

chamber in addition to the top and bottom heating coils.  A picture of 16-pin 

ceramic dual in-line packages (DIPs) is also shown. 
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2.02 System Configuration 

Figure 2.3 shows the simplified electrical circuit of the test system 

equivalent to Figure 2.1.  The power source supplied a constant current to the 

test structures.  The current was controlled by current regulating boards.  As 

expressed in Eq. (2.1), the resistance (R) can be calculated from the voltage 

drop (V) across the test structure and the applied current (i).  

 

R(DUT) = V(DUT)/i,                 (2.1) 

 

where DUT is an acronym for the device under test, R(DUT) is the resistance 

of the device under test, V(DUT) is the voltage drop across the test structure, 

and i is the applied current.  With constant current, the resistance measured 

between anode (V+) and cathode (V-) was recorded continuously.  

Surveillance of short-circuit in the test structure was simultaneously 

performed by checking the voltage difference between cathode (V-) and comb-

like extrusion monitor lines (Vext).  The system current (i) was monitored 

directly by the voltage drop (Vi) across a one ohm resistor located outside the 

chamber. (i = Vi when R = 1 ohm.)   

The current stability was investigated under harsh test conditions for 

all channels.  One kilo-ohm resistors placed in the channels were randomly 

removed and restored to check the interference between the channels.  The 

maximum current fluctuation measured was found to be about 0.2% and in 

most cases below 0.1%. [34] 
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Figure 2.3  Electric circuit of EM test devices that is equivalent to Figure 2.1. 

 

During EM tests, two main classes of EM induced damage are 

detectable.  One is an open-circuit caused by void formation in the metal lines 

and the other is a short-circuit between metal lines and extrusion monitor lines.  

Only metal lines (interconnects) are stressed by EM.  The interlacing extrusion 

monitor lines were located between metal lines to detect the extrusion failures.  

Different from the test configuration depicted in Figure 2.3, a new wiring was 

added between extrusion monitor and anode (V+). (Figure 2.4)  This 

modification can effectively reduce the electric field across the dielectric 

material and produce a better analysis for extrusion monitoring. (Figure 2.4 (a) 

and (b))  Figure 2.4 (b) and (c) show the current (i) path in a simplified circuit 
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and resistance trace prior to EM-induced damages, respectively.  Sometimes, 

it is observed that resistance decreases slowly during the initial stage of 

measurement.  Reasons for the decrease are not clear yet, but its origins may 

arise from the annealing effect of the Cu interconnects.  Another possibility is 

the presence of impurity incubation as has been found in Al(Cu) technology.   

 

 
Figure 2.4  EM test circuit prior to EM-induced damages.  (a) Electric circuit 

with new modification.  (b) Simplified circuit.  (c) Resistance vs. time plot.  

 

Figure 2.5 shows the case of void formation in the metal lines.  Void 

formation is caused by mass-depletion (See Figure 4.7 for additional 

information), which will increase the resistance abruptly when the void 

disconnects the primary current path, i.e., Cu interconnect. (Figure 2.5 (c))  

Resistance would not increase to infinity, because a Ta barrier can provide a 

secondary high resistance current path after the failure.  The lifetime of an 

interconnect will be considered as the time when the sudden increase in 

resistance occurs regardless of the resistance value after the failure.  In this 

case, the extrusion monitor lines do not show any activity. 
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Figure 2.5  EM-induces void formation at the cathode in multi-linked test 

structure.  (a) Electric circuit and failure location.  (b) Simplified circuit.  (c) 

Resistance vs. time plot. 

 

Figure 2.6 shows the case of a short-circuit.  EM can induce extrusions 

(or hillock) as a result of mass accumulation. (See Figure 4.9 for additional 

information.)  If the extrusion grows and touches the neighboring metal line, 

short circuiting will happen and it will change the circuit configuration. 

(Figure 2.6 (a) and (b))  Current will find a new passage having a lower 

resistivity.  As shown in Figure 2.6 (c), resistance of test structure, R(DUT) 

can be divided into two separate resistance, R1 and R2.  R1 is the resistance 

between anode and the short, and R2 is the resistance between the short and 

cathode.  Since the extrusion monitor lines can provide a very low resistance 

current path, most current flows along the extrusion monitor lines instead of 

R1.  Therefore, the measured resistance is decreased from R(DUT) to R2 

which is R(DUT) - R1. (Fig 2.8(d))  The proportion of R1 to R(DUT) roughly 

indicates how far the short is located from anode (V+). (Figure 2.6 (e))  For 

example, small R1/R(DUT) ratio measured would indicate the short circuit 

near to anode (V+).   
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Figure 2.6  Short between a metal line and the extrusion monitor line, which 

generates a new current path through the extrusion line.  (a) Electric circuit 

with short.  (b) Simplified circuit.  (c) Divide the R(DUT) into R1 and R2.  (d) 

Actual electric circuit.  Most current flows along extrusion monitor and R2.  

(e) Resistance vs. time plot.  R1 represents the resistance decrease after short. 
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the test, to monitor all channels in real time during the test, and to report the 

whole channel information to operator after the test.   

Figure 2.7 shows the kernel of those programs.  Most programs require 

an initializing process called "Init Prog." in which the program sets the 

configuration of GPIB boards to control the equipment.  As a basic operation, 

programs send messages to “Keithley 7002 switch system” and “Keithley 

2000 digital multimeter” to select the channel of interest and to obtain the 

measurement, respectively and simultaneously.  Programs visualize the 

measured data and save those as a file.  This procedure is repeated during the 

EM test.   

Channel Scanner was designed to inspect the channels of interest, to 

obtain the initial information of the test structures at room temperature and to 

adjust the current regulating boards.  This program can scan multiple channels 

much faster than other programs and display measurements in a table. (Figure 

2.8)   

Figure 2.9 shows Current Tracer designed to investigate the 

interference between the current regulating units, twenty four of which are 

located on one current regulating board using the same power source and 

ground.  Because keeping the current of a test structure constant during EM 

test is one of the most important experimental considerations, the interference 

among the individual current regulating units was inspected using this 

program.  Different from Al-metallization, dual-damascene Cu interconnects 

exhibit sudden resistance changes.  The resistance sometimes increases to 

infinity.  In this case, the current regulating unit can not keep the current at a 

constant level and it will be forced to shut down, while the other units sharing 

the regulating board are normally operating.  Small degree of interference 

between channels was once identified by this program and solved by 

employment of buffer resistances between channels and the common ground.  

Currently, this program serves as a system diagnostic.   
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EM Main is a program to measure the resistance trace as a function of 

time using the switching system and the digital multimeter, as shown in Figure 

2.10.  The sensitivity of measurement is better than 0.01%. [34]  Any 

combination of channel configurations can be inserted in the left table of the 

picture.  The table on the right side shows the EM measurements of the test 

structures: time, voltage drop, current, and resistance values.  The program 

simultaneously stores these data to files.  

Figure 2.11 is the screen capture of Data Tracer, which is used to 

identify the trend of the stored information for the selected channels, while 

EM Main is making a measurement.  EM Main shows only the latest data but 

one often needs to see the resistance trace in order to determine the lifetime of 

the channels.  This program is also used to trace any values measured by EM 

Main as a function of time.   

 

 
Figure 2.7  GUI based Lab View programming environment. 
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Figure 2.8  Channel Scanner to summarized the information obtained from the 

selected channels in a table. 

 

 
Figure 2.9  Current Tracer to show the trace of the current vs. time. 
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Figure 2.10  EM Main Program to record the measurements of test structures 

during EM test. 

 

 
Figure 2.11  Data Tracer to investigate the status of samples during EM test. 
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2.04 Testing Sequence 

The following describes the basic steps of EM test. 

 

I. Test structure preparation 

a)  International Semetech provided 200mm wafers containing six different 

test structure designs called EF, DV, CJ, LC, VR, and VC. 

b) The wafers were diced into small pieces having one or two test structures 

per die fragment with a Kulicke&Soffa Model 775 Wafer Saw or a 

Kulicke&Soffa Model 982-10 Wafer Saw. (Figure 2.12) 

c) Each die fragment was packaged in a 16-pin ceramic DIP (dual in-line 

package) using QMI 3555 Low Temp Ag/Glass Die Attach Paste.  The 

packages were cured at 350 oC for 35 minutes for die attach. (Figure 2.13) 

d) Electric circuit from DIP to a test structure on a die fragment was made 

using a Kulicke&Soffa 4123 Wedge Bonder. (Figure 2.13) 

e)  The resistance of a packaged test structure was measured and recorded.  

 

 
Figure 2.12  Kulicke&Soffa Model 982-10 Wafer Saw. 
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Figure 2.13  Wire Bonding machine and 16-pin ceramic DIP.  There are two 

test structures in a die fragment. 

 

II. Sample installation 

f)  The current values were set by adjusting potentiometers of current 

regulating units.  

g)  Samples were installed in the high vacuum chamber. (See Figure 2.14)  

h)  The room temperature resistances of the samples were measured and 

recorded. 

i)  The chamber was fully evacuated to several milli-torr using a roughing 

pump.  

j)  The chamber was filled up with 20 torr N2 gas. 

 

Die Fragment 
wiring
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Figure 2.14  Twenty test structures (10 packages) were installed in the high 

vacuum chamber.   

 

III. EM experiment (More details in Chapter 3) 

k)  First step of EM test was to increase the temperature slowly and record the 

resistances of samples at increasing temperatures to calculate temperature 

coefficient of resistivity (TCR). 

l)  Second step of EM test was to increase the current density slowly and 

record the resistances of samples at the target temperature in order to 

measure the temperature rise due to Joule heating. 

m)  After reaching the target current density, the resistance trace was 

monitored to investigate the EM-induced mass transport in a metal line. 

n)  When all test structures were failed, samples were removed by repeating 

steps from g) to l) in reverse order. 

 

IV. Failure analysis (More details in Chapter 4 and Chapter 5) 

o) Samples were investigated in detail under optical microscopy, focused-ion 

beam (FIB) system, high-resolution SEM, TEM, and AFM.  
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Chapter 3  Electromigration in Cu/oxide and Cu/low k 
Interconnects 

 

Since May, 2000, a total of 40 EM experiments with 1037 packaged 

EM test structures have been performed to investigate Cu/oxide and Cu/low k 

interconnects at different test conditions.  For this study, we developed three 

different test structure designs for statistical analysis: early failure (EF), 

critical length (LC) and via reliability (VR).  Basically, these are statistical 

ensembles of multiple-linked line/via interconnects for determining various 

EM characteristics of dual-damascene Cu interconnects integrated with oxide 

or low k dielectrics - porous MSQ or organic polymer.  Compared with oxide, 

low k dielectrics are softer, expand more and conduct less heat.  The impact of 

low k ILDs will be discussed in Chapter 4 with the critical length effect.  In 

this chapter, basic EM lifetime characteristics will be discussed.   
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3.01 TCR and Joule Heating 

Measurements to determine the temperature coefficient of resistivity 

(TCR) and Joule heating of the test structures were performed as a part of the 

EM experiment.  The first step was to determine the TCR of the test structures 

used.  During the startup procedure, resistance values were calculated at every 

50 oC intervals from room temperature to the test temperature.  In order to 

limit Joule heating, very low current density was used.  The TCR (or α) is 

defined as the fractional change in resistivity per unit change in temperature 

(or the slope of the fractional resistance deviation). [35]  It can be calculated 

from the results of these measurements using the following linear 

approximation: 

 

ρ ≅ ρr[1+α(T-Tr)],                (3.1) 

R ≅ Rr[1+α(T-Tr)],                (3.2) 

 

where α is the TCR, Rr is the resistance at room temperature, and Tr is the 

room temperature.  The resistivity of metals increases with temperature 

because collisions of charge carriers occur more frequently at higher 

temperatures.  Therefore, α is positive for metals.  The TCRs of 0.5 µm wide 

Cu/oxide, Cu/porous MSQ and Cu/organic polymer dual-damascene 

interconnects tested were found to be 0.003358, 0.003212 and 0.003378 (oC)-1, 

respectively, with less than 2.5% standard deviations.  The same TCR for 

different ILDs was expected because the dielectric material does not 

contribute to an electrical phenomenon, i.e., TCR.  Table 3.1 summarizes the 

TCR results for different ILDs and the test structure designs.  The TCR of 0.5 

µm wide dual-damascene Cu interconnects was smaller than that of bulk Cu, 

which is 0.0039 (oC)-1.  This agrees with the observation by Glasow et al.  

They found that for narrow submicron lines, the TCR decreases exponentially 

with the line width as the grains become smaller and smaller.  In contrast, the 
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TCR value remains constant for wider lines because the grain size is limited 

by the thickness of the Cu film. [36]  

 

 

Table 3.1  The temperature coefficient of resistivity (TCR) values for both 

oxide and low k interconnects were determined to be about 0.0033 (oC)-1 

suggesting no contribution of ILD on TCR.   

 Cu/oxide 
Cu/porous 

MSQ 

Cu/organic 

polymer 

Test Structure Design LC LC LC 

TCR (1/oC) 0.003358 0.003212 0.003378 

standard deviation 0.000028 0.000078 0.000067 

 

The second step was to determine the effect of Joule heating at the test 

temperature.  In this step, the current density was increased to the target 

current at the test temperature, which had already been reached during the first 

step, and the resistance values were measured simultaneously.  As a result, the 

resistance change (∆R), which is directly proportional to temperature change 

(∆T) due to Joule heating, was found as a function of current.   

 

∆T = (∆R/R0) /α,                 (3.3) 

∆T = RthP = Rth i2R(T, i),                (3.4) 

 

where ∆T is the temperature change due to Joule heating, ∆R = (R(T, i)-R0) is 

the resistance change measured, R0 is the baseline resistance at the test 

temperature T0, α is the TCR measured in the first step. Rth is the thermal 

resistance, P is the power, i is the current and R(T, i) is the resistance at the 

final temperature and current.  Therefore, a very simplified relation can be 

suggested:  
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∆R ∝ ∆T = A j2,                (3.5) 

 

where A is a constant.  Figure 3.1 shows that the curve for Joule heating fits 

well with the regression line: ∆T = 0.32 j2.   

 

 
Figure 3.1  Temperature change of Cu/low k interconnects due to Joule 

heating was measured at the current densities between 0 and 11 MA/cm2.  ∆T 

= 0.32 j2. 

 

∆T due to Joule heating for Cu/oxide, Cu/porous MSQ and Cu/organic 

polymer dual-damascene interconnects were measured to be 0.73, 1.14 and 

1.73 oC at EM test temperatures, as shown in Table 3.2.  ∆T for low k ILD was 

about 2 times higher than that for oxide due to the smaller thermal 

conductance of the low k ILD.  Thermal conductivity (Kth) for oxide, porous 

MSQ and organic polymer films are 1.31, 0.26 and 0.23 W/mK, respectively.  
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During the EM data analysis, Joule heating data were used to correct the actual 

temperature of the test structure which is higher than the EM test temperature 

by the amount of Joule heating.  For example, the actual temperature of 

Cu/organic polymer interconnects tested at 300 oC and 3.0 MA/cm2 was 315.6 
oC. (∆T = 15.57 oC = 1.17 x (3.0)2 oC)  To quantify the effect on heat 

dissipation, the effective thermal conductivities, Kth’, of the EM test structures 

(LC) were measured using a 3ω technique. [37]  The results are listed in Table 

3.2 together with the thermal conductivity of the ILD materials measured in 

thin film form.  Since the interlacing metallization in our EM test structure 

(LC) was a good heat conductor, the packaged EM test structures were found 

to have better thermal conductivity than the low k films.   

 

 

Table 3.2  The temperature rise due to Joule heating, the thermal conductivity 

(Kth) of dielectric film and the effective Kth’ of the test structure were obtained.  

Joule heating is higher for low k ILDs due to smaller thermal conductance.  

Effective thermal conductivity was obtained from 3ω technique. 

 Cu/oxide 
Cu/porous 

MSQ 

Cu/organic 

polymer 

Test Structure Design LC LC LC 

Joule heating ∆T (oC) 0.73 1.15 1.73 

Kth of ILD (W/mK) 1.31 0.26 0.23 

Effective Kth’ of LC structure 2.7 1.3 1.1 

 

For a simple wide line structure (wm >> dd or wm ≥ 5.0 µm, see Figure 

3.2), thermal resistance (Rth) in Eq. (3.4) can be simplified as a function of 

effective Kth’:  

 

Rth = dd /(lm wm Kth’)                (3.6) 
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where dd is the thickness of the dielectric, lm is the length of the metal, and wm 

is the width of the metal.  In this case, most of the heat generated in the metal 

line is assumed to escape through the Si substrate via the ILD whose Kth is far 

smaller than that of Si.  Therefore, Eq. (3.4) can be expressed as: [38] 

 

∆T = j2 ρm dm dd / Kth’                (3.7) 

 

As expected, ∆T is inversely proportional to the effective Kth’.  From this 

equation, Joule heating behavior can be predicted.  Joule heating will increase 

with higher current density, higher resistivity of the interconnect, higher metal 

thickness, higher dielectric thickness, multi-level metallization, and lower heat 

conductance (i.e., porous low k ILD).  

 

 
Figure 3.2  Schematic view of a metal line for Joule heating measurements.   
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3.02 Basic EM Test Structure and EM Resistance Trace  

Figure 3.3 (a) and (b) show a schematic of dual-damascene Cu 

interconnect.  It consists of two-level interconnect structures based on a 

Ta/low temperature PVD seed Cu/ electroplated (EP) Cu stack.  The metal 

lines in the test structures showed an apparent “near bamboo” microstructure 

with a significant amount of twinning that is associated with Cu film growth.  

As shown in Figure 3.4, Cu metal line is completely encapsulated by Ta 

barrier and SiNx cap layer to prevent Cu diffusion into the ILD.  Therefore, Cu 

does not have direct contact with the ILD.  Different from Cu/oxide 

interconnect, Cu/low k interconnect has an additional thin etch stop layer 

between ILD and SiNx cap layer to protect the low-k dielectric from chemical 

mechanical polishing (CMP).  This additional layer also provides confinement.  

More detail on the confinement effect will be discussed in Chapter 4 with the 

impact of low k ILD.   

 

 
Figure 3.3  (a) 3D view of dual-damascene interconnect,  (b) Schematic 2D 

view showing Cu metal line is surrounded by Ta barrier and SiNx cap layer 

and a void at the cathode   
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Figure 3.4  (a) TEM image of dual-damascene Cu/low k structure taken along 

the M2 line showing Ta barrier coverage, (b) TEM image taken along M1 line 

showing twin boundaries in Cu interconnect.  
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In our EM test structure, multiple dual-damascene via-M2-via 

interconnects are serially connected through single-damascene M1 

interconnects, whose length remains shorter than M2 at about 5 µm in order to 

drive the failure to occur at either the via or the M2 trench.  The test structures 

were designed at UT-Austin and fabricated at International Sematech using 

200 mm wafer process. [39] 

After the EM experiments, resistance traces were inspected to monitor 

the structural damage, such as voiding and shorting, caused by EM.  In the 

case of previous Al(Cu) technology, EM-induced mass transport increased the 

resistance gradually due to the redundant layering. [29]  However, dual-

damascene Cu interconnects showed a period of latency followed by sudden 

resistance increases or steps indicating the interconnect failures, as shown in 

Figure 3.5.  The sudden resistance increase (step) was a characteristic 

resistance trace feature due to the mass transport mechanism and the geometry 

of the dual-damascene Cu interconnect.  Mass transport assisted by interfacial 

diffusion (or surface diffusion) removed Cu ions from the cathode.  The void 

formed at the end of the cathode right under the cap layer and grew into the 

via.  The cathode end of the Cu line was thinned by EM, which did not cause 

an immediate observable resistance change of the interconnect.  When the 

void fully occupied the via, (see Figure 3.3 (b)) the current had to go through 

the Ta barrier, a secondary high resistivity current path.  As a result, the 

sudden resistance increase would happen.  The amount of the resistance 

increase was determined by the resistance of the part of Ta barrier bridging the 

void electrically.  After the first failure, subsequent failures were generally 

observed in the multi-link structure.  They occurred at increasing frequency 

and eventually failed the whole test structure, as shown in Figure 3.5 (a).  The 

first failure was considered as the lifetime of the structure and used to 

determine the EM characteristics.  Note that if there is a significant variation 

in the size of the void, the lifetime determination should include the size effect.   
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Figure 3.5  Typical resistance traces for dual-damascene Cu interconnects; (a) 

multiple step like resistance increase was shown, (b) unstable resistance 

change after the interconnect failure was observed.  The first interconnect 

failure was used to determine the EM characteristics. 
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3.03 Electromigration Activation Energy (Q) and Mass Transport 

Mechanism 

EM tests were performed for 0.5 µm wide EM test structures (LC) at 

temperatures between 190 and 400 oC and at current densities between 0.25 

and 3.0 MA/cm2 to investigate the EM lifetime characteristics and failure 

mechanism in dual-damascene Cu/oxide and Cu/low k interconnects.  For this 

activation energy determination, a critical length (LC) test structure was used.  

Activation energy for early failure (EF) structures (obtained from EF test 

structures) will be discussed again in Chapter 5.  EM experiments were 

performed in a high vacuum chamber filled with 20 torr of N2 gas to reduce 

oxidation and to improve temperature uniformity for all test samples.   

The log-normal cumulative distribution functions (CDFs) of LC 

structures incorporated with different ILDs are summarized in Figure 3.6.  In 

Figure 3.6 (b), two Cu/porous MSQ interconnects, tested at 325 and 365 oC, 

failed in less than 10 hrs, which is probably due to process-induced defects 

since these structures were taken from the outer perimeter of the wafer.  These 

two data points were not used in statistical analysis.  All other data points were 

well fitted to regression lines with very small standard deviation (σ = ~0.2), so 

that the data were analyzed by assuming a single-mode failure mechanism.  In 

Figure 3.6 (d), Cu/organic polymer interconnects tested at 380 oC failed faster 

than what were estimated from the trend of other 4 CDFs.  These shorter 

lifetimes can be attributed to degradation of low k dielectric materials at high 

temperature so that Cu/organic polymer’s 380 oC CDF was not used in 

activation energy determination.   

Arrhenius plots of the mean lifetime, t50, vs. 1/kT for Cu/oxide, 

Cu/porous MSQ and Cu/organic polymer are shown in Figure 3.7 where the 

test temperature has been corrected for Joule heating.  In order to identify the 

dominant diffusion mechanisms in dual-damascene Cu interconnects, the 
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activation energies, Q, were determined from the slope of the best-fit line 

through data using the Black’s equation [33]: 

 

t50 = Aj-n exp(Q/kT),                (3.8) 

 

where A is a constant, j is the current density, n is the current density exponent, 

Q is the activation energy, k is Boltzmann's constant, and T is the operating 

temperature.  The activation energies were determined to be 0.81 eV for 

Cu/oxide, 0.91 and 0.93 eV for Cu/porous MSQ and 0.97 eV for Cu/organic 

polymer.  The activation energy in the range of 0.8–1.0 eV found in these 

experiments is commonly associated with mass transport of Cu ions at the 

Cu/SiNx cap-layer interface.  The results suggest that all Cu interconnects used 

in this study failed by a similar mass transport mechanism, interfacial 

diffusion, regardless of ILD, because all Cu interconnect structures preserve 

the same Cu/Ta and Cu/SiNx interface for EM.  This is in agreement with 

several other studies. [21,24,25,26,30,40,41,42] 
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Figure 3.6 (a)  CDF plots of 0.5 µm wide Cu/oxide dual-damascene LC test 

structures tested at T = 340, 360, 385 and 400 oC and at j = 1.0 MA/cm2. 
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Figure 3.6 (b)  CDF plots of 0.5 µm wide Cu/porous MSQ dual-damascene LC 

test structures tested at T = 300, 325, 345 and 365 oC and at j = 1.0 MA/cm2. 
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Figure 3.6 (c)  CDF plots of 0.5 µm wide Cu/porous MSQ dual-damascene LC 

test structures tested at T = 190, 240, 260, 280 and 300 oC and at j = 3.0 

MA/cm2. 
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Figure 3.6 (d)  CDF plots of 0.5 µm wide Cu/organic polymer dual-damascene 

LC test structures tested at T = 280, 300, 325, 350 and 380 oC and at j = 1.0 

MA/cm2. 
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Figure 3.7  EM lifetimes of Cu/oxide, Cu/porous MSQ and Cu/organic 

polymer interconnects as a function of temperature.  The activation energies 

were found to be between 0.81 and 0.97 eV suggesting mass transport at the 

Cu/SiNx interfaces. 

 

In this study, the test temperature extended to as low as 190 °C, where 

the thermal stress in the Cu line becomes more tensile than at higher 

temperatures. [43]  This raises the interesting possibility for a stress-related 

mechanism, such as stress-induced voiding (SIV), to influence interconnect 

reliability.  As shown in Figure 3.8, mass transport assisted by SIV has the 

possibility to reduce the EM lifetimes at 190 oC.  EM lifetimes of 3.0 MA/cm2 

were converted into the 1.0 MA/cm2s using Black’s equation and Joule 

heating correction (∆T=18 oC).  However, Figure 3.9 shows the contribution 

of SIV is not significant to cause the reduction in lifetimes; no deviation from 

the overall temperature dependence observed at lower temperatures suggests 

that the same EM process controls the Cu interconnect lifetime.  SIV seems to 

be a slower process than EM in this particular test structure which consists of 

narrow lines and narrow vias. [44]  SIV is believed to be more geometry 

dependent than EM.   
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Figure 3.8  Lifetime behavior for the combined mass transport of EM and 

stress-induced voiding (SIV). 
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Figure 3.9  Plot of EM lifetimes vs. Temperature.  The EM lifetimes of 0.5 µm 

Cu/porous MSQ LC test structures converted from 3.0 MA/cm2 to 1.0 

MA/cm2 shows that there is only one dominant mass transport mechanism at 

the test conditions.  In this case, SIV was not as evident as EM. 
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3.04 Electromigration Current Exponent (n) 

Figure 3.10 shows EM lifetimes of 0.5 µm wide Cu/oxide, Cu/porous 

MSQ and Cu/organic polymer interconnects as a function of current density.  

Since the current exponent (n) of Eq. (3.8) is very sensitive to Joule heating, 

the maximum current density used in this study was limited to 3.0 MA/cm2.  

Yet Joule heating at 3.0 MA/cm2 can cause about 30% error in determining n, 

assuming 2.0 oC Joule heating at 1.0 MA/cm2.  From the slope of Figure 3.11 

and using the Black’s equation, Eq. (3.8), the current exponents (n) were 

found to be 1.27 for Cu/oxide, 1.34, 1.64 and 1.52 for Cu/porous MSQ and 

1.08 for Cu/organic polymer interconnects.  In the case of Al interconnect, the 

current exponent (n) values were found to be between 1.0 and 2.0, where 1.0 is 

for void-growth-limited failure [45] and 2.0 is for void-nucleation-limited 

failure. [46,47]  However, there is no clear evidence yet for Cu interconnect to 

behave in the same way that Al interconnect does regarding n.   

Filippi showed that EM lifetime, at lower j, deviates from Black’s two-

parameter model, Eq. (3.8), and increase to infinity as the current, j, decreases 

to the critical current density (jc) for a given line length (L), simply due to the 

critical length effect.  Therefore, a modified Black’s equation was suggested: 

[48] 

 

t50 = B(j-jc)-n exp(Q/kT),               (3.9) 

 

where B is a constant and jc is the critical current density.  However, the EM 

lifetime increase at lower j was not observed in Figure 3.11.  This result can be 

attributed to our test structure design.  Our statistical test structure consists of 

serially-linked multiple lines with different line lengths, where the longest line 

is 300 µm.  The jc for 300 µm line length was too small to change EM 

lifetimes in these EM tests.  More details on jLc will be discussed in Chapter 4.  
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Figure 3.10 (a)  CDF plots of 0.5 µm wide Cu/oxide dual-damascene LC test 

structures tested at T = 360 oC and at j = 1.0, 2.0 and 3.0 MA/cm2. 
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Figure 3.10 (b)  CDF plots of 0.5 µm wide Cu/porous MSQ dual-damascene 

LC test structures tested at T = 345 oC and at j = 1.0, 2.0 and 3.0 MA/cm2. 
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Figure 3.10 (c)  CDF plots of 0.5 µm wide Cu/porous MSQ dual-damascene 

LC test structures tested at T = 300 oC and at j = 1.0, 2.0 and 3.0 MA/cm2. 
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Figure 3.10 (d)  CDF plots of 0.5 µm wide Cu/porous MSQ dual-damascene 

LC test structures tested at T = 300 oC and at j = 0.5, 0.75 and 1.0 MA/cm2. 
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Figure 3.10 (e)  CDF plots of 0.5 µm wide Cu/organic polymer dual-

damascene LC test structures tested at T = 325 oC and at j = 0.25, 0.5, 1.0 and 

1.5 MA/cm2. 
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Figure 3.11  EM lifetimes of Cu/oxide, Cu/porous MSQ and Cu/organic 

polymer interconnects as a function of current density.  The current exponents 

were found to be between 1.2 and 1.6 for 0.5 µm wide Cu interconnects.  
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3.05 Verification of Electromigration Experiments  

In this study, all test structures obtained from the wafers of the same 

process lot for each ILD are considered to be identical, which is a necessary 

postulate for statistical analysis.  Lifetimes, resistance values and locations of 

the dies on the wafers for Cu/porous MSQ interconnects, for example, were 

reexamined to verify the EM results.  The average resistance and standard 

deviation of Cu/porous MSQ interconnects were 804.7 Ω and 19 Ω, 

respectively, except for the early failure samples.  Although Joule heating can 

increase the temperature in the test structure and reduce the EM lifetime, there 

was no strong correlation between the resistance and the EM lifetime found in 

these experiments, as shown in Figure 3.12.  A small number of early failures 

and die-hard test structures were also identified.  In addition to this 

experiment-based analysis, a simple numerical calculation using Black’s 

equation and Eq. (3.7) also verified that two percent resistance variation did 

not cause an observable EM lifetime fluctuation in the test condition.  In 

Figure 3.13, the resistances of the structures (open circles), the early failures 

(solid triangles) and not-yielded samples (solid circles) were visualized with 

the wafer coordination: X and Y.  Z-axis represents the resistance of the test 

structure.  This figure indicates that the early failures and not-yielded samples 

originated from the outskirts of the wafer.  Since the not-yielded and the early-

failure samples were not examined in this statistical analysis, the activation 

energies and the current exponents determined in this study represent the 

intrinsic EM properties.   
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Figure 3.12  There was no strong correlation between resistance and lifetimes 

for Cu/porous MSQ interconnects.   
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Figure 3.13  Resistances of the structures, early failures and not-yielded 

samples were visualized with the wafer coordination: X and Y.   
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3.06 Conclusion  

In this chapter, basic EM lifetime characteristics have been discussed.  

EM tests were performed for 0.5 µm wide EM test structures (LC) at 

temperatures between 190 and 400 oC and at current densities between 0.25 

and 3.0 MA/cm2 to investigate the EM lifetime characteristics and failure 

mechanism in dual-damascene Cu/oxide and Cu/low k interconnects.  TCR for 

different ILDs were found to be constant simply because dielectric material 

does not contribute to electrical phenomena.  The temperature rise due to Joule 

heating for Cu/oxide, Cu/porous MSQ and Cu/organic polymer interconnects 

were measured to be 0.73, 1.14 and 1.73 oC at EM test temperatures.  Joule 

heating increases with higher current density, higher resistivity of the 

interconnect, higher metal thickness, higher dielectric thickness, and lower 

heat conductance, i.e., low k ILD.  The characteristic resistance trace with the 

sudden resistance increase (step) was due to the geometry of the dual-

damascene structure.  The activation energies were determined to be 0.81 eV 

for Cu/oxide, 0.91 and 0.93 eV for Cu/porous MSQ and 0.97 eV for 

Cu/organic polymer.  The activation energy in the range of 0.8–1.0 eV, found 

in these experiments, is commonly associated with mass transport of Cu ions 

at the Cu/SiNx cap-layer interface.  This suggests a similar mass transport 

mechanism of interfacial diffusion in our samples, because all Cu interconnect 

structures preserve the same Cu/Ta and Cu/SiNx interface for EM regardless 

of ILD.  The current exponents (n) were found to be 1.27 for Cu/oxide, 1.34, 

1.64 and 1.52 for Cu/porous MSQ and 1.08 for Cu/organic polymer 

interconnects.  Statistical analysis verified the EM results by investigating the 

correlation between EM Lifetimes, resistance values and locations of the dies 

on the wafers for Cu/porous MSQ interconnects.   
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Chapter 4  Impact of Low k ILD and Critical Length Effect 

 

With device scaling continuing beyond the 130nm node, low k ILD has 

been implemented to replace oxide in dual-damascene Cu interconnects.  

Compared with oxide, low k dielectrics are softer, expand more and conduct 

less heat.  The material properties of the dielectric materials used in this study 

are listed in Table 4.1.  The weak thermomechanical properties can cause 

significant concern on EM reliability in dual-damascene Cu/low k 

interconnects.  This chapter summarizes results from a study on the impact of 

low k ILD on EM characteristics by measuring the critical product of current 

density and conductor length (jL)c.  This product turns out to be a good 

parameter to show the correlation between the EM characteristics of concern, 

i.e., EM lifetime, back stress, confinement effect and failure behavior.  Also, 

(jL)c is the parameter used in circuit design to improve the back-end of line 

(BEOL) reliability.   

 

 

Table 4.1  Dielectric constant (k), coefficient of temperature expansion (CTE), 

Young’s modulus (E) and thermal conductivity (Kth) are listed for different 

ILDs.   

 k CTE (ppm/oC) E (Gpa) Kth (W/mK) 

Oxide 3.9 0.51 71.4 1.31 

Porous MSQ 2.2 7.3 3.6 0.26 

Organic Polymer 2.7 66 2.5 0.23 
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4.01 Introduction  

The critical length effect, the short-length effect or the Blech effect 

was first published by I. A. Blech and others in the mid 1970’s. [31,32,49]  

Blech showed that EM-induced mass transport in unpassivated Al interconnect 

becomes zero at a critical product of current density and conductor length, 

(jL)c, by observing void motion.  Shorter Al lines were found to be 

significantly less susceptible to EM than longer lines under the same stressing 

condition.  Schreiber reported that (jL)c for unpassivated interconnects remains 

constant in a temperature range below 200 oC. [50]  According to the same 

paper, the use of a 1.5 µm thick SiO2 passivation layer increases EM lifetime 

and (jL)c significantly due to a reduction in mass transport, which can be 

attributed to an additional mechanical stress gradient built up in the Al line.  

This suggests confinement effect in a passivated metal line.     

The critical length effect can be defined by considering the drift 

velocity (vd) of metal ion under a current driving force which is a net result of 

the electron wind force (Z*eρj) and an apposite back stress gradient from mass 

accumulation at the anode end of the interconnect (∆σ/L): [51] (See Figure 

4.1) 

 

vd = vEM + vBF = µ (Z*eρj - Ω∆σ/L)              (4.1) 

 

where vd is the net drift velocity that consists of EM drift velocity (vEM) and 

back flow velocity (vBF), µ is the effective mobility, Z*e is the effective charge, 

j is the current density, Ω is the atomic volume and ∆σ/L is a EM induced 

steady-state back stress gradient along the line.  Wang et al. showed that the 

steady-state linear stress gradient along the length of the passivated Al line 

develops within the first few hours of EM using synchrotron-based white-

beam x-ray microdiffraction. [52,53]  The steady-state stress gradient (∆σ/L) 

developed due to mass accumulation at the anode and mass depletion at the 
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cathode under EM condition, as shown in Figure 4.1 (b).  Therefore the anode 

becomes more compressive and cathode becomes more tensile than σo, initial 

thermal stress at test temperature.  The hydrostatic initial thermal stress, σο, 

before EM test, is a function of temperature: σο(Τ) = 3αB(Tp-T) where α is the 

thermal expansion coefficient, B is the effective bulk modulus, Tp is the 

passivation temperature, and T is the EM testing temperature. [54]  In this 

Korhonen model, the initial thermal stress of the line is linearly dependent on 

the temperature and becomes zero at the passivation temperature and tensile at 

lower temperatures.  This study does not cover the effect of σο on EM, since 

previous studies show that ∆σ, which has a direct effect on vd, is independent 

of T. [48,50]   

Since ∆σ can be considered to be independent of the line length, the 

steady-state gradient (∆σ/L) is higher for a shorter line, which results in a 

slower drift velocity. [55]  From Eq. (4.1), a critical line length, below which 

EM-induced atomic flux becomes zero, can be found for a given current 

driving force.  This relation better known as critical length-current density 

product, (jL)c, can be defined at vd = 0 as: [31,32] 

 

(jL)c = Ω∆σ/Z*eρ                (4.2) 

 

Since Ω and Z*eρ can be assumed to be constant, [23] (jL)c is proportional to 

∆σ.  For a Cu damascene structure, the amount of stress sustainable in the line 

(∆σ) depends on the confinement on the Cu structure imposed by the ILD, the 

surrounding barrier and cap layers. [56-63]  Thus the (jL)c product provides an 

effective measure to evaluate the back-flow stress and the dielectric 

confinement effect on EM.   
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Figure 4.1  (a) Schematic view of dual-damascene Cu interconnect with EM-

induced mass flow (vEM) and back flow (vBF).  Cu metal line is completely 

surrounded by SiNx cap layer on top and Ta barrier on the side and bottom of 

the interconnect.  Ta barrier on the side is not shown for better visualization.  

(b) Steady-stress gradient (∆σ/L) is developed due to mass accumulation at the 

anode and mass depletion at the cathode under EM condition, therefore anode 

becomes more compressive and cathode becomes more tensile than σo, initial 

thermal stress at the temperature. 
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4.02 Experimental Details and Statistical Analysis for (jL)c Determination 

Dual-damascene Cu interconnects incorporated with oxide, porous 

MSQ or organic polymer, were evaluated using a statistical analysis.  The 

properties of the dielectric materials are listed in Table 4.1.  The critical length 

(LC) test structure, designed at UT-Austin and fabricated at International 

Sematech, was a collection of serially connected line/via interconnects.  As 

shown in Figure 4.2 (a), LC structure contains 6 repeating sets of 14 

interconnects with lengths of 10, 15, 20, 25, 30, 35, 40, 45, 50, 75, 100, 150, 

200 and 300 µm.  Therefore, there are total 84 individual M2 line elements in 

one LC structure.  Figure 4.2 (b) is a picture of LC test structure taken under 

an optical microscope.  The widths of the line designed in LC structure were 

0.5, 0.35 and 0.25 µm.  The stack height for M2 was defined to be 0.4 ~ 0.5 

µm by the manufacturer.  The Cu interconnects are surrounded by a 250 Å 

nominally thick Ta barrier on the side and bottom and the 1000 Å SiNx 

passivation on top of M2. (See Chapter 3.02 for more information)  

Underlying M1 lines are dimensioned to minimize the EM failure probability.  

M1 and M2 lines are connected through vias which are 0.5 µm in height.  The 

via dimension is defined by the M2 line width.  Extrusion monitor lines are 

interlaced between the existing interconnect chain.     

In order to determine the critical product of (jL)c, focused ion beam 

(FIB) system, scanning electron microscopy (SEM) and optical microscopy 

were used to count the number of line elements damaged by EM.  Figure 4.3 

shows FIB micrographs of 0.35 µm wide dual-damascene Cu/porous MSQ 

interconnects tested at T = 300 oC and at j = 1.0 MA/cm2.  The cap layers 

protecting the interconnects were already removed by FIB for better 

visualization.  Most voids were found at the cathode end of the lines, which 

were longer than 25 µm, except for the case of 40 µm long line. (Figure 4.3 

(a))  Figure 4.3 (b) shows no void for 10 and 15 µm long lines, an immature 

void for a 20 µm long line and a fully developed void for a 25 µm long line at 
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the cathode end.  In the same figure, a 10 µm line shows a necking along the 

dotted line which was due to the accidental overlap of two FIB box-cut 

operations.  This result suggests a rough estimation of critical length: Lc = 20 

µm. 

The line length-dependent failure distribution can be predicted from 

the drift velocity equation, Eq. (4.1).  If the failure probability of a given line, 

P(j,Li), is proportional to its average drift rate, the critical length can be 

obtained statistically based on the following expression: [64] 
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              0= , for Li < Lc,            (4.3.b) 

 

where vd is the average drift rate for Cu ions at a given j and L under a steady-

state back stress conditions, LM is the length of the longest interconnect in the 

test structure (i.e., 300 µm), Lc is the critical length, and C is a normalization 

constant.  This relation turns out to be very useful in evaluating (jL)c 

statistically and will be discussed more with actual examples.   
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Figure 4.2  (a) Schematic top view of the LC structure contains 6 repeating 

sets of 14 interconnects whose lengths are 10, 15, 20, 25, 30, 35, 40, 45, 50, 75, 

100, 150, 200 and 300 µm.  All interconnects are serially connected.  (b) a 

picture of LC test structure taken under optical microscopy.   
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Figure 4.3  FIB images of 0.35 µm wide dual-damascene Cu/porous MSQ 

interconnects tested at 300 oC and 1.0 MA/cm2 showing voids formed at the 

cathode ends.  Most voids were found in the lines longer than 25 µm except 40 

µm suggesting a critical length (Lc) of about 20 µm.   
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4.03 Critical Length Effect in Cu/oxide Interconnects  

The critical length effect in Cu/oxide interconnects was investigated 

using focused-ion-beam-induced contrast (FIBIC) imaging technique to locate 

the EM-induced damage, i.e., cathode voiding or anode extrusion.  In Figure 

4.4, FIBIC highlights the anode extrusions which are electrically connected to 

FIB-drilled bond pads.  From Figure 4.4 (a), (b) and (c), the distribution of the 

bright spots shows the critical length effect. [65]  For the higher current 

density applied to the test structure, the failure probability of each line length 

increases due to the decreased Lc.  When the EM-induced high compressive 

stress of Cu ions at the anode breaks the SiNx cap layer, i.e., anode extrusion, 

the back stress term in Eq. (4.1) will decrease significantly and increase the 

drift velocity (vd) simultaneously.  In this case, (jL)c , which is linearly 

proportional to ∆σ, was limited by the mechanical strength of SiNx cap layer.  

The increased mass transport after anode extrusion accelerates the void 

formation at the cathode end.  Figure 4.4 (c) shows both anode extrusion and 

cathode voiding.   

Critical length-current density products (jL)c of 0.5 µm wide dual-

damascene Cu/oxide interconnects were determined under different test 

conditions.  For each EM test condition, 10-12 LC test structures, the 

equivalent of 840-1008 interconnects, were examined to count the number of 

EM-induced damages, after the EM experiment.  In Figure 4.5, the plots of the 

failure counts as a function of line length shows the critical length effect; the 

failure probability drops with decreasing length of line element, Li, as 

expected.  The fitting curve (solid line) was generated using Eq. (4.3) and used 

to determine the critical length (Lc).  From Figure 4.5, (Lc) of 0.5 µm Cu/oxide 

interconnects tested at T = 340 oC and j = 1.0 MA/cm2 was found to be 37 µm.  

Therefore, (jL)c  = 1.0 MA/cm2 x 37 µm= 3700 A/cm.  This process was 

repeated for all EM experiments on LC test structures and the (jL)c products 

are listed in Table 4.2. (See Appendix A for individual plots.)  Within the 
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experimental accuracy, the temperature dependence of the critical length effect 

was not detected in this range of test conditions.   

 

 

Table 4.2  Critical length-current density products (jL)c of 0.5 µm wide dual-

damascene Cu/oxide interconnects. 

(jL)c j = 1.0 MA/cm2 j = 2.0 MA/cm2 j = 3.0 MA/cm2 

T = 340 oC 3700 A/cm 3600 A/cm  

T = 360 oC 3800 A/cm 3800 A/cm 3600 A/cm 

T = 385 oC 3800 A/cm   

T = 400 oC 3700 A/cm   

 

The average (jL)c product of 0.5 µm Cu/oxide interconnect with 1000 Å 

SiNx passivation (cap layer) was found to be 3700 ± 250 A/cm.  This implies 

that the line elements shorter than 37 µm are safe from EM damage at j = 1.0 

MA/cm2.  However, a very small number of failures (0.8%) of line elements, 

which are shorter than the critical length, were observed. (Appendix A)  This 

can be explained by defects, local joule heating or the (jL)c reduction due to 

the delamination of cap layer.   
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Figure 4.4  FIBIC technique was used to locate the EM-induced interconnect 

damages in 0.5 µm wide dual-damascene Cu/oxide interconnects, after the EM 

experiments tested at 360 °C and (a) at j = 1.0 MA/cm2, (b) at j = 2.0 MA/cm2, 

(c) at j = 3.0 MA/cm2.  The failure rates increase with increasing current 

density.  (d) FIB micrograph shows the extrusion damage at the anode end of 

the 300 µm long line and void at the cathode via bottom.   
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Figure 4.5  Plots of the EM-induced failure count as a function of line length 

with the regression line clearly showing the critical length effect.  Failure 

probability drops as the line length decreases.  0.5 µm wide dual-damascene 

Cu/oxide interconnects (LC) were tested at 340 oC and 1.0 MA/cm2.  (jL)c = 

3700 A/cm.  

 

4.04 Failure Analysis of Cu/low k Interconnects 

This section focuses on the failure analysis of Cu/low k interconnects, 

because a novel extrinsic failure behavior was identified and was also believed 

to play an important role in the critical length effect and the EM lifetime 

characteristics.  For this study, Cu/porous MSQ and Cu/organic polymer 

interconnects were investigated after EM stressing. (See Table 4.1 for 

dielectric properties.)  Figure 4.6 and Figure 4.7 shows that cathode voiding 

was responsible for the EM failures in both Cu/porous MSQ and Cu/organic 

polymer interconnects.  FIBIC technique was used to locate the failures in the 

Cu lines as shown in Figure 4.6 (a) and Figure 4.7 (a).  In Figure 4.7 (b) with 

graphical representation in Figure 4.7 (c), the void extends through the 

cathode via and some part of the M2 line, causing the interconnect structure to 
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fail.  Cross-sectional FIB image, 45 degree tilted after cutting, shows a void 

nucleated at the upper corner of the cathode via under the cap layer due to 

interfacial diffusion. (Figure 4.6 (b) and (c))  However, a small number of 

voids were found in the line near the cathode via, which can be explained by a 

combined effect of tensile stress and a defect providing a void nucleation site. 

(Figure 4.6 (d))  

FIB observations revealed a failure mode due to lateral anode extrusion 

under the cap layer in Cu/organic polymer interconnects.  Figure 4.7 (a) shows 

multiple extrusion failures near the anode end of Cu/organic polymer 

interconnects, while only a few extrusions were found in Cu/porous MSQ 

interconnects.  This lateral anode extrusion suggests that the corner where the 

barrier, low k ILD and cap/etch stop layer intersect is a mechanical weak point.  

Here failure can occur due to local stress concentration generated by EM, 

probably as a result of interfacial delamination.  High resolution SEM 

micrograph in Figure 4.8 identifies interfacial delamination and anode 

extrusion along the organic polymer ILD and oxide etch stop interface caused 

by a high hydrostatic compressive stress at the anode.  Also, Figure 4.9 shows 

that the EM induced extrusions near the anode can result in electrical shorts 

with the adjacent Cu lines.  Additionally, atomic force microscopy (AFM) was 

used to examine the surface topology, revealing that SiNx at the anode end was 

lifted by EM about 180 nm (Figure 4.10 (a) and (b)).  Thus the weak adhesion 

of organic polymer/oxide etch stop interface causes the interfacial breakdown 

as well as the anode extrusion to occur. (Figure 4.11)  This implies that 

Cu/organic polymer interconnects hold even less back-flow stress ∆σ than that 

estimated from the mechanical properties of the low k material.  This can 

further reduce the EM lifetime of Cu/organic polymer interconnects as a 

consequence of an increase in Cu ion drift rate: vd = µ (Z*eρj - Ω∆σ/L).  
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Figure 4.6  Failure analysis of 0.5 µm wide Cu/porous MSQ.  (a) Cathode 

voiding which is big enough to cause failure.  FIBIC technique highlighted 

interconnects which were electrically connected to the anode.  (b) Quarter-

view of the cathode after FIB cut showing void formation.  (c) Void nucleation 

above the cathode via.  (d) Void nucleation near the cathode via. 
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Figure 4.7  Failure analysis of 0.5 µm wide Cu/organic polymer interconnects.  

(a) Top view of interconnects showing multiple anode extrusions and voids.  

(b) Cathode voiding along section A-A’ of (a).  (c) Graphical representation of 

(b) 
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Figure 4.8  Cross-section of 0.5 µm wide Cu/organic polymer interconnect 

taken by high-resolution SEM showing anode extrusion and interfacial 

delamination.   

 

 
Figure 4.9  FIB image shows an electrical short between anode and extrusion 

monitor. 
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Figure 4.10  (a) AFM image of 0.5 µm wide Cu/organic polymer interconnects 

showing that SiNx on the anode is lifted by 180 nm.  (b) The surface roughness 

was measured along the black solid line of (a). 

 

 
Figure 4.11  Schematics showing how Cu extrude along the interface between 

organic polymer ILD and oxide etch stop after the interface failure.  
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4.05 Critical Length Effect in Cu/low k Interconnects  

EM induced failures in Cu/low k interconnects (cathode voiding for 

porous MSQ and anode extrusions for organic polymer) were counted to plot 

the failure distribution as a function of line length.  A typical example is 

shown in Figure 4.12.  Appendix B and C summarizes all failure distributions 

for Cu/porous MSQ and Cu/organic polymer interconnects, respectively, used 

for (jL)c determination.  Sometimes even very short lines in Cu/low k 

interconnects were found to fail prematurely.  Therefore, the statistical 

analysis proposed in Section 4.02 turned out to be very useful, as compared 

with the standard method to read the cut-off in failure distribution.   
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Figure 4.12  Plots of the number of fails vs. line length of 0.5 µm wide dual-

damascene Cu/porous MSQ interconnects (LC) with the regression line 

generated by Eq. (4.3.a).  After the EM testing at T = 300 oC and j = 1.0 

MA/cm2.  (jL)c = 25 µm x 1.0 MA/cm2 = 2500 A/cm.   
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As explained in Section 4.01, ∆σ, developed by EM-induced mass 

transport along the line, is proportional to (jL)c; (jL)c = Ω∆σ/ Z*eρ.  For a Cu 

damascene structure, the amount of stress sustainable in the line (∆σ) depends 

on the thermomechanical confinement on the Cu structure imposed by the ILD, 

the surrounding barrier and cap layers.  Thus the (jL)c product provides an 

effective measure to evaluate the confinement effect of low k ILD on EM.  

The following relation is helpful: (jL)c ∝ ∆σ ∝ confinement effect or 

passivation effect.  

Figure 4.13 summarizes the results of (jL)c obtained for 0.5 µm wide 

Cu/porous MSQ and 0.5 µm wide organic polymer interconnects at current 

density of 1.0 MA/cm2.  (jL)c for oxide, porous MSQ and organic polymer 

were found to be about 3700, 2400 and 1400 A/cm, respectively, at j = 1.0 

MA/cm2.  This indicates that a significantly smaller mechanical strength of 

low k ILD (Table 4.1) can reduce the (jL)c and the thermomechanical 

confinement.  Since (jL)c is an important parameter for circuit designing, the 

reduced critical length-current density product is one of the impacts of low k 

ILD on EM.  Also, as observed from failure analysis, interfacial delamination 

in Cu/organic polymer interconnects can decrease the (jL)c even further than 

what was estimated from the mechanical properties of the low k ILD.  The 

thermomechanical degradation in Cu/low k interconnects due to interfacial 

delamination can lower the confinement as well as ∆σ.   

The smaller back stress (∆σ) results in a faster drift rate of Cu ion and 

a smaller EM lifetime; vd = µ (Z*eρj - Ω∆σ/L).  However, this effect will 

disappear for a very long line, because the back-stress gradient (∆σ/L) 

becomes zero.  Figure 4.14 shows the EM lifetimes of Cu interconnects tested 

at current density of 1.0 MA/cm2.  Another impact of low k ILD is the 

reduction in EM lifetime.   
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Figure 4.13  The distribution of (jL)c as a function of temperature.  0.5 µm 

wide dual-damascene Cu/oxide, Cu/porous MSQ, and Cu/organic polymer 

interconnects (LC) tested at j = 1.0 MA/cm2 were used to determine (jL)c.     
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Figure 4.14  .  EM lifetimes of Cu/oxide, Cu/porous MSQ, and Cu/organic 

polymer interconnects as a function of temperature.  EM lifetime is shorter for 

smaller (jL)c. 
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4.06 Temperature and Current Density Dependence of (jL)c 

More experimental results of (jL)c tested at various current densities 

are tabulated in Table 4.3 and Table 4.4 for 0.5 µm wide Cu/porous MSQ and 

0.5 µm wide Cu/organic polymer interconnects, respectively.  As shown in 

Figure 4.13, (jL)c, tested at j = 1.0 MA/cm2, is not a function of temperature.  

Also, in Table 4.3, similar (jL)c values for Cu/porous MSQ interconnects were 

obtained at higher current density (j = 3.0 MA/cm2) and at very different test 

temperatures, i.e., 3000 A/cm at 190 oC and 3300 A/cm at 300 oC.  This 

indicates that (jL)c for dual-damascene Cu interconnects is independent of 

temperature under the testing condition, as expected.     

 

 

Table 4.3  Critical length-current density products (jL)c of 0.5 µm wide dual-

damascene Cu/porous MSQ interconnects.  (jL)c at T =300 oC and j = 1.0 

MA/cm2 was measured twice.  Appendix B contains the plots used for this 

analysis.  

 j = 0.5 
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Table 4.4  Critical length-current density products (jL)c of 0.5 µm wide dual-

damascene Cu/organic polymer interconnects.  Appendix C contains the plots 

used for this analysis. 

 j = 0.25 

MA/cm2 

j = 0.5 

MA/cm2 

j = 1.0 

MA/cm2 

j = 1.5 

MA/cm2 

T = 280 oC   1200 A/cm  

T = 300 oC   1300 A/cm  

T = 325 oC 600 A/cm 900 A/cm 1600 A/cm 1500 A/cm 

T = 350 oC   1500 A/cm  

 

Unpredicted current density (j) dependence of (jL)c was observed in 

Cu/low k interconnects different from Cu/oxide interconnects.  (jL)c is 

expected to depend only on material properties and not on j, L, or the 

observation period ∆t.  In Figure 4.15, Cu/oxide interconnects show no j 

dependence of (jL)c.  However, several previous studies show that (jL)c 

decreases with ∆t [50] and L [48] and increases with j1/2 [66-69].  In our 

experimental results, (jL)c of Cu/organic polymer interconnects, which was 

weakly confined due to interfacial delamination, seems to decrease with 

decreasing j. (Figure 4.15)  The regression line drawn by (jL2 = constant) fits 

the (jL)c data well as a function of current density.  Cu/porous MSQ 

interconnects, whose structure is well confined, show a similar behavior at 

lower current densities but (jL)c seems to be deviated from the regression and 

saturated at higher current densities.  Since (jL)c value is an important 

parameter for circuit designing, this study can provide a better understanding 

of (jL)c.   
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Figure 4.15  (jL)c of 0.5 µm wide Cu/low k interconnects decreases with 

decreasing current density.  This effect is clear for lower j and for weakly 

confined structures.  

 

4.07 Line Width Dependence of (jL)c 

Table 4.5 summarizes the critical length-current density products (jL)c 

of 0.25, 0.35 and 0.5 µm wide Cu/porous MSQ interconnects tested at current 

density of 1.0 MA/cm2.  Appendix B contains the plots used for this analysis.  

As shown in Figure 4.16, (jL)c values for 0.25 and 0.35 µm wide Cu/porous 

MSQ interconnects were found to be 2000 A/cm, a 20% reduction in (jL)c 

compared with 0.5 µm wide Cu/porous MSQ interconnects.  (jL)c seems to be 

weakly dependent on the line width between 0.25 and 0.5 µm.   
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Table 4.5  Critical length-current density products (jL)c of 0.25, 0.35 and 0.5 

µm wide dual-damascene Cu/porous MSQ interconnects tested at j = 1.0 

MA/cm2.  Appendix B contains the plots used for this analysis.  
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Figure 4.16  (jL)c of 0.25, 0.35 and 0.5 µm wide Cu/porous MSQ 

interconnects.  (jL)c seems to be weakly dependent on the line width between 

0.25 and 0.5 µm.  
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4.08 Conclusion 

This chapter summarizes the impact of low k ILD on EM 

characteristics and the critical product of current density-conductor length 

(jL)c, which turned out to be a good index to show the correlation between EM 

lifetime, back stress, confinement effect and failure behavior.  Dual-

damascene Cu interconnects incorporated with oxide, porous MSQ or organic 

polymer, were evaluated based on a statistical analysis using the critical length 

(LC) test structure designed in our group.  Using FIBIC technique, the critical 

length effect in Cu/oxide interconnects was investigated.  The average (jL)c 

product of 0.5 µm Cu/oxide interconnect with 1000 Å SiNx passivation (cap 

layer) was found to be 3700 ± 250 A/cm.  Compared with oxide, a 

significantly smaller mechanical strength of low k ILD reduces the (jL)c and 

the thermomechanical confinement.  Smaller thermomechanical confinement 

in Cu/low k interconnects reduces (jL)c and back-flow stress (∆σ), leading to a 

faster mass transport and a shorter EM lifetime.  FIB observations revealed a 

novel extrinsic failure mode due to lateral anode extrusion under the cap layer 

after the interfacial delamination, in Cu/organic polymer interconnects.  This 

decreased the (jL)c even further than what was estimated from the mechanical 

properties of the low k ILD.  Therefore, the degradation in thermomechanical 

properties, in particular interfacial adhesion, reduces back-flow stress (∆σ), 

leading to a faster mass transport and a shorter EM lifetime.  This can be a 

serious reliability issue.  (jL)c for both Cu/oxide and Cu/low k interconnects is 

independent of temperature under the test condition.  However, an unpredicted 

current density dependence of (jL)c was observed in Cu/low k interconnects.  

(jL)c decreases with decreasing current density.  Line width dependence of 

(jL)c was also investigated.   
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Chapter 5  Statistical Analysis for Early Failures 

 

Early failures become a crucial reliability issue in microelectronics.  

The lifetime of an advanced microprocessor, incorporating a large number of 

devices and interconnects, generally depends on the lifetime of the weakest 

component.  Therefore, when discussing the reliability, the average 

interconnect lifetime is not as relevant as that of the weakest one.  The 

objective of this chapter is to understand the nature of early failures in dual-

damascene Cu interconnects using a newly designed statistical analysis.  This 

chapter summarizes the EM results from early failure (EF) and via reliability 

(VR) test structure designs, while Chapter 3 and 4 focused on the LC test 

structure design. 
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5.01 Introduction 

Early failures, leading to a lifetime deviation from a monomodal 

failure distribution, are always a critical reliability issue in the microelectronic 

industry.  This phenomenon has been studied by several research groups to 

understand its nature. [43,70,71,72]  A satisfactory research, however, is not 

an easy goal to achieve due to the rare occurrence of the phenomenon and the 

complexity in statistical analysis.  Therefore, Monte Carlo simulation and 

early failure (EF) test structure design were developed for this study based on 

the weakest link approximation (WLA). [73-79]  

EF test structure design is basically a collection of N serially connected 

dual-damascene Cu interconnects.  N, the number of serial elements, is the 

statistical parameter of interest for a given set of interconnect dimensions.  

Figure 5.1 explains the usage of the EF test structure and WLA graphically.  

An EF test structure of N = 10 (EF N = 10) contains ten identical via-M2-via 

interconnects that are serially connected through bridging M1s, where only 

M2 lines are depicted.  Assuming the average lifetime (t50) and the standard 

deviation (σ) to be 100 hours and 0.2, respectively, the lifetime of this 

structure would be only 66.5 hours, because the first failure of the weakest 

link determines the EM lifetime of the serial elements, EF N = 10.   

 



 82 

 
Figure 5.1  Top view of EF N = 10 test structure.  Ten identical via-M2-via 

interconnects are serially connected through bridging M1s, where only M2 

lines are depicted.  According to the WLA, the lifetime of this test structure is 

66.5 hrs, where t50 and σ are 100 hours and 0.2, respectively.   

 

5.02 Statistics for Weakest Link Approximation 

Lognormal statistics has traditionally been used for modeling EM 

failures. [80]  The probability density function (PDF), f(t), for lognormal 

distribution is given by: 
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where t50 is the median time to failure and σ is the standard deviation in 

lognormal distribution.  The integral of the PDF from 0 to time t is the 
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cumulative distribution function (CDF), F(t), which can be expressed using a 

Gaussian integral: 
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Mathematically, a CDF describes the probability of an interconnect failing 

within the time interval, [0,t].  Figure 5.2 and Figure 5.3 shows the PDF and 

the CDF for lognormal distribution with σ = 0.2, respectively.   

 

 
Figure 5.2  Probability density function (PDF) plot for lognormal distribution 

with σ = 0.2. 
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Figure 5.3  Cumulative distribution function (CDF) plot for lognormal 

distribution with σ = 0.2. 

 

The weakest link model is based on the assumption that the weakest 

link in multi-link test structure dominates the chain lifetime.  In statistical 

analysis, we have the following relations for the weakest link model: 

 

R(t,N) = R1(t) x R2(t) x R3(t) x R4(t) x...x RN(t)            (5.3) 

R(t,N) = min(Ri(t)),  i = 1, 2, 3, 4, ..., N             (5.4) 

 

where Ri(t) is the reliability of ith element at time t, N is the number of 

elements in the series, and R(t,N) is the system reliability.  Since R(t) = 1-F(t), 

one can deduce: 

 

1-F(t,N) = (1-F1(t)) x (1-F2(t)) x (1-F3(t)) x.....x (1-FN(t))            (5.5) 

 

where F(t) is the unreliability function.  If Fi(t)s are the same regardless of i, 

the above equation can be simplified to: 
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1-F(t,N) = (1-Fi(t))N                (5.6) 

F(t,N) = 1-(1-Fi(t))N                (5.7) 

 

The last equation is also called the weakest link approximation (WLA).  F(t,N) 

is the CDF for a series of N independent but identical elements.  In this case, 

an element is a via-M2-via interconnect.  Figure 5.4 is the graphical 

representation of WLA for N-scaled interconnects, F(t,N) of Eq. (5.7) for 

lognormal distribution.  A typical feature of WLA is identifiable; as N, the 

number of serial elements, increases, t50 and σ decrease.  If one of F(t,N) is 

identified, all other F(t,N) with any N can statistically be reproduced.  

Therefore, t50 and σ for single elements, which usually require a long term 

experiments, can be obtained from the multi-link structures with the advantage 

of reduced test time.   

 

 
Figure 5.4  CDF plots, F(t,N), for lognormal distribution generated by WLA, 

where N = 1, 10, 100, 1000.  The lognormal parameters, t50 and σ, decrease 

with increasing N. [Plotted by Ennis T. Ogawa] 
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5.03 Monte Carlo Simulation 

Monte Carlo simulation was developed to evaluate the EM lifetime 

characteristics of multi-link test structures, i.e., EF test structures.  This Monte 

Carlo simulation generates N random lifetimes for N single elements and 

chooses the shortest lifetime as the lifetime of the N-scaled interconnects 

according to the WLA.  By repeating this process, simulated CDF for N-scaled 

interconnects can be constructed.  Then, the lognormal parameters of 

experimental CDF can be determined by fitting the simulated CDF.  The 

following paragraphs describe the process in detail.   

Since EM lifetimes of single interconnects (N = 1) are known to follow 

lognormal distributions, we can generate potential random lifetimes from the 

inverse of the CDF using determined or estimated lognormal parameters of 

single elements (N = 1): t50 and σ.  

 

t = F-1(random number as CDF, t50 and σ)             (5.8) 

 

where t is the potential random lifetime, and F-1 is the inverse of the CDF, F(t) 

of Eq. (5.2) or F(t,N = 1).  The lifetime of N-scaled interconnects, t(N), is the 

shortest lifetime of N random lifetimes generated by Eq. (5.8): 

 

t(N) = min(ti),  i = 1, 2, 3, 4, ..., N              (5.9) 

 

where ti is the lifetime of ith element.  See Figure 5.1 for an example; the 

lifetimes of the via-M2-via interconnects were generated by Eq. (5.8) and the 

weakest link determined the lifetime of the EF N = 10.  The CDF, F(t,N), can 

be constructed from a large number of randomly generated t(N).   

Since the CDFs for different N, F(t,N) are statistically correlated to 

each other; an identified CDF can statistically reproduce all other CDFs of any 

N.  This procedure returns the lognormal parameters of t50 and σ for single 
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elements (N = 1).  All of these procedures are computerized and called a 

Monte Carlo simulation.  As shown in Figure 5.5, the lognormal parameters of 

single elements can be identified by fitting the simulated CDF of EF N = 10 

(cross-hairs) to the experimental CDF of EF N = 10 (solid squares).  t50 and σ 

for single elements were found to be 200 hours and 0.4, respectively.  The 

simulation also generated the CDFs of EF N = 1 and 100 (cross-hairs).  Since 

this Monte Carlo simulation is based on the WLA, the CDF plots generated by 

both methods should be identical.  Figure 5.6 shows that the CDFs of Monte 

Carlo simulation are overlapped on those derived from the WLA.   
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Figure 5.5  An experimental CDF plot of EF N = 10 (solid squares) and 

simulated CDF plots of EF N = 1, 10 and 100 test structures (small crosshairs). 

The lognormal parameters of the failure distribution for single elements, t50 

and σ for EF N = 1, were found to be 200 hours and 0.4, respectively.  
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Figure 5.6  CDF plots for lognormal distribution generated by Monte Carlo 

simulation and WLA overlap each other.   

 

5.04 Multi-Modal Monte Carlo Simulation for Early Failures  

The Monte Carlo simulation in Section 5.03 assumes mono-modal 

failure behavior so that EM lifetimes can be modeled by a simple lognormal 

distribution.  However, bimodal failure distributions, indicating the existence 

of early failures, were observed in the experimental CDFs of dual-damascene 

Cu interconnects.  Although the probability of the early failure is small, it is 

very critical in terms of the reliability.  Therefore, the Monte Carlo simulation 

was modified to detect and characterize these early failures. 

For a bimodal failure distribution, two distinct failure mechanisms are 

competing to cause a failure in an interconnect.  A failure distribution with a 

longer t50 is called “strong mode,” and that with a shorter t50 is called “weak 

mode.”  In this study, a weak mode is responsible for the early failures.  Figure 

5.7 illustrates the CDF of a bimodal failure distribution, assuming the 

probability for the secondary failure distribution, the weak mode, to be 10%.   
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Figure 5.7  The CDF plot for a bimodal failure distribution assuming the 

probability (or the normalized population) of the weak mode (early failures) to 

be 10%.  The strong mode parameters were t50 = 1000 hours and σ = 0.3.  The 

weak mode parameters were t50 = 100 hours and σ = 0.3.   

 

In the multi-modal Monte Carlo simulation for the early failures, the 

probability factor, P, indicating the normalized population of the weak mode, 

has been added.  In a bimodal failure distribution, a potential random lifetime 

of each element, t, is chosen from two lognormal distributions (strong and 

weak mode):  

 

IF 1st random number < P THEN            (5.10) 

t = F-1(2nd random number as CDF, t50(w) and σ(w)) 

ELSE 

t = F-1(3rd random number as CDF, t50(s) and σ(s)) 

END IF  

 

where P is the probability of weak mode, (w) means the component of weak 

mode and (s) means the component of strong mode.  The lifetime of N-scaled 
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interconnects, t(N), is the shortest lifetime among N random lifetimes 

generated by Eq. (5.10).  The CDF for bimodal failure behavior can be 

generated from a number of randomly generated t(N).   

Fig 5.8 (a), (b) and (c) show the CDFs of various N, generated by 

multi-modal simulation with different weak mode probability (P), which were 

1, 10 and 50%, respectively.  The left region of each figure shows where 

failures were “weak” in nature, while the right region shows where failures 

were “strong.”  In Figure 5.8 (a), the early failures (weak mode) were not 

detectable in the CDF of single interconnects (EF N = 1) while the weak mode 

dominated more than 50% of EF N = 100.  This shows the statistical 

advantage of using multi-link test structures which provides a better chance to 

detect and characterize early failures.  Note that the transitions between weak 

and strong mode in the CDFs of various N can be used to determine the early 

failure (weak mode) population (P).  

 

 
Figure 5.8  (a) CDF plots of EF N = 1, 10 and 100.  The strong mode 

parameters were t50 = 1000 hours and σ = 0.3.  The weak mode parameters 

were t50 = 100 hours and σ = 0.3.  The weak mode probability was 1%.   
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Figure 5.8  (b) CDF plots of EF N = 1, 10 and 100.  The strong mode 

parameters were t50 = 1000 hours and σ = 0.3.  The weak mode parameters 

were t50 = 100 hours and σ = 0.3.  The weak mode probability was 10%.   

 

 
Figure 5.8  (c) CDF plots of EF N = 1, 10 and 100.  The strong mode 

parameters were t50 = 1000 hours and σ = 0.3.  The weak mode parameters 

were t50 = 100 hours and σ = 0.3.  The weak mode probability was 50%.   
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EM experimental results of Cu/oxide EF structures (0.5 µm wide, 300 

µm long, and N = 1, 10, and 100) tested at T = 400 oC and j = 1.0 MA/cm2 

were investigated to verify the validity of multi-modal Monte Carlo simulation.  

The solid symbols in Figure 5.9 were the lifetime data measured for various N.  

The tail of N = 100 indicated the weak mode (early failures), while the strong 

mode dominated the N = 1, 10 and the top half of N = 100.  Using multi-modal 

simulation, the strong mode population was estimated to be 94.4% with the 

lognormal parameters: t50 = 300 hours and σ = 0.45.  Since at least five data 

points are required to obtain a reasonable precision, it is not easy to 

characterize the weak mode in this case.  The CDF plots created by multi-

modal simulation (cross-hair) fit the last three lifetimes of both weak mode 

and strong mode after careful adjustments. (Figure 5.9)  The weak mode 

population was estimated to be about 0.6% with the lognormal parameters: t50 

= 30 hours and σ = 0.3.  The error bar for t50 was about 10 hours for the weak 

mode.  In this way, we separated the weak mode (early failures) from the 

strong mode and identified the lifetime distribution and the population of the 

early failures from 28 test structures instead of using 1000 single interconnects.  
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Figure 5.9  CDF plots of multi-link structures (EF) tested at T = 400 oC and j = 

1.0 MA/cm2. (Solid symbols)  The simulated CDF plots (cross-hairs) fit all 

data points well.  The strong mode population was estimated to be 94.4% with 

the lognormal parameters: t50 = 300 hours and σ = 0.45. The weak mode 

population was estimated to be about 0.6% with the lognormal parameters: t50 

= 30 hours and σ = 0.3. 

 

5.05 Mass Transport for Early Failures in Cu/oxide Interconnects 

EM experiments were performed for Cu/oxide interconnects of EF test 

structure design.  Figure 5.10 (a), (b) and (c) show the typical resistance traces 

of dual-damascene Cu interconnects when N = 1, 10, and 100, respectively.  In 

a multi-link test structure, multiple steps in the resistance trace indicate the 

multiple interconnect failures. (See 3.02 for more information)  The first step 

is considered as the lifetime of the structure and used to determine the EM 

characteristics.   
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Figure 5.10  (a) Resistance trace of EF test structure of N = 1, where N is the 

number of dual-damascene Cu/oxide interconnects in the test structure. 

 

 
Figure 5.10  (b) Resistance trace of EF test structure of N = 10, where N is the 

number of dual-damascene Cu/oxide interconnects in the test structure. 
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Figure 5.10  (c) Resistance trace of EF test structure of N = 100, where N is 

the number of dual-damascene Cu/oxide interconnects in the test structure. 

 

In order to determine the mass transport mechanism for the early 

failures (weak mode), EM experiments on Cu/oxide EF test structures (0.5 µm 

wide, 300 µm long and N = 1, 10, 50 and 100) were performed at T = 325, 350, 

375 and 400 oC and j = 1.0 MA/cm2.  Figure 5.11 contains the experimental 

CDFs of EF test structures (solid symbols) and they fit well with the CDFs 

generated by multi-modal simulation (cross-hairs).  The “tails” in the EF N = 1 

indicate the bimodal failure mechanism.  For N = 100 at T = 400 oC, two-hour 

delay happened during the start procedure, which was responsible for the shift 

between the experimental CDFs and the simulated CDFs.  Experiments on EF 

N = 1 at T = 325 and 350 oC were not accomplished, because such 

experiments would take several months and we are more interested in 

characterizing the early failures.   
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Figure 5.11  (a) CDF plots of 0.5µm Cu/oxide EF structures tested at 400 oC 

and 1.0 MA/cm2.  The weak mode (75%) parameters are t50 = 25 hours, σ = 

0.35.  The strong mode (25%) parameters are t50 ~250 hours, σ = 0.6.  
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Figure 5.11  (b) CDF plots of 0.5µm Cu/oxide EF structures tested at 375 oC 

and 1.0 MA/cm2.  The weak mode (50%) parameters are t50 = 59 hours, σ = 

0.5.  The strong mode (50%) parameters are t50 ~600 hours, σ ~0.6.  
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Figure 5.11  (c) CDF plots of 0.5µm Cu/oxide EF structures tested at 350 oC 

and 1.0 MA/cm2.  The weak mode parameters are t50 = 105 hours, σ = 0.4.   
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Figure 5.11  (d) CDF plots of 0.5µm Cu/oxide EF structures tested at 325 oC 

and 1.0 MA/cm2.  The weak mode parameters are t50 = 230 hours, σ = 0.45.   
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Table 5.1 tabulates the lognormal parameters (t50 and σ) and the 

population (%) of both weak and strong mode failure distributions determined 

by the multi-modal simulation.  Activation energy was calculated to determine 

the dominant diffusion mechanism for the weak mode (early failures) using 

Black's equation, Eq. (3.8).  Figure 5.12 shows the activation energies of weak 

mode and EF structures (N = 10, 50 and 100).  Although early failures always 

exist in a mixed failure distribution, the weak mode parameters obtained from 

the multi-modal simulation enable us to treat the early failure behavior as a 

separate and independent event.  The activation energy (Q) for the weak mode 

(early failures) was found to be 1.00 ± 0.05eV.  The activation energy in the 

range of 0.8–1.0 eV found in this study is commonly associated with mass 

transport of Cu ions along the Cu interface. [40]  Also, the EF structures of N 

= 10, 50 and 100 returned the same activation energy with the weak mode.  

The weak mode with a population of 50-75% can dominate the entire failure 

behavior of EF N = 10, 50 and 100.  The mean time to failures, t50s, of EF N = 

10, 50 and 100 were directly obtained from the experimental CDFs. 

As shown in Figure 5.11 (a) and Figure 5.9, EM experiments on two 

groups of EF structures, obtained from different wafer lots but of the same 

generation, were carried out at the same test condition.  Statistical analyses 

showed different early failure populations: 75% early failures in Figure 5.11 

(a) and 0.6% early failures in Figure 5.9.  This can be attributed to the 

different process controls for the wafer lots. 
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Table 5.1  The lognormal parameters (t50 and σ) and the population (%) of 

weak and strong mode failure distributions determined by the multi-modal 

Monte Carlo simulation.  EM experiments of 0.5 µm wide and 300 µm long 

Cu/oxide EF structures were performed at j = 1.0 MA/cm2. 

 T = 325 oC T = 350 oC T = 375 oC T = 400 oC 

% of Weak mode   50% 75% 

t50 of weak mode 230 hrs. 105 hrs. 59 hrs. 25 hrs. 

σ of weak mode 0.45 0.4 0.5 0.35 

% of Strong mode   50% 25% 

t50 of strong mode   ~600 hrs. 250 hrs. 

σ of strong mode   ~0.6 0.6 
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Figure 5.12  EM lifetimes of 0.5 µm Cu/oxide EF structures as a function of 

temperature.  The activation energy for the weak mode (early failures) was 

found to be about 1.0 eV suggesting interfacial diffusion as the dominant mass 

transport mechanism. 
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5.06 Microstructural Difference Between Weak and Strong Mode  

Failure analysis was performed on the EF structures after EM 

experiments to examine the microstructure associated with the statistically 

identified bimodal failure distribution, which was statistically identified.  

Since the weak mode population of the EF samples, summarized in Table 5.1, 

was more than 50%, it is possible to observe bimodal failure behavior 

physically from this failure analysis.   

By definition, interconnects that fail by the weak mode (early failures) 

have shorter lifetimes.  This can be attributed to a small amount of mass 

transport that yields faster failure.  In comparison, the strong mode has a 

longer lifetime and these interconnects will fail as a result of relatively larger 

amount of mass transport.  In other words, interconnect failure by a strong 

mode is a slower process.  Figure 5.13 shows possible void sites and their 

failure modes.  The two most probable void formation sites in the dual-

damascene interconnect are the (cathode) via bottom for the weak mode and 

the cathode end (of M2) for the strong mode.   

 

 
Figure 5.13  The possible sites for void formation.  For better view, the Ta 

barriers along the side wall of the Cu interconnect are not depicted. 
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As shown in Figure 5.14 and Figure 5.15, FIB system identified two distinct 

types of void formations for the bimodal failure behaviors.  FIB images of 

early failed samples show the obvious void formation at the cathode via 

bottom, as expected. (Figure 5.14)  In Figure 5.14 (b), the increased local 

Joule heating followed by the void formation destroyed the interconnect 

structure.  Since the failure in the interconnects is controlled by the rate of 

damage formation for two distinct failure mechanisms, the coexistence of both 

weak and strong mode voids can be observed in a single interconnect, as 

shown in Figure 5.15 (a).  Figure 5.15 (b) shows a void forming at the cathode 

end of M2, which can be responsible for the strong mode failures.  

Interestingly, extrusions at the anode due to mass accumulation occur 

simultaneously along with mass depletion at the cathode end.   

 

 
Figure 5.14  FIB images, which are perpendicular to M2.  (a) Clear void at the 

via bottom, (b) Joule heating induced damages were observed. 
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Figure 5.15  FIB images, cut along M1 and perpendicular to M2, showing two 

distinct modes of voiding: (a) Both strong and weak mode, (b) Strong mode 

only, and (c) Cross-section of EF N = 10 showing EM-induced damages.  
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The recently identified source of EM early failures [83-85] also 

supports the general observation of this study; a void causing the EM early 

failure was first formed at the via bottom.  According to these articles, a small 

cracking of barrier metal near the via bottom can happen due to thermal stress, 

process limitation or defects.  A void can form quickly at the crack.  Then, it 

leads to rapid lateral extension of the void and eventually the complete 

opening of the via.  Therefore, the barrier metal integrity is very important in 

controlling EM reliability and early failure statistics. 

 

5.07 Drift Velocity of Cu Ion for Weak Mode (Early Failures) 

The drift velocity of metal ions induced by an EM driving force, Eq. 

(4.1): vd = vEM + vBF = (Deff/kT)·(Z*eρj - Ω∆σ/L), can be modified as:  

 

,1* 





 −=

L
LjeZ

kT
D

v ceff
d ρ

             (5.11) 

 

where Deff is the effective diffusivity, Z*e is the effective charge, k is the 

Boltzmann’s constant, T is the test temperature, ρ is the resistivity, j is the 

current density, L is the line length, and Lc is the critical length below which 

net mass transport vanishes at a given current density.  Eq. (5.11) implies that 

the back stress term of Eq. (4.1) can be ignored in a very long line due to the 

significant reduction of the back stress effect.  In this study, the critical length 

for dual-damascene Cu/oxide interconnects was found to be 37 µm at j = 1.0 

MA/cm2.  The line length used was 300 µm.  In this case, vd = 0.88 vEM.   

In Cu interconnects, the void volume increases linearly with time and 

there is no incubation period observed prior to the void growth. [25]  In a 

narrow metal line which failed by the weak mode (early failures), the void 

fully occupied the via bottom at the measured time to fail.  Therefore, the drift 

velocity can be calculated experimentally from the rates of material depletion 

and line resistance change, δ(∆L)/δt and δ(∆R)/δt: (See Figure 5.16) [81] 
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where Lv is the edge displacement of the void along the metal line at the time 

to failure (TTF).  ∆R is linearly proportional to ∆L.  As shown in Figure 5.10 

(a), ∆R increases linearly after the resistance step due to the shunting effect.  

Note that the amount of resistance increase in Cu/oxide is the same regardless 

of the base resistance of the structure, indicating the same size of void at 

failure (Figure 5.10)  FIB images in Figure 5.17 shows that the average size of 

the voids at the via bottom, which is responsible for the early failures, is about 

0.1-0.3 µm.  The average lifetimes for the early failures are summarized in 

Table 5.1.  Taking the length of the void to be 0.3 µm for 0.5 µm wide and 

300 µm long Cu/oxide interconnects (void volume at the via bottom was 

0.3x0.5x0.5 µm3), the drift velocities of the weak mode (early failures) were 

found to be 12.0 nm/hour at 400 oC, 5.1 nm/hour at 375 oC, 2.9 nm/hour at 

350 oC, and 1.3 nm/hour at 325 oC, when j = 1.0 MA/cm2.   

 

 
Figure 5.16  Via bottom voiding at the weak mode failure (early failure).  The 

edge displacement of the void at via bottom ranges between 0.1 and 0.3 µm. 
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Figure 5.17  FIB images showing the size of the void at via bottom.  The 

estimated height or edge displacement was about 0.3 µm for 0.5 µm wide and 

300 µm long Cu/oxide interconnects.   

 

Taking Z* = 0.8 and ρ = 5.0 µΩ-cm at 400 oC, [82] the Deff values for 

the weak mode in Eq. (5.11) were calculated to be 5.53 x 10-12 cm2/sec at 400 
oC, 2.35 x 10-12 cm2/sec at 375 oC, 1.32 x 10-12 cm2/sec at 350 oC, and 0.61 x 

10-12 cm2/sec at 325 oC.  Since the interfacial diffusion is dominant for Cu 

interconnects, Deff in the via can be expressed as: 
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where 4(δΙ / w) is the shape factor at the via bottom (= 4 x 10-3), δΙ  is the 

effective thickness of the interface (= ~0.5 nm), w is the width of the via (= 0.5 
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µm), 
0
ID  is the diffusion constant for interfacial diffusion, QI is the activation 

energy for interfacial diffusion (QI = 1.0 eV), k is the Boltzmann’s constant 

and T is the absolute temperature.  Figure 5.18 shows the void growth rate as a 

function of temperature.  The interfacial diffusion constant, 
0
ID , was 

determined to be 0.04 cm2/sec (= 4 mm2/sec).   
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Figure 5.18  Arrhenius plot of drift velocities for early failures in 0.5 µm wide 

and 300 µm long Cu/oxide interconnects as a function of temperature at j = 1.0 

MA/cm2.  The cross-sectional area of the void at via bottom was 0.5 x 0.5 µm2.   
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5.08 Multi-Via Reliability in 0.25 µm wide Cu/oxide Interconnects 

As an attempt to improve the EM early failure behavior, the effect of 

multi-vias has been investigated using via reliability (VR) structure design.  

This structure consists of a single M2 line element terminating with 1, 2, or 3 

via pairs: VR Vn = 1, 2 or 3, respectively. (Figure 5.19).  To ensure 

consistency of experimental results, all test structures were obtained from the 

same wafer.  Also, the dimensions of the test lines were fixed at 0.25 µm line 

width, 0.5 µm line height, 0.25 µm x 0.25 µm via area, 0.25 µm via-to-via 

spacing and 0.5 µm via height.   

 

 
Figure 5.19  Schematic view of VR test structures.  (a) Vn = 1, (b) Vn = 2, (c) 

Vn = 3. 

 

Electromigration tests on Cu/oxide VR structures (0.25 µm wide and 

300 µm long) were performed at T = 380 oC and at j = 2.0 MA/cm2.  Figure 

5.20 shows the CDFs of VR Vn = 1, 2 and 3.  After EM tests, multi-modal 

simulation identified the population and the lognormal parameters of both 

weak and strong modes.  Table 5.2 tabulates the parameters.   
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Figure 5.20  The experimental CDF plots (solid symbols) and the simulated 

CDF plots (small cross-hairs) of 0.25 µm Cu/oxide VR structures tested at T = 

380 oC and at j = 2.0 MA/cm2.  VR Vn = 1 shows a bimodal failure distribution.   

 

 

Table 5.2  The lognormal parameters (t50 and σ) and the population (%) of 

both weak and strong mode failure distributions.  EM experiments of 0.25 µm 

wide Cu/oxide VR structures were performed at T = 380 oC and at j = 2.0 

MA/cm2. 

 Vn = 1 Vn = 2 Vn = 3 

% of Weak mode 15% 0% 0% 

t50 of weak mode 10 hrs.   

σ of weak mode 0.7   

% of Strong mode 85% 100% 100% 

t50 of strong mode 150 hrs. 230 hrs. 360 hrs. 

σ of strong mode 0.7 0.7 0.8 
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FIB system was used to examine the failure behavior for multi-via 

structures.  Cross-sectional FIB images, tilted 45 degree after cutting, are 

shown in Figure 5.21.  These micrographs show that a void nucleated at the 

upper corner of the cathode (Figure 5.21 (a)) and grew toward the anode until 

the void interrupted the current flow, describing a strong mode failure 

behavior.  In a multi-via structure, a critical void at via bottom was not 

observed for Vn = 2 and 3.   

 

 
Figure 5.21  FIB images of VR structures, 45 degree tilted after cross-sectional 

cutting, showing void growth at the cathode.  (a) Vn = 4, (b) Vn = 3, (c) Vn = 3, 

(d) Vn = 2.   
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According to the CDF and the identified statistical parameters 

summarized in Table 5.2, VR structures with Vn = 1, unlike Vn = 2 and 3, show 

a bimodal failure distribution, i.e., they show a long tail in the CDF indicating 

the early failures.  With multi-vias, the reduced current density for each via 

lowers the EM driving force inside the vias.  And, more importantly, the 

redundant vias naturally provide a detour for electrons when a weak mode 

void forms in one of the vias.  Therefore, early failures are not really critical 

for the multi-via structure, unless all vias in the structure happen to have early 

failures.  In this study, the probability for a via to have an early failure was 

found to be 15%, so the probabilities for all vias to have the early failures in 

VR Vn = 2 and 3 can be 2.25%, 0.3375%, respectively, which are already 

undetectable with the size of the samples tested.  Therefore, a multi-via 

structure effectively reduces the effect of early failures and improves the 

interconnect reliability. 

In Figure 5.22, t50 increases with increasing number of vias because the 

amount of mass depletion to induce the EM failure increases.  Since the 

distance between neighboring vias was 0.5 µm, the average drift velocity for 

the strong mode, tested at T = 380 oC and at j = 2.0 MA/cm2, can be calculated 

from the average lifetime and the void edge displacement: vd = 3 vias/360 

hours = 1500 nm/360 hours = 4.2 nm/hour.  Taking the same parameters from 

Eq. (5.13) (expect the shape factor which is now 1 x 10-3 because the top 

interface is the fastest path way for the strong mode), the effective diffusivity, 

Deff, and the interfacial diffusion constant, 
0
ID , for the strong mode were 

calculated to be 1.0 x 10-12 cm2/sec at 380 oC and 0.03 cm2/sec (= 3 mm2/sec), 

respectively.  The diffusion constant for the strong mode turns out to be 

similar to that for the weak mode, probably due to the similar diffusion 

mechanism.   
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Figure 5.22  EM lifetimes of VR structure as a function of Vn, the number of 

vias.   

 

5.09 Annealing Effect in 0.25 µm wide Cu/porous MSQ Interconnects 

The effect of annealing on early failures was investigated for 0.25 µm 

wide Cu/porous MSQ interconnects.  Two groups of EF test structures, named 

as Group A and Group B, were tested at the same condition: T = 300 oC and j 

= 1.0 MA/cm2.  Both groups were identical except for the thermal history.  

The test structures were obtained randomly from the same wafer.  Group B 

had been baked at 190 oC for two weeks, while Group A had not.  The baking 

condition was chosen to maximize the effect of thermal stress. [43]  Figure 

5.23 and Figure 5.24 shows the CDFs of Group A and B, respectively.  The 

lognormal parameters are summarized in Table 5.3.   
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Figure 5.23  The experimental CDF plots (solid symbols) and the simulated 

CDF plots (small cross-hairs) of Group A: 0.25 µm wide Cu/porous MSQ EF 

structures tested at T = 300 oC and at j = 1.0 MA/cm2.   
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Figure 5.24  The experimental CDF plots (solid symbols) and the simulated 

CDF plots (small cross-hairs) of Group B: 0.25 µm wide Cu/porous MSQ EF 

structures tested at T = 300 oC and at j = 1.0 MA/cm2.  The test structures were 

baked at 190 oC for two weeks before the EM test. 
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Table 5.3  The lognormal parameters (t50 and σ) and the population (%) of 

weak and strong mode failure distributions determined by the multi-modal 

Monte Carlo simulation.  EM experiments of 0.25 µm wide Cu/porous MSQ 

EF structures were performed at T = 300 oC and at j = 1.0 MA/cm2. 

 Group A Group B 

% of Weak mode 0.78% 0.45% 

t50 of weak mode 40 hrs. 40 hrs. 

σ of weak mode 0.25 0.3 

% of Strong mode 99.22% 99.55% 

t50 of strong mode 400 hrs. 1000 hrs. 

σ of strong mode 0.37 0.8 

 

Thermal stressing, i.e., annealing at 190 oC for two weeks, increases 

both t50 and σ for the strong mode.  Compared with the strong mode, thermal 

stressing does not seem to affect the lognormal parameters and the population 

of the weak mode (early failures).   
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5.10 Conclusion 

A Monte Carlo statistical simulation based on the weakest link 

approximation has been developed to characterize the early failures in dual-

damascene Cu interconnects.  Using this simulation, we can separate a 

bimodal failure distribution into two individual lognormal distributions (strong 

and weak modes) and treat the early failure as an independent event.  

Therefore, the EM lifetime characteristics (t50 and σ) and the populations of 

both distributions can be identified independently.  The early failure 

population at the same testing condition varies from wafer to wafer, possibly 

due to different process controls. (See Figure 5.9 and Figure 5.11)  The mass 

transport mechanism for the early failures was found to be interfacial diffusion 

with the activation energy of 1.0 eV.  Failure analysis identified bimodal 

failure behaviors: void formation at the cathode via bottom for the weak mode 

(early failures) and void formation at the cathode end of M2 for the strong 

mode.  The drift velocities of Cu ions for both weak and strong mode were 

measured and the diffusion constant turned out to be similar for both modes, 

reflecting the similar diffusion mechanism.  Multi-via structures reduced the 

effect of early failures and improved the interconnect reliability.  Unlike the 

strong mode, annealing prior to EM experiments does not seem to change the 

EM lifetime characteristics of the weak mode (early failures).  This study 

characterized many factors of the early failures and also showed the usage of 

Monte Carlo simulation as an analytical method. 

An intensive research on the microstructure of the interconnect is 

required to understand the origin of the early failures.  Also, the correlation 

between the early failures and the specific process control has to be 

investigated in order to improve the reliability more effectively. 
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Chapter 6  Conclusion and Future Work 
 

6.01 Conclusion 

As the minimum feature size decreases below a quarter micron, the 

interconnect (RC) delay becomes the performance limiting factor of the device 

due to larger line resistance (R) and intra-line capacitance (C).  Integration of 

Cu and/or low k materials to the dual-damascene interconnect is an effective 

way to reduce the interconnect delay and improve the performance of the 

integrated circuits.  Although the basic process flow for Cu interconnects has 

been well defined over the past several years, new processes and new 

materials always increase the concern about long-term reliability such as 

electromigration (EM). 

For dual-damascene Cu/oxide and Cu/low k interconnects, EM 

experiments were performed at temperatures between 190 and 400 oC and at 

current densities between 0.25 and 3.0 MA/cm2.  Temperature coefficient of 

resistivity (TCR) was found to be independent of inter-layer dielectric (ILD) 

materials simply because dielectric material does not contribute to electrical 

phenomena.  However, temperature rise due to Joule heating was evaluated to 

be higher for low k ILD compared with oxide.  Simple 1-D numerical analysis 

shows that Joule heating (∆T) is dependent on the geometry and the properties 

of ILD material in the interconnects; ∆T in a simple wide line structure placed 

on a thin dielectric layer increases with higher current density, higher 

resistivity of the interconnect, higher metal thickness, higher dielectric 

thickness, and lower heat conductance.  ∆T for Cu/oxide, Cu/porous MSQ and 

Cu/organic polymer interconnects were evaluated to be 0.73, 1.14 and 1.73 oC.  

The activation energies for Cu/oxide, Cu/porous MSQ and Cu/organic 

polymer were found to be in the range of 0.8–1.0 eV, suggesting mass 

transport of Cu ions at the interface of Cu and SiNx cap-layer regardless of 
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ILD material.  This is because all Cu interconnect structures preserve the same 

Cu/Ta and Cu/SiNx interface for EM.  Additional EM tests at a wide range of 

temperatures between 190 and 350 oC showed there is only one dominant 

mass transport mechanism in Cu interconnects, i.e., interfacial diffusion.  The 

current exponents (n) were also evaluated.  Statistical analysis verified the EM 

results by investigating the correlation between EM Lifetimes, resistance 

values and locations of the wafers for Cu/porous MSQ interconnects.   

The impact of low k ILD on EM characteristics was investigated by 

measuring the critical product of current density-conductor length (jL)c, which 

turned out to be a good index to correlate following parameters: EM lifetime, 

back stress, confinement effect and failure behavior.  (jL)c were evaluated 

using statistical analysis and failure analysis on the failed LC test structures.  

The average (jL)c product of 0.5 µm Cu/oxide interconnect with 1000 Å SiNx 

cap layer was found to be 3700 ± 250 A/cm.  Compared with oxide, a 

significantly smaller mechanical strength of low k ILD reduces the (jL)c and 

the thermomechanical confinement.  FIB observation of Cu/organic polymer 

interconnects revealed a novel extrinsic failure mode due to lateral anode 

extrusion under the cap layer after the interfacial delamination.  This 

decreased the (jL)c even further than what was estimated from the mechanical 

properties of the low k ILD.  Therefore, the degradation in thermomechanical 

properties, in particular interfacial adhesion, reduces back-flow stress (∆σ), 

leading to a faster mass transport and a shorter EM lifetime.  This can be a 

serious reliability issue.  (jL)c for both Cu/oxide and Cu/low k interconnects is 

independent of temperature under the test condition.  However, an unpredicted 

current density dependence of (jL)c was observed in Cu/low k interconnects.  

(jL)c decreases with decreasing current density.   

Monte Carlo statistical simulation based on the weakest link 

approximation was developed to characterize early failures in dual-damascene 

Cu interconnects.  This simulation can separate a bimodal failure distribution 

into two individual lognormal distributions.  Thus, early failures (the 
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distribution with a smaller t50) can be treated as an independent event; it is 

now possible to evaluate the EM lifetime characteristics (t50 and σ) and the 

populations of both failure distributions independently.  The early failure 

populations at the same testing condition were dependent on the process 

controls for the wafer lot.  The mass transport mechanism for early failures 

was found to be interfacial diffusion with an activation energy of 1.0 eV.  

Failure analysis confirmed the bimodal failure behaviors which were first 

detected by the statistical analysis: void formation at the cathode via bottom 

for the weak mode (early failures) and void formation at the cathode end of 

M2 for the strong mode (failure distribution with a longer t50).  The drift 

velocities of Cu ions for both weak and strong mode were evaluated.  The 

diffusion constant for both modes turned out to be the same, possibly due to 

the same diffusion mechanism.  Multi-via structures reduced the effect of early 

failures and improved the interconnect reliability.  Different from the strong 

mode, annealing prior to EM tests does not seem to change the EM lifetime 

characteristics of early failures.  This study characterized many factors of the 

early failures and also showed the usage of Monte Carlo simulation as an 

analytical method. 

 

6.02 Future Work 

Still, a number of interesting questions for EM study remain to be 

answered.  First of all, upcoming localized effect due to the interconnect 

minimization has to be investigated.  In order to understand this effect 

properly, EM study needs to be done together with microstructural study and 

numerical modeling to take the following parameters into account: 

interconnect geometry, microstructure, thermomechanical stress distribution 

and non-uniform electrical behavior, i.e., local Joule heating and current 

crowding.  Recent research shows that most of these localized effects, causing 

significant localized damages, happen inside or near the via.  Also, it is 

necessary to investigate the nature of the interface between Cu and cap layer, 
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the primary diffusion path for EM, in order to improve the EM reliability.  For 

example, IBM group suggested a thin selective electroless metal coating 

between Cu and cap layer to modify the interface and reported significant 

improvement in EM lifetimes. [30]  This shows the significance of the 

research on mechanical and chemical bonding along the interface for EM 

phenomena.  Finally, it is necessary to identify the correlation between the unit 

process control and EM early failures, which is critical for semiconductor 

industry.  The first step to improve EM reliability is to identify the extrinsic 

failure and its origin.   

From the academic point of view, the following items can also be a 

good research topics: the determination of the effective charge of metal ion 

(Z*) for a given diffusion path in Cu interconnects, the time dependent stress 

development in a metal line, the effect of impurities in electroplated Cu, the 

effect of micro-voids in Cu interconnects, the contribution of plastic 

deformation to the confinement effect, the effect of residual thermal stress, 

and the effect of stress relaxation on EM lifetime and threshold product.   
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Appendix A  Plots of the number of fails vs. line length of 0.5 µm wide dual-

damascene Cu/oxide interconnects (LC) with the regression line generated by 

Eq. (4.3.a).  After the EM testing (a) at T = 340 oC and j = 1.0 MA/cm2, (b) at 

T = 340 oC and j = 2.0 MA/cm2. (Continued) 
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Appendix A  Plots of the number of fails vs. line length of 0.5 µm wide dual-

damascene Cu/oxide interconnects (LC) with the regression line generated by 

Eq. (4.3.a).  After the EM testing (c) at T = 360 oC and j = 1.0 MA/cm2, (d) at 

T = 360 oC and j = 2.0 MA/cm2. (Continued) 
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Appendix A  Plots of the number of fails vs. line length of 0.5 µm wide dual-

damascene Cu/oxide interconnects (LC) with the regression line generated by 

Eq. (4.3.a).  After the EM testing (e) at T = 360 oC and j = 3.0 MA/cm2, (f) at 

T = 385 oC and j = 1.0 MA/cm2. (Continued) 
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Appendix A  Plots of the number of fails vs. line length of 0.5 µm wide dual-

damascene Cu/oxide interconnects (LC) with the regression line generated by 

Eq. (4.3.a).  After the EM testing (g) at T = 340 oC and j = 1.0 MA/cm2. 
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Appendix B  Plots of the number of fails vs. line length of 0.5 µm wide dual-

damascene Cu/porous MSQ interconnects (LC) with the regression line 

generated by Eq. (4.3.a).  After the EM testing (a) at T = 190 oC and j = 3.0 

MA/cm2, (b) at T = 300 oC and j = 1.0 MA/cm2. (Continued) 
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Plot (d) 
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Figure B  Plots of the number of fails vs. line length of 0.5 µm wide dual-

damascene Cu/porous MSQ interconnects (LC) with the regression line 

generated by Eq. (4.3.a).  After the EM testing (c) at T = 300 oC and j = 3.0 

MA/cm2, (d) at T = 300 oC and j = 0.5 MA/cm2. (Continued) 
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Appendix B  Plots of the number of fails vs. line length of 0.5 µm wide dual-

damascene Cu/porous MSQ interconnects (LC) with the regression line 

generated by Eq. (4.3.a).  After the EM testing (e) at T = 300 oC and j = 0.75 

MA/cm2, (f) at T = 300 oC and j = 1.0 MA/cm2. (Continued) 
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Plot (h) 
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Appendix B  Plots of the number of fails vs. line length of 0.25 µm wide dual-

damascene Cu/porous MSQ interconnects (LC) with the regression line 

generated by Eq. (4.3.a).  After the EM testing (g) at T = 300 oC and j = 1.0 

MA/cm2, (h) at T = 325 oC and j = 1.0 MA/cm2. (Continued) 
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Appendix B  Plots of the number of fails vs. line length of 0.35 µm wide dual-

damascene Cu/porous MSQ interconnects (LC) with the regression line 

generated by Eq. (4.3.a).  After the EM testing (i) at T = 325 oC and j = 1.0 

MA/cm2. 
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Appendix C  Plots of the number of fails vs. line length of 0.5 µm wide dual-

damascene Cu/organic polymer interconnects (LC) with the regression line 

generated by Eq. (4.3.a).  After the EM testing (a) at T = 325 oC and j = 0.25 

MA/cm2, (b) at T = 325 oC and j = 0.5 MA/cm2. (Continued) 
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Appendix C  Plots of the number of fails vs. line length of 0.5 µm wide dual-

damascene Cu/organic polymer interconnects (LC) with the regression line 

generated by Eq. (4.3.a).  After the EM testing (c) at T = 325 oC and j = 1.0 

MA/cm2, (d) at T = 325 oC and j = 1.5 MA/cm2. (Continued) 
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Plot (f) 
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Appendix C  Plots of the number of fails vs. line length of 0.5 µm wide dual-

damascene Cu/organic polymer interconnects (LC) with the regression line 

generated by Eq. (4.3.a).  After the EM testing (e) at T = 280 oC and j = 1.0 

MA/cm2, (f) at T = 300 oC and j = 1.0 MA/cm2. (Continued) 
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Appendix C  Plots of the number of fails vs. line length of 0.5 µm wide dual-

damascene Cu/organic polymer interconnects (LC) with the regression line 

generated by Eq. (4.3.a).  After the EM testing (g) at T = 350 oC and j = 1.0 

MA/cm2. 
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Glossary  
 

AFM Atomic Force Microscopy 

BEOL Back-End-Of-Line 

CDF Cumulative Distribution Function 

CMP Chemical-Mechanical Polishing 

DIP Dual In-line Package 

DUT Device Under Test 

EF Early Failure test structure 

EM Electromigration 

FEOL Front-End-Of-Line 

FIB Focused-Ion Beam 

FIBIC Focused-Ion-Beam-Induced Contrast 

ILD Inter-Layer Dielectric 

GB Grain Boundary 

LC Critical Length test structure 

M1 Metal 1 

M2 Metal 2 

MSQ Methylsilsesquioxane 

PDF Probability Density Function 

SEM Scanning Electron Microscopy 

SIV Stress-Induced Voiding 

TCR Temperature Coefficient of Resistivity 

TEM Transmission Electron Microscopy 

VR Via Reliability test structure 

WLA Weakest Link Approximation 
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