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In this dissertation, reliability of the via of dual damascene Cu interconnects was 

investigated using electromigration (EM) early failure, high temperature storage (HTS), 

and via-to-line biased temperature stressing (BTS).     

The major causes of EM early failures were observed to be reduced thickness and 

rough surface of the Ta diffusion barrier at via sidewalls.  EM voids were observed at 

the interface of Cu/Ta barrier at the via sidewall where Ta was very thin while no voids 

were found at the interface in trench lines where Ta was thicker.  The preferential void 

formation suggests that the very thin Ta diffusion barrier was defective.  It seems that 

defects of the interface of Cu/thin Ta diffusion barrier accelerated diffusion of Cu at the 

via sidewall, leading to EM via voiding.  In addition, rough surfaces of Ta diffusion 

barriers at the via sidewall induced EM early failures by fast void movement from the 

cathode end down to the via bottom.  It was postulated that process-induced defects 

related with rough surfaces of non-intact Ta which was deposited on plasma-damaged 

low k were the main cause of the strong mode-induced early failure.  
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Both intrinsic and extrinsic SM behaviors were investigated.  The intrinsic SM 

was the typical stressmigration behavior governed by two opposing factors: diffusivity of 

Cu and tensile stress of interconnects.  The extrinsic SM mode was different from the 

intrinsic SM in that the failure rate was exponential with temperature without exhibiting a 

peak rate at a certain temperature.  According to atomic number contrast of TEM 

micrographs and core loss and low loss nano-beam EELS analyses, the extrinsic SM was 

the result of oxidation of the Ta diffusion barrier.  

Via failures caused by Cu out-diffusion through the Ta diffusion barrier at the via 

sidewall were studied in terms of via-to-line BTS and Cu oxidation.  Unlike normal 

BTS failures due to Cu diffusion along the dielectric/capping layer interface, the weak Ta 

diffusion barrier at the via sidewall incurred fast Cu out-diffusion through it, reducing the 

BTS lifetime.  Among the structures studied, Cu/porous low k was the weakest against 

the via-to-line BTS and oxidation of Cu.   
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Chapter 1:  Introduction 

The function of an interconnect system is to distribute signals and power to 

various circuits in a chip.  The goal of the interconnect development is to achieve high 

speed transmission in the chips despite continued down-scaling of feature size.  The 

interconnect signal delay, known as resistance-capacitance (RC) delay, can be a 

bottleneck for the signal transmission speed.  The National Technology Roadmap for 

Semiconductors (NTRS) 1994 first described the need of new conductor and dielectric 

materials (known as Cu/low-k) which were different from the conventional Al(Cu) and 

SiO2 in an attempt to mitigate the RC delay and meet the technology requirements.  

Since then, interconnect materials and structures have been rapidly changing, creating 

significant and new reliability challenges.  Chips with Cu/SiO2 interconnects were 

introduced in 1998 [1, 2, 3] to reduce the interconnect resistance.  To lower dielectric 

constant, fluoro-silicate glass (FSG, k = 3.7) was implemented for the 180 nm node [1, 2, 

3], and organo-silicate glass (OSG, k = 2.7 ~ 3.0) was used for the 90 nm node [3].  

However, the reliability issues related to these materials and dual damascene structures 

proved to be more challenging than anticipated.  The integration of porous low-k 

materials has been even more difficult.  The reduction of feature sizes, implementation 

of new materials and their integration into dual damascene structures all pose a challenge 

in developing interconnects with good reliability.   

 

1.01  DUAL DAMASCENE ARCHITECTURES FOR CU INTERCONNECTS AND 
OVERVIEW OF THEIR RELIABILITY CONCERNS 

The use of Cu as a conductive material in interconnects necessitates the use of 

damascene architecture which is significantly different from the conventional Al(Cu) 
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integration [4-6].  Al(Cu) wires are patterned as follows:  An Al(Cu) film is deposited 

on a substrate and lithography/etch processes are used to form Al(Cu) lines.  Then, a 

dielectric material such as TEOS (tetraethyl orthosilicate) SiO2 is deposited to 

encapsulate the Al(Cu) wires.  For Cu, on the other hand, neither wet etching nor 

reactive ion etching (RIE) process is available for Cu [7, 8].  Wet etching is not good 

because Cu is isotropic.  RIE is not applicable due to the lack of volatile compounds at a 

low temperature where RIE is typically performed.  Instead, Cu is patterned using the 

damascene process which comprises of the following steps, as shown in Figure 1.1:  A 

dielectric film is first deposited on a substrate and trench/via are formed by subsequent 

lithography/etch process, followed by diffusion barrier/seed layer deposition.  Cu is 

electroplated to fill the trench/via.  After thermal annealing for Cu grains to grow and 

stabilize, chemical mechanical polishing (CMP) removes Cu overburden and seed 

layers/diffusion barriers, followed by deposition of capping layers (SiNx or SiCxNy).  

There are two versions of damascene processes.  In the single damascene process, vias 

and the upper metal level (i.e. the M2 level) are fabricated separately.  In comparison, as 

the name suggests, the dual damascene process achieves vias and the M2 level processing 

simultaneously.  As a result of the reduced the number of process steps in the dual 

damascene architecture, it is preferred to the single damascene architecture in the 

industry.  
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Figure 1.1  Schematic drawings of process flows to form a dual damascene structure 
with two metal layers (M1, M2) and a via level between them 
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1.01.1  Reliability concerns of Cu 

When copper was adopted as a new conductive material, it was expected that its 

reliability would be better than Al.  Based on the lower diffusivity of Cu due to its 

higher melting point (1083 °C) than Al (660 °C), Cu was supposed to be more resistant 

against electromigration (EM) and stressmigration (SM) [9, 10].  Indeed, Cu should 

perform better than Al under the same test conditions of temperature and current density.  

However, situation called for reduced feature sizes, increased current density, and 

increased metal levels which had an effect of deteriorating the reliability of Cu 

interconnects.  Figure 1.2 depicts predicted 10-year trends in (a) the reduction of feature 

sizes, (b) the increase of the maximum current density (Jmax), and (c) the increase of 

metal levels [1, 2, 3].  The reliability of Cu depends also on the property and quality of 

seed layers, diffusion barriers, capping layers, and surrounding dielectric materials [11].  

Another reliability concern of Cu lies in its fast diffusivity into most of dielectrics [12].  

Unlike Al, copper diffuses into surrounding dielectrics readily at device operating 

conditions and has to be encapsulated with diffusion barriers and capping layers to 

prevent its diffusion [13, 14].  The Cu diffusion is greatly accelerated in the presence of 

electric field, increasing leakage currents and degrading dielectric breakdown behaviors 

[15-18].  Cu diffusion is also increased by oxidizers that can react with Cu to form Cu 

oxides [19, 20].  

 

1.01.2  Reliability concerns of low-k materials   

The poor mechanical and chemical properties of low-k materials have been 

problematic.  This explains why the transition from conventional SiO2 to low-k 

materials has been delayed from the predictions of ITRS roadmaps [3].  
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Figure 1.2.  The anticipated trend in (a) the feature size reduction, (b) the maximum 
current density (Jmax) increase, and (c) the increase of metal levels. 
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Compared with SiO2, low-k dielectrics are softer, less adhering, more expanding, 

less heat conducting, and chemically less stable [21, 22].  The larger coefficient of 

thermal expansion (CTE) of low-k materials can put Cu interconnects in compressive 

stresses as well as tensile stresses, leading to stress related issues such as via collapsing 

and stressmigration [23, 24].  Cracking or delamination of low-k dielectrics during 

processing and packaging can be the result of weak strength and adhesion properties of 

the low k materials [11].  A good example of the chemical instability of low-k 

dielectrics is the damage of low-k materials in etching/photo-resist (PR) stripping 

processes [1-3].  Such plasma damage as well as moisture absorption in low-k [25] can 

increase the k value higher than that of SiO2.  The failure mechanism of dielectric 

breakdown of low-k materials is another issue which is not well understood [25, 26].  

Most of the problems related to low-k dielectrics are aggravated in case of porous low-k 

materials.   

 

1.02  RELIABILITY OF THE VIA OF DUAL DAMASCENE CU INTERCONNECTS 

  Vias are the weakest part of dual damascene Cu interconnects in terms of 

structural integrity and reliability.  Their lifetimes can be shorter than those of trench 

lines by orders of magnitude but relevant failure mechanisms are not well understood.  

In general, most of the problems of dual damascene Cu interconnects described in the 

previous section are worse in vias than in trench lines due to several factors as described 

in the following. 
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1.02.1  Geometry of the via of dual damascene Cu interconnects  

The geometry of the via of dual damascene Cu interconnects is distinct from that 

of the trench line.  It is well exemplified in electromigration (EM) early failures (or the 

weak mode failure) [27-30] which are the result of the void formation in or in the vicinity 

of vias caused by electromigration (EM).   

Electromigration (EM) is the directional diffusion of metal atoms driven by 

electrical current.  EM-induced voids nucleate and grow in interconnects, finally leading 

to open circuit failures.  The study on EM of dual damascene Cu interconnects has 

revealed that the failure mechanism is more complex than that of Al(Cu) interconnects.  

There are two failure modes associated with Cu interconnects:  strong and weak mode 

as exhibited in Figure 1.3.  Strong mode failures are due to void formation at the 

Cu/capping layer interface at the cathode side of trench.  It is the typical EM failure 

mode which is attributed to the fast diffusion of Cu along the Cu/capping layer interface.   

In contrast, weak mode failures can occur in the vias of damascene Cu 

interconnects through the following procedures.  Vias are separated from below M1 

lines by diffusion barriers at via bottoms.  The diffusion barrier prevents mass transport 

across the via bottom.  As a result, EM flux divergence can occur at the via bottom.  

Because the void volume to cause an open circuit failure is much smaller in vias than in 

trench lines as displayed in Figure 1.3, the lifetime of the weak mode failure (or early 

failure) is shorter than that of the strong mode failure by an order of magnitude.  

However, the EM voiding mechanism in the via is not clearly understood, although 

generally attributed to process-induced defects in vias.  Further studies on the 

mechanism of weak mode failures are necessary to suppress and eventually eliminate the 

weak mode failure.  
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Figure 1.3.  EM failure modes in dual damascene Cu interconnects:  (1) a strong mode 
failure, (2) a weak mode failure or early failure 

 

1.02.2  Stress state of the via  

The stress state of the via is different from the trench line.  The mismatch in 

coefficient of thermal expansion (CTE) between copper and surrounding materials such 

as Ta diffusion barriers, capping layers, and dielectrics can cause Cu in a tensile stress 

state under operating conditions.  Vacancy diffusion along the tensile stress gradient and 

subsequent void formation can cause an open circuit failure, which is known as 

stressmigration [31, 32].  Stressmigration has been an important reliability issue because 

interconnects can fail without stressing current or electric field.  In Al interconnects, 

stress-induced voids usually nucleated at triple points where grain boundaries met 

interfaces [31].  Unlike Al interconnects, stress-induced void formation at triple points is 

usually not of concern in dual damascene Cu interconnects.  Instead, the presence of the 

via in dual damascene Cu interconnects modifies the stress states to become less tensile 

near via bottoms, leading to stress gradients and vacancy diffusion towards via bottom 

[11, 33].  The via bottom or the via interior is always more susceptible to 
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stressmigration than the trench line in dual damascene Cu interconnects.  Active 

investigations are still ongoing regarding the stressmigration of dual damascene Cu 

interconnects.   

 

1.02.3  Defects induced by process complexities  

Defects induced by process complexities can greatly impair the via reliability.  

In single damascene Cu interconnects, the via level and the upper metal level are formed 

separately and separated by a diffusion barrier.  In dual damascene Cu interconnects, 

they are built simultaneously [1, 2, 3].  Although the number of process step is reduced 

in the dual damascene interconnect, the process flows turn out more complicated than 

those of single damascene interconnects.  Furthermore, as the via level passes through 

the M2 level in processing, it is deeper than the M2 level with a higher aspect ratio (A/R) 

and creates challenges to fabricate as conformal as trench lines.  Figure 1.4 compares 

structures of a dual and a single damascene Cu interconnect.  

 

 

Figure 1.4.  Comparison of a dual damascene Cu interconnect (left) and a single 
damascene Cu interconnect (right).  Arrows indicate the depth of vias and 
M2 lines from the upper surfaces. 
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The process complexity and the higher aspect ratio of the via of dual damascene 

interconnects can worsen most of the process issues unless they are closely monitored 

and controlled.  One good example of the difficult challenges is to form a thin and 

conformal diffusion barrier at the via sidewall.  According to ITRS, the diffusion barrier 

thickness is already less than 10 nm as of today and predicted to be thinner in the future 

[3].  Figure 1.5 depicts the anticipated reduction of the Ta diffusion barrier thickness.   

 

2004 2008 2012
2

4

6

8

10

12

th
e 

ba
rri

er
 th

ic
kn

es
s 

(n
m

)

Year

 

Figure 1.5.  The anticipated reduction of the diffusion barrier thickness 

 

A physical vapor deposition (PVD) of such a thin film can result in poor step 

coverage at the via sidewall because of the directional properties of PVD and the higher 

aspect ratio of the via [1-3].  The diffusion barrier is thicker at the via bottom and M2 

trench bottom, thinner at the M2 trench sidewall and thinnest at the via sidewall as shown 

in Figure 1.6 (a).  If the diffusion barrier becomes so thin at the via sidewall to a point 

that it cannot prevent Cu from diffusing into dielectrics, it certainly poses a reliability 

problem.  The poor coverage of the diffusion barrier can be overcome by improved 
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process called re-sputtering, where a sputter etch process removes part of thick diffusion 

barriers at via bottoms and re-deposit the material onto via sidewalls [34, 35].  Although 

process-induced defects in vias can be mitigated to some extent as with a re-sputtering 

process, it is expected that process complexities due to further down-scaling will 

exacerbate defect issues in the future.     

 

    

Figure 1.6.  Dual damascene Cu interconnects after deposition of diffusion barriers and 
before deposition of seed layers.  (a) PVD deposited diffusion barrier with 
poor coverage at the via sidewall, (b) improved diffusion barrier coverage at 
the via sidewall due to re-sputtering  

 

1.03  THEORETICAL BACKGROUNDS AND REVIEW OF RECENT STUDIES  

Brief theoretical backgrounds and review of recent studies on electromigration 

(EM), stressmigration (SM) and biased temperature stressing (BTS) are provided below.   

 

(a) 

 

(b)
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1.03.1.  Electromigration (EM) 

1.03.1.1  Driving force and diffusion paths of EM  

When a direct electric current flows in a metal, the moving electrons transfer 

momentum to metal atoms.  The electron wind force per atom, fe, is proportional to the 

electrical current density, j [36].   

 

fe = Z*eρj                                                  (1.1) 

 

where e is the electric charge and ρ the resistivity of the metal.  The product ρj is 

the electric field in the metal line, and eρj has the dimension of force.  The 

dimensionless number Z* is known as the effective charge number.  The sign convention 

renders Z* < 0 because the electron wind force is in the direction of the electron flow, but 

opposite to the electric current density j.  The activation energy barrier for atomic 

motion in metals is in the order of 1 eV. 

The Nernst-Einstein’s equation relates the electron wind force to the atomic flux 

J, which is the number of atoms crossing unit area per unit time.   

 

Tk
jeDZJ

BΩ
=

ρ*

                                                 (1.2) 

 

where D = D0exp(-Q/kT) is the diffusivity, Q is activation energy and Ω is the 

atomic volume of the metal.  In a Cu interconnect line, Cu atoms can diffuse along 

several paths: bulk crystal lattices, grain boundaries, Cu/diffusion barrier interfaces and 

Cu/capping layer interfaces.  Figure 1.7. (a) plots the cross section of a wide Cu line 
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with width w and thickness h.  The effective Z*D in equation (1.2) results from all four 

paths as follows [37]. 

 

h
DZ

hw
DZwd

d
DZDZDZ SSSIIIGGGBB

1)12()/1(1 ***** δδδ +++−+=             (1.3)  

 

where the subscript B, G, I and S signify the bulk, the grain boundary, Cu/capping 

layer interface and Cu/diffusion barrier interface, respectively.  δG, δI and δS are the 

widths of the individual diffusion paths, respectively.  d is the grain size, w is the 

linewidth, h is the line thickness, and δI(2/w + 1/h), δS/h and δG/d × (1 – d/w) are the 

fractions of the atoms diffusing through the Cu/capping layer interface, the Cu/diffusion 

barrier interface and the grain boundary, respectively.  The melting points of Al and Cu 

are 933 K and 1358 K, respectively.  The temperatures where EM is of concern at the 

operation condition are below 500 K where the bulk diffusion is negligible.  When a 

metal line is narrow and grains form a bamboo structure with grain boundaries 

perpendicular to the flux direction (Figure 1.7. (b)), the grain boundary does not 

significantly contribute to the mass transport.  The only significant diffusion path is the 

interface.  As miniaturization continues, a larger fraction of atoms is on the interfaces so 

that the importance of interfaces increases.  Figure 1.8. displays an FIB micrograph of 

an Cu interconnect which was EM conditioned in conjunction with the current study.  

Voids are observed at the Cu/capping layer interface and at grain boundaries.  The void 

at Cu/capping layer interface is much larger than the ones at grain boundaries, accounting 

for the faster diffusion path along the Cu/capping layer interface.   
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Figure 1.7.  Schematics depicting the cross section of wide and narrow lines.  
(a)  a wide metal line with grain boundaries along the line direction 
(b)  a narrow metal line with grain boundaries perpendicular to the line 
direction  

 

 

Figure 1.8  An FIB micrograph of a Cu interconnect line which was EM conditioned.  
It displays a large void at Cu/capping layer interface and small voids at grain 
boundaries.    

 



 １５

1.03.1.2  Electromigration (EM) early failures 

The diffusion barrier at the via bottom allows electrical currents to pass across it but 

prevents mass transport, leading to possible flux divergence in or under the via.  As 

described in the earlier section, the EM early failure has been an important reliability 

issue of Cu interconnects because the void volume causing such failure is small.  The 

early failure is attributed to process-induced defects because the failure population is 

reduced with process improvements [27, 29].  D.-Y. Kim et al. reported that nano-sized 

defects in vias such as cracks in the diffusion barrier could open up a fast diffusion path 

along the interface between the diffusion barrier and the dielectric [38].  In their study, 

they used a convergent electron beam method to analyze the microstructure of the via.  

Interestingly, the via susceptible to the weak mode failure did not exhibit any significant 

difference in terms of the grain orientation.  Instead, they found cracks in the diffusion 

barrier at the via sidewall.  The bottom corner of the via can experience a high 

concentration of stress and can crack.  Furthermore, the typical thinning of the diffusion 

barrier at the bottom corner of the via arising from the shortcomings of barrier deposition 

and other process-induced defects can aggravate the problem.  They concluded that once 

a crack was formed in the via diffusion barrier, the interface between the barrier and the 

dielectric offered a fast diffusion path for Cu, resulting in void nucleation and growth in 

vias.  K. Ishikawa et al. [39] asserted that the early failure was the result of poor step 

coverage of Ta diffusion barriers and poor adhesion between the Ta diffusion barrier and 

Cu.  They adopted an advanced Ta deposition method in an attempt to improve the step 

coverage and the adhesion of Ta to Cu.  They observed that both EM early failure and 

stressmigration were suppressed by improving adhesion and step coverage of Ta.  

Fischer et al. [40] emphasized that the occurrence of early failures was closely related to 

processes which influenced local microstructural properties, in particular the Ta diffusion 
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barrier quality and the microstructure in the via.  They found that process improvements 

reduced the population of early failures.  Among many causes, optimization of the Ta 

barrier process for smoother barriers and better sidewall coverage was effective in 

eliminating early failures.  A via etch process that caused micro-roughness at the 

capping layer interface also led to defects in the via liner and increased the early failure 

population.  There are more reports in the literature on EM early failures, which all 

commonly contend that defects of the via diffusion barrier should be the primary cause of 

EM early failures [41, 42].  This underscores that although the Cu/capping layer 

interface is the fastest diffusion path for Cu, the Ta diffusion barrier is one of the key 

factors affecting EM behaviors of Cu interconnects.   

 

1.03.2.  Stressmigration (SM) 

1.03.2.1  Stressmigration (SM) of Al interconnects 

It was reported in 1979 that Al electrodes of surface acoustic wave (SAW) 

devices were degraded by void and hillock formation induced by surface elastic strain 

[31].  Stressmigration-induced failures in ICs were first reported in 1984 as open 

failures in Al lines [31].  The failures were attributed to Al migration away from the 

failure sites which was induced not by the electron wind but mainly by the mechanical 

stress acting on the line.  Al has a larger coefficient of thermal expansion (CTE) than the 

surrounding SiO2.  When it is cooled after storage at a high temperature, a narrow Al 

line assumes a triaxial tensile stress state.  The magnitude of the stress in Al can readily 

exceed the yield strength of Al [43-45].  As the stress near defects, e.g. grain 

boundaries, is lower, the nonuniform stress drives Al atoms to diffuse away from the 

defect, i.e. from a less tensile to a more tensile area, leading to void growth and stress 
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relaxation.  The metal line eventually approaches a stable state with no additional voids 

and less stressed metal.   

In order to investigate the stressmigration phenomenon, an accelerated test 

method has been developed, known as high temperature storage (HTS) test [46].  

During fabrication processes, Al can be stress free at a certain temperature called stress 

free temperature T0 which is close to the capping layer deposition temperature.  If 

samples are kept at a certain temperature, T, below T0, the volume mismatch and the 

resulting tensile stress are larger with the temperature drop T0-T, but the diffusivity is 

smaller.  The balance between the tensile stress gradient and the diffusivity leads to 

maximum void growth at a particular temperature Tmax.  A metal which is stored under a 

mechanical stress σ can fail with time due to creep at elevated temperatures.  The 

empirical equation used to describe this creep-induced failure mechanism is  

 

)/exp( TkQCMTF BNσ
=                                        (1.4) 

 

where MTF stands for mean time to failure, N is the stress exponent and C is a 

experimental constant.  The above equation can be rewritten into what is known as 

McPherson-Dunn equation. 
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where T0 is the stress free temperature.  Figure 1.9. depicts the temperature 

dependence of stressmigration failure rates.  Because of the two opposing factors, i.e. 
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diffusivity of metal and tensile stress in metal, a peak rate of stressmigration occurs at an 

intermediate temperature.   
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Figure 1.9.  A schematic showing the temperature dependence of stressmigration failure 
rates.  Because of two factors such as the diffusivity and the tensile stress, 
a peak rate forms in an intermediate temperature range.  

 

1.03.2.1  Stressmigration (SM) of Cu interconnects 

Once, stressmigration of Al interconnects was so serious that further reduction of 

feature sizes was considered to be impossible [31].  Figure 1.10 shows stress-induced 

void (SIV) formation in Al interconnects.  It is seen that voids nucleate at the triple 

points where grain boundaries meet interfaces.  In contrast to Al interconnects, Cu 

interconnects were regarded robust against stressmigration at the earlier development 

stage, which turned out to be too optimistic.   

E. T. Ogawa et al. [33] reported that vias connected to wide metal lines below them 

can be susceptible to stressmigration.  Al is generally deposited by PVD at high 

temperatures with large as-deposited grain sizes.  In contrast, Cu is electroplated in a 

dual damascene architecture and can have rather small as-deposited grain sizes.  Those 
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small Cu grains grow in thermal annealing steps.  However, if Cu is encapsulated before 

it is fully annealed, the grain growth during subsequent processes can yield Cu that is 

supersaturated with vacancies.  Using finite element analysis (FEA), they found that the 

stress was less tensile under the periphery of the via.  The saturated vacancies can 

migrate along the stress gradient from the M1 trench lines toward the area under the 

periphery of the via, leading to void nucleation and growth.  The via was finally 

disconnected from M1 lines when the void reached the area under the center of via 

bottoms.  This stressmigration phenomenon can be significant in Cu interconnects with 

small vias connected to wide M1 lines because wide Cu lines can provide more 

supersaturated vacancies while narrow Cu lines can provide limited number of 

supersaturated vacancies.  The wide line dominant stressmigration is characteristic of 

Cu interconnects.  In Al interconnects, narrow lines were more susceptible to 

stressmigration because the high tensile stress state of narrow lines was the dominant 

factor governing stressmigration [31].  M. Kawano et al. [47] showed that stress-

induced voiding could occur in the via as well as under the via.  In their study, they 

observed that a via connected to a wide line above it (i.e. wide M2 line) was weak against 

stress-induced voiding (SIV) inside the via.  On the other hand, a via connected to a 

wide M1 line was vulnerable to SIV under the via bottom.  In both cases, it is postulated 

that wide lines served as vacancy sources for SIV.  There are more reports, all of which 

emphasize that wide Cu lines dominate the SIV in or under the via [48, 49].  Figure 1.11 

shows stress-induced void formation of Cu interconnects in or under the via.  The 

stressmigration of the via of dual damascene Cu interconnects is known to be suppressed 

by change of via shape, by inserting dummy vias, and by inserting stress control layers 

[50].   
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(a)

(b)

 

Figure 1.10.  Schematic drawings showing stress-induced void formation in Al 
interconnect lines.  (a) unstressed Al lines  (b) stressed Al lines with void 
formation at triple points where grains boundaries meet interfaces.   

 

(a) (b)
 

Figure 1.11.  Schematics showing stress-induced void formation in Cu interconnects.  
(a) Stress-induced void formation under the via  (b) stress-induced void 
formation in the via 

 

1.03.3.  Biased temperature stressing (BTS) 

1.03.3.1  Two basic models of time dependent dielectric breakdown (TDDB) developed 
for thin gate oxide  

In the late 1970’s, an empirical TDDB model was introduced [51-53], indicating 

that when the logarithmic of the time-to-failure, i.e. ln(TF), was plotted versus the 

electric field in the oxide, Eox, a straight line was obtained.   
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where ∆H*
0 is the enthalpy of activation (or simply activation energy), T is the 

Kelvin temperature, kB is the Boltzmann constant, and γ is the field acceleration 

parameter.  Two theoretical explanations were given for this empirical equation.  One 

model was based on dipolar interactions with the electric field (E-model) [54] and the 

other was based on Fowler-Nordheim (F-N) conduction (1/E model) [55].  Since both 

models tended to fit TDDB data rather well over limited ranges of electric fields, 

controversy developed as to which model contained the right physics.   

Generally, the 1/E model tended to gain favor because it could fit the TDDB data 

extremely well under high field/high current injection test conditions.  Also this model 

was intuitively easy to accept the hypothesis that charge flow through the dielectric can 

somehow induce damage to the dielectric.  Early explanations for the current-induced 

damage to the oxide assumed that the electrons, which Fowler-Nordheim tunneled into 

the conduction band of SiO2 at the cathode, could be accelerated by the electric field in 

the oxide, Eox.  It was further assumed that, once positioned in the SiO2 conduction 

band, these electrons would be accelerated by the electric field and would create impact 

ionization in the SiO2.  The postulated impact ionization then served to produce holes in 

the SiO2.  Holes in the SiO2 were speculated to be important for TDDB, at least under 

high field/high current conditions where F-N conduction dominated and the 1/E model fit 

the TDDB data very well [55].  This simple explanation for hole generation (impact 

ionization in the SiO2) had to be modified when operating voltages of MOSFET devices 

were scaled to 5 V and below, whereas the band gap of SiO2 is 8.9 eV.  To extend the 

1/E model to lower voltages it became necessary to introduce the hot-hole anode-
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injection theory [56].  It was hypothesized that the accelerated electrons do not actually 

undergo impact ionization in the SiO2 but when they reach the Si anode (band gap = 1.2 

eV).  The ‘thermalization’ (energy loss mechanisms which bring the hot carriers into 

thermal equilibrium) of these energetic electrons at the anode are believed to produce hot 

holes which can then tunnel back into the oxide nearby, inducing damage in the SiO2.  

This anode-hole injection model is generally accepted and widely used today [57].  

The fundamental of the E model is molecular physics based [58].  Since Si-O 

bond is a very polar with a large dipole moment, once an electric field is applied to the 

SiO2 dielectrics, dipoles have a significantly higher energy when they have an anti-

parallel component to the field than when they have a parallel component.  This puts the 

dielectric in unstable thermodynamic equilibrium.  However, the dipole flipping is 

expected to occur at a relatively low rate and can occur only by bond breakage.  The 

bond breakage rate serves to degrade the quality of the dielectric and is believed to give 

breakdown its time dependent characteristics.  It has been proposed that final 

breakdown occurs when the broken bond sites create a percolation path from anode to 

cathode, causing a rapid rise in currents, Joule heating and melting of a filament to short 

the anode to cathode.    

For the aforementioned two models, the observed time-to-failure (TF) 

dependencies on the electric field, Eox, in the dielectric and the temperature are expressed 

as   
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where γ and G represent the field acceleration parameters in the two respective 

models and Q is the thermal activation energy.  Q1 in the E-model represents the 

activation energy required for bond breakage while Q2 in the 1/E model represents the 

activation energy associated with current-induced hole injection and capture in SiO2.  

Figure 1.12. plots the electric field dependency of E and 1/E model.   
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Figure 1.12.  Comparison of E-model versus 1/E model used for thin gate oxides 

 

1.03.3.2  Biased temperature stressing (BTS) of Cu interconnects:  intrinsic low-k 
breakdown vs. Cu out-diffusion  

Leakage and breakdown characteristics of low-k dielectrics are becoming 

important reliability issues for dual damascene Cu interconnects as they are scaled to 0.18 

µm and below [25].  Many of the low-k dielectrics are weak against electric fields when 

integrated in Cu interconnects.  The time dependent dielectric breakdown (TDDB) 

behavior of dielectrics in Cu interconnects is more complicated by the out-diffusion of 

Cu.  It is because the diffusivity and solubility of Cu in most of dielectric are 
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considerably high whereas those of Al are negligible [12].  F. Chen at al. [59] reported 

that positively charged Cu ions, not the neutral Cu atoms, are involved in the initial Cu 

injection and diffusion process and such ion migration can be retarded by changing the 

polarity of applied field during BTS tests.  Fukuda et al. [60] conducted molecular orbit 

calculations and found that when a Cu atom penetrates into dialectics, it must be 

converted to Cu+ ion as this reduces the local potential energy.  The Cu+ ion can 

stabilize the local molecules.  The tendency of Cu to diffuse into the dielectric was 

attributed to enthalpy of formation of Cu-oxygen bond and the oxidation tendency.  The 

process for Cu to drift into dielectrics during BTS tests can be interpreted as a field-aided 

Cu diffusion process.  The literature [59] supposes that in the case of a line held at a 

positive bias, Cu+ ions are available at the corner of the Cu line and can diffuse easily 

into the dielectric along the dielectric/capping layer interface toward the negatively 

biased line.  During Cu migration, it is believed that Cu ions cannot remain in the 

dielectric in the form of charged ions all the time during the TDDB test.  It seems that 

the diffused Cu ions periodically recombine with electrons to form neutral copper atoms 

and then release the electrons to become charged ions again.  

Although both E-model and 1/E model have been used to explain the BTS 

characteristics of Cu interconnects, recent studies revealed that a new model named √E-

model could better fit the experimental data when the failure is due to Cu diffusion-

induced dielectric breakdown [59, 61].  Figure 1.13. displays the comparison of the new 

√E-model with E and 1/E models.  During TDDB tests (or BTS tests) [62, 63], 

accelerated electrons injected from the cathode follow Schottky conduction (or Poole-

Frenkel conduction).  Some of them can undergo ‘thermalization’ under high field and 

high temperature conditions so that a fraction of such energetic electrons can impact Cu 

atoms at the anode and generate positive Cu ions.  The Cu ions can, in turn, be injected 
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into the dielectric under the field along a fast diffusion path like the Cu/capping layer 

interface to create damage in dielectrics [12, 64].  Accumulated Cu atoms in the 

dielectric can form clusters of nano-sized particles, eventually connecting themselves to 

create a direct metallic shorting bridge. 
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Figure 1.13.  Comparison of the new √E-model with conventional E-model and 1/E 
model 

 

Figure 1.14 depicts a proposed conduction mechanism of electrons and Cu+ ions 

through dielectrics.  The √E model takes the following form [59] 

 

√E model:  )22(1)ln(~)ln( 4 EE
TkT

cTF SSD
B

βϕ −++             (1.9) 

 

where c is an experimental constant, ED is the activation energy of thermal 

diffusion, φs is the contact potential barrier.  βs = (q3/4πε0ε)1/2 where q is the electronic 
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charge, ε0 the permittivity of free space, and ε the permittivity of the dielectric.  It is 

interesting to notice that the thermal activation energy of the √E model can be expressed 

as 

 

Ea = ED + 2φs - 2βs√E                                        (1.10) 

 

which is not constant but electric field dependent.   
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Figure 1.14.  An energy diagram explaining conduction of electron and Cu+ ion through 
dielectrics  

 

1.04  SCOPE OF THIS WORK 

The aforementioned fact that vias are the weakest part of dual damascene Cu 

interconnects in terms of structural integrity and reliability necessitates the closer 

investigation of the via.  Via failures are certainly reliability concerns for dual 

damascene Cu interconnects.  Intrinsically, the small failure volume of vias can be one 

of the main causes of via reliability issues.  The nature of via failures is further 

complicated by extrinsic factors such as process-induced defects.  Defect-induced 
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failures are the most characteristic of the via reliability.  For example, oxidation can 

degrade the effectiveness of Ta barriers and accelerate Cu out-diffusion at the via 

sidewall [19, 20, 65].  It is more difficult to remove etch/ashing (i.e. PR stripping) 

residues in vias than in trench lines.  The integrity of Ta diffusion barriers in vias has 

been an issue and can be more exacerbated with shrinking dimensions [1, 2, 3].  

In this work, it is objective of this research to investigate reliability and structural 

integrity of the via of dual damascene Cu interconnects using electromigration (EM) 

early failure, high temperature storage (HTS), and via-to-line biased temperature 

stressing (BTS).  Failure analyses were be done by FIB and TEM/nano-beam EELS. 

Chapter 2 describes experimental methodologies applied for this study.  

Statistical approaches for EM early failures using multi-link test structures combined 

with Monte Carlo simulation are explained.  Different resistance measurement 

methods used for HTS tests such as digital multimeter, AC sensing current (< 0.1 

MA/cm2) and Wheatstone bridge are compared with one another with an emphasis on 

sensitivity in tracing small resistance changes.  Advantages and disadvantages of 

different via-to-line BTS test structures are presented.  The advantage of small-sized 

via-chain test structures used for via-to-line BTS tests is compared with typical via BTS 

test structures which are large in size with a huge number of vias in them.  A TEM 

sample preparation method devised for this study is addressed.   

Chapter 3 provides EM early failure results.  The EM via voiding, i.e. the EM 

early failure or the weak mode failure, is investigated and related with the Ta diffusion 

barrier at via sidewalls.  Especially, the effect of both coverage and integrity of the Ta 

diffusion barrier at the via sidewall is addressed using statistical approaches with multi-

link test structures and Monte-Carlo simulation.  The cause of the early failure is 
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discussed in terms of poor adhesion and rough surface of the Ta diffusion barrier at the 

via sidewall.   

Chapter 4 gives high temperature storage (HTS) results using high sensitivity 

resistance measurement methods.  Two modes of stressmigration (SM) are described 

with an emphasis on the basic mechanism of both intrinsic and extrinsic SM.  First, the 

tensile stress-dominant intrinsic SM of the Cu interconnect is investigated and compared 

with the wide line-dominant SM.  Second, the extrinsic SM mode is described by 

highlighting the diffusion barrier oxidation.  It is analyzed by TEM/nano-beam EELS 

and will be attributed to the Ta diffusion barrier oxidation during HTS tests.  It is 

elucidated how porosity of porous low k dielectrics and annealing atmosphere can affect 

the HTS characteristics of dual damascene Cu interconnects. 

Chapter 5 addresses results of the study on Cu-out diffusion through Ta diffusion 

barriers at via sidewalls.  Cu out-diffusion is studied by via-to-line BTS and Cu 

oxidation in oxidizing annealing atmosphere.  Via-to-line BTS tests demonstrate that 

the basic failure mechanism originates from fast Cu out-diffusion through the Ta 

diffusion barrier at the via sidewall which had poor integrity as well as poor step 

coverage.  It is underscored how the presence of oxidizers can accelerate the Cu out-

diffusion during BTS tests.  In addition, the effect of Cu oxidation on Cu out-diffusion 

through via sidewalls is studied in oxidizing annealing atmosphere.  

Finally, Chapter 6 presents a summary of this work and proposes future work.  
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Chapter 2:  Experimental Setup 

In this work, reliability of the via of dual damascene Cu interconnects was studied 

by electromigration (EM) early failure, high temperature storage, and via-to-line biased 

temperature stressing (BTS).  The test samples were Cu/oxide, Cu/FSG (fluoro-silicate 

glass), Cu/OSG (organo-silicate glass, SiOC, k ~ 3.0) and Cu/porous low- k (k ~ 2.2) 

interconnects.  The test methodologies used in this study are described in this chapter. 

 

2.01  EXPERIMENTAL PRECEDURE  

All experiments were package level tests.  The test structures were designed by 

UT-Austin using a GDS file format-supporting software, L-edit.  The GDS format is 

widely used for mask design in the industry.  These test structures were designed for 

testing specific reliability of the interconnects, e.g. jLc products, drift velocity of metal 

atoms and the population of early failures.  Test wafers were fabricated by outfits which 

contracted research projects with UT-Austin.  Cu/oxide, Cu/FSG and Cu/OSG wafers 

were provided by Magnachip Semiconductor Ltd. and Cu/porous low k wafers were 

processed by Sematech.  Upon delivery, the wafers were diced into small chips which 

were, in turn, mounted on 16 pin side-brazed dual in-line ceramic packages (DIP) 

followed by wire bonding.  Both vacuum and air ambient ovens were employed.  All 

electromigration, via-to-line BTS and some of high temperature storage (HTS) tests were 

done in a vacuum oven to minimize oxidation.  When the sample oxidation was 

negligible in air at low temperatures or when it was necessary to investigate the oxidation 

effect in the air at high temperatures, tests were conducted in an air ambient oven.  Once 

the test packages were inserted in the test chamber, the temperature was ramped up 

slowly ~2 °C/min to prevent thermal shocks and to reduce temperature differences 
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between the sample surface and the inner part where Cu interconnects were located.  

When the temperature reached a set point, tests were started.  The DC stressing current 

was in the range of 1.0 ~ 3.0 MA/cm2 for electromigration tests.  The stressing electric 

field was 0.75 ~ 1.75 MV/cm for via-to-line BTS tests.  No stressing current or electric 

field was applied for high temperature storage (HTS) tests but small AC sensing current 

less than 0.1 MA/cm2 was occasionally used to enhance the sensitivity of measurements.  

Data acquisition was automated using a program, Lab View.  

 

2.02  ELECTROMIGRATION (EM) EARLY FAILURE TEST 

2.02.1  Fundamentals of lognormal distribution  

The lognormal distribution has become the most common lifetime distribution 

model used for reliability assessment.  It is suitable for determining semiconductor 

degradation mechanisms [66] and especially good for describing the statistical behavior 

of electromigration.  It has also been used successfully to model material fatigue and 

failures due to crack propagation.  The equation for normal probability density function 

(PDF) is  
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where µ is the mean and σ is the standard deviation.  If µ and σ are normalized 

by variable X as follows  
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then φ(z) and Φ(z), as expressed below, are the commonly used standard normal 

probability density function (PDF) and cumulative distribution function (CDF), 

respectively.   
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The relation of the lognormal distribution with the normal distribution is defined 

such that if a median parameter, t50 and a standard deviation, σ possess a lognormal 

distribution, then logarithm of the lognormal distribution assumes a normal distribution 

with a mean, lnt50 and a standard deviation, σ.  Simply, logarithmic lognormal is normal.  

The PDF for the lognormal distribution is given by 
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The CDF, F(t) is the obtained by integrating the PDF from time 0 to t.  It can 

also be expressed in terms of the standard normal CDF as  
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2.02.2  Statistical approaches for early failure studies using multi-link test 
structures and Monte Carlo simulation 

The lognormal distribution of electromigration failures can be complicated by the 

presence of the weak mode failure (or early failure) which leads to bi-modal failure 

distributions [27-30, 67].  Figure 2.1 shows how the presence of early failures can affect 

PDF.  Figure 2.1.(a) is a PDF plot when only strong mode exists, in other words, the 

population of the strong mode is 100 % while that of early failure is 0 %.  In contrast, 

Figure 2.1.(b) is a PDF plot where the strong mode population is 70 % and that of the 

weak mode is 30 %.  Figure 2.2.(a) and (b) are CDF plots corresponding to PDF’s in 

Figure 2.1.(a) and (b), respectively.  The CDF of the mono-modal failure distribution 

results in a straight line as in Figure 2.2.(a).  However, Figure 2.2.(b) shows a transition 

from weak mode failures to strong mode failures at 30 %, the population of the weak 

mode.  This is the typical bi-modal failure distribution where the presence of weak 

mode failures leads to a deviation from a straight line.  The key to the bi-modal 

distribution characterization is to detect and measure the small population of early 

failures.  For example, if the population of early failures is 1 %, one hundred test 

samples, on average, are required to yield one early failure.  One can easily figure out 

that it is difficult in terms of test time and test capacities to handle hundreds of samples at 

a time.  However, if a single test structure consists of one hundred interconnect lines 

linked in series, one test structure can yield one early failure, on the average.  As 

exemplified in this example, the use of multi-link test structures can greatly enhance the 

sensitivity to detect early failures which exist in a small portion [67].  It can effectively 

economize the test time and the number of test samples. 
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Figure 2.1.  PDF plots of a mono-modal failure distribution (a), and of a bi-modal 
failure distribution (b).  TTF stands for time to failure.   
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Figure 2.2.  CDF plots resulting from integrations of PDF’s in Figure 2.1.  
(a) a mono-modal failure distribution results in a straight line 
(b) a bi-modal failure distribution leads to a transition from the weak mode 
to the strong mode failure  
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In this study, three sets of interconnects with different number of links were used 

per run in order to better characterize the bi-modal distributions.  Test structures with 

single link (N1), ten links (N10) and one hundred links (N100) were tested at a time.  

The population of early failures was then obtained by fitting the experimental data with 

Monte Carlo simulation.  Through Monte Carlo simulation [68, 69], the CDF’s of test 

structures with N1, N10 and N100 were computed based on five input parameters; t50 and 

σ of the strong mode and the weak mode and the population of early failure.  Iterations 

may be continued by inputting refined valued of the aforementioned five parameters until 

the best fit to the experimental data is achieved.  Figure 2.3 depicts Monte Carlo 

simulated CDF plots.  Figure 2.3.(a) is a CDF plot with early failure population of 

0.4 %, Figure 2.3.(b) with 4 % of early failures and Figure 2.3.(c) with 40 % of early 

failures.  It is clearly noticed that transitions occur at different locations responding to 

different populations of early failures.   

 

2.03  HIGH TEMPERATURE STROAGE (HTS) TSETS 

The HTS test measured resistance traces in-situ while storing samples in vacuum 

(~ 1 torr) or air in a temperature range of 150 ~ 350 °C in the absence of stressing 

currents or electric fields. 

 

2.03.1  High sensitivity resistance measurements for high temperature storage 
(HTS) tests  

The fact that high temperature storage (HTS) tests do not need stressing currents 

renders the test system a lot easier.  Basically, the resistance was measured in-situ by 

digital multimeter.  When the sensitivity was not satisfactory, a small AC sensing 

current (I < 0.1 MA/cm2) was employed to enhance the sensitivity. 
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Figure 2.3.  Monte Carlo simulated CDF plots with early failure populations (a) 0.4 %, 
(b) 4 % and (c) 40 %.  Arrows indicate transitions from strong modes to 
weak modes.  The leftmost line in each CDF plot corresponds to CDF of 
N100, the middle to N10 and the rightmost to N1.  t50 and σ of the strong 
mode failure are 630 hr and 0.3, respectively and those of the weak mode 
failure are 63 hr and 0.3.   



 ３６

 The sensing current should be small and carefully controlled to prevent 

electromigration from occurring and any possible shocks caused by the current.  In this 

study, the sensing current was 200 Hz AC instead of DC and less than 0.1 MA/cm2 to 

minimize the EM and Joule heating effect.  Figure 2.4 shows the profile of the AC 

sensing current.   
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Figure 2.4.  The AC sensing current profile for the resistance measurement during HTS 
tests. 

 

The sensing current was reduced to zero before switching from the previous 

sample to eliminate the chance of any shock caused by the sensing current.  Then, the 

current increased gradually from zero to ~0.1 MA/cm2 and stayed constant for 30 seconds 

before reduced to zero and switched to the next sample.  The resistance was measured 

during those 30 seconds.  The current source was Model 363 Potentiostat made by 

EG&G and the current profile was PC-controlled by Lab View programming.   
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The Wheatstone bridge method was used when it became necessary to enhance 

the sensitivity further.  This method is well known for its high sensitivity to small 

resistance changes.  Figure 2.5 is a schematic of the Wheatstone bridge method.   
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Figure 2.5.  Schematic of the Wheatstone bridge method 

 

It is known that if resistances of R1, R2, R3 and S are the same, then the voltage 

change due to resistance change of S by ∆R is expressed as 

  

∆V = i· ∆R/4                                               (2.7) 

 

where ∆V is the voltage change measured between the two arms of the bridge. 

In this method, the noise of the resistance measurement can be cancelled out 

because it is similar at all arms.  Figure 2.6 shows a conventional Wheatstone bridge 

formed by four samples on a package.   
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Figure 2.6.  A conventional configuration of Wheatstone bridge formed by four samples 
on a package.   

 

It was successfully used in a former electromigration study [70, 71] where a 

failure was determined by an abrupt jump of the resistance.  The advantage of this 

configuration is that it can test 2 ~ 4 times more samples at a time.  However, this 

configuration of Wheatstone bridge proved not to be applicable to this work dealing with 

HTS tests.  In high temperature storage (HTS) tests, almost all samples, instead of one, 

can exhibit continuous resistance increases.  It is difficult to trace the resistance of each 

sample individually from the bridge.  To solve this problem, a new configuration of 

Wheatstone bridge method was devised as depicted in Figure 2.7.   
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Figure 2.7.  New configuration of Wheatstone bridge method 

 

In this configuration, each sample was mounted on a package and stored in the 

oven during the HTS while the Wheatstone bridge was formed outside the oven.  

Samples denoted as R1, R2 and R3 were reference samples whose resistances had been 

saturated and did not change significantly during the tests.  Samples denoted as S1, S2, 

… , Sn were fresh samples to be monitored for the resistance increase.  The resistance 

increase during HTS is usually proportional to square root of time because the kinetics is 

controlled by a diffusion mechanism.  Therefore, if samples are annealed for more than 

one or two month, their resistance increases become much slower than at the beginning 

and can be considered to be saturated.  Reference samples (R1, R2 and R3) are the ones 

which had been stored at ~ 200 °C for more than one month so that their resistances were 

almost constant afterwards.  180 ~ 250 °C is the temperature range where the 

stressmigration rate is known to be the maximum.  During the tests, reference samples 

were wired into the three arms of the bridge whereas each of the fresh samples (S1, S2, 

… Sn) was switched into the bridge by switching system.  In this way, the resistance 

change of the fresh sample was traced from the bridge measurements.  Figure 2.8 

displays a comparison of sensitivities of those resistance measurements.  Figure 2.8.(a) 
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was the result measured by digital multimeter, (b) was by AC sensing currents and (c) 

was by the Wheatstone bridge method.  It is clearly demonstrated that the noise was 

significantly reduced by the AC sensing current and further reduced by the Wheatstone 

bridge method.   
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Figure 2.8  A comparison of the sensitivity of each resistance measurement method (a) 
digital multimeter (b) AC sensing current (c) Wheatstone bridge method 

(a) 

(b) (c)
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2.04  VIA-TO-LINE BIASED TEMPERATRE STRESSING (BTS) TESTS 

Via-to-line BTS tests were performed in order to characterize Cu out-diffusion 

through the Ta diffusion barrier at the via sidewall driven by electric field.  The 

temperature range was 300 ~ 350 °C and an electric field range was 0.75 ~ 1.75 MV/cm. 

 

2.04.1  Test structures used for via-to-line biased temperatre stressing (BTS) tests 

A typical via BTS test structure is presented in Figure 2.9 which is 400 µm x 120 

µm in size.  It is a comb-to-comb test structure where 400 µm long interconnect lines are 

interweaved with a minimum spacing.  As it is large in size and vias are placed along 

the lines with a minimum spacing, there are ~280,000 vias in one test structure.  The 

extremely large number of vias can prominently reduce the BTS lifetime to a point that it 

may not be testable at normal test conditions.  As previously mentioned, lifetimes of the 

via BTS can be orders of magnitude shorter than those of the line BTS [72].  In this 

case, the huge number of vias can reduce via BTS lifetimes even shorter.  One more 

disadvantage of using this large via BTS test structure is the difficulty in locating the 

failure site.  The large size of the structure and the huge number of the via serve to make 

it difficult to locate the failure site easily. 

In this work, smaller via-chain test structures were used to replace the 

conventional via BTS test structure.  Figure 2.10 shows (a) a top view (b) a lateral view 

and (c) a cross sectional view perpendicular to the line direction.  M1 and M2 lines of 

the via-chain were 75 µm long and the number of links was either one or one hundred.  

The distance between the M2 lines and the via-chain was 0.3 µm. 
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Figure 2.9  Schematic of a typical via BTS test structure.  Two interconnect structures 
are interweaved, where one structure is biased positively and the other to 
ground.  Black dots stand for vias.  Not drawn to scale. 

 

In this work, via-chain test structures, which were smaller in size, were used to 

replace the conventional via BTS test structure.  Figure 2.10 shows (a) a top view (b) a 

lateral view and (c) a cross sectional view perpendicular to the line direction.  M1 and 

M2 lines of the via-chain were 75 µm long and the number of links was either one or one 

hundred.  The distance between the M2 lines and the via-chain was 0.3 µm.  If the 

polarity is set to have the via-chain biased positive (+V) and the M2 lines biased ground 

(0 V), then Cu+ can be induced to diffuse from the via-chain to M2 lines.  The reverse 

polarity reverses the direction of Cu ion diffusion.  Figure 2.11 illustrates the electric 

field between the the via-chain and the M2 lines.  As the distance between the via-chain 

and the M2 line is shorter at the M2 trench sidewall of the via-chain, electric field is 

higher there, while the field is weaker at the lower via sidewall because of the longer 

distance to reach the M2 line.  



 ４４

 

 

M2 line

via-chain structure

(a) M2 line

via-chain structure

(a) M2 line

via-chain structure

M2 line

via-chain structure

(a)

 

 

75 µ m

75 µ m(b)

M2
Via
M1

75 µ m

75 µ m(b)

75 µ m

75 µ m

75 µ m

75 µ m(b)

M2
Via
M1

 

 

0.3 µm

+ V0 V 0 V
M2

Via
M1

(c)

0.3 µm

+ V0 V 0 V

0.3 µm

+ V0 V 0 V
M2

Via
M1

(c)

 

Figure 2.10.  Schematics of the via-to-line BTS test structures (a) a top view (b) a lateral 
view (c) a cross sectional view perpendicular to the line direction.  The via-
chain is positively biased (+ V)and M2 lines are grounded (0 V). 
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Figure 2.11.  The distance between the via chain and the M2 extrusion monitor lines. (a) 
At the M2 trench sidewall of the via-chain, it is shorter to reach the M2 
lines, resulting in a higher electric field.  (b) The field is lower at the via 
sidewall because the distance to reach the M2 lines is longer 

 

2.05  TEM SAMPLE PREPARATION  

In this work, TEM/nano-beam EELS analyses were employed for defect 

characterization and failure analysis.  The focused ion beam (FIB) and transmission 

electron microscope (TEM) used in this study were FEI Strata™ DB235 dual beam 

SEM/FIB system and JEOL 2010 FE-TEM equipped with a Gatan 2D Digital-Parallel 

Electron Energy Loss Spectrometer (DigiPEELS), respectively.  The procedure of TEM 

sample preparation is described below.   

The wafer chip used for reliability tests is ~2 mm thick which is too thick to be 

mounted on the TEM sample holder.  There are two popular ways in reducing the 

thickness.  One method uses micromanipulators.  In this way, FIB work is done first in 

a way to mill all the four sides and the bottom of what is to become a TEM sample.  

Since the material surrounding the sides and below the TEM sample is removed, the 

sample barely hangs in the test chip.  Then micromanipulator is used to pick up the 

TEM sample out of the chip.  The TEM sample is mounted on a Cu mesh TEM sample 

holder, ready for TEM work.  In the other way, the test chip is polished first to reduce 
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the thickness acceptable for FIB work.  The polished sample with thickness of 100 ~ 

200 um is then FIB milled to thin down further TEM work.  However, none of these 

methods was not applicable to this study.  First, the micromanipulator was not available 

at UT.  The second method turned out not to be useful because it was difficult to polish 

a sample with a specific interconnect at the center of it.  Instead of polishing, the test 

chip was cut by dicer to reduce the thickness down to ~100 µm.  Figure 2.12 shows 

schematics of the diced chip.   

 

(a)                                     (b) 

Interconnects 
to be viewed

~50 um

Interconnects 
to be viewed

~50 um

 

~100 um~100 um

 

Figure 2.12.  Schematics of a diced chip.  
(a) front view;  two notches are made such that the interconnect to be 
analyzed is located between them.  
(b) side view;  the thickness is reduced down to ~100 µm. 
They are not drawn to scale. 

 

Figure 2.12.(a) presents the front view of the diced chip.  Two notches were also 

made by dicer to indicate that the location of the interconnect to be analyzed is between 

the notches.  Figure 2.12.(b) depicts the reduced thickness down to ~100 µm by dicing.  

This diced chip was then glued on a half-cut Cu ring TEM sample holder (Figure 2.13). 
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Figure 2.13.  Schematic of a diced chip mounted on a half-cut Cu ring TEM sample 
holder 

The diced sample was then thin enough for the FIB work.  When the FIB 

viewing area was more than 10 µm away from the interconnect, the maximum beam 

current of 20,000 pA was used.  The beam current was reduced to 3,000 pA between 3 ~ 

10 µm.  The current was further reduced to 300 pA until reaching a thickness of ~ 1 µm.  

The final milling was done with currents less than 50 pA to prevent artifacts caused by 

the milling.  The final thickness is desired to be less than 50 nm for fine TEM imaging.  

When one side was finished, the sample was rotated 180 °, and the same FIB milling 

procedures were applied on the other side.  Figure 2.14 displays FIB micrographs of a 

sample which went through FIB milling.  Figure 2.14.(a) shows an FIB micrograph 

where one side of the sample was FIB milled.  As the milling approached from the sides 

of the chip to the interconnect, the milling window narrowed and the beam current was 

reduced.  Figure 2.14.(c) shows the final TEM sample.  This TEM sample was good 

for TEM work.  
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(a) 

 

(b)                                (c) 

   

Figure 2.14.  FIB micrographs of an FIB milled sample. (a) FIB milling was done on 
one side of the sample.  (b) The opposite side was done, too. (c) a final 
TEM sample 
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Chapter 3:  Via Failures by Electromigration (EM)  
Induced Void Formation - EM early failures 

Via failures driven by electromigration (EM) early failures have been reliability 

concerns of dual damascene Cu interconnects [27-30, 67].  For example, the diffusion 

barrier at the via bottom allows electrical currents across it but prevents mass transport, 

resulting in possible EM flux divergence in or under the via.  Because the void volume 

for an open circuit failure is much smaller in vias than in trench lines, the lifetime of the 

weak mode failure in the via is shorter than that of the strong mode in the trench line by 

about an order of magnitude.  However, the cause of the early failure has not been well 

understood but generally ascribed to process-induced defects of the Ta diffusion barrier 

in the via.   

Although the fast diffusion path of Cu is known to be along the Cu/Si3N4 capping 

layer interface, the Ta diffusion barrier can also influence EM performances of Cu 

interconnects [38-42, 73].  Among possible issues of Ta diffusion barriers that can 

degrade EM behaviors, reduction of thickness can be a main cause of process-induced 

defects.  The Ta diffusion barrier should be thick enough to prevent Cu from diffusing 

into surrounding dielectrics.  In addition, thick Ta barriers, ca. > 5 nm, are required to 

provide good adhesion to dielectrics and to Cu [74].  Otherwise, identity of two phase 

Ta/TaN barrier is blurred as will be described shortly, and poor adhesion can prompt 

delamination to occur between the layers and accelerate Cu diffusion along the Cu/Ta 

barrier interfaces.  Indeed, minimizing Cu diffusion necessitates good adhesion of Ta 

barriers, which is a reliability issue that has commanded a good deal of attention.  Ta 

does not adhere to SiO2 well [75], while the adhesion of TaN to SiO2 is good [74].  

Conversely, TaN adheres to Cu poorly [74], whereas adhesion of Cu to Ta is good due to 

good wetting [76] and atomic scale mixing [77].  These specific properties of Ta and 
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TaN have led to a bi-layer structure of TaN/Ta, which is deposited sequentially in a 

single PVD chamber using a pure Ta target with N2 sputtering gas [74].  This bi-layer 

can provide optimal adhesion to both Cu and dielectrics.  However, the deposition of 

well defined Ta/TaN bi-layers becomes difficult as the barrier becomes thinner than 5 nm 

because the typical transition between Ta and TaN can take place over 5 nm [74].  

Recent studies revealed that very thin Ta/TaN barriers with reduced thickness of ~2.5 nm 

could be defective and create an alternate diffusion path which was faster than the 

Cu/Si3N4 capping layer interface [78], leading to short EM lifetimes.  In this case, Cu 

can contact with nitrogen rich Ta instead of pure Ta and can diffuse fast along the trench 

sidewalls and trench bottoms with an activation energy of 0.8 ± 0.05 eV.  This thickness 

issue of Ta diffusion barrier can be more challenging at the via sidewall.  Physical vapor 

deposition (PVD) of the thin barrier can result in poor step coverage of Ta diffusion 

barriers with reduced thickness at the via sidewall due to the directional deposition of 

PVD and high aspect ratio of the via.  

In addition to reduced thickness, the surface roughness of Ta diffusion barriers is 

another possible defect issue that can degrade EM behaviors of interconnects.  Rough 

surfaces of Ta can make Cu seed layer and subsequent electroplating of Cu defective, too 

[73].  Surface roughness of Ta diffusion barriers can be more problematic if the 

underlying dielectric is chemically damaged at the via sidewall .i.e. plasma damages 

during etching/photo-resist stripping processes.  Surfaces of the plasma-damaged low k 

dielectric can be uneven and permeable to Ta.  Deposition of Ta on the surface of 

plasma-damaged low k dielectric leads to poor integrity, i.e. uneven thickness and rough 

surface of Ta diffusion barriers as Ta penetrates into the low k dielectric during 

deposition.  Such Ta diffusion barriers with increased surface roughness at the via 

sidewall is a reliability concern [40] and degrades EM performances.   
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In this chapter, electromigration (EM) early failures will be investigated using 

statistical test structures and Monte Carlo simulation.  The effects on EM early failures 

of reduced thickness and surface roughness of the Ta diffusion barrier at the via sidewall 

will be discussed.  EM tests were performed in the temperature range of 250 ~ 400 °C, 

and the current density range of 1.0 ~ 3.0 MA/cm2.  Test structures were designed to 

measure the lifetime of up-flow EM where electrons flow from M1 up to via and M2 at 

cathode ends.  M1 lines were 7 µm long and 0.6 µm wide while M2 lines were 150 µm 

long and 0.2 µm wide in order to ensure that all EM failures occur at the via or the M2 

level. 

 

3.01  DESCRIPTION OF INTERCONNECT SAMPLES USED FOR EM EARLY FAILURE 
STUDIES 

Two sets of dual damascene Cu interconnects with different Ta diffusion barrier 

coverage at via sidewalls were used for the EM early failure study.  All Ta barriers 

studied in this chapter were Ta/TaN bi-layers. Cu/fluoro-silicate glass (FSG) 

interconnects, which were made earlier than Cu/organo-silicate glass (OSG) 

interconnects, were fabricated with conventional PVD process to deposit Ta diffusion 

barriers, resulting in poor coverage and reduced thickness of the Ta diffusion barrier at 

via sidewalls, as exhibited in Figure 3.1.   
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Figure 3.1.  TEM micrographs of fresh Cu/FSG interconnects showing (a) a via region 
(b) a cross sectional view of M2 trench line 

 

In Figure 3.1, the thickness of Ta diffusion barriers was 35 and 20 nm at the M2 

bottom and the via bottom, respectively, but dropped to 7 nm at the M2 trench sidewall.  

The Ta barrier was even thinner and uneven at the via sidewall, especially at the lower 

via sidewall.  It was ~3 nm thick on the average but less than 1 nm at some points due to 

unevenness.  These non-conformal barriers were the result of the directional deposition 

of PVD on vias which had higher aspect ratios than trench lines.   

Unlike Cu/FSG interconnects, Cu/organo-silicate glass (OSG; SiOC, k ~ 3.0) 

interconnects were fabricated by re-sputtering and barrier first technologies and the Ta 

diffusion barrier coverage and thickness at the via sidewall was improved.  The barrier-

first technology is an advanced PVD process that improves Ta diffusion barriers by 

replacing the conventional argon sputter pre-clean step with the deposition of Ta layers 
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and re-sputter of via bottoms [34, 35].  In conventional barrier technologies, an Ar 

sputter pre-clean step removes etch residues and copper oxides at via bottoms after 

etching open the via.  However, the failure to closely control the sputter pre-clean can 

lead to problems such as a critical dimension loss, copper contamination and low-k 

damages on via sidewalls.  In the barrier-first process, a Ta layer is first deposited to 

protect via sidewalls from being contaminated and damaged, and then via bottoms are re-

sputtered so that Ta is etched away at via bottoms and re-deposited at via sidewalls.  

The resulting Ta barriers are expected to be better in anchoring to the underlying metal 

level (M1), adhering to low-k and improving step coverage at via sidewalls.  Figure 3.2. 

displays TEM micrographs of fresh Cu/OSG interconnects before EM tests.  As shown 

in these micrographs, the step coverage of Ta diffusion barriers has been significantly 

improved and became conformal in both vias and M2 lines with thickness of 7 ~ 9 nm 

independent of the location.   

In order to investigate the effect on EM early failures of surface roughness of Ta 

diffusion barriers caused by plasma-damaged low k at the via sidewall, two versions of 

Cu/OSG interconnect were fabricated by barrier-first process.  They were fabricated 

identically except for the via etching process.  One of the variations was processed with 

normal via etching conditions, resulting in plasma damage-free low k dielectric at the via 

sidewall.  Figure 3.3(a) is a TEM micrograph of the Cu/OSG interconnect, where the Ta 

barrier is ~7 nm thick and conformal along the via sidewall and the Cu/Ta diffusion 

barrier interface is smooth.  In contrast, the other variation was processed by aggressive 

via etching condition, leading to plasma damaged low k at the via sidewall.  The Ta 

diffusion barrier deposited on the damaged low k at the via sidewall was not intact as 

shown in Figure 3.3.(b).  It was observed that Ta diffused into the low k dielectric at the 

via sidewall during the Ta deposition process.  The diffusive Ta layer was ~8 nm thick.  
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Moreover, the Cu/Ta interface was rough and the Ta barrier thickness was not uniform.  

The thickness was ~7 nm on the average but it varied in the range of 3 ~ 9 nm.  These 

TEM micrographs underscore how the plasma damaged low k at the via sidewall can 

deteriorate the integrity of the Ta diffusion barrier.     
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Figure 3.2  TEM micrographs of fresh Cu/OSG interconnects (a) a via sidewall (b) a via 
bottom and (c) an M2 trench line 
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(a) 

 

(b) 

 

Figure 3.3  TEM micrographs of Cu/OSG interconnects fabricated by different via 
etching process.  (a) A normal via etching condition led to smoother Cu/Ta 
interface and uniform thickness.  (b) A split via etching condition damaged 
the low k at the via sidewall causing a rough Cu/Ta interface and a thick Ta 
diffusive layer. 
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3.02  VERY THIN TA DIFFUSION BARRIERS AT THE VIA SIDEWALL AND EM EARLY 
FAILURES IN CU/FSG INTERCONNECTS  

Cu/FSG interconnects with very thin Ta diffusion barriers at the via sidewall were 

EM tested in a temperature range of 350 ~ 400 °C with a current density of 1.4 MA/cm2.  

EM tests lasted up to one month before terminated to save experiment time.  CDF plots 

of bi-modal EM failure distribution of Cu/FSG interconnects are presented in Figure 3.4.  

Experimental data were in agreement with Monte Carlo simulations, indicating that 

Cu/FSG interconnects exhibited a good statistical behavior.  t50, σ and early failure 

populations were obtained by weakest link approximation and exhibited in Table 3.1.  

At 350 °C, the strong mode t50 and σ could not be yielded accurately as strong mode 

lifetimes were much longer than one month, the maximum EM test time.  Back in 

Figure 3.4, experimental results showed typical bi-modal distributions with t50’s of the 

weak mode shorter than those of the strong mode by one order of magnitude.  The 

population of weak mode failures was 20 ~ 40 % and not dependent on test temperatures.  

The activation energy of the early failure was determined to be 0.76 eV (Figure 3.4.(d)).  

A TEM micrograph of an early failed Cu/FSG in Figure 3.5 clearly shows voids at lower 

via sidewalls where the Ta barriers were very thin.  The fact that sample resistances did 

not increase significantly during thermal annealing at the same temperatures rules out the 

possibility that those voids were formed by Cu out-diffusion through Ta barriers into 

dielectrics.  Besides, as voids were observed only at cathodes but not at anodes, it is 

clear that they were formed by EM.  
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Figure 3.4.  CDF plots of the bi-modal EM failure distribution of Cu/FSG interconnects.  
The current density was 1.4 MA/cm2 and temperatures were (a) 350 °C, (b) 
375 °C, and (c) 400 °C, respectively. (d) The activation energy of early 
failures was determined to be 0.76 eV. 
Symbols are experimental ■:  N100, ▲: N10, ●: N1.  
Solid lines are Monte Carlo simulated. 
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Table 3.1.  t50’s, σ’s and early failure populations obtained by weakest link 
approximation from CDF plots in Figure 3.3. 

 

 

Figure 3.5.  TEM micrograph of an early failed Cu/FSG interconnect.  Voids are seen 
at lower via sidewalls where Ta barriers were very thin and uneven. 

 350 °C 375 °C 400 °C 

t50 of strong mode N/A 490 hr 325 hr 

σ of strong mode N/A 0.55 0.5 

t50 of weak mode 86 hr 55 hr 30 hr 

σ of weak mode 0.33 0.55 0.4 

Early failure population 30 % 40 % 20 % 
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No such voids were observed at Cu/Ta interface in trench lines where Ta 

diffusion barriers possessed good step coverage with increased thickness.  Therefore, 

the preferential void formation suggests that the very thin Ta diffusion barrier at the via 

sidewall was defective.  It seems that diffusion of Cu was fast along the interface of 

Cu/thin Ta diffusion barrier at the via sidewall, resulting in EM early failures in Cu/FSG 

interconnects.  It is difficult to prove how the thin Ta diffusion barrier resulted in fast 

diffusion of Cu and worse EM behaviors, based only on the TEM micrograph in Figure 

3.5.  One possible cause could be poor adhesion of very thin Ta, as already mentioned 

earlier in this chapter.  In Cu/FSG interconnects, delamination of Ta from dielectrics 

[79] was often observed at the lower via sidewall as shown in Figure 3.6, which indicates 

poor adhesion of thin Ta diffusion barriers to dielectrics.  On the other hand, direct 

evidence supporting poor adhesion between the opposite side of Ta barriers and Cu at the 

via sidewall is scarce and deserves further study.  

Based on the above analyses, it is concluded that the Ta diffusion barrier should 

possess good step coverage with increased thickness at the via sidewall in order to 

suppress the EM early failures.  
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Figure 3.6.  TEM micrograph showing a delaminated Ta/dielectrics interface at the 
lower via sidewall of a fresh Cu/FSG interconnect 

 

3.03  M1 LINE DEPENDENCE OF EARLY FAILURE POPULATIONS 

  Cu/FSG interconnects with increased M1 linewidth from 0.6 µm to 1.5 µm 

were EM tested under the same test conditions in order to investigate the effect of M1 

linewidth on the population of early failure.  The test structure was different only in the 

M1 linewidth and identical otherwise.  The test condition was 350 ~ 375 °C at 1.4 

MA/cm2. CDF plots are shown in Figure 3.7 and t50, σ and early failure populations are 

listed in Table 3.2.  It is found that early failure populations were reduced from 30 % to 

5 % at 350 °C, and from 40 % to 15 % at 375 °C when the M1 linewidth increased from 
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0.6 to 1.5 µm.  t50’s and σ’s of early failures were not changed from those in Table 3.1.  

This early failure was also due to EM via voiding same as in the previous section.  This 

result strongly suggests that wide M1 lines helped reduce the nucleation of early failures.  

Based on the same t50 and σ, it seems that, other than void nucleation, the growth 

mechanism was also the same for different line widths.  

Since M1 lines were separated from vias by the Ta diffusion barrier at via bottoms 

and they were not stressed enough to fail by electrical current, M1 linewidth should not 

have any effect on the EM behavior of vias.  Furthermore, the M1 linewidth has nothing 

to do with reduced thickness of the Ta diffusion barrier in the via which was ascribed to 

as the possible cause of the early failure.  It is difficult to explain the M1 linewidth 

dependence well at this moment.  

It is interesting to note that similar M1 linewidth dependence was found in 

stressmigration.  There are two modes in stressmigration; under-via voiding, and via 

voiding.  The stress voiding in the via has similar M1 linewidth dependence.  There are 

articles [47-49, 80] in the literature reporting that a small via connected to narrow M1 and 

wide M2 lines can induce stress voids in the via.  It is believed that narrow M1 lines can 

cause high tensile stress states in the via, and wide M2 lines can serve as vacancy 

sources.  In this study, if small voids nucleated in vias due to via stressmigration before 

the EM stressing, those voids could have readily grown under EM conditions.   

However, it is uncertain how much SM affected EM via voiding at this moment.  

Or, it is simply due to unknown defects generated by the narrow M1 linewidth.  
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Figure 3.7.  CDF plots of the bi-modal EM failure distribution of Cu/FSG interconnects.  
M1 linewidth was increased from 0.6 µm to 1.5 µm.  The current density 
was 1.4 MA/cm2 and temperatures were (a) 350 °C and (b) 375 °C, 
respectively. 
Symbols are experimental, ■:  N100, ▲: N10, ●: N1.  
Solid lines are Monte Carlo simulated. 
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Table 3.2.  t50’s, σ’s and early failure populations obtained by weakest link 
approximation from CDF plots in Figure 3.5. 

 

3.04  THICKER TA DIFFUSION BARRIER AT THE VIA SIDEWALL AND THE 
SUPPRESSION OF BI-MODAL FAILURE DISTRIBUTIONS IN CU/OSG INTERCONNECTS  

Cu/OSG interconnects with damaged low k dielectric at the via sidewall were EM 

tested in the temperature range of 250 ~ 375 °C and the current density range of 1.0 ~ 3.0 

MA/cm2.  Although Ta diffusion barriers possessed poor integrity with rough surfaces at 

the via sidewall because of the plasma damaged low k, step coverage of barriers was 

improved from Cu/FSG interconnects, leading to thicker barriers at the via sidewall.  

Their CDF plots are presented in Figure 3.8.  All the CDF plots in Figure 3.8. fit well 

with mono-modal Monte Carlo simulations, implying the bi-modal failure distribution 

was suppressed.  Unlike Cu/FSG interconnects, the M1 linewidth dependence was not 

observed in Cu/OSG interconnects.  t50 and σ of each test condition were calculated and 

listed in Table 3.3.   

 350 °C 375 °C 

t50 of strong mode N/A 560 hr 

σ of strong mode N/A 0.55 

t50 of weak mode 86 hr 55 hr 

σ of weak mode 0.33 0.55 

Early failure population 5 % 15 % 
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Figure 3.8.  CDF plots of EM failure distribution of Cu/OSG interconnects.  Test 
conditions are (a) 350 °C, 1.4 MA/cm2, (b) 325 °C, 1.0 MA/cm2 and (c) 
250 °C, 3.0 MA/cm2, respectively. 
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Table 3.3.  t50 and σ of Cu/OSG interconnects obtained from Figure 3.8 for three 
different test conditions 

 

A series of FIB micrographs taken at different stages of the resistance increase in 

Figure 3.9 show that a void nucleated at the Cu/capping layer interface at the cathode, 

and then subsequently grew down to the via bottom, resulting in an EM failure.  Based 

on the location of initial void nucleation, this is the strong mode failure with mono-modal 

failure distribution that suppressed early failures below the detection limit of the test, ca. 

~0.5 %.  The elimination of the early failure can be explained by thicker Ta barriers at 

the via sidewall even if the barrier surface was rough due to the damaged underlying low 

k dielectric.  This suggests that thicker Ta barriers retarded Cu diffusion along the 

Cu/Ta interface at the via sidewall.  Consequently, the void did not nucleate at the via 

sidewall but nucleated, instead, at the Cu/capping layer interface at the end of cathode 

line.  

 

3.05  ROUGH SURFACE OF THE TA DIFFUSION BARRIER AT THE VIA SIDEWALL AND 
THE STRONG MODE-INDUCED EARLY FAILURE  

The absence of weak mode failures is certainly an advantage of improved step 

coverage with increased thickness of Ta barriers at the via sidewall.  But, the short 

lifetime of the strong mode is a drawback of this Cu/OSG interconnect, where the low k 

dielectric was plasma-damaged at the via sidewall.  At the same test condition of 350 °C 

and 1.4 MA/cm2, the t50 of Cu/OSG interconnects with the plasma-damaged low k at the 

 350 °C, 1.4 MA/cm2 325 °C, 1.0 MA/cm2 250 °C, 3.0 MA/cm2 

t50 44 hr 130 hr 1300 hr 

σ 0.4 0.6 1.3 
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via sidewall was 44 hrs which was even shorter than that of the weak mode of Cu/FSG 

interconnects.   

A general cause degrading EM behaviors of Cu/low-k interconnects is believed to 

be the weak thermomechanical properties of low-k dielectrics.  As widely known, many  

low-k dielectrics are softer, more thermally expanding, less heat conducting, and 

chemically unstable.  Weak mechanical properties of low-k dielectrics provide less 

confinement to Cu interconnects, leading to lower effective bulk moduli (B) and jLc 

constants [81-83].   
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(a)          (b) 

   
(c)                                 (d) 

   

Figure 3.9.  A series of FIB micrographs of Cu/OSG interconnects with the plasma-
damaged low k dielectric at the via sidewall.  They were taken at different 
stages of the resistance increase (a) ~ 0 Ω (b) ~ 1 Ω, and (c) ~ ∞ Ω, (d) a 
magnified micrograph of the via in (b) shows that the void reached via 
bottom, almost disconnecting the via.  
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Added to the aforementioned cause, the specific geometry of the cathode void can 

account for the short lifetimes of the Cu/OSG interconnects with the rough Ta barrier 

surface deposited on the plasma-damaged low k dielectric and at the via sidewall.  For 

example, in Figure 3.9, the void had nucleated at the cathode trench before subsequently 

shifted down to the via.  In figure 3.9.(a), the void nucleated ~100 nm away from the 

cathode end.  In figure 3.9.(b), it moved to the cathode end.  At the end of the cathode, 

the void began to shift down by forming a slit-like void along the via sidewall and the via 

bottom as exhibited in Figure 3.9.(d), which was magnified from Figure 3.9.(b).  It is 

clearly observed that the void grew downward along the via sidewall and then further 

grew along the via bottom so that the via is almost disconnected from the M1 line.  The 

narrow and long, i.e. slit-like, void is an evidence that the void growth along the via 

sidewall and the via bottom was faster than the lateral growth along the cathode trench.  

Figure 3.9.(c) shows the final failure.  Although the interconnect was damaged by Joule 

heating, it seems that the void volume is smaller at the cathode trench but larger in the 

via, indicating that the void had shifted down, causing the via failure.  To better observe 

the failure, an EM failed Cu/OSG interconnect which was hardly damaged by Joule 

heating was observed by TEM (Figure 3.10).  The TEM micrograph confirms that it was 

a via failure due to void shift from cathode end down to via bottom.  The failure volume 

is even smaller than that of the early failure of Cu/FSG interconnects in Figure 3.5.  It 

can explain the short lifetimes of Cu/OSG interconnects.  As this is a strong mode, yet 

its lifetime is as short as that of the early failure, it will be referred to as ‘the strong mode-

induced early failure’ from this point on. 
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Figure 3.10.  TEM micrograph of a Cu/OSG interconnect which was EM failed but 
hardly damaged by Joule heating.  It is clearly seen that the failure was due 
to EM via voiding and the failure volume is even smaller than that of early 
failures of Cu/FSG interconnects in Figure 3.5.  

 

To further investigate the effect of the plasma damaged low k dielectric at the via 

sidewall and resulting surface roughness of Ta barriers, both Cu/OSG interconnects with 

and without plasma damage were EM tested at 375 °C and 1.0 MA/cm2.  CDF plots are 

presented in Figure 3.11.  t50 of Cu/OSG with plasma-damaged low k dielectric at the 

via sidewall was 42 hrs while that of Cu/OSG without plasma damage was 169 hrs; it 

increased four fold.  Figure 3.12 shows an FIB micrograph of an EM failed Cu/OSG 

interconnect without plasma damage at the via sidewall.  It is observed that the failure 

volume was larger than that of the strong mode-induced early failure shown in Figure 



 ７１

3.10.  In Figure 3.12, it is seen that the void grew laterally along the cathode end of line 

as well as down to the via.  It is because the void growth down to the via was retarded 

so that the lateral growth had time to catch up.  Based on the failure volume and lifetime 

of 169 hrs, it is not regarded as an early failure.  It forms a good contrast to the strong 

mode-induced early failure where the cathode void mainly shifted to the via bottom 

rather than grew laterally.  In both Cu/OSG interconnects with and without plasma-

damaged low k dielectric, because Cu was separated from the low k dielectric by the Ta 

barrier at the via sidewall, the difference in EM behaviors should be more related to the 

barrier than the low k dielectric.  Back in Figure 3.3, the intact low k dielectric at via 

sidewalls achieved the deposition of intact Ta diffusion barriers with smooth surfaces.  

In comparison, diffusion barriers deposited on the damaged low k dielectric did not 

possess good integrity, where Ta diffused into the low k dielectric and the Cu/Ta 

interface was rough.  Such rough surface of Ta has been known to be defective, leading 

to deteriorated EM properties [40].  The results suggest that process-induced defects 

resulting from rough interface of Cu/Ta diffusion barrier at the via sidewall led to the 

strong mode-induced early failures.  According to a study by Li, et al. [73], it is difficult 

to deposit uniform Cu seed layers on rough surfaces of the Ta diffusion barrier, which 

can be more challenging in the via because of the high aspect ratio.  Incomplete seed 

layer deposition and subsequent electroplating of Cu can trap voids [73] at the Cu/Ta 

interface in the via.  Those pre-existing voids can accelerate the EM process and 

degrade the EM lifetime.  This result suggests that not only thickness but also smooth 

surface of the Ta diffusion barrier at the via sidewall are necessary to suppress and 

eliminate the occurrence of early failures. 

In contrast to the strong mode-induced early failure, which was observed in 

Cu/OSG interconnects with the plasma-damaged low k dielectric at the via sidewall, 
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Figure 3.13 exhibits a typical strong mode failure observed in Cu/FSG interconnects.  

Void growth at the cathode end is shown in Figure 3.13.(a) and the final failure is 

depicted in Figure 3.13.(b).  The void first grew at the cathode end as in the strong 

mode-induced early failure.  However, even when the void touched the top of the via, it 

grew laterally along the Cu/capping layer interface rather than down to the via, which is 

distinct from the strong mode-induced early failure.  It is because Cu diffusion was fast 

along the Cu/capping layer interface in case of the strong mode failure. 
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Figure 3.11.  CDF plots of EM results of Cu/OSG interconnects. 
■: Cu/OSG with plasma damages at the via sidewall  
▲: Cu/OSG without plasma damages at the via sidewall  

 

 

Figure 3.12.  FIB micrograph of an EM failed Cu/OSG interconnect without plasma 
damages at the via sidewall.  It is shown that the failure volume is larger 
than that of Cu/OSG with plasma damages.  



 ７４

 

(a) 

 

 

(b) 

 

Figure 3.13.  Typical strong mode failures observed in Cu/FSG interconnects. 
(a)void growth and (b) failure at the end of cathode line.  As the failure 
volume is large, the lifetime is long. 
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3.06  POSSIBLE CAUSES OF THE STRONG MODE-INDUCED EARLY FAILURE  

As stated in the previous section, the strong mode-induced early failure was 

observed in Cu/OSG interconnects, wheree low k dielectric was plasma-damaged and the 

resulting Ta barrier surface was rough at the via sidewall.  Although the Ta barrier 

surface was rough, improved thickness of Ta barriers at the via sidewall through the 

barrier-first process retarded diffusion of Cu, leading to void nucleation not at the via 

sidewall but at the Cu/capping layer interface as exhibited in Figure 3.9.(a).  Yet, once 

the void reached the top of the via, it shifted fast downward the via bottom, forming a 

slit-like void.  Therefore, the slit-like void growth with a high growth rate can be due to 

issues other than fast diffusion of Cu along the interface of Cu/Ta diffusion barriers.  In 

the literature, microstructure of Cu in the via was attributed to as one of the possible 

causes.   Zschech et al. [84, 85] reported similar observations in their in-situ SEM 

studies on EM.  In their study, when Cu/capping layer interfaces were faster diffusion 

paths than Cu/Ta interfaces, voids nucleated and grew at the cathode before shifted down 

to the via.  Interestingly, the void shift occurred abruptly such that the void volume in 

the via increased like a step function.  They concluded that the sudden void shift 

stemmed from the Cu microstructure in the via, which was less EM resistant.  Less EM 

resistant orientations or grain boundaries of Cu in the via can increase the Cu diffusivity 

along the void surface of the grain.  Sukharev et al. [86] further demonstrated in their 

numerical calculations that this void shift was the result of the less EM resistant 

microstructure in vias and the higher diffusivity of Cu along the void surface of the 

microstructure.  When no microstructural differences existed, the void grew laterally as 

well as down to the via.   
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Based on similar failure phenomena such as void nucleation and growth, the slit-

like void growth in the strong mode-induced early failure seems to be affected by similar 

causes.  If seed layer deposition and electroplating of Cu were incomplete on rough 

surfaces of Ta, they could have created process-induced defects, leading to the less EM 

resistant microstructure of Cu in the via.  When the cathode void grew to a point where 

it contacted the less EM resistant microstructure in the via, the dissolution of Cu grain 

could have been faster by diffusing along the void surface in the via than in the cathode 

trench.  As a result, the faster void growth down to the via led to a long and narrow void 

shape along the via sidewall.  However, although it seems plausible, details of 

microstructural issues that can incur the strong mode-induced early failure are unknown 

at this time and deserve further study, as addressed in Chapter 6.  The short lifetimes of 

Cu/OSG interconnects implies that void nucleation, growth and movement depend not 

only on interfaces but also process-induced defects of the Ta diffusion barrier in the via.   

 

3.07.  SUMMARY  

In this chapter, statistical approaches using multi-link test structures combined 

with Monte Carlo simulation were employed to study EM early failures.  It was found 

that reduced thickness and rough surfaces of the Ta diffusion barrier at via sidewalls were 

the possible causes for the early failure.  

In Cu/FSG interconnects with very thin Ta diffusion barriers at the via sidewall, 

the early failure population was 5 ~ 40 %.  The early failure was due to void nucleation 

and growth at the Cu/Ta interface at the via sidewall.  No such voids were observed at 

Cu/Ta interface in trench lines where Ta diffusion barriers possessed good step coverage 

with increased thickness.  Therefore, the preferential void formation suggests that the 

very thin Ta diffusion barrier at the via sidewall was defective.  It seems that diffusion 
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of Cu was fast along the interface of Cu/thin Ta diffusion barrier at the via sidewall, 

resulting in via voiding and EM early failures.  

The M1 linewidth dependence of early failures was found in Cu/FSG 

interconnects but could not be explained.  The wider M1 lines suppressed the nucleation 

of via voiding while the narrower M1 lines accelerated it.  Similar M1 linewidth 

dependence was often found in stress-induced voiding in vias.  However, it is unsure 

how much they are related.   

In Cu/OSG interconnects, step coverage and thickness of the Ta diffusion barrier 

were improved at via sidewalls by advanced PVD processes such as re-sputtering and 

barrier first.  Because of the increased thickness of Ta diffusion barrier, EM early 

failures were suppressed below the detection limit of the test, ~0.5 %.  Although the Ta 

diffusion barrier did not posses good integrity with rough surface due to plasma-damaged 

low k dielectric at the via sidewall, the increased thickness of Ta diffusion barrier 

retarded Cu diffusion and prevented the void nucleation at the via sidewall.  Instead, the 

void had nucleated at the Cu/capping layer interface before shifted down to the via.  

However, the fast void shift by slit-like void formation along the via sidewall resulted in 

via failures with lifetimes as short as those of early failures of Cu/FSG interconnects, 

which were fabricated by the conventional PVD process.  These strong mode-induced 

early failures were suppressed when low k dielectric was not plasma-damaged and Cu/Ta 

interface was smooth.  Therefore, process-induced defects related with rough Ta 

surfaces at the via sidewall were suggested to be the main cause of the strong mode-

induced early failure.   

In the literature, the strong mode-induced early failure was explained in terms of 

issues other than fast diffusion of Cu along the Cu/Ta interface.  As is reported, the 

presence of less EM resistant microstructure in the via can cause the strong mode-



 ７８

induced early failure.  If Cu seed layer deposition and electroplating of Cu were 

incomplete on rough surfaces of Ta, they could have yielded process-induced defects, 

leading to less EM resistant microstructures in vias.  However, the lack of 

microstructural information in vias necessitates further study. 
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Chapter 4: Via failures in high temperature storage (HTS)  
- stressmigration and Ta barrier oxidation  

The resistance increase during high temperature storage (HTS) in the absence of 

stressing currents and electric fields has been one of the reliability concerns of 

interconnects.  The mismatch in coefficient of thermal expansion (CTE) between Cu 

and surrounding materials such as Ta diffusion barriers, capping layers, and dielectrics 

puts Cu in tensile stress states under operating conditions [31-33].  The higher CTE of 

low k dielectric can result in compressive stress of Cu, leading to via collapsing [24].  

Vacancy diffusion along the tensile stress gradient and subsequent void formation can 

cause open circuit failures, which are known as intrinsic stressmigration (SM).  The 

resistance of interconnects can also increase during high temperature storage (HTS) 

driven by causes other than intrinsic stressmigration, which are referred to as extrinsic 

stressmigration.  It is reported that extrinsic SM such as passivation bulge and Al-SiO2 

reaction can increase the resistance of Al interconnects [31].  In Cu interconnects, 

extrinsic SM behaviors have been observed but not clearly accounted for [87-89].  The 

oxidation of the Ta diffusion barrier during HTS can be one of the possible causes of 

extrinsic SM of dual damascene Cu interconnects [65].  

In this chapter, the resistance increase during HTS will be discussed in terms of 

the intrinsic and the extrinsic SM.  The samples used for HTS tests were dual 

damascene Cu/oxide, Cu/FSG, Cu/OSG and Cu/porous low-k interconnects with via size 

of 0.175 ~ 0.36 µm.  The temperature range was 150 ~ 350 °C.  Intrinsic SM was 

measured by the Wheatstone bridge method described in Chapter 2 because the resistance 

increase was relatively small.  Extrinsic SM was measured by digital multimeter or 

using small AC sensing current (< 0.1 MA/cm2) as the resistance increase was relatively 
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large.  The test structure was a via-chain with 100 links where each link was 100 µm 

long.  The linewidth dependence of SM was studied using narrow-line and wide-line 

structures.  While the linewidth was comparable to the via size in narrow-line structures, 

the line was up to 2.0 µm wide in wide-line structures which was much wider than the via 

size.  Each test lasted for one week.  12 ~ 15 samples were tested in each set of test and 

the median resistance increase was used to calculate the activation energy (Q).  

 

4.01.  INTRINSIC STRESSMIGRATION (SM) OBSERVED IN EARLIER CU/OXIDE 
INTERCONNECTS  

Among test wafers used in this study, Cu/oxide test wafers were fabricated earlier 

than the others in 2001.  Dual damascene Cu/oxide via-chain test structures with 0.36 

µm vias were HTS tested in air to study intrinsic stressmigration.  Narrow-line 

structures of the Cu/oxide interconnect exhibited higher resistance increases than wide-

line structures did in a temperature range of 140 ~ 290 °C.  Figure 4.1 shows resistance 

traces of Cu/oxide narrow-line structures annealed in air in a temperature range of 140 ~ 

290 °C.  It is observed that the median resistance increase became larger with increasing 

temperatures and stayed maximum in the temperature range of 240 ~ 260 °C and then 

dropped to a negligible level at higher temperatures.  Back in Figure 4.1, the resistance 

increased linearly with square root of time, indicating that the kinetics was controlled by 

a diffusion mechanism.  It is well explained by the fact that the stressmigration increases 

the interconnect resistance by nucleation and subsequent growth of voids which are 

driven by the vacancy diffusion along the tensile stress gradient.  The median resistance 

increase versus temperatures is plotted in Figure 4.2.  It is a typical behavior of 

stressmigration which is governed by two factors; diffusivity of Cu and tensile stress of 
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interconnects [31].  McPherson and Dunn developed a kinetic model for stressmigration 

based on stress induced creep phenomenon [46].  The kinetics can be represented as  

 

)exp()( 0 Tk
QTTCR

B

N −
−=

               (1.5) 

 

Where, R – stressmigration rate, N – creep exponent, T0 – stress free temperature, 

kB – the Boltzmann constant, and Q – activation energy.  

By fitting data of Figure 4.2. into above equation, it was found that N = 1.7, Q = 

0.75 eV, T0 = 290 °C.  The stress and diffusivity factors are represented by dotted lines 

in Figure 4.2.  Figure 4.2 clearly demonstrates that the diffusivity term increased 

exponentially while the stress term decreased rapidly with temperatures, forming a peak 

rate at an intermediate temperature of 240 °C.  The activation energy was 0.75 eV, 

which was similar to that of electromigration.  This suggests that the diffusion path of 

stressmigration was also along the interface between Cu and capping layer.  An FIB 

micrograph of stress-induced void formatoin is displayed in Figure 4.3.  The location of 

void formation is consistent with the ones reported in the literature [33].  In their 

calculations, it was less tensile under the periphery of the via such that vacancies 

migrated along the stress gradient and formed a void.  The location and shape of the 

voids shown in Figure 4.3 explain the small resistance increase in intrinsic SM.  The 

peak resistance increase was 1.6 % of the via resistance at 240 °C.  Even the peak rate 

of 1.6 % was relatively small, amounting to only ~2 Ω increase from the resistance of the 

test structure of ~1500 Ω.  If a void were formed under the via, even a small void could 

have electrically disconnected a via from an M1 line causing an open circuit failure.  

However, as depicted in Figure 4.3, voids were found under the periphery of via.  
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Resistance increases due to these voids should be small because voids are far from 

causing open circuit failures.  In interconnects other than this earlier Cu/oxide 

interconnect, the resistance increase due to intrinsic SM was even smaller.   
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(e)                               (f) 
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Figure 4.1.  Resistance traces of narrow-line structures of Cu/oxide interconnects which 
were HTS tested in air.  Temperatures are (a) 140 ° C, (b) 180 °C, (c) 
210 °C, (d) 240 ° C, (e) 260 °C and (f) 290 ° C, respectively.   

 

Figure 4.2.  The temperature dependence of the stressmigration rate i.e. the median 
resistance increase.  Due to two governing factors such as the diffusivity of 
Cu and the tensile stress of interconnects, a peak rate was formed at an 
intermediate temperature of 240 °C.  
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Figure 4.3.  An FIB micrograph displaying the stress-induced void formation under the 
periphery of via. 

 

To further investigate the linewidth dependence, test structures with different 

geometries were HTS-tested.  The test structure with wide M1 and M2 lines, i.e. 2.0 µm 

wide M1 and M2, did not exhibit significant resistance increases as shown in Figure 

4.4.(a)  The test structures with wide M1 and narrow M2, i.e. 2 µm wide M1 and 0.44 

µm wide M2, did not induce resistance increases, either.  In contrast, the ones with 

narrow M1 and wide M2, i.e. 0.44 µm wide M1 and 2.0 µm wide M2, did have resistance 

increases (Figure 4.4.(b)).  They were comparable to those of narrow-line structures i.e. 

0.44 µm wide M1 and M2.  This result signifies that it was narrow M1 lines that caused 

the intrinsic stressmigration of dual damascene Cu interconnects.  Since the intrinsic SM 

was more significant with narrow M1 lines than with wide M1 lines, it suggests that the 

high tensile stress of narrow M1 lines caused vacancies to migrate along the stress 

gradient toward under the periphery of the via, leading to formation of the stress-induced 

voids. 
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Figure 4.4.  The linewidth dependence of resistance increases.  It was significant when 
the M1 was narrow but negligible otherwise.  
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Generally, the stress state is higher in narrow metal lines than in wide metal lines 

when they are confined in interconnect structures [90].   Figure 4.5 shows temperature 

dependence of stress states of Cu in 0.44 µm wide Cu/oxide interconnect lines (a) and in 

Cu films (b).  Both line and film structures were fabricated with identical thermal 

history.  The stress of Cu was measured by x-ray diffraction (XRD) technique.  In this 

method, the change of lattice parameter in the interconnect lines in stressed state is 

directly measured as a strain and converted to the corresponding stress.  This technique 

is directly applicable to the three dimensional interconnect structure since it is capable of 

measuring the triaxial stress state.  As denoted in Figure 4.5.(d), stress X is the stress of 

Cu along the interconnect line, stress Y is across the line and stress Z is normal to the 

line.  Again in Figure 4.5.(a), in 0.44 µm wide interconnect lines, all of stress X, stress 

Y and stress Z are observed, yielding high triaxial stress states.   Contrarily, in Figure 

4.5.(b), in Cu films, it is biaxial stress state because the stress Z is absent in the film.  As 

a result, the hydrostatic stress defined by the average of the three stresses is higher in line 

structures than in films as depicted in Figure 4.5.(c).  In this SM study, the 2.0 µm wide 

lines should possess similar stress states as in films because the width is much wider than 

the height, 0.3 µm.  Therefore, it is confirmed that tensile stress states of 0.44 µm lines 

are higher than those of 2.0 µm wide lines.   

As already described in the fore-going, the driving force of SM is the gradient of 

hydrostatic tensile stresses which are higher in narrow lines than in wide lines.  One of 

the vacancy sources of SM is supersaturated vacancies due to grain growth during HTS.  

If annealing process steps are not long enough for Cu grains to grow, those Cu grains can 

continue to grow during subsequent process steps or during HTS tests.  The volume 

difference caused by the reduction of grain boundaries can supply vacancies for void 

formation [33].  The concentration of supersaturated vacancies are naturally more in 
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wide lines than in narrow lines because there are more grains in the wide lines.  If those 

supersaturated vacancies are more dominant than the tensile stress, wide-line structures 

can exhibit more resistance increases.  In fact, most of SM studies in the literature 

reported that wide-line structures were more vulnerable against SM [33, 47-50, 80, 87-

89].  In this study, however, the SM phenomenon was more significant in narrow-line 

structures than in wide-line structures.  It implies that the hydrostatic tensile stress was 

more dominant than the vacancy sources when supersaturated vacancies were limited in 

number.  The limited number of vacancies was possibly the result of long enough 

annealing process steps.  Yet, based on the small resistance increase in this SM mode, it 

is unsure how much reliability concern it can cause.  Indeed, the measurements of theses 

small resistance increases were made possible by the good sensitivity of the in-situ 

Wheatstone bridge method but would have been impossible otherwise, especially by ex-

situ resistance measurements.  The small resistance increase due to this intrinsic SM 

mode found in narrow-line structures underscores that high tensile stresses alone cannot 

lead to significant SM without a good supply of supersaturated vacancies. 
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(c)                             (d) 
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Figure 4.5.  Temperature dependence of stress states of Cu in Cu/oxide interconnects.  
(a) in 0.44 µm wide lines (b) in Cu films (c) resulting hydrostatic stresses in 
lines and films (d) schematic of an interconnect line showing directions.  
The lines were 0.44 µm wide and 0.3 µm high.    
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 4.02  OXIDATION OF THE TA DIFFUSION BARRIER AS A CAUSE OF EXTRINSIC SM 

The integration of Cu metallization requires a diffusion barrier to prevent Cu from 

diffusing into the dielectric layers.  A potential concern of Ta diffusion barriers is their 

oxidation.  The thermal stability of Ta in film stack structures, e.g. Cu/Ta/SiO2/Si, has 

commanded a good deal of attention [91, 92].  The literature has revealed that a thin Ta 

(25 ~ 30 nm) layer in these film structures can be easily oxidized at elevated temperatures 

in vacuum of ~ 10-2 torr [93-96].  However, oxidation of the Ta diffusion barrier and its 

effect on the reliability of dual damascene Cu interconnects have not been investigated.  

Considering the affinity of Ta for oxygen, the oxidation of the Ta barrier of Cu 

interconnects deserves investigation.  From this section on, it will be discussed that the 

resistance increase due to oxidation of the Ta diffusion barrier can be one of the possible 

causes of the extrinsic SM of dual damascene Cu interconnects.  Dual damascene 

Cu/oxide, Cu/FSG, Cu/OSG, and Cu/porous low-k interconnects were HTS tested in 

vacuum (~ 1 torr), and air.   

 

4.03  EXTRINSIC SM BEHAVIORS FOUND IN EARLIER CU/OXIDE INTERCONNECTS 

In contrast to the intrinsic stressmigration, wide-line Cu/oxide structures exhibited 

more resistance increases than narrow-line structures did in a higher temperature range of 

290 ~ 350 °C.  Figure 4.6 presents resistance traces of Cu/oxide wide-line structures 

with 0.36 µm vias which were HTS conditioned in air in a temperature range from 180 

°C to 350 °C.  As clearly seen, the median resistance increase increased with 

temperatures.  From the linear relation between the resistance increase and the square 

root of time, it is known that the kinetics was also controlled by a diffusion mechanism as 

in the intrinsic SM.  This high temperature SM mode was significant in via-chain 

structures but negligible in lines structures without vias. 
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Figure 4.7.(a) compared the temperature dependence of the intrinsic SM and the 

high temperature SM.  The rate of the high temperature SM did not show a peak at an 

intermediate temperature, but continued to increase exponentially up to 350 °C, which 

was the temperature limit of the air ambient oven, with an activation energy of 1.0 eV.  

Because of the exponential dependence on temperatures, the rate became significant at 

high temperatures.  At 350 °C, the rate was four times as high as the peak rate of the 

intrinsic stressmigration.  Again in Figure 4.7.(a) and (b), it seems that unlike the 

intrinsic SM, the effect of the tensile stress which decreased with increasing temperature 

was not noticeable in the high temperature SM.  Considering the small effect of the 

tensile stress state, the driving force of the high temperature stressmigration should be 

extrinsic rather than the tensile stress of the Cu interconnects. 
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Figure 4.6.  Resistance traces of wide-line structures of Cu/oxide interconnects during 
HTS in air.  Temperatures are (a) 180 ° C, (b) 210 °C, (c) 240 °C, (d) 
260 °C, (e) 290 °C, (f) 320 ° C and (g) 350 ° C, respectively 
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Figure 4.7.  The temperature dependence of stressmigration rates.   
(a) ■:  the high temperature SM found in wide-line structures 

   ●:  the intrinsic SM found in narrow-line structures 
(b) The rate of the high temperature SM was exponential with temperatures 
with the activation energy of 1.0 eV.  R50; the median resistance increase  
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4.04  EXTRINSIC SM BEHAVIORS FOUND IN CU/FSG AND CU/OSG INTERCONNECTS  

While the intrinsic SM was found only in the earlier Cu/oxide interconnects, the 

extrinsic SM, i.e. high temperature SM, which was significant in a higher temperature 

range was found in Cu/FSG and Cu/OSG interconnects, too.  Wide-line structures of 

Cu/FSG and Cu/OSG interconnects with 0.19 µm via were HTS tested in air and in 

vacuum (~ 1 Torr) in the temperature range of 260 ~ 350 °C.  Results were analogous to 

those of Cu/oxide interconnects.  Figure 4.8.(a) shows resistance traces of Cu/OSG 

interconnects annealed in air at 325 °C.  Figure 4.8.(b) displays those of Cu/FSG 

interconnects measured in air at 350 ° C.  In all interconnects, the resistance increased 

linearly with the square root of time, suggesting that the kinetics was controlled by a 

diffusion mechanism.  As in Cu/oxide interconnects, these phenomena were different 

from the intrinsic behavior of stressmigration because the resistance increase did not 

show a peak at an intermediate temperature but continued to increase exponentially.  

Again, such a resistance increase was prominent only in via-chain structures, but 

negligible in line structures without vias.  Figure 4.8.(c) shows the temperature 

dependence of resistance increases over a temperature range during HTS tests.  Graph 

(i) in Figure 4.8(c) was measured from Cu/OSG interconnects annealed in air, (ii) from 

Cu/OSG in vacuum, and (iii) from Cu/FSG in air.  The activation energies obtained 

from the slope were 0.8, 0.7, and 1.0 eV, respectively.  Note that, the resistance increase 

measured in air was greater in Cu/OSG than in Cu/FSG by ~fifty fold.  Resistance of the 

Cu/OSG increased less in vacuum than in air by 50 %.  These results indicate that the 

dielectrics influenced the resistance increase more than the annealing atmosphere did in 

Cu/dense dielectric interconnects during HTS tests.   
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Figure 4.8.  (a) Resistance traces of Cu/OSG interconnects annealed in air at 325 °C, (b) 
those of Cu/FSG annealed in air at 350 °C, and (c) the temperature 
dependence of the resistance increase:  (i) Cu/OSG annealed in air, (ii) 
Cu/OSG annealed in vacuum and (iii) Cu/FSG annealed in air 
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4.05  CU/POROUS LOW K INTERCONNECTS; THE MOST VULNERABLE AGAINST THE 
EXTRINSIC SM DURING HTS  

For comparison, Cu/porous low-k wide-line structures with 0.175 µm via were 

HTS tested, and the resulting resistance increases were found to be the most prominent 

among the Cu interconnects employed in this study.  Cu/porous low-k interconnects 

were found to be susceptible to failure in HTS in air.  When the temperature was raised 

higher than 300 °C, most of the samples failed during the temperature ramping in air.  

They were prone to failure even in vacuum.  For example, Figure 4.9 displays the 

resistance increase of Cu/porous low-k interconnects annealed in vacuum (~ 1 Torr) at 

350 °C.   
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Figure 4.9.  Resistance traces of Cu/porous low-k interconnects during HTS in vacuum 
(~ 1 Torr) at 350 °C.  (a)  Sharp increases of the resistance from the early 
stage of the test.  (b)  They all failed with resistance increases to infinity 
after ~ 100 hrs of HTS. 
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Unlike Cu/FSG and Cu/OSG, the resistance increased sharply from the early stage 

of the experiment and samples finally failed electrically when the resistance increased to 

infinity after ~100 hours of testing.  At temperatures lower than 300 °C, resistances 

increased less rapidly and proportional to the square root of time, but they were still 

higher than those in Cu/FSG and Cu/OSG.  For example, resistance traces of Cu/porous 

low k interconnects, which were HTS tested in vacuum (~ 1 Torr) at 300 and 275 ° C, are 

presented in Figure 4.10.  The linear relation between resistance increases and the 

square root of time suggests that the kinetics was diffusion-controlled.  In the test 

temperature range of 250 ~ 300 °C, the activation energy could not be determined 

because of the poor reproducibility and sample-to-sample variations of Cu/porous low k 

interconnects.    
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Figure 4.10.  Resistance traces of Cu/porous low-k interconnects during HTS in vacuum 
(~ 1 Torr) at (a) 300 °C and (b) 275 °C.  Resistances increased linearly 
with square root of time but they were larger than those of Cu/dense 
dielectric interconnects such as Cu/oxide, Cu/FSG and Cu/OSG. 
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This observation emphasizes the susceptibility of Cu/porous low-k to the 

annealing atmosphere and its weakness during HTS. 

 

4.06  TEM/NANO-BEAM EELS FAILURE ANALYSES – OXIDATION OF THE TA 
DIFFUSION BARRIER AS A POSSIBLE CAUSE OF EXTRINSIC SM BEHAVIORS  

TEM micrographs in Figure 4.11. depicts (a) a failed Cu/porous low-k, and (b) a 

failed Cu/OSG interconnect after one week of HTS at 350 °C.  The Cu/porous low k 

was tested in vacuum (~ 1 Torr) and the Cu/OSG in air.  The samples were determined 

to have failed due to the resistance increase to infinity (a), and to ~10 Ω (b), respectively.  

There were no voids identifiable in the micrographs.  Instead, Ta barriers were found to 

have different atomic number contrasts.  In Figure 4.11.(a), the Ta barrier looks darker 

at the M1 and M2 bottom but appears lighter at the via sidewalls and the via bottom.  In 

Figure 4.11.(b), the Ta barrier looks darker at the M1 and the via bottom, but lighter at 

the via sidewalls, corners of the via bottom and M2 bottom.  Since the atomic number 

contrast is a function of atomic number, the lighter contrast signifies the incorporation of 

lighter elements during the HTS.  To further investigate the incorporation of lighter 

elements, nano-beam EELS was performed.  The beam size for the EELS analysis was 

1.0 nm or less.  The core loss EELS spectrum of the Ta barrier with lighter contrasts 

showed a peak at 530 eV (Figure 4.12.(a)), which was identified as an oxygen peak.  In 

the low loss EELS spectrum (Figure 4.12.(b)) on the same Ta barrier, there was a 

shoulder at 16 eV, which is characteristic of Ta oxide [97].  As a comparison, the low 

loss EELS spectrum of Ta barriers with darker contrasts does not show a shoulder at 16 

eV in Figure 4.12.(c).   
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Figure 4.11.  TEM micrographs of failed vias in (a) a Cu/porous low-k interconnect and 
(b) a Cu/OSG interconnect.  The resistances increased to infinity (a) and to 
~ 10 Ω (b) after one week of HTS at 350 °C in vacuum and in air.  No void 
is observed.   
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Figure 4.12  (a) a core loss EELS spectrum showing an oxygen peak at 530 eV, and (b) 
a low loss EELS spectrum with a shoulder at 16 eV that is characteristic of 
Ta oxide (c) a low loss EELS spectrum of the Ta diffusion barrier with 
darker contrasts does not show a shoulder at 16 eV. 

0 20 40 60 80 100

A
rb

tra
ry

 u
ni

t

energy loss (eV)

Shoulder  
at 16 eV 



 １０３

A High Angle Annular Dark Field (HAADF) STEM micrograph was taken to 

better observe the atomic number contrast.  Figure 4.13.(a) is the HAADF micrograph 

of a Cu/porous low k interconnect which exhibited a resistance increase of ~10 Ω during 

HTS in vacuum (~ 1 Torr) at 350 °C.  The contrast is reversed from TEM micrographs 

because it is a dark field image.  The contrast difference is clearer in this HAADF 

micrograph than those in Figure 4.11.  As observed in Figure 4.13.(a), Ta barriers look 

darker at via sidewalls and corners of the via bottom but appear lighter at M1 and M2 

trench bottoms. There were no voids identifiable in this micrograph, either.  The line 

scan of nano-beam core loss EELS spectra along the line 1 in Figure 4.13.(a) shows 

oxygen peaks at 530 eV as depicted in Figure 4.13.(b).  The oxygen peak in the spectra 

of the porous low k is due to the presence of oxygen in the porous low k dielectric.  

Figure 4.13.(c) exhibits a low loss EELS spectrum taken on the same Ta barrier at the via 

sidewall.  Similar with that in Figure 4.12.(b), a shoulder at 16 eV is observed and it was 

interpreted to be characteristic of the Ta oxide. 
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Figure 4.13  (a) HAADF STEM micrograph of a Cu/porous low k interconnect which 
had a resistance increase of ~ 10 Ω during HTS at 350 °C in vacuum, (b) a 
line scan of nano-beam core loss EELS spectra along the Line 1 in (a), (c) a 
low loss EELS spectrum taken at the same Ta barrier at the via sidewall 
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As shown in the above Figures 4.12 ~ 4.13, the core and low loss EELS results 

revealed the presence of oxygen in the Ta barrier and the formation of a chemical bond 

between oxygen and Ta.  No such peaks were found in the Ta barrier with darker 

contrasts in TEM micrographs, i.e. lighter contrasts in STEM micrographs, or the Ta 

barrier in fresh samples.  Therefore, all of the atomic number contrast of the TEM 

micrograph, core loss and low loss EELS analyses strongly suggests that the Ta barrier 

was partially oxidized during the HTS tests.  Again in Figure 4.13.(b), oxygen peaks at 

530 eV were observed on the porous low k dielectric and the Ta diffusion barrier, but was 

reduced on Cu, suggesting that it was not Cu but Ta that was oxidized.  The preferential 

oxidation of Ta to Cu is because of its higher affinity to oxygen [95].  The oxidation of 

the Ta barrier at the via sidewall, M1/M2 trench sidewall or trench bottom may not 

increase the resistance much.  But, if the oxidation reaches the Ta barrier at the via 

bottom as in Figure 4.10.(a), it should increase the resistance all the way to infinity by 

increasing the via contact resistance.  Schematics in Figure 4.14 demonstrate how 

oxidation of Ta diffusion barriers during HTS tests can increase the interconnect 

resistance.   

The resistance increase due to oxidation of the Ta diffusion barrier can be one of 

the causes of extrinsic SM of dual damascene Cu interconnects.  This can explain the 

exponentially increasing rate with temperature.  Since it has nothing to do with intrinsic 

stressmigration, the stress term should be absent in the kinetics.  As the electrical failure 

stems from the increase of the via contact resistance, it is most evident in the via-chain 

structures, but should be negligible in line structures without vias.  The linear 

dependence of the resistance increase on the square root of time can be explained, too.  

If the oxidation was limited by the diffusion of oxidizers, the kinetics should be square 
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root of time dependent.  The linewidth dependence of this mode cannot be readily 

explained by the Ta barrier oxidation.  The exponential resistance increase with 

temperature was better observed in wide-line structures than in narrow-line structures.  

However, the Ta barrier oxidation is not related to the linewidth.  One of possible 

explanations is the resistance decrease due to annealing effects at high temperatures.  It 

is known that Cu grains in narrow lines are smaller than those in wide lines [98, 99].  If 

the smaller Cu grain grows further during HTS tests, the resistance decrease due to the 

grain growth can offset the resistance increase caused by the Ta barrier oxidation, leading 

to smaller resistance increases in narrow-line structures.  This contention can be 

supported by the fact that the linewidth dependence was not observed when the resistance 

increased rapidly as in HTS of Cu/porous low-k interconnects at temperatures higher than 

300 °C.  Narrow line structures also exhibited sharp resistance increases as wide line 

structures did.  Figure 4.15 shows resistance traces of narrow-line test structures of 

Cu/porous low k interconnects with linewidth of 0.175 µm during HTS conditioning at 

350 °C.  As in wide-line test structures in Figure 4.9, the resistance increased rapidly 

from the beginning of the test and finally increased to infinity at ~100 hrs of the test.  It 

seems that the resistance increase due to the Ta barrier oxidation was much larger, 

overwhelming the resistance decrease due to annealing effects.   

Another possible explanation is the defects such as pinholes at the Ta diffusion 

barrier.  As porous low k structures are prone to defects at the barrier and it is difficult 

to deposit thin barrier well on porous dielectric, resulting Ta diffusion barrier can be also 

defective.  These defects in Ta barriers should be more in wide lines than in narrow 

lines, assuming the same probability of defect density.  The supply of oxidizers through 

the defects can oxidize Ta diffusion barrier and it can be more significant in wide lines.     
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K. Yin et al. [93-95] investigated the oxidation phenomenon of 25 ~ 30 nm thick 

Ta diffusion barrier layers in Cu/Ta/SiO2/Si film structures.  In their studies, Ta had a 

high affinity to oxygen such that Ta oxide was found to form even at room temperature.  

Oxygen was observed to be supplied from the annealing ambient through Cu grain 

boundaries which were fast diffusion paths for oxygen.  In this study, the influence on 

the Ta barrier oxidation of oxygen partial pressure in the annealing ambient was not 

significant in Cu/dense dielectric interconnects such as Cu/FSG, and Cu/OSG.  In these 

interconnects, it can be hypothesized that oxidizers for the Ta barrier were trapped or 

absorbed in interconnects during the fabrication processes before the HTS test.  Water 

absorption into low k and etching/photo resist residues can be good examples.  T. Shaw 

at al. [100] found that multiple plasma exposures made low k film more hydrophilic.  

This can explicate the preferential oxidation of the Ta diffusion barrier at the via 

sidewall.  In all samples tested in this study, oxidation of Ta was more serious at via 

sidewalls than at trench sidewalls and trench bottoms as demonstrated in Figure 4.11 ~ 

13.  The via level is usually more prone to plasma damage; the via level is exposed to 

plasma in etching and ashing (or PR stripping) steps whereas the trench level is exposed 

to plasma in etching step only.  With multiple exposures, it is more difficult to remove 

the moisture from the via level than from the trench level.  The absorbed moisture and 

etching/photo resist residue can accelerate the Ta diffusion barrier oxidation at the via 

sidewall 

In contrast to Cu/dense dielectric interconnects, the effect of oxidizers in 

annealing ambient on the Ta barrier oxidation was prominent in Cu/porous low-k 

interconnects.  This implies that some pores were interconnected, forming a fast 

diffusion path for oxidizers such as oxygen and water.  In addition, there is more 

etching/ashing damage on the porous low k dielectric.  It points that it is important to 



 １０８

control oxidizer content in annealing ambient to prevent the Ta diffusion barrier from 

being oxidized in Cu/porous low-k interconnects.   

The via contact resistance increase due to the Ta barrier oxidation at the via 

bottom can degrade the reliability of Cu interconnects.   The very high via contact 

resistance by the Ta barrier oxidation is clearly a problem.  An FIB micrograph in 

Figure 4.16 shows a via of Cu/OSG interconnects.  The via contact resistance was 

increased due to the Ta diffusion barrier oxidation such that it was failed even by the 

small AC sensing currents (< 0.1 MA/cm2) during a resistance measurement for 30 

seconds.  Although the via contact resistance does not increase to infinity, poor via 

contact can cause open-circuit type EM failures underneath the via when electron flow is 

from the via to M1 [101].    

 



 １０９

 

Figure 4.14  Schematics showing oxidation of Ta diffusion barriers during HTS tests.  
The oxidized Ta barriers at via bottoms can increase the resistance by 
increasing the via contact resistance.  
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Figure 4.15.  Resistance traces of narrow-line Cu/porous low-k test structures with 
linewidth of 0.175 µm during HTS in vacuum (~ 1 Torr) at 300 °C 
(a) as in wide-line structures, resistances increased rapidly from the 
beginning of the test (b) and increased to infinity at ~ 100 hrs of the test.  

 

 

Figure 4.16  FIB micrograph of a failed via of Cu/OSG interconnects.  The via 
resistance increased by oxidation of the Ta diffusion barrier such that it was 
failed by the small AC sensing current (< 0.1 MA/cm2) during resistance 
measurement for 30 seconds.  
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4.07  SUMMARY  

In this chapter, the resistance increase during HTS tests was investigated 

considering intrinsic SM and oxidation of the Ta diffusion barrier. 

In Cu oxide interconnects which were fabricated earlier than others, via-chain 

structures of narrow lines with linewidth comparable to the via size were found to exhibit 

intrinsic SM behaviors.  It exhibited the typical stressmigration behavior governed by 

two opposing factors of diffusivity of Cu and tensile stress of interconnects.  Stress-

induced voids were formed under the periphery of via, consistent with those reported in 

the literature.  The activation energy of 0.75 eV suggests that the diffusion path was also 

the Cu/capping layer interface as in EM.  It was further investigated that narrow M1 

lines gave rise to the intrinsic stressmigration behavior.  As the intrinsic SM was more 

prominent with narrow M1 lines, it was suggested that the high tensile stress of narrow 

M1 lines caused vacancies to migrate along the stress gradient toward under the 

periphery of the via, leading to the stress-induced voids.  In the literature, the 

supersaturated vacancy resulting from grain growth in wide lines was reported to be 

dominant in inducing SM phenomena.  In comparison, the tensile stress state of narrow 

lines was more dominant in this study as supersaturated vacancies were limited in 

number due to long enough annealing prior to testing.  However, based on the small 

resistance increase of the intrinsic SM mode in narrow-line structures, it was postulated 

that high tensile stresses alone cannot lead to significant SM without the supply of 

supersaturated vacancies 

While intrinsic SM was observed only in the earlier Cu/oxide interconnects, the 

resistance increase due to the extrinsic SM mode was commonly found in via-chain test 

structures of all interconnects during HTS tests.  The extrinsic SM mode was different 

from the intrinsic SM because the failure rate was exponential with temperatures and did 
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not exhibit a peak rate at an intermediate temperature.  Based on atomic number contrast 

of TEM micrographs, core loss and low loss nano-beam EELS analyses, the extrinsic SM 

was the result of oxidation of the Ta diffusion barrier.  The oxidation of Ta diffusion 

barriers at via bottoms can increase the resistance of via-chain test structures by 

increasing the via contact resistance.  In Cu/dense dielectric interconnects such as 

Cu/FSG, and Cu/OSG, oxidizers that were trapped or absorbed in interconnects during 

the fabrication processes oxidized Ta barriers more than those from the annealing 

ambient.  Water absorption into low k and etching/photo resist residues can be good 

examples.  However, the effect of oxidizers from the annealing ambient on the Ta 

barrier oxidation was prominent in Cu/porous low-k interconnects.  This implies that the 

porous low k structure was prone to process-induced damage, probably so that some 

pores were interconnected, forming a fast diffusion path for oxidizers such as oxygen and 

water.   

Among the interconnects used in this study, the Cu/porous low k interconnect was 

the most susceptible against the Ta diffusion barrier oxidation.   
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Chapter 5:   
Via failures driven by Cu out-diffusion through via sidewalls  

– via-to-line BTS and oxidation of Cu  

The fast diffusion of Cu in dielectrics between Cu interconnect lines can be a 

reliability concern as it can induce leakage currents, leading to the breakdown of 

dielectrics [14, 59, 61-64].  The time dependent dielectric breakdown (TDDB) is known 

to be accelerated by the drift of Cu ions in dielectrics under stressing electric fields and 

further prompted by the presence of oxidizers such as oxygen and water that can react 

with Cu to form Cu oxides [19, 20, 102].  Cu is a transition 3d metal and its diffusivity 

in Si and SiO2 is the highest among the transition elements [103].  It is a deep-level 

dopant in Si and forms several acceptor and donor levels with the band gap.  Those deep 

levels act as generation-recombination centers and can induce leakage currents [104].  

Consequently, in damascene architectures, Cu has to be encapsulated by Ta diffusion 

barriers and capping layers to be prevented from diffusing into dielectrics.  Failures to 

closely control this Cu diffusion can result in Cu contamination even in the fabrication 

process [105].   

Even with good encapsulation of Cu which prevents Cu contamination in process 

steps, it can diffuse out and drift into the dielectrics over time when stressed by electric 

fields and exposed to oxidizers. Usually, the Ta/capping layer interface and 

dielectric/capping layer interface are fast diffusion paths for Cu out-diffusion.  Most of 

Cu diffusion-induced BTS failures occur when Cu diffuses out through the Ta/capping 

layer interface and further drifts along the dielectric/capping layer interface [59, 61-64].  

In addition to the Ta/capping layer interface, defects in the diffusion barriers can serve as 

fast diffusion paths and expedite the Cu out-diffusion [72, 106-109].  From this point of 

view, Ta diffusion barriers at the via sidewall can become reliability concerns due to their 
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susceptibility to process-induced defects.  Because of the directional properties of PVD 

and high aspect ratio of vias, the integrity of the Ta diffusion barrier has been problematic 

at the via sidewall [1-3].  It is reported that the lifetime of via BTS can be orders of 

magnitude shorter than that of line BTS [72].  The poor integrity of Ta diffusion barriers 

at the via sidewall can also exacerbate the Cu out-diffusion caused by Cu oxidation in 

oxidizing annealing atmospheres.   

In this chapter, Cu out-diffusion through Ta diffusion barriers at the via sidewall 

and its effect on the reliability of dual damascene Cu interconnects will be investigated 

based on via-to-line BTS and Cu oxidation during HTS in air.  First, the effect on Cu 

out-diffusion of thickness and integrity of Ta diffusion barriers at via sidewalls will be 

addressed.  Second, the effect of porous low k and oxidizing annealing atmosphere will 

be detailed.   

 

5.01  CU DIFFUSION-DRIVEN BTS FAILURE MECHANISM  

Details of Cu ion diffusion into dielectrics can be accounted for in terms of 

conduction mechanisms.  It has been reported that the kinetic behavior of mobile ions is 

limited by Schottky [110, 111] or Poole-Frenkel effects [112].  Figure 5.1 presents 

energy diagrams demonstrating each of the effects.  
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(a) 

 

(b) 

 

Figure 5.1.  Conduction mechanisms of Cu ions in dielectrics  (a) Schottky type Cu ion 
diffusion into dielectrics.  The flux is limited by the Schottky emission of 
Cu ions from anodes.  (b) Poole-Frenkel type Cu ion diffusion into 
dielectrics.  The flux is limited by Cu ion drift through the ion traps which 
is known as Poole-Frenkel effects.  The y axis stands for the energy of Cu 
ions.     

 

Figure 5.1(a) illustrates that the Cu ion flux is limited by Cu ion emission from 

the anode due to the Schottky effect.  In Figure 5.1.(b), it is shown that the Cu ion flux 

is limited by the Cu ion drift through the ion traps in the dielectric due to Poole-Frenkel 

effect. 
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Such Cu ion diffusion and drift exacerbates BTS characteristics of Cu 

interconnects.  Although the Cu diffusion-driven BTS failure mechanism is not well 

understood at this time, it is generally proposed that the failure can be explained by a 

three-step degradation model [12, 62, 113, 114].  Figure 5.2 shows a typical leakage 

current profile of Cu interconnects under a BTS test.   

 

 

Figure 5.2.  A typical leakage current profile of Cu interconnects under BTS stressing.  
Three different stages are depicted.   

 

The first stage, denoted as stage I in Figure 5.2, is an incubation period with a 

decrease in leakage current.  The second (stage II) is a progressive breakdown period 

with a gradual increase of current.  The third (stage III) is a final catastrophic 

breakdown due to percolated metallic bridge formation.   

N. Suzumura et al. [62] reported that leakage currents are mainly due to the 

Poole-Frenkel emission before the BTS test.  In contrast, at the onset of BTS stressing, 

the positive potential of the anode ionizes neutral Cu atoms at the anode interface and 
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then injects the resulting Cu ions into dielectrics.  Among the Cu+ and Cu++ ions, the 

cuprous Cu+ ions are expected to be injected because the product of diffusivity and solid 

solubility of cupric Cu++ ions in SiO2 is insignificant compared with that of cuprous Cu+ 

[115].  The injected Cu ions can form electron traps at the deep level in dielectrics.  As 

Cu is a deeper trap than the existing traps [62], the leakage current gradually decreases 

with time in this stage I.  Another explanation for the current decay is that the space 

charge build-up by Cu ion [114] can establish an opposing field, reducing the ionic 

current.  F. Chen et al. [113] found that the Cu out-diffusion and the dielectric damage 

are negligible in the stage I.    

In the second stage (stage II), Cu ions are drifted through the dielectric/capping 

layer interface and begin to pile up near the cathode.  The accumulation of Cu ions can 

modify the conduction band around the cathode.  As a result of the modification, 

Fowler-Nordheim currents become the dominant mechanism for increase of the leakage 

current [62] as depicted in Figure 5.3.  The out-diffusion of Cu and dielectric damage 

become significant in this stage.  Finally, high local Cu concentration results in BTS 

failures.    
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Figure 5.3.  Energy band diagram illustrating Fowler-Nordheim tunneling of electrons. 
Accumulation of Cu ions at the cathode modifies the conduction band, 
leading to increase of Fowler-Nordheim tunneling electrons.  

 

Although there are contradicting theories regarding the details, the 

aforementioned dielectric degradation model clearly demonstrates that the diffusion and 

drift of Cu ions can degrade the BTS properties of the Cu interconnect.  S. Wong et al. 

[12] underscored the effect of Cu diffusion on BTS characteristics using two sets of test 

structures with Al and Cu gates.  The test structures with Al gates failed only by 

electronic leakage current while the ones with Cu gates could also fail by Cu diffusion.  

As expected, the ones with Cu gate exhibited the worse BTS behaviors.   
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 5.02  EFFECTS OF VIA SIDEWALL COVERAGE OF THE TA DIFFUSION BARRIER ON 
THE VIA-TO-LINE BTS 

Via-chain test structures of Cu/FSG interconnects were BTS tested to study the 

effect of the poor Ta diffusion barrier coverage at the via sidewall on the via-to-line BTS 

characteristics.  The via-chain test structures were described in detail in Chapter 2.  

Line-to-line BTS failures can usually stem from the Cu diffusion (or drift) along the 

dielectric/capping layer interface [59, 61-64].  However, since the lifetime of the via-to-

line BTS can be orders of magnitude shorter than that of the line-to-line BTS, the via-to-

line BTS failure can be attributed to different failure mechanisms [72]. 

Figure 5.4 presents a TEM micrograph of a fresh Cu/FSG interconnect.  As 

explained in Chapter 3, the step coverage of Ta diffusion barriers is not conformal in the 

Cu/FSG interconnects.  Without re-sputtering steps, the Ta diffusion barrier had poor 

coverage at via sidewalls with thickness of ~3 nm although it resulted in good coverage 

at M2 trench sidewalls with thickness of ~7 nm.  The barrier was uneven and as thin as 

1 nm at some points along the via sidewall.   

The test structure in Figure 5.4. is asymmetric about the center between the via-

chain and M2 lines.  Owing to this asymmetry, the test structure responds differently to 

electric field polarities.  If the M2 line is biased positively (+V) and the via-chain is 

ground (0 V), positive Cu ions can drift from the positive M2 line (+ V) to the ground 

via-chain (0 V).  In this case, Cu should diffuse though the Ta diffusion barrier at the 

M2 trench sidewall or Ta/capping layer interface at the M2 trench top corner before 

diffuses into dielectrics.  The reversed polarity reverses the direction of diffusion.  

Therefore, positive Cu ions will be drifted from the positive via-chain (+ V) to ground 

M2 lines (0 V).  In this case, since the Cu diffusivity can be higher at the thinner Ta 
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barriers at via sidewalls than at the thicker barriers at M2 trench sidewalls, the BTS 

lifetime can be reduced and polarity dependent.  In Figure 5.5, plotted were failure 

distributions of test results.  Single link via-chain test structures were tested in vacuum 

(~ 1 Torr) at 350 °C and 1.5 MV/cm.   

 

 

Figure 5.4.  TEM micrograph of a fresh Cu/FSG test structure.  Step coverage of Ta 
barriers is good at the M2 trench sidewall but poor at the via sidewall.  The 
dashed line is the center between the via-chain and the M2 line.  
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Figure 5.5.  Via-to-line BTS failure distributions of Cu/FSG interconnects.  Single via-
chain test structures were via-to-line BTS tested at 350 °C and at 1.5 
MV/cm in vacuum (~ 1 Torr).   
Electric field: ■ from via-chains (+ V) to M2 lines (0 V) 

          : ● from M2 lines (+ V) to via-chains (0 V) 

 

When the electric field was from via-chain (+ V) to M2 line (0 V), the t50 was 

22.2 hr.  Conversely, the lifetime increased to 178 hr with a reversed polarity.  Figure 

5.6.(a) exhibits TEM micrographs of a failed Cu/FSG interconnect by the polarity from 

the M2 line (+ V) to the via-chain (0 V).  It is observed that the BTS failure was caused 

by the Cu out-diffusion from M2 lines to via-chains.  The magnified image in Figure 

5.6.(b) signifies that Cu diffused out through the Ta/capping layer interface and drifted 

along the dielectric/capping layer interface.  It is consistent with the Cu diffusion-

induced BTS failure as reported in the literature.  In this case, as the Ta barrier at the M2 

trench sidewall was stronger and less permeable than the Ta/capping layer interface, Cu 
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diffused through the Ta/capping layer interface instead of the Ta diffusion barrier at the 

M2 trench sidewall.  Figure 5.7 shows FIB and TEM micrographs of a failed Cu/FSG 

interconnect by electric field from the via-chain (+V) to the M2 line (0 V).  Although 

the sample was damaged by Joule heating, the dielectric/capping layer interface was 

found to be intact.  Based on Joule heating damage, it seems that the damage began 

from the via.  This provides a good contrast to those in Figure 5.6 indicating a different 

failure mechanism.  This result suggests that Cu diffusion through the very thin and 

uneven Ta diffusion barriers at the via sidewall can be the cause of the latter failure 

mode.     

From the lifetime point of view, the failure by electric field from via-chains (+ V) 

to M2 lines (0 V) deserves more investigation because of the shorter lifetime.  The 

activation energy (Q) and the field acceleration factor (γ) were obtained using Cu/FSG 

via-chain test structures with 100 links.  They were via-to-line BTS tested in vacuum (~ 

1 Torr) under an electric field from via-chains (+V) to M2 lines (0 V) in a temperature 

range of 300 ~ 350 °C and in an electric field range of 1.25 ~ 1.75 MV/cm.  Figure 5.8 

shows failure distributions versus temperatures with an activation energy of 1.5 eV at the 

electric field of 1.5 MV/cm.  In Figure 5.9., the field acceleration factor (γ) was obtained 

as 4.8 at 350 °C.   
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 (a) 

 

(b) 

 

Figure 5.6.  (a) TEM micrograph of a failed Cu/FSG interconnect by electric field from 
M2 lines (+ V) to via-chains (0 V), (b) a magnified view depicting the Cu 
out-diffusion through the Ta/capping layer interface into the 
dielectric/capping layer interface
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    (a) 

 

(b) 

 

Figure 5.7. (a) FIB micrograph of a failed Cu/FSG interconnect by electric field from via-
chains (+ V) to M2 lines (0 V), (b) TEM micrograph of the same failure in 
above (a).  It is noticed that the dielectric/capping layer interface is intact. 
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Figure 5.8.  (a) Via-to-line BTS failure distributions of Cu/FSG via-chains with 100 
links.  They were tested at 1.5 MV/cm, in vacuum (~ 1 Torr) and in a 
temperature range of 300 ~ 350 ° C  (b) the activation energy was 
calculated from the slope as 1.5 eV at the electric field of 1.5 MV/cm. 
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Figure 5.9.  (a) Electric field dependence of via-to-line BTS failure distributions of 
Cu/FSG interconnects with 100 links.  They were tested in vacuum (~ 1 
Torr) at 350 °C.  (b) the field acceleration factor was calculated from the 
slope as 4.8 at 350 °C. 
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The results point to the effect of the Ta diffusion barrier coverage at the via 

sidewall on the via-to-line BTS.  The longer distance to reach the M2 line lowers the 

electric field at the via sidewall than at the M2 trench sidewall.  Even with this lower 

electric field, BTS failures still occurred at the via sidewall due to Cu out-diffusion.  

This indicates that the thin and uneven Ta diffusion barriers at via sidewalls were less 

protective and permeable to Cu out-diffusion, resulting in BTS failures with shorter 

lifetimes.  Based on the dielectric degradation mechanism and the Cu ion diffusion 

mechanism in Chapter 5.1, it can be postulated that the short BTS lifetime of Cu/FSG 

interconnects is the result of the high diffusivity of Cu through the thin and uneven Ta 

diffusion barrier at the via sidewall.  Diffusivity of Cu in Ta is low.  The diffusion 

constant of Cu in Ta has been measured by radiotracer study [75]; D0 = 9x10-4 cm2/sec, 

Ea = 2.3 eV at 400 ~ 700 °C.  However, the Ta barrier at the via sidewall was not 

effective in preventing Cu from diffusing because it was thin and uneven i.e. it was 

defective.  This underlines the importance of good step coverage of Ta diffusion barriers 

at via sidewalls.   

 

5.03  THE EFFECT OF PLASMA-DAMAGED LOW K AT THE VIA SIDEWALL ON VIA-TO-
LINE BTS OF CU INTERCONNECTS  

In order to study the effect of plasma-damaged low k at the via sidewall on via-to-

line BTS, Cu/OSG interconnects were employed in this section.  As detailed in Chapter 

3, step coverage of Ta diffusion barriers at via sidewalls was improved in Cu/OSG 

interconnects by advanced PVD processes such as barrier first and re-sputtering process.  

The step coverage was conformal and uniform with 7 ~ 9 nm thickness in the via and the 

trench.  Figure 5.10 exhibits a TEM micrograph of a Cu/OSG via-chain test structure 

used for via-to-line BTS tests.  The Cu/OSG interconnects had two variations as 
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explained in Figure 3.3.  One set of Cu/OSG interconnects was processed by 

unoptimized and aggressive via etching process, resulting in plasma damages on low k 

surfaces at the via sidewall.  Because of the plasma damage, Ta diffused into the low k 

during subsequent Ta deposition steps, forming diffusive Ta layers which was ~8 nm 

thick in the low k at via sidewalls.  Cu/Ta interface was not smooth and the barrier 

thickness was not uniform with thickness of 3 ~ 9 nm.  The other set of Cu/OSG 

interconnect was fabricated by optimum via etching process and so, Ta barriers were 

intact at the via sidewall.  

 

 

Figure 5.10.  A via-chain test structure of Cu/OSG interconnects used for via-to-line 
BTS tests.   

 

First, Cu/OSG interconnects with plasma damages at the via sidewall were via-to-

line BTS tested.  Single link via-chain test structure was tested in vacuum (~1 Torr) at 

350 °C and 1.5 MV/cm.  Figure 5.11 presents the test result.  When the polarity was 
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from the via-chain (+ V) to the M2 line (0 V), t50 was 257 hr.  With the reversed polarity 

from the M2 line (+ V) to the via-chain (0 V), t50 was 238 hr.  Considering the 

experimental errors, they are considered identical.  In comparison, the corresponding 

t50’s were 22.2 and 178 hrs, respectively, for Cu/FSG interconnects.  It is noticed that 

the lifetime under the polarity from via-chain (+ V) to M2 line (0 V) was improved to a 

point that it was comparable to t50’s obtained under the revered field.  
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Figure 5.11.  Via-to-line BTS failure distributions of single via-chain Cu/OSG 
interconnects with plasma damages at via sidewalls.  They were via-to-line 
BTS tested at 350 °C and at 1.5 MV/cm in vacuum (~ 1 Torr).   
Electric field: ■ from via-chain (+ V) to M2 line (0 V) 

          : ● from M2 line (+ V) to via-chain (0 V) 

 

The increase of the lifetime under the electric field from the via-chain (+ V) to 

M2 line (0 V) suggests that although the Ta diffusion barrier was not intact at the via 

sidewall because of the plasma-damaged low k, the improved step coverage with 

increased thickness was effective in retarding Cu out-diffusion.  Figure 5.12 shows a 

TEM and a STEM micrograph of a failed Cu/OSG interconnect with plasma-damages at 
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the via sidewall.  As clearly seen, the failure was due to Cu out-diffusion through the 

ruptured Ta diffusion barrier at the via sidewall.  It is the same failure mechanism 

observed in Cu/FSG interconnects.  But the improved step coverage and increased 

thickness at via sidewalls slowed down the out-diffusion of Cu and increased the BTS 

lifetime more than one order of magnitude i.e. from 22.2 hr to 258 hr.  The failure 

caused by the reversed polarity was due to the Cu-out diffusion along the 

dielectric/capping layer interface which was same as in Cu/FSG interconnects. 
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(a) 

 

(b) 

 

Figure 5.12.  (a) TEM micrograph of a failed Cu/OSG interconnect with plasma 
damages at via sidewalls.  It is observed that Cu diffused out through 
ruptured Ta barriers at via sidewalls.  (b) magnified STEM micrograph of 
the ruptured via sidewalls.   

 



 １３１

TEM micrographs in Figure 5.12 emphasizes the importance of the integrity of Ta 

diffusion barriers at via sidewalls.  Although the lifetime increased more than one order 

of magnitude, the failure still occurred at via sidewalls.  The distance to reach the M2 

lines lowers electric field at the via sidewall.  If the distance is 1.5 times longer at via 

sidewalls than at M2 trench sidewalls and if the field acceleration factor (γ) is assumed to 

be 4.7 as obtained from Cu/FSG interconnects, then the E-model gives the following 

estimation of lifetime.   

 

lifetime of via/life time of M2 trench = 5.10
)17.4exp(
)5.17.4exp(

=
×

×         (5.1) 

 

It means that if Ta barriers at via sidewalls are as intact as at M2 trench sidewalls, 

the lifetime can be 10.5 times longer at via sidewalls than at trench sidewalls.  

Therefore, failures would occur at the trench sidewall or at the dielectric/capping layer 

interface.  However, as observed in Figure 5.12, the Ta barriers at via sidewall were 

ruptured, leading to Cu out-diffusion and BTS failures.  It is because Ta barriers were 

weakened and less protective than they were supposed to be due to the poor integrity 

caused by plasma-damaged low k at via sidewalls.   

This Cu/OSG interconnects with plasma damages were further BTS tested to 

investigate the temperature and the electric field dependence.  Via-chain structures with 

100 links were tested under the polarity from the via-chain (+ V) to the M2 line (0 V) in 

vacuum (~ 1 Torr) in a temperature range of 300 ~ 350 °C and in an electric field range 

of 1.25 ~ 1.75 MV/cm.  Figure 5.13.(a) shows the temperature dependence of the via-to-

line BTS failure at 1.5 MV/cm tested.  The activation energy was obtained from the 

slope as 1.1 eV in Figure 5.13.(b).  Figure 5.14. shows the electric field dependence of 

the via-to-line BTS failure distributions at 350 °C.  



 １３２

(a)                             (b) 

10 100 1000
-3

-2

-1

0

1

time to failure (hr)

W
ei

bu
ll 

di
st

rib
ut

io
n 350°C 325 °C 300 °C

17 18 19 20 21 22
3.5

4.0

4.5

5.0

5.5

6.0

ln
(t5

0)

1/kT

Q = 1.1 eV

 

Figure 5.13.  (a) Temperature dependence of via-to-line BTS failure distributions.  
Via-chains with 100 links of the plasma damaged Cu/OSG interconnect 
were tested at 1.5 MV/cm in a temperature range of 300 ~ 350 ° C in 
vacuum (~ 1 Torr) (b) the activation energy was calculated from the slope as 
1.1 eV at the electric field of 1.5 MV/cm 
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Figure 5.14.  Electric field dependence of via-to-line BTS failure distributions. Via-
chains with 100 links of the plasma damaged Cu/OSG interconnect were 
tested at 350 ° C in an electric field range of 1.25 ~ 1.75 MV/cm in vacuum 
(~ 1 Torr)  
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5.04  VIA-TO-LINE BTS RESULTS FOR INTACT TA DIFFUSION BARRIER  

Cu/OSG interconnects without plasma damages at via sidewall were via-to-line 

BTS tested.  Via-chains with 100 links were tested at 1.5 MV/cm in a temperature range 

of 300 ~350 ° C in vacuum (~ 1 Torr).  Figure 5.15 shows the temperature dependence 

of via-to-line BTS failure distributions.  The activation energy was obtained as 1.4 eV at 

1.5 MV/cm.  Graph (i) in Figure 5.15.(b) represents lifetimes and activation energy of 

Cu/OSG interconnects without plasma damages.  For comparison, temperature 

dependence of Cu/OSG interconnects with plasma damage was plotted in graph (ii) in 

Figure 5.15.(b).  It is noticed that Cu/OSG interconnects without plasma damages had 

longer lifetimes and higher activation energy.  Based on their superior lifetimes and a 

activation energy, they should be preferred to the other set of Cu/OSG interconnects with 

plasma damages at via sidewalls.   
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Figure 5.15.  Temperature dependence of via-to-line BTS failure distributions.   
(a) Via-chains with 100 links of Cu/OSG interconnects without plasma 
damages were tested at 1.5 MV/cm in a temperature range of 300 ~ 350 ° C. 
(b) comparison of lifetimes and activation energies of both sets of Cu/OSG 
interconnects.  (i) Cu/OSG without plasma damages, (ii) Cu/OSG with 
plasma damages 

 

Figure 5.16.(a) shows an FIB micrograph of a failed Cu/OSG interconnect 

without plasma damages at via sidewall.  It was via-to-line BTS tested at 350 °C and at 

1.5 MV/cm under the polarity from the via-chain (+ V) to the M2 line (0 V).  The 

hollow area in the micrograph is the result of a Joule heating damage.  This interconnect 

was made into a TEM sample around the dotted line in the micrograph.  The resulting 

TEM micrograph in Figure 5.16.(b) depicts the failure.  Although it was damaged by 

Joule heating, it shows that Cu did not diffuse out through the via sidewall but along the 

dielectric/capping layer interface.  It is a different failure mechanism from that was 
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observed in Cu/OSG interconnects with plasma damages at via sidewall.  In this set of 

Cu/OSG interconnects, the intact Ta diffusion barrier on plasma damage-free low k 

surface at via sidewalls was more protective, resulting in Cu out-diffusion through the 

Ta/capping layer interface.  This different failure mechanism can account for the 

increased lifetime and the higher activation energy shown in Figure 5.15.  These results 

underscore the adverse effect of plasma-damaged low k at the via sidewall on the 

reliability of Cu interconnects.  It can be concluded that the improved integrity of Ta 

diffusion barriers achieved by intact low k at via sidewalls is critical to the via-to-line 

BTS behavior of dual damascene Cu interconnects.  
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(a) 

 

(b) 

 

Figure 5.16.  (a) FIB micrograph of a failed Cu/OSG interconnect without plasma 
damages at via sidewalls.  The electric field was from the via-chain (+ V) 
to the M2 line (0 V).  (b) the failed interconnect was made into a TEM 
sample around the dotted line in (a). Cu diffusion along the 
dielectric/capping layer interface was observed.  
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5.05  VIA-TO-LINE BTS OF CU/POROUS LOW K INTERCONNECTS  

Cu/porous low k interconnects were via-to-line BTS tested to investigate the 

effect of porous low k dielectrics on BTS behaviors.  Via-chain test structures with a 

single link or 100 links were tested in vacuum (~ 1 Torr) in a temperature range of 300 ~ 

350 °C and in an electric field range of 0.75 ~ 1.25 MV/cm.  Figure 5.17 shows a TEM 

micrograph of a fresh Cu/porous low k interconnect used in this study.  As the barrier 

was processed using a re-sputtering process, it was conformal at the via sidewall and at 

the via bottom with thickness of 5 ~ 7 nm.  Figure 5.18 presents a failure distribution of 

via-to-line BTS tests.  

 

 

Figure 5.17.  TEM micrograph of a fresh Cu/porous low k interconnect.  Because of re-
sputtering processes, Ta barriers are conformal at via sidewalls and at via 
bottoms with thickness of 5 ~ 7 nm.  
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Figure 5.18.  Comparison of failure distributions of Cu/porous low k and Cu/FSG 
interconnects.  They were via-to-line BTS tested at 350 °C and at 1.0 
MV/cm under the polarity from via-chains (+ V) to M2 lines (0 V).  

 

Via-chain structures with a single link were tested at 350 °C and at 1.0 MV/cm 

under the polarity from the via-chain (+ V) to the M2 line (0 V).  They were compared 

with Cu/FSG interconnects tested under the same test condition.  The t50 of Cu/porous 

low k interconnect was 42.4 hr while the t50 of Cu/FSG interconnects was 130 hr.  Since 

the lifetime of Cu/FSG interconnects was shorter than that of Cu/OSG interconnects, this 

assures that Cu/porous low k had the shortest lifetime among the interconnects used in 

this study.  Figure 5.19 shows a TEM micrograph of a failed Cu/porous low k.  
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Figure 5.19. TEM micrograph of a failed Cu/porous low k interconnect.  It was tested at 
350 °C and at 1.0 MV/cm under the polarity from the via-chain (+ V) to the 
M2 line (0 V).  Two distinctive features are observed.  (i) breakdown of 
Ta diffusion barriers at via sidewalls (ii) nano-sized Cu particles along the 
lower interface of the dielectric/etch stop layer 
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There are two distinctive features in Figure 5.19.  First, the onset of the Ta 

barrier breakdown is observed at via sidewalls as denoted at position (i) in Figure 5.19.  

Ta diffusion barriers began to break down by extruding into dielectrics at both via 

sidewalls.  Figure 5.20.(a) shows a magnified micrograph of the extrusion on the right 

via sidewall.  The extrusion raised above the Ta diffusion barrier was identified as Cu.  

Figure 5.20.(b) is a nano-beam EELS spectrum taken at the extrusion.  The peak at 930 

eV is Cu L edge.  These results conform that it was the moment Cu was about to diffuse 

out through the Ta diffusion barrier at the via sidewall.  The other feature is denoted at 

position (ii) in Figure 5.19.  The lower etch stop layer interface looks darker in the 

micrograph.  It is more obvious in the magnified micrograph in Figure 5.21.(a) where 

small black dots are seen along the lower etch stop layer interface.  The high resolution 

micrograph in Figure 5.21.(b) exhibits the nano-sized crystalline particle which was also 

identified as Cu in EELS analysis.  It is known that Cu ions which diffuse into 

dielectrics can recombine with electrons to form Cu neutrals.  It seems that the lower 

interface of etch stop layer was a fast diffusion path of Cu ions.   

In this study, the via-to-line lifetime of Cu/porous low k interconnect was the 

shortest among all the interconnects although the Ta diffusion barrier was conformal at 

via sidewalls.  It underscores the difficulty of processing good Ta diffusion barriers on 

porous low k dielectrics [106-109].   
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(a) (b) 

  

Figure 5.20. (a) Magnified TEM micrograph of the Ta barrier breakdown in Figure 5.19.  
An extrusion is seen in the circle.  (b) the extrusion in the circle was 
identified as Cu as evidenced by Cu L edge at 930 eV in the nano-beam 
EELS analysis.  

(a)                                (b) 

  

Figure 5.21. (a) Magnified TEM micrograph of the nano-sized Cu particles along the 
lower interface of etch stop layer.  Black dots are seen at the interface.  
(b) high resolution image of the nano-sized Cu particle.  It is ~ 4 nm in 
size.  
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Generally, it is difficult to maintain good integrity of very thin films deposited on 

the surface of porous materials.  They are more susceptible to process-induced defects 

than those on dense dielectrics.  Even if the integrity is good, the porous material cannot 

strongly support the barrier layer because of its weak mechanical properties.   

A defect issue that can accelerate Cu out-diffusion through the via sidewall can be 

the presence of oxidizers in porous low k dielectric.  Oxidizers can be absorbed into 

porous low k during fabrication steps and can be supplied more from the annealing 

ambient during testing.  As detailed in Chapter 4.06, multiple plasma exposures can 

make low k film more hydrophilic [100].  Due to multiple exposures, it is more difficult 

to remove the moisture from the via level than from the trench level.  Trapped oxidizers 

as well as those supplied from the annealing ambient can oxidize Cu through the 

following electrochemical reaction [110].  

 

CunO + H2O → Cu(OH)n →Cun+ + n(OH-)                         (5.2) 

 

where n = 1 or 2.  B. G. Willis et al. [102] observed that chemically oxidized Cu 

in the above reaction can act as a source of Cu ions that can diffuse into dielectric and 

drift along the electric field.  They proposed four possible mechanisms of electric field-

assisted Cu transport in dielectric materials.  The first mechanism is thermal diffusion of 

neutral Cu atoms into dielectrics.   

 

Cu (in metal) → Cu (in dielectrics)                               (5.3) 

 

The second is ionization of Cu through the following re-dox reaction. 
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2Cu + SiO2 → Si + 2CuO                                       (5.4) 

 

The third is ionization of Cu at the anode by electric field. 

 

Cu → Cun+ +n e-                                               (5.5) 

 

The fourth is ionization of Cu by chemical oxidation as represented in equation 5.2.  

They emphasized that the transport mechanism is much faster in the presence of oxidizers 

due to chemical oxidation.  In Chapter 4, it was addressed that Cu/porous low k 

interconnects are the most susceptible to oxidation of Ta diffusion barriers at the via 

sidewall.  Likewise, Cu can be prone to oxidation at the via sidewall of Cu/porous low k 

interconnects, resulting in oxidation and out-diffusion of Cu.  This chemically activated 

Cu out-diffusion through the via sidewall can reduce lifetimes of via-to-line BTS.  The 

oxidation issue should be more serious in Cu/porous low k interconnects than in 

Cu/dense dielectric interconnects because it is easier for oxidizers to be absorbed into 

pores.   

Cu/porous low k interconnects with 100 links were further investigated by via-to-

line BTS to obtain the activation energy and the field acceleration factor.  The test 

condition was 300 ~ 350 °C and 0.75 ~ 1.25 MV/cm.  Figure 5.22 presents the results.  

The temperature dependence is shown in Figure 5.22.(a).  At an electric field of 1.0 

MV/cm, the failure distributions could not be distinguished in the temperature range of 

300 ~ 350 °C.  It seems that statistics was poor and the activation energy was low such 

that they did not make significant differences in the temperature range.  Figure 5.22.(b) 

and (c) depicts the electric field dependence of via-to-line BTS failure distributions.  

The field acceleration factor was 3.9 as shown in Figure 5.22.(c).
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Figure 5.22. (a) Temperature dependence of via-to-line BTS failure distribution of 
Cu/porous low k interconnects.  Via-chain structures with 100 links were 
tested at 1.0 MV/cm.  (b) electric field dependence of via-to-line BTS 
failure distribution.  Test temperature was 350 °C. (c) the electric field 
acceleration factor was calculated from the slope as 3.9.   
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5.06  THE EFFECT OF OXIDIZING ATMOSPHERE ON VIA-TO-LINE BTS  

  The effect of oxidizing atmosphere on via-to-line BTS was studied using 

Cu/OSG interconnects with plasma damages at via sidewalls and Cu/porous low k 

interconnects.  Via-to-line BTS tests were conducted in vacuum (~ 1 Torr) and in 0.1 

atm air under a filed from the via-chain (+ V) to the M2 line (0 V).  Figure 5.23 displays 

the test results.   
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Figure 5.23.  via-to-line BTS failure distributions tested in ●: vacuum (~ 1 Torr) and in 

□: 0.1 atm air.  The field was from the via-chain (+ V) to the M2 line (0 
V) 
(a) Failure distributions of plasma damaged Cu/OSG interconnect with 
single link tested at 350 °C and at 1.5 MV/cm  
(b) Failure distributions of Cu/porous low k with single link at 350 °C and at 
1.0 MV/cm 

 

In Figure 5.23.(a), compared are the via-to-line BTS failure distributions of 

Cu/OSG interconnects with plasma damages at the via sidewall.  Single link via-chain 
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structures were tested at 350 °C and at 1.5 MV/cm.  t50 measured in vacuum (~ 1Torr) 

was 257 hrs while that measured in 0.1 atm air was 74.8 hr.  The lifetime was reduced 

by 70 %.  Figure 5.23.(b) presents the failure distributions of Cu/porous low k 

interconnects.  Test condition was 350 °C and 1.0 MV/cm.  It is noticed that 30 % of 

the samples failed instantly.   

These results confirm that oxidizers from the annealing ambient such as oxygen 

and moisture can accelerate the Cu out-diffusion through the Ta diffusion barriers at the 

via sidewall.  This underscores good control of oxidizers in operating condition. 

 

5.07  CU OUT-DIFFUSION DRIVEN BY CU OXIDATION DURING HTS IN AIR  

In this study, the Ta diffusion barrier at the via sidewall of Cu/porous low k 

interconnects was the weakest against Cu out-diffusion as underlined in section 5.04.  

When Cu/porous low k interconnects were HTS-tested in vacuum (~1 Torr), Cu was 

often observed to diffuse out through the Ta diffusion barrier at the via sidewalls whereas 

Cu out-diffusion through the diffusion barrier at the M1 or M2 trench sidewall was 

negligible.  The TEM micrograph in Figure 5.24.(a) shows a via of a Cu/porous low k 

interconnect.  It was annealed at 350 °C in vacuum (~ 1 Torr) for one week during 

which some of Cu in the via out-diffused through the Ta diffusion barrier at the via 

sidewall.  To accelerate the Cu out-diffusion, Cu/porous low-k via-chain structures with 

100 links were HTS-tested in air.  Figure 5.24.(b) shows a via, which failed in HTS test 

in air at 250 °C for 60 hrs.  During annealing in air, excessive Cu diffused out through 

the Ta diffusion barrier at via sidewalls, and an open circuit failure occurred in the via. 
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            (a) 

 

(b) 

 

Figure 5.24  TEM micrographs showing Cu out-diffusion through the Ta diffusion 
barrier at the via sidewall in Cu/porous low- k, (a) annealed in vacuum (~ 1 
Torr) at 350 °C for one week, (b) annealed in air at 250 °C for 60 hrs 
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A resistance trace of Cu/porous low k is plotted in Figure 5.25.(a).  The step 

increase in the resistance trace was due to an open circuit formation in vias.  Figure 

5.25.(b) shows the failure distribution of Cu/porous low-k interconnects with 0.125, and 

0.175 µm vias during HTS test in air at 150 °C.  For both vias, lifetimes were relatively 

short, considering the low annealing temperature; failures occurred as early as 30 hrs at 

the temperature of 150 °C which is only ~ 50 °C above the normal operating temperature.  

This indicates that Cu out-diffusion through via sidewalls was fast even without the 

stressing electric field.  The activation energy was calculated to be 0.59 eV (Figure 

5.26), which was similar to the value stated in the literature [19, 20].   

C. Kim et al. [19, 20] reported a similar failure mechanism of Cu/porous low k 

interconnects arising from Cu oxidation.  Unlike bulk oxidation, Cu was found to 

diffuse from interconnects to porous dielectrics before reacted with oxidizers and 

formed oxides.  They suggested that out-diffusion of Cu was faster than in-diffusion of 

oxidizers, which resulted in void formation in interconnects.  It seems that chemical 

potential reduction for Cu oxide formation is large enough to drive Cu out-diffusion 

through the Ta diffusion barrier.   

Afore results signify that when the Ta diffusion barrier at the via sidewall is weak 

and oxidizers are available, the Cu/porous low k interconnect can fail by Cu-out diffusion 

driven by Cu oxidation even in the absence of stressing electric field.  It points to a good 

control of annealing atmosphere to prevent the failure by Cu out-diffusion in Cu/porous 

low k interconnects.   
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Figure 5.25.  (a) resistance trace of a Cu/porous low-k interconnect with 0.175 µm via 
during HTS test in air at 200 °C  (b) failure distributions of Cu/porous low-

k interconnects during HTS test in air at 150 °C,   - 0.12 5 µm via, • - 
0.175 µm via 
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Figure 5.26.  Temperature dependence of lifetimes of Cu/porous low-k interconnects 
with 0.125 µm vias during HTS test in air.  The activation energy was 
obtained as 0.59 eV.  
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5.07  SUMMARY  

In this chapter, via failures caused by Cu out-diffusion through the Ta diffusion 

barrier at the via sidewall was studied in terms of via-to-line BTS and Cu oxidation.   

In Cu/FSG interconnects with poor coverage and reduced thickness of Ta 

diffusion barriers at via sidewalls, lifetimes were more than one order of magnitude 

shorter by the electric field from the via-chain (+ V) to the M2 line (0 V) than by the 

reversed field.  This lifetime difference was the result of different BTS failure 

mechanisms.  When the filed was from the M2 line (+ V) to the via-chain (0 V), BTS 

failures occurred by Cu out-diffusion along the dielectric/capping layer interface rather 

than through the Ta barriers owing to the good coverage of the barrier at the M2 trench 

sidewall.  In contrast, under the reversed electric field, BTS failures were induced by Cu 

out-diffusion through the thin and uneven Ta diffusion barriers at via sidewalls as the 

diffusion barrier was less protective and permeable.   

Via-to-line BTS lifetimes were improved in Cu/OSG interconnects which had 

improved Ta diffusion barrier coverage at via sidewalls.  Even with non-intact Ta 

diffusion barriers deposited on the plasma-damaged low k at via sidewalls, the lifetime 

under the field from the via-chain (+ V) to M2 line (0 V) increased more than one order 

of magnitude from that of Cu/FSG interconnects.  The improved Ta barrier coverage at 

the via sidewall retarded Cu out-diffusion through it and increased the lifetime.  Unlike 

Cu/FSG interconnects, the polarity dependence was not observed.  

When the dielectric was plasma damage free and the Ta diffusion barrier was 

intact at the via sidewall in Cu/OSG interconnects, the Cu-diffusion through the via 

sidewall was suppressed.  In this case, the Ta diffusion barrier was improved to a point 

that most of failures resulted from Cu out-diffusion along the dielectric/capping layer 

interface. 
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Cu/porous low k was the weakest against the via-to-line BTS.  The Ta diffusion 

barrier at the via sidewall was the least protective among the interconnects used in this 

study.  Although the barrier coverage was good in the via, Ta barriers were weak 

because of the porous dielectric.  Porous dielectric is more susceptible to process-

induced defects and cannot support the barrier owing to its poor mechanical strength.  It 

was hypothesized that absorbed oxidizers into porous low k at the via sidewall prompted 

the oxidation and out-diffusion of Cu, resulting in reduction of via-to-line BTS lifetimes 

of Cu/porous low k interconnects.   

Weak Ta diffusion barriers at via sidewalls of Cu/porous low k interconnects led 

to excessive Cu out-diffusion when annealed in air even in the absence of stressing 

electric field.  The oxidation of Cu by oxidizers from the annealing ambient gave rise to 

Cu out-diffusion.  The Cu-out diffusion yielded open circuit failures in vias with 

relatively short lifetimes.  The results suggest that the poor via-to-line BTS properties of 

Cu/porous low k interconnect can be even worsened by this Cu out-diffusion caused by 

Cu oxidation.   
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Chapter 6:  Summary and future work 

6.01.  SUMMARY  

Vias are the weakest part of dual damascene Cu interconnects dictating structural 

integrity and reliability.  Their lifetimes can be shorter than those of trench lines by 

orders of magnitude but relevant failure mechanisms are not well understood.  Usually, 

most of intrinsic and extrinsic problems of dual damascene Cu interconnects are more 

aggravated in vias than in trench lines.  Intrinsically, the small failure volume of vias 

can be the main cause of via reliability issues.  Extrinsic factors such as process-induced 

defects caused by process complexities of the via can further deteriorate the nature of via 

failures.  In this work, reliability and integrity of the via of dual damascene Cu 

interconnects have been investigated using electromigration (EM) early failure, high 

temperature storage (HTS), and via-to-line biased temperature stressing (BTS).   

In an attempt to study the EM early failure, statistical approaches using multi-link 

test structures combined with Monte Carlo simulation were employed.  The major 

causes of EM early failures were observed to be reduced thickness and rough surfaces of 

the Ta diffusion barrier at via sidewalls.  The EM early failure due to via voiding was 

the result of void formation at the Cu/Ta interface at the via sidewall, where Ta was very 

thin.  No void was observed at the Cu/Ta interface in the trench line, where Ta was 

thicker and even.  Therefore, the preferential void formation suggests that the very thin 

Ta diffusion barrier was defective and diffusion of Cu was fast along the interface of 

Cu/thin Ta at the via sidewall.  In comparison, even with increased thickness of the Ta 

diffusion barrier at the via sidewall, the early failure was induced by fast void shift from 

the cathode end down to the via bottom in Cu/OSG interconnects.  This strong mode 

induced early failure was dominant when the Ta diffusion barrier possessed rough 
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surfaces at the via sidewall because it was deposited on plasma-damaged low k.  During 

deposition, Ta diffused into the plasma-damaged low k and Cu/Ta interface was rough.  

When low k dielectric was not plasma-damaged and Cu/Ta interface was smooth, strong 

mode-induced early failures were suppressed.  Therefore, it seems that process-induced 

defects related with rough surfaces of Ta were the main cause of strong mode-induced 

early failures.  The results suggest that the Ta diffusion barrier should be thick and 

smooth at the via sidewall to suppress the EM early failures.   

The resistance of dual damascene Cu interconnects was found to increase during 

HTS tests.  The increase was explicated in terms of intrinsic SM and the Ta diffusion 

barrier oxidation.  The intrinsic SM was the typical stressmigration behavior governed 

by two opposing factors; diffusivity of Cu and tensile stress of interconnects.  It was 

observed that narrow M1 lines gave rise to the intrinsic stressmigration behaviors.  As 

the intrinsic SM was more prominent with narrow lines than with wide lines, it was 

postulated that the mechanism was more dominated by high tensile stress of narrow lines 

than by vacancy sources of wide lines when supersaturated vacancies were limited in 

number.  However, based on the small resistance increase of this intrinsic SM mode, it 

was concluded that high tensile stresses alone could not lead to significant SM; a good 

number of supersaturated vacancies must also be present.  The extrinsic SM mode was 

different from the intrinsic SM in that the failure rate was exponential with temperature 

without exhibiting a peak rate at a certain temperature.  According to atomic number 

contrast of TEM micrographs and core loss and low loss nano-beam EELS analyses, the 

mechanism of extrinsic SM was oxidation of the Ta diffusion barrier.  Oxidation of Ta 

diffusion barriers at via bottoms can increase the via contact resistance and thus the 

resistance of via-chain test structures.  Oxidizers absorbed into low k during fabrication 

steps as well as the ones from the annealing ambient oxidized the Ta diffusion barrier in 
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HTS.  Among the interconnects used in this study, the Cu/porous low k interconnect 

was the most susceptible to the Ta diffusion barrier oxidation. 

Via failures caused by Cu out-diffusion through the Ta diffusion barrier at the via 

sidewall was studied in terms of via-to-line BTS and Cu oxidation.  Generally, Cu 

diffusion-induced BTS failures has been ascribed to Cu out-diffusion through the 

Ta/capping layer interface and drift along the dielectric/capping layer interface.  

However, when the Ta diffusion barrier was weak at the via sidewall, fast out-diffusion 

of Cu through the barrier significantly reduced the BTS lifetime.  It was postulated that 

Ta diffusion barrier should possess good integrity in addition to good step coverage at the 

via sidewall in order to retard Cu out-diffusion and increase the BTS lifetime.  Among 

the sample evaluated, Cu/porous low k was the weakest against the via-to-line BTS and 

oxidation of Cu.  The Ta diffusion barrier at the via sidewall was the least protective.  

Although the barrier coverage was good in the via, Ta barriers were weak because of the 

porous dielectric underneath them.  Porous dielectric was more susceptible to process-

induced defects and could not support the barrier owing to its poor mechanical strength.  

It was hypothesized that oxidizers absorbed into porous low k at the via sidewall 

accelerated oxidation and out-diffusion of Cu, reducing via-to-line BTS lifetimes of 

Cu/porous low k interconnects.   

EM, SM and BTS results all make the point that process-induced defects caused 

by process complexities of the via were the main cause of via failures.  The via 

reliability will be more critical in the future as continued reduction of feature sizes make 

the defect-induced issues to loom more profound.   

6.02.  FUTURE WORK  

Defect-dominant reliability of the via in dual damascene Cu interconnects 

deserves further scrutinizing.  In addition, relevant failure mechanisms should be 
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elucidated in order to suppress, and if possible, eliminate occurrence of via failures.   In 

this sense, this work can be further supplemented by the following studies.   

As described in Chapter 3, although the Cu/capping layer interface is the fast 

diffusion path of EM-induced mass transport, microstructural issues in vias are also 

important in determining the EM lifetimes.  J. A. Nucci et al. [116, 117] reported that 

local texture can affect EM voiding due to texture-dependent diffusivity of Cu.  

Microstructural issues of Cu in vias can result in strong mode-induced early failures and 

deserve further investigation.  A convergent electron beam technique and electron 

backscattering diffraction (EBSD) will be useful for this study.  

In Chapter 5, it was highlighted that the out-diffusion of Cu driven by electric 

field and chemical oxidation reduced the via-to-line BTS lifetime.  However, exact 

mechanisms of dielectric breakdown were largely unexplored.  The low k dielectric can 

breakdown by electronic leakage current and further accelerated by Cu out-diffusion.  

The nature of breakdown phenomenon is complex because the electronic leakage current 

and Cu out-diffusion are inter-related and difficult to separate.  The dielectric 

breakdown process is further complicated by process-induced defects.  In order to 

simplify this problem, it is recommended that basic properties of metal-insulator-

semiconductor (MIS) structures be studied using high sensitivity C-V measurements.  It 

will help differentiate the relevant breakdown mechanisms such as electron hopping, 

Schottky emission, Poole-Frenkel emission and Fowler-Nordheim tunneling. 
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