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Abstract 

Effects of Microstructural Control on the Failure Kinetics and the 

Reliability Improvement of AI and Al-Alloy Interconnects 

by 

Seung Hyuk Kang 

Doctor of Philosophy 

m 

Materials Science and Mineral Engineering 

University of California, Berkeley 

Professor John W. Morris, Jr., Chair 

The reliability of microelectronic systems is often limited by electromigra­

tion failure in Al-based thin-film conducting lines which interconnect de­

vices to form an integrated circuit. Under an applied electric field Al atoms 

migrate with the electron flow, causing a counterflow of vacancies that 

accumulate into voids, eventually leading to an open circuit failure. The 

work reported here is concerned with clarifying the microstructural mecha­

nism of electromigration failure, and with developing a metallurgical 

method to improve the electromigration resistance of Al-based intercon­

nects. Pure Al, Al-2Cu, and Al-2Cu-1Si lines with quasi-bamboo micro­

structures are explored as a function of heat treatment conditions and cur­

rent density. The "weakest" microstructural unit that causes failure is 



identified by electron microscopy; with rare exceptions, failure occurs at the 

upstream end of the longest polygranular segment in a given line. This mi­

crostructural characteristic of electromigration failure is even observed in 

lines whose maximum segment lengths are less than a few microns. The 

time to failure appears to increase exponentially with decreasing longest 

polygranular segment length. A simple constitutive equation is reported to 

describe the failure kinetics as a function of the polygranular segment 

length that leads to failure. Given correct values of the kinetic constants 

included in the equation, this microstructure-based constitutive relation 

will provide a way to assess interconnect reliability. An effective metallur­

gical method that can eliminate relatively long polygranular segments is 

post-pattern annealing. This heat treatment particularly narrows the dis­

tribution of the longest polygranular segment lengths over a large set of 

lines. As a consequence, the time-to-failure distribution narrows as well, so 

that the time to first failure increases more substantially than the median 

time to failure. 
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

A modern microelectronic chip can contain millions of devices in an 

area of ..... 1 cm2. As shown in Table 1.1, feature sizes as small as 0.35 J...Lm 

are currently used in commercial chips and, in the next decade, it is ex­

pected that feature sizes will approach 0.12 J...Lm. The devices are connected 

to form an integrated circuit (IC) utilizing Al orAl-alloy thin films that are 

patterned into narrow lines which function as conducting wires. These 

lines are fabricated through a variety of complicated processes, and carry 

extremely high current densities ("""5x105 A/cm2) during operation of an IC. 

The limiting factor in the reliability of microelectronic systems is frequently 

the integrity of the interconnects. 

A common source of interconnect failure is a phenomenon known as 

electromigration. Starting from the late sixties, an enormous amount of 

data have been produced to characterize electromigration in metallic thin 

films, both theoretically and experimentally. Nonet;heless, the complete 

comprehension of the fundamental mechanisms of electromigration is. still 

unsatisfactory. From a physical perspective, electromigration is an atomic 

transport which is driven by momentum transfer from the highly acceler­

ated electrons to the atoms of the conductors under an electric field. 11
·
1
-
1

·
31 

Electromigration is then one of the major concerns in thin-film conducting 

1 



lines for the development of advanced devices. In the case of Al-based IC 

interconnects, Al atoms migrate with the electron flow causing a counter­

flow of vacancies that accumulate into voids, which eventually leads to an 

open circuit failure. The driving force for electromigration increases with 

the current density. Hence, IC miniaturization ordinarily increases the 

possibility of electromigration failure. 

Table 1.1 IC technology road map from Semiconductor Industry Asso­
ciation (SIA). 

~»Xo»»»:««-Y.«o:-»:o)x->".««««-»»:•:•>>>»>:•X««*YhW.-:O»Yh»:•»»:o»:«•:•X•>»!•:VX«V>:<:-X-:-»:•»!«-'NX-»."«-Xo:OX•:Vh»»>:O:•>>X<•:«•»»XY:<«•»>:«o>X•XO:O:•X•>:•:•:-.-.;.:•X<Y»>>>>:•:<•:•:<•:-:-:-:--.-:•»>:-:-:.;.:v:•:·:O:•:OXY>:•: 

1995 1998 2001 2004 2007 
,..~~ .. ...,.,..v.·~v.v.~ .......... .v-.·~. 

Feature Size (J..un) 0.35 0.25 0.18 0.12 0.10 

Gates/chip BOOK 2M 5M 10M 20M 

Bits/chip •DRAM 64M 256M 1G 4G 16G 

•SRAM 16M 64M 256M lG 4G 

Chip Size (mm2) • Logic/microprocessor 400 600 800 1000 1250 

•DRAM 200 320 500 700 1000 

Wafer Diameter (mm) 200 200-400 200-400 200-400 200-400 

Number of Interconnect Levels (logic) 4-5 5 5-6 6 6-7 

Max. Power (W IDie) • High-performance 15 30 40 40-120 40-200 

Power Supply (V) •Portable 2.2 2.2 1.5 1.5 1.5 

Number ofi/Os 750 1500 2000 3500 5000 

Performance •Off-chip 100 175 250 350 500 

•On-chip 200 350 500 700 1000 

Electromigration creates voids at the atomic flux divergence sites 

where vacancies are continuously accumulated. !1·
41 Since electromigration 

flux is dominated by grain boundary diffusion, the flux divergence sites are 

2 



usually associated with inhomogeneity in grain structure. For this reason, 

modification of grain structure in order to minimize flux divergence is a 

subject of technological interest. 11
·
5

•
1

·
101 This work is primarily concerned 

with investigating the influences of grain structure on the mechanisms and 

kinetics of the electromigration failure in Aland Al-alloy interconnects, and 

then proposing a metallurgical method which can effectively improve the 

reliability. 

1.2 ATOMIC TRANSPORT IN THIN-FILM CONDUCTING 

LINES 

When atomic transport occurs in thin-film conducting lines under 

the application of an electric field, the dominant transport mechanism is 

electromigration. The detailed nature of the transport process is very com­

plex, since electromigration is often coupled with atomic transport by the 

mechanical stress and temperature distributions along the lines. In this 

section, while particular emphasis is placed on electromigration itself, the 

mechanisms that can also contribute to the transport process are briefly re­

Viewed. 

1.2.1 Electromigration: Diffusion under Electronic Current 

The driving force for electromigration is composed of two forces: an 

electrostatic force and an "electron-wind" force. 1
1

·
1

1-1·151 The electrostatic 

force is due to the interaction between the electric field and the ionic core of 

the atoms stripped of their valence electrons. The electron-wind force 

3 
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arises from collisions of the flowing charge carriers with the ions. These 

two forces act in opposite direction. In metals, which are good electrical 

conductors, the electron-wind force is usually dominant. 

In a one-component system, the net driving force due to an applied 

electric field is expressed in the following form: 

F = Z*eE = Z*epj (1.1) 

where Z* is an effective charge number E is the electric field, e is the elec­

tronic charge, p is the resistivity of the conductor, and j is the current den­

sity. The effective charge number Z* in Eq. (1.1) includes two contributions 

that are mentioned above, and can be given by 

Z* = Z* el + Z* wd (1.2) 

where Z*ez represents the effect of the electrostatic fi~ld, and Z* wd reflects 

the effect of the electron-wind force. The nature of the electrostatic force is 

still under investigation. On the other hand, the electron-wind force has 

been estimated theoretically, and the Z*wd in Eq. (1.2) is written as 

(1.3) 

where yis a numerical constant of the order of one-half, z is the electron-to-

atom ratio of the lattice, pdl Nd is the specific resistivity of the moving atom 

defect, pIN is the specific resistivity of the lattice atom, and m * is the effec­

tive mass of the electron. 

In Eq. (1.1) the sign of Z* determines the direction of electromigra-
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tion. In the case of Z* < 0, the atomic transport occurs in the same direc­

tion as the electron motion (i.e. toward the anode). For Z* > 0, the atoms 

diffuse toward the cathode. The value of Z* for AI is around -10. Scorzoni 

et al. estimated the order of magnitude of the electromigration driving force 

in AI conductors, f1.1SJ Eq. (1.1) yields IF I = 3000 e V/m, at room tempera-

ture for Z* = -10 andj = 106 A/cm2. 

From Eq. (1.1), in a lattice, the atomic flux Jz due to electromigration 

can be expressed as 

Jz = Nz (Dz I kT) Z*eE (1.4) 

where Nz is the atomic density, Dz is the uncorrelated diffusion coefficient 

at the absolute temperature T, and k is the Boltzman constant. In poly­

crystalline films, it is necessary to consider the transport along grain 

boundaries. It is convenient to write a new flux equation which is similar 

to Eq. (1.4). For a film with an ideally textured grain structure, the flux 

can be expressed as 

Jeb =Neb (8 I d) (Deb I kT) Z* eb eE (1.5) 

where the subscript gb refers to grain boundary parameters, 8 is the effec­

tive width of the boundary (-10 A), and dis the average grain size. It is 

difficult to calculate the magnitude of the flux given by Eq. (1.5) due to the 

limited knowledge of grain boundary parameters. A rough calculation of 

Jeb and Jz for Al electromigration in polycrystalline Al films shows that the 

ratio Jebl Jz is about 106 at 175 °C. 11 ·171 In the case of Cu electromigration in 

Al films, the ratio is about 104 at 225 °C. I1.1SJ Thus, at moderate tempera­

tures, the atomic flux from lattice diffusion is vanishingly small compared 
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with that from grain-boundary diffusion; grain-boundary electromigration 

is the dominating mode of atomic transport. 

1.2.2 Thermomigration: Diffusion under Temperature Gradient 

During device operation, temperature gradients exist both globally 

and locally in thin-film interconnects since heat can be generated by Joule 

heating. The global temperature gradient across the conductor is usually 

small except near the electrodes or the contact pads. On the other hand, 

large local temperature gradients can be caused by poor adhesion or con­

tamination at the interface between metal film and substrate, or by the 

thickness variation of the metal film. 

The driving force produced by a temperature gradient is often de­

scribed by the following equation: 11·
191 

F = -Q* (VT) I T (1.6) 

where Q* is the heat of transport, defined to be the quantity of heat flow 

needed to maintain steady-state conditions with unit mass transport. Spe­

cific values of Q* have been found, particularly, in the case of aluminum, 

gold, and indium. 11201 Using data in the literature, Scorzoni et al. calcu­

lated the thermomigration driving force at a typical electromigration condi­

tion. 11 ·
161 In the case of AI, Q* is approximately 0.03 eV, while a maximum 

estimate for the temperature gradient is 2x103 °C/cm. These values lead to 

the result that I Fl is about 13 eV/m. This value is two orders of magni­

tude smaller than the electromigration driving force ( -3000 e V/m) indi-
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cated in the previous section. Hence, thermomigration effects on intercon­

nect failure are usually neglected with respect to electromigration effects. 

1.2.3 Electromigration-Induced Back Diffusion 

Electromigration results in the depletion of atoms at the one end of 

the conductor and the accumulation of atoms at the other end, and, hence, 

creates concentration or stress gradients along the conductor. It has been 

suggested that either gradient can lead to a chemical-potential gradient 

which, in turn, leads to a back diffusion that opposes electromigration. 

Blech and Herring first formulated the back-diffusion effect by proposing 

the folloWing flux equation: 11211 

J=ND I kT(Z'eE- VJ.L) (1.7) 

where N is the atomic density, Dis; a diffusion coefficient, and J1 is a chemi­

cal potential. The chemical potential J1 is the difference between the 

atomic and vacancy chemical potentials, that is, J1 = J.la- Jlv, where J.la and J1v 

are the chemical potentials of the atoms and vacancies, respectively. 

Diffusion Equation in the presence of Concentration Gradient 

If there is no internally generated stress gradient, the chemical po­

tential gradient in Eq. (1. 7) can be expressed in terms of the concentration 

gradient. The one-dimensional flux equation is given in the following form: 
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J= (ND I kT) Z*eE- D <t) 
It follows that the diffusion equation is derived as 

dN d dN () 2N ()N 
-=-(D-- vN)=D--v-
dt ax ax ax2 ax 

where v is the drift velocity of atoms which is given by 

v =(D I kT)Z*eE 

(1.8) 

(1.9) 

(1.10) 

Eq. (1.9) is commonly referred as the "electromigration equation" which has 

been extensively used by many researchers. 11·
22

"
1

·
241 

Diffusion Equation in the presence of Stress Gradient 

Electromigration builds up stresses in the case that there is a va­

cancy equilibrium with the stress. The assumption for the stress genera­

tion is that there is no vacancy supersaturation in the presence of grain 

boundaries or dislocations. Blech and Herring proposed that, if a local 

equilibrium is maintained with respect to adding atoms or vacancies at the 

grain boundaries, the chemical potential in Eq. (1. 7) is solely expressed in 

terms of the stress: 

(1.11) 

where n is the atomic volume, Gnn is the stress normal to the grain bound-

ary, and Jlo is a constant. By substituting Eq. (1.11) into Eq. (1.7), the one-

dimensional flux equation is written as 
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J=ND I kT (Z*eE- D a;;n) (1.12) 

From the same theoretical background, Korhonen et. al developed a 

diffusion equation concerning the stress build-up by electromigration. !1251 

They proposed that the main role of excess vacancies at a given tempera­

ture is to generate mechanical stress. The stress evolution under elec­

tromigration is described by 

(1.13) 

where a is a uniform stress across a cross section, 'K is DBQ I kT (B: appro­

priate modules), and G is Z*eE I Q. Eq. (1.13) has been solved, with the 

use of several simplifying assumptions, to explain various phenomena in 

thin-film conductors l1·
2s-1

.
281 • Interestingly, Lloyd pointed out that the equa­

tion is not formally correct, since it states that stress evolution is independ­

ent of the current density. l1·
291 

1.2.4 Stress-Induced Voiding 

Modern interconnects are relatively complicated, constructed of dif­

ferent materials, frequently fabricated with non-equilibrium processes, 

subjected to widely varying temperatures during fabrication. It is well 

known that voids can form from high residual stresses in metal films, 

which are usually the consequence of the thermal expansion mismatch be­

tween AI and Si or dielectric layers. These voids look similar to electromi­

gration-induced voids, but they are definitely not caused by electromigra-
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tion. The mechanism of stress-induced voiding is the condensation of su­

persaturated vacancies produced by hydrostatic tension. The presence of 

hydrostatic triaxial tensile stress increases the local equilibrium concentra­

tion of vacancies present at any given temperature. 11·301 Some of these va­

cancies coalesce to form a void. A void must reach a certain critical size be­

fore it is stable. Considering the residual stress only, which is on the order 

of 500 MPa in AI thin films, 11
·
311 the hydrostatic stress is not enough to 

overcome the activation energy to obtain a critical void size. Voids will 

then be formed preferably as a result of heterogeneous nucleation, espe­

cially on the grain boundaries where the surface energy is relatively high. 
(1.31, 1.32] 

In general, mechanical stress induced voiding occurs only in metal 

lines encapsulated in passivation layers. In the absence of a passivation 

layer, the stress normal to the free surface of the metal is zero. 11
·
31

1 Hence 

there is no hydrostatic tension, and no driving force for void formation. 

When the metal is encapsulated in a passivation layer and bounded to a di­

electric layer, however, a decrease in the metal volume relative to its sur­

roundings will result in a triaxial tensile stress. 

While both mechanical stress and electromigration lead to the form a­

tion of voids, it is commonly accepted that interconnect failure is predomi­

nantly caused by electromigration. Stress-induced voiding can be consid­

ered as a phenomenon enhancing failure kinetics rather than as a direct 

failure mechanism. When electromigration is coupled with thermal stress 

effects, failure in interconnects may be accelerated by potential pre-existing 

voids. 

10 



1.3 ELECTROMIGRATION AND RELIABILITY 

1.3.1 Vacancy Flux Divergence 

In thin-film conducting lines, electromigration-induced damage usu­

ally appears in the form of voids that can grow to cause electrical disconti­

nuity. Electromigration creates voids at the atomic flux divergence sites 

where vacancies are continuously accumulated. Since the electromigration 

flux is dominated by the vacancy diffusion along grain boundaries, it is 

convenient to consider the role of grain-boundary vacancy flux Jv in void 

formation. The vacancy flux is expressed as the sum of the flux due to elec­

tromigration and the flux induced by the vacancy-concentration gradient: 

(1.14) 

where Jgb is given by Eq. (1.5), Dv is the vacancy diffusivity in the grain 

boundary, and Cv is a local vacancy concentration. The local variation of 

the vacancy concentration Cv can be deduced using the continuity equation: 

(1.15) 

where Co is the equilibrium vacancy concentration at given temperature 

and -r is the average lifetime of a vacancy. The second term on the right­

hand side describes the local deviation of the vacancy concentration from 

thermal equilibrium. It follows that, under steady-state conditions, Eq. 

(1.15) yields 

Cv - Co = 'T \1 · 1 v (1.16) 

Hence the extent of variation of the local vacancy concentration is simply 
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proportional to the vacancy flux divergence ('V · Jv). Consequently, void 

failure occurs at the site where the local vacancy flux divergence is the 

maximum. 

1.3.2 Damage Formation and. Microstructure -

Electromigration causes different kinds of failures in thin-film con­

ducting lines. The most familiar is void failure along the length of the line, 

which is often called an "internal'' failure. Another common type of failure 

is diffusive displacement at the studs of the line in a multilayered struc­

ture, which destroy electrical contact. Flux divergence that can lead to 

these kinds of failures is caused by inhomogeneities in microstructure, 

temperature, and geometry. In the particular case of an internal failure, 

microstructural inhomogeneities along the line have been considered the 

most important factor causing serious flux divergences, as discussed by At­

tardo and Rosenberg in their landmark paper. 

A well-known microstructural inhomogeneity is found at the junction 

of three grains (i.e. grain-boundary triple point). From Fig. 1.1, in order to 

avoid vacancy or atom accumulations at the triple point, the following flux­

balance equation should hold: 

(1.17) 
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F 
(electric field) 

Fig. 1.1 Schematic illustration of the electromigration flux at a grain­
boundary triple junction. 

If electromigration is the only driving force for the atomic transport, from 

Eq. (1.5), Eq. (1.17) can be written as 

(1.18) 

where N;,, Di, Z\, and fA are the atomic density, the diffusivity, the effective 

charge number, and the angle between applied electric field and transport 

direction at the ith grain boundary, respectively. In the case where grain 

boundaries have reached an equilibrium configuration by' means of a proper 

heat treatment, the flux divergence at the triple point is determined by the 
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differences in Ni, Di, and Zt. In general, the differences inN;, Di, and Z*i 

can arise from variations in the atomic structure or defect concentration at 

the grain boundary, such as that caused by the segregation of solute atoms 

or contaminants. This can affect the nature of the interaction between the 

migrating ion and the grain boundary atoms, consequently altering the dif­

fusivity parameters and the activation energy. 

e-

Fig. 1.2 Schematic illustration of non-uniform grain size distribution. 
Significant mass depletion occurs at the boundary from large to small 
grains. 
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Fig. 1.3 Schematic illustration of quasi-bamboo microstructures. The 
vacancy accumulation at the upstream end of a polygranular segment 
creates a void. 

A concurrent cause of non-zero flux divergence, and consequent 

sources of damage, is a localized grain-size variation. For example, vacancy 

build-up occurs when the number of atoms migrating out of the junction 

through the fine-grain side exceeds that migrating into the junction 

through the coarse-grain side. This situation is schematically described in 
I 

Fig. 1.2. Thus, a uniform grain-size distribution is desirable to minimize 

electromigration-induced damage. This argument is particularly true in 

modern submicron interconnects that have "quasi-bamboo" microstructures 

like that schematically shown in Fig. 1.3. Since grain boundary diffusion is 

much more rapid than bulk diffusion at the relatively low temperatures at 

which microelectronic devices operate, the polygranular segments are re­

gions of exceptionally high di:ffusivity. The rapid change in flux at the ter-
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minal ends of polygranular segments causes these locations to be the pre- -

ferred sites for electromigration damage; the vacancy accumulation at the 

upstream end of a polygranular segment induces a void formation. For this 

reason, a major percentage of recent research on electromigration has been 

concerned with understanding the voiding mechanism in the lines with 

quasi-bamboo microstructures, and proposing methods which can inhibit 

void failu~e. 

1.3.3 Lifetime Testing and Reliability Evaluation 

The most common method used to evaluate the resistance to elec­

tromigration failure is the lifetime measurement of interconnects. It is well 

known that failure times from a large set of macroscopically identical lines 

follow a log-normal distribution, 11·
33

•
1

·
351 as shown in Fig. 1.4. The distribu­

tion of failure times are characterized by two statistical parameters: me­

dian time to failure (MTF) and deviation of the time to failure (DTF). MTF 

is the time at which 50 % of the tested lines fail. DTF reflects the scatter in 

failure time (i.e. standard deviation of a log-normal distribution). 

The reliability of a chip against electromigration failure is deter­

. mined by the time at which the first failure in a large set of lines occurs. 

The reliability margin is then usually set to 0.01 % or 0.1 % cumulative 

failures. For example, 0.01 % failure indicates the first failure in a set of 
. ~ 

105 lines. Hence, an increase in MTF does not necessarily reflect a reli-

ability improvement. To ensure a high value of the time to first failure, a 

method to improve the reliability must be one which not only increases 

MTF, but also decreases DTF or, at least, maintains low DTF values. 
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Fig. 1.4 A log-normal distribution of failure times. This distribution 
was obtained from a set of :fifty Al-2Cu lines. 

Lifetime testing needs to be finished in a reasonable time frame. 

The testing is conducted at a set of accelerated conditions under high cur­

rent densities and at elevated temperatures. The data are extrapolated to 

the chip operating conditions, which are usually near room temperature 

and under current densities around 5x105 Ncm2. For the extrapolation, an 

Arrhenius-like empirical equation, originally proposed by Black, 11
·
361 1s 

used: 

MTF = Aj-n exp (Er I kT) (1.19) 
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where A is a material constant relating to structural, electrical and diffu­

sional properties of thin-film conductors, and Er is the activation energy for 

electromigration-induced failure. The extrapolation assumes that the 

mechanisms leading to electromigration failures under the accelerated 

testing are the same as those under chip operating conditions. The tern­

peratures in such accelerated tests should be lower than one-half of the 

melting point of the conductor below which the bulk contribution to the 

mass transport is not important. The activation energy Er can depend on 

the microstructure, metallurgy, fabrication process, and geometry of the 

conducting line. For polycrystalline Al and Al alloy films, the experimental 

values of Er lie in the range of 0.4 to 1.3 eV. 11
·
4

• 
1

·
36

•
1

.
391 Schreiber calculated 

the theoretical values of activation energy that depend on diffusion mecha­

nisms. I1.40J Table 1.2 summarizes these values. 

Table 1.2 Theoretical values of activation energy (Ea) for different dif­
fusion mechanisms: 

Diffusion Mechanism Ea (eV) 

lattice (bulk) 1.4 

grain boundaries 0.4-0.5 

grain boundaries to bulk 0.62 

defects to bulk >0.62 

surface 0.28 

18 



1.4 METHODS TO IMPROVE ELECTROMIGRATION 

RESISTANCE 

The basic requirement for suppressing electromigration-induced 

damage is to mjnjmize the local divergence of atomic flux. In principle, this 

can be accomplished in either of two ways. 

1.4.1 Reducing the Atomic Flux 

From Eq. (1.5), the magnitude of the atomic flux is determined by 

the grain size, the grain boundary diffusivity, and the current density. An 

increase in the grain size as well as decreases in the grain boundary dif­

fusivity and the current density reduce the atomic flux. A reduction in the 

current density is not practical, since the current density is fixed by chip 

requirements. The remairiing parameters are then the grain size and grain 

boundary diffusivity. Relatively large grain sizes can easily be achieved by 

proper film-deposition techniques and post-deposition heat treatments. 

Relatively small grain boundary di:ffusivity can be obtained by producing a 

texture or adding solutes. For example, a recent report by Hasunuma et al. 

has shown that very reliable Allines can be developed by promoting a 

highly textured film with low angle grain boundaries. 11
·
61 Also, solute ele­

ments in the thin film can reduce the magnitude of the electromigration 

flux, which has been attributed to the segregation of these elements at the 

grain boundaries and their interaction with the migrating ions. The most 

commonly used solute in Al interconnects is Cu. While the exact role of Cu 

on Al electromigration is still under investigation, the original argument by 
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Rosenberg has been commonly accepted; excess Cu atoms segregate at the 

AI grain boundaries and reduce the grain boundary diffusivity of AI. 11.411 

Excess Cu atoms above the solubility limit form AI2Cu precipitates. The 

role of' these precipitates has been emphasized, since these precipitates 

serve as sources of Cu atoms to AI grain boundaries. Dramatic improve­

ments in electromigration resistance have been reported by modifying the 

distribution and stability of AI2Cu 11·
421 or Cu 11·

431. 

1.4.2 Reducing the Flux Divergence 

Electromigration can only become a problem when there is source of 

a atomic flux divergence. In the ideal case, a conductor with a uniform mi­

crostructure and no temperature gradient creates no flux divergence so 

that electromigration-induced damage will not occur. The flux inho­

mogeneity that can cause an internal failure of the line is related to the 

grain size and its variation. In the case of the lines with quasi-bamboo mi­

crostructures (Fig. 1.3), it is clear that polygranular segments are "weak 

links" that are vulnerable to electromigration damage. The magnitude of 

flux divergence increases with the polygranular segment length, since the 

fast diffusion paths (grain boundaries) increase with the length. Hence, the 

failure time should be increased by modifying the microstructure to shorten 

the polygranular segment length. 

A simple and common way to improve electromigration resistance is 

to decrease the effective line width, w* =wIG, where w is the line width 

and G is the mean grain size. 11·
44

•
1

·
461 For given line width, w* can be de­

creased by changing the deposition conditions of the metal film to maximize 
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the grain size or by annealing the film to coarsen the grain size prior to 

patterning. Typical results from these methods are schematically illus­

trated in Fig. 1.5. 
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Fig. 1.5 Schematic plot showing the variations in median time to fail­
ure (MTF) and deviation of the time to failure (DTF) as a function of ef­
fective line width, wiG (w: line width, G: mean grain size). 

The median time to failure (MTF) increases substantially as w* is de­

creased below unity, that is, the microstructure evolves toward a bamboo 

structure. However, this increase in MTF does not ensure an improvement 

in reliability, since the standard deviation in the time to failure (DTF) in­

creases as well. This increase in scatter of the failure time, coupled with 
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the fact that miniaturization ordinarily leads to an increase in the total 

number of lines and a rise in the current density, has the consequence that 

the expected time to first failure in a large set of lines may even decrease as 

the lines are narrowed. The likely reason for the increase in DTF lies in 

the fact that, even when w* is very small, there remains a finite probability 

that a large population of lines will still include some lines with exception­

ally long polygranular segment lengths. Therefore, a microstructural con­

trol method employed to improve the reliability must be one which breaks 

up exceptionally long polygranular segments, rather than decreases only 

the average length ofpolygranular segments. 

1.5 OBJECTIVES 

The objectives of this thesis are to identify the "weakest" microstruc­

tural units that cause electromigration failure in Al-based thin-film conduc­

tors, and to modify them metallurgically to develop microstructures that 

resist failure. For these purposes, pure Al, Al-2Cu, and Al-2Cu-1Si lines 

that have quasi-bamboo microstructures are explored to clarify the micros­

tructural mechanism of electromigration failure. In order to characterize 

the failure unit, transmission (TEM) and scanning electron microscopy 

(SEM) are used for the specimens prepared by the techniques described in 

the following Chapter. As a beneficial metallurgical method that can con­

trol the nature of the failure unit, post-pattern annealing is proposed by 

presenting the results that show substantial improvement in electromigra­

tion resistance. Given the post-pattern annealing condition, statistical 

analyses of the failure unit are associated with statistical parameters (MTF 
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and DTF) of the results from lifetime testing. 

A large amount of data have been documented to show that, in quasi­

bamboo structures, polygranular segments are "weak" links that cause 

failure. However, prior results have often been contradictory, specifically 

with respect to the failure mechanism in lines which have predominantly 

bamboo structures with extremely short polygranular segments ("near­

bamboo" structures). In this work, hence, lifetime testing and metallo­

graphic analyses are particularly concerned with studying the failure 

mechanism and kinetics for the "near-bamboo" lines. 

Experimental techniques, which include a micromachining technique 

for the fabrication of "silicon nitride windows", are described in Chapter 2. 

Heat treatments that can modify the microstructures of Al-based intercon­

nects are discussed in Chapter 3. Chapter 4 addresses the advantages of 

post-pattern annealing that can dramatically improve electromigration re­

sistance. Chapter 5 discusses a simple equation, which describes the mi­

crostructural effects on electromigration lifetime, from the qualitative per­

spective based on the results i.D: Chapters 3 and 4. In the Appendix the 

''Blech length" argument, which has been a subject of debate in relation to 

the failure mechanism in quasi-bamboo lines, is reviewed. 
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

2.1 EXPERIMENTS USING CONVENTIONAL TEST 

STRUCTURES OF AI-BASED INTERCONNECTS 

2.1.1 Composition 

Films with three nominal compositions were prepared: pure Al, Al-

2Cu, Al-2Cu-1Si (compositions in weight percent). These compositions 

have commonly been used for Al-based metallizations of integrated circuits. 

The small amount of Cu solutes leads to a substantial increase of elec­

tromigration lifetime. 12·
11 The addition of Si may also improve electromi­

gration performance to some degree. 12·21 However, the main purpose of the 

Si addition is to prevent the formation of Al spikes which penetrate into t!te 

Si contact region. The spiking problem is caused by the interdiffusion 

through the contact between Al and Si. If the contact is to a shallow junc­

tion, the spike may cause a junction short. The intentional addition of Si 

over the solubility limit(~ 0.5% in Al at 450 °C) suppresses the diffusion of 

Si into the interconnect, and, hence, can solve the problem. 12·
31 

2.1.2 Film Deposition and Patterning 

Films of 0.5 J...lDl thickness were deposited by sputtering at room tem­

perature onto p-type (00 1) Si wafers coated with a thermally grown oxide, 
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70 nm thick. All the films were patterned into test lines by standard pho­

tolithography and reactive-ion-etching (RIE) techniques using equipment in 

the Berkeley Microfabrication Laboratory. The AI and Al-2Cu films were 

patterned in the as-deposited condition; the Al-2Cu-1Si film was annealed 

for 5 min. at 500 °C prior to patterning. The patterned lines were 1 mm in 

length. The line widths were 1 J..Lm for pure AI and Al-2Cu, and 1.3 J..Lm for 

Al-2Cu-1Si. The lines were not passivated. A schematic illustration of a 

multiline test structure with 25 parallel lines is shown in Fig. 2.1. This 

structure was used for lifetime statistics and conventional electron micros­

copy. The short line segments (length: 100 J..Lm) among the lines in Fig. 2.1 

are reference lines that are not stressed by electrical current. These line 

segments were fabricated in order to compare the microstructure of tested 

lines with that of the lines without electromigration. 

Some of Al-2Cu films (0.4 J..Lm in thickness) were deposited onto a 

silicon nitride layer which was grown by LPCVD on p-type (001) Si wafers. 

The silicon nitride layer was 0.1 J..Lm thick. Multiline (20 parallel lines) and 

single-line test structures of 100 J..Lm in length were fabricated by the same 

fabrication techniques. 

2.1.3 Post-Pattern Annealing 

The grain structure of the lines was modified by post-pattern an­

nealing at several different temperatures (480 °C- 540 °C) over a period 

from 5 min. to 2 hrs. The AI lines were annealed in an Ar atmosphere. The 

Al-2Cu and Al-2Cu-1Si lines were annealed in forming gas (5% H2 , 95% 
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N2). Si diffusion from the substrate was negligible for these annealing con­

ditions. Post-pattern anneaimg of Al-2Cu and Al-2Cu-1Si lines was con­

ducted at temperatures for which the Cu content is soluble, and were 

quenched in air after annealing. 

2.1.4 Electromigration Testing and Microstructure Analysis 

The lines were stressed under electrical currents in an ordinary 

probe station with a hot plate, a power supply, a multi-channel voltage 

scanner, and a computer. The hot-plate temperature was maintained at 

225 °C during the test. The applied current densities (J) were 1.2x106 A/cm2 

for pure Allines, and over the range from 0. 75x106 A/cm2 to 3.0xlOS A/cm2 

for Al-alloy lines. In these tests, the temperature increase due to Joule 

heating was less than 5 °C. The failure criterion was ari open circuit. The 

failure times were measured by monitoring the total current of the set of 

parallel lines. Each failure causes a step-shaped decrease in the total. The 

failure times were fitted to log-normal distribution curves. The median 

time to failure (1.\iTF) and the deviation in the time to failure (DTF) were 

then calculated from the distributions. At least two independent tests were 

conducted for each annealing condition in order to validate each set of re­

sults. 

The grain structure and other microstructural characteristics were 

examined using transmission (TEM) and scanning electron microscopy 

(SEM). For TEM, planar samples of the lines were prepared by grinding, 

dimpling, and ion milling. 
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reference line 

v+ v-

Fig. 2.1 Schematic illustration of thin-film conducting lines that are de­
signed for electromigration lifetime testing using a four..:point probe sta­
tion. 

2.2 MICROFABRICATION OF THIN FILM CONDUCT­

ING LINES ON SILICON NITRIDE WINDOWS 

A "silicon nitride window" is the local region, under which the sub­

strate material is removed, of a blanket silicon nitride (SiNx) film that usu­

ally sits on a Si wafer, as schematically illustrated in Fig. 2.2. The local 

area of the SiN x film is transparent to TEM. Silicon nitride windows then 

provide great advantages in microstructural analysis of the films that are 

33 



deposited directly onto the windows. A recent investigation reports the use 

of this technique on the observation of precipitate evolution under elec­

tromigration. 12·41 In addition, the technique can be used for in-situ elec­

tromigration testing, 12·51 although interpreting the result is still subject to 

debate, due to the serious temperature effect on failure. 

Top View 

-+- SiNx 

Si 

Cross-Sectional View 

Fig. 2.2 Schematic representations of silicon nitride (SiNx) windows 
that are fabricated on a silicon wafer. 
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The work reported here utilizes the silicon nitride window technique, 

particularly, to investigate the effect of post-pattern annealing and to clar­

ify the microstructural mechanism of electromigration failure. The micro­

fabrication techniques to produce the Al-2Cu lines on the windows are 

summarized in Fig. 2.3. The patterned lines on the windows are schemati­

cally shown in Fig. 2.4. 

The shortcoming of the technique which limits its usefulness is that 

the thickness of silicon nitride windows should be as thin as possible, since 

a thin layer of amorphous material causes strong diffuse scattering of the 

electrons, and substantially reduces the transparency of a specimen. l2·
61 In 

order to maximize resolution, thus, the thickness of the silicon nitride win­

dows used in this study is less than 0.1 Jlm. The thickness of Al-2Cu lines 

on these windows is in the range, 0.35 Jlm to 0.50 Jlm. 
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Si :] 
SiNx 

SiNx 

LPCVD: silicon-nitirde deposition 

(a) 

Photolithography I (back side) 

photoresist 

(b) 

Plasma etching of silicon nitride 

(c) 

KOH wet-etching of silicon 

(d) 
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Al-2Cu 

Sputtering: Al-2Cu deposition 

(e) 

Photolithography II (line patterning) 

(f) 

Reactive Ion Etching (Al-2Cu) 

(g) 

Fig. 2.3 Cross-sectional view of the major steps in a basic process that 
fabricates Al-2Cu thin-film conducting lines on silicon nitride windows. 
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(a) 

~ 
SiNx 

Top View 

Cross-Sectional View 

2.1 mm 

(b) 

Fig. 2.4 Schematic illustration of Al-2Cu conducting lines fabricated on 
silicon nitride windows: (a) multiline structure and (b) single-line structure. 

I 

38 



2.3 REFERENCES 

[2.1] I. Ames, F. M. d'Heurle, and R. Horstmann, "Reduction of electromi­

gration in aluminum films by copper doping," IBM J. Res. Develop . 

. 14, 461 (1970). 

[2.2] G. J. van Gurp, "Electromigration in AI films containing Si," Appl. 

Phys. Lett. 19, 476 (1971). 

[2.3] R. S. Muller and T. I. Kamin, Device Electronics for Integrated Cir­

cuits (John Wiley & Sons, New York, 1977). 

[2.4] T. M. Shaw, C.-K. Hu, K. Y. Lee, and R. Rosenberg, "The microstruc­

tural stability of Al(Cu) lines during electromigration," Appl. Phys. 

Lett. 67, 2296 (1995). 

[2.5] S. P. Riege, A. W. Hunt, and J. A. Prybyla, "Real-time TEM studies of 

electromigration in submicron aluminum runners," MRS Symp. Proc. 

391, 249 (1995). 

[2.6] P. Hirsch, A. Howie, R. B. Nicholson, D. W. Pashley, and M. J. 

Whelan, Electron Microscopy of Thin Crystals (R. E. Krieger Pub­

lishing Company, Huntington, New York, 1977), Chap. 2. 

39 



CHAPTER 3 

INTERCONNECT MICROSTRUCTURAL CONTROL 

3.1 INTRODUCTION 

The reliability of interconnects is strongly affected by their micro­

structure. A number of studies have been conducted to investigate the ef­

fect of microstructure on electromigration lifetime. Early studies have 

shown that, in polygranular lines, the grain size and film orientation influ­

ence electromigration lifetime. 13·
1
·
3

·
31 These studies have proposed that reli­

able interconnects should have polygranular structures with uniformly 

large grain sizes and preferred crystallographic orientations. However, 

with the decrease in feature size, modern interconnects do not usually have 

polygranular structures. Instead, they have quasi-bamboo structures like 

those shown in Fig. 3.1. The lines contain both bamboo segments in which 

grains span the width, and polygranular segments in which grain bounda­

ries lie along the length of the line. It is well established that these poly­

granular segments play an important role in electromigration failure; the 

characteristics of polygranular segments including their length and distri­

bution are dominant microstr~ctural parameters that govern electromigra­

tion lifetime. 

In this Chapter, the effects of thermal history on the microstructural 

characteristics of narrow Aland Al-alloy lines will be discussed. The em­

phasis will be placed on the advantage of post-pattern annealing which 

modifies the length and distribution of polygranular segments. This heat 
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treatment is carried out at sufficiently high temperatures, after the line 

has been patterned. Thermodynamically, grain boundaries are high-energy 

defects. Hence thermally induced grain boundary migration naturally 

tends to eliminate internal grain boundary segments, and drive the micro­

structure toward a fully bamboo configuration. This method has been used 

for decades to achieve bamboo structures in thin metal wires. 13·
4

• 
3

·
51 As 

demonstrated in this Chapter, it is also successful in eliminating long poly­

granular segments from thin-film conductors. Of course other heat treat­

ments (e.g. pre-pattern annealing) can also be used to promote large grains 

and short polygranular segments. However the present work tests the hy­

pothesis that post-pattern annealing is particularly useful, since it can 

achieve narrow distributions of polygranular segment lengths by specifi­

cally attacking exceptionally long segments. 

Fig. 3.1 TEM micrographs showing the quasi-bamboo microstructure of 
Al-2Cu lines used in this work. The width of the lines is 1 J.lm. (XBD 
9511-05699) 
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This Chapter reports the statistical analysis of polygranular segment 

distributions for different post-pattern anneals. These results are com­

pared with the predictions from computer simulations by other researchers. 

13·
6

• 
3

·
71 For the experiment, a "silicon nitride window" technique was util­

ized; the lines were made transparent to TEM by depositing them directly 

onto electron transparent silicon nitride membranes. This technique re­

veals the whole microstructure of the lines on the windows, and is useful in 

clarifying the microstructure evolution during post-pattern annealing. 

3.2 MICROSTRUCTURAL CHARACTERISTICS PRIOR 

TO PATTERNING 

3.2.1 As-Deposited Films 

The microstructure of a patterned line is derived from that of the as­

deposited film. A key parameter that determines the microstructure of the 

as-deposited film is the substrate temperature during deposition, since the 

formation of the film onto the substrate is governed by a thermally acti­

vated process. The effect of substrate temperature on the microstructure of 

the as-deposited film has often been explained by the "zone diagram" stud­

ied by several researchers. 13
·
8

• 
3

·
91 This diagram illustrates grain structure 

as a function of substrate temperature and inert gas pressure. Ordinarily, 

low substrate temperatures promote relatively fine and randomly oriented 

grams. 

The films (AI, Al-2Cu, Al-2Cu-1Si) used for the investigation of this 

thesis were deposited at room temperature. A typical microstructure that 
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represents those films is shown in Fig. 3.2, which is a TEM micrograph of a 

pure AI film. The mean grain size of the film is 0.13 Jlm. Both Al-2Cu and 

Al-2Cu-1Si films had almost identical grain sizes as well. The small grain 

sizes of the as-deposited films have a consequence that the as-patterned 

lines (width::::: 1 Jlrn) are fine-grained polygranular. Thus, without any pre­

pattern heat treatment, there is no possibility of bamboo grains in as­

patterned lines. Since these polygranular structures are rarely observed in 

modern submicron lines, they are, practically, of little interest. On the 

other hand, they are useful for the purpose of this work, since a variety of 

quasi-bamboo microstructures can be generated from the polygranular 

lines by means of post-pattern annealing. 

In manufacturing, films are usually deposited at about 200 °C, or 

even higher temperatures (in excess of 450 °C) to achieve good step cover­

age. For the comparison of microstructure, a TEM micrograph of anAl-

2Cu-1Si film deposited at 450 °C is shown in Fig. 3.3. The mean grain size 

of the film is 2.4 Jlffi, which is more than 10 times larger than those of the 

films deposited at room temperature (Fig. 3.2). 

3.2.2 Pre-Pattern Annealing 

It is known that grain growth in thin films can occur at relatively 

low temperatures, due to large driving forces for grain growth in thin films 

as well as the high purity of thin films. 13·
101 Hence annealing the films de­

posited at room temperature, prior to patterning, promotes significant 
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Fig. 3.2 A TEM micrograph showing a typical microstructure of a pure 
Al film deposited at room temperature. (XBD-9611-05466) 

Fig. 3.3 A TEM micrograph showing a typical microstructure of anAl-
2Cu-1Si film deposited at 450 °C. (XBD 9611-05466) 
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grain growth, depending on the annealing parameters such as temperature 

and time. In this work pre-pattern annealing was conducted in Al-2Cu-1Si 

films only; a RTA (rapid thermal annealing) treatment was conducted at 

500 °C for 5 min. A typical microstructure after the heat treatment is 

shown in Fig. 3.4. The mean grain size is 0.9 J.liD. However, there exist ex­

ceptionally large grains, which result from abnormal grain growth during 

the heat treatment. 13
·
101 The large grains play an important role in deriving 

the microstructure of patterned lines. They create occasional bamboo 

grains bounded by exceptionally long polygranular segments that still con­

tain fine grains. Under an electric field, these bamboo grains are the sites 

at which large flux divergences are created (Fig. 1.3). 

Fig. 3.4 A TEM micrograph showing a typical microstructure of anAl-
2Cu-1Si film after a heat treatment of 500 °C for 5 min. (XBD 9611-
05467) 
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(a) 

Fig. 3.5 A TEM image showing an abnormally large and irregularly 
shaped grain (a), and selected area diffraction patterns obtained from 
the boundaries A (b) and B (c). (XBD 9611-05465) 
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(a) 

Fig. 3.6 A TEM image showing two boundaries (a), and selected area 
diffraction patterns obtained from the boundaries C (b) and D (c). 
(XBD 9611-05464) 
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In general, the large grains are irregularly shaped with high disloca­

tion density and low angle grain boundaries. A typical example is demon­

strated in Fig. 3.5. The high dislocation density seems to result from the 

residual thermal stress after the rapid cooling following the anneal at 500 

°C. Because of the wide difference in thermal expansion coefficient between 

the metal film and the oxide layer (e.g. Al: 23x10·6 /K, CVD Si02: 1.5x10·6 

/K), substantial tensile stress is induced in the metal film; the stress level 

in Al-based films is on the order of hundreds of:MPa. 13
·
111 Fig. 3.5 shows the 

selected area diffraction patterns that were used to characterize the 

boundaries associated with the abnormally large grain. For example, the 

boundary B has a very small misfit angle 1.5 o that is in the range of misfit 

angle of low angle grain boundaries. Another example is illustrated in Fig. 

3.6. Since the misfit angle along the boundary D is so small that it cannot 

even be measured on the diffraction pattern, it is believed that the bound­

ary is a dislocation network. 

3.3 MICROSTRUCTURE CONTROL BY POST-PATTERN 

ANNEALING 

3.3.1 Post-Pattern Annealing 

The extent of microstructural modification in narrow lines is a func­

tion of deposition condition, patterning technique, and metallurgy. Post­

pattern annealing is of particular interest in controlling as well as in stabi­

lizing the grain structure of patterned lines at service conditions. This heat 

treatment can be an effective method to eliminate polygranular segments, 
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and eventually leads to fully bamboo microstructures. As discussed in the 

next Chapter, the result of the microstructural evolution will be a substan­

tial improvement in reliability. 
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Fig. 3. 7 Relevant portion of the Al-Cu phase diagram showing the post­
pattern-annealing temperatures used for this study. 13·

231 The broken 
lines indicate the metastable GP zone, 8", and 8' solvuses. 

Fig. 3. 7 is the relevant portion of the Al-Cu phase diagram showing 
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the annealing temperatures chosen for this study. Post-pattern annealing 

of Al-2Cu and Al-2Cu-1Si lines was conducted at temperatures above the 

solvus line for 2 % Cu content to ensure solution of the Cu. During an­

nealing, hence, there was no Al2Cu precipitates. In addition, prior work 13·
121 

reports that the precipitation of Si in Al-2Cu-1Si lines is insignificant, even 

at temperatures much lower than those for post-pattern anneals of this 

work. Therefore, the retarding effect due to precipitates which pin grain 

boundaries against grain growth during annealing is negligible. The lines 

were quenched in air after annealing. Quenching from above the Cu solvus 

line produces a microstructure in which Cu is in supersaturated solution or 

in GP-zone clusters. 13·
131 Therefore, in the present work, post-pattern an­

neals at various conditions control only the grain structure of the lines, as a 

function of annealing time and temperature. The effects of low­

temperature aging which controls the stability and distribution of the al­

loying element Cu has been well described by others. 13·
14

· 
3

·
151 

3.3.2 Evolution of. Quasi-Bamboo Microstructures 

In the case of pure Allines post-pattern annealing was conducted at 

480 °C for 5 min., 15 min., 30 min., and 60 min. Fig. 3.8 shows typical TEM 

micrographs which demonstrate a dramatic microstructure evolution dur­

ing the heat treatment. While the mean grain size of as-deposited films 

was 0.13 J..l.In, the line width was 1 j.l.IIl. Before annealing, then, the line is 

fine-grained and polygranular along the whole length (line length: 1000 

J..l.In). During the first 5 min. of annealing, however, bamboo grains quickly 

develop at isolated points along the line, dividing the line into very long 
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a 

b 

c 

Fig. 3.8 TEM micrographs showing the grain structures of pure Al 
lines during post-pattern annealing: (a) as-patterned, (b) annealed for 
5 min. and (c) annealed for 60 min. at 480 °C. (XBD 9611-05462) 

b 

Fig. 3.9 TEM micrographs showing the grain structures of Al-2Cu-1Si 
lines: (a) as-patterned and (b) annealed at 480 °C for 2 hrs . (XBD 
9611-05462) 
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polygranular segments (Fig. 3.8-(b)). At this point, the length of poly­

granular segments is often in excess of 100 J.llll. In addition, the poly­

granular segments still contain small grains. The abrupt microstructural 

discontinuities at their terminal points are expected to create large flux di­

vergences under electromigration. When the annealing time is raised to 60 

min., however, the microstructure evolves into a nearly bamboo structure 

with very short polygranular segments. For example, Fig. 3.8-(c) shows 

that the longest polygranular segment in the line at this annealing condi­

tion, which is about 2 J.l.m. While the segment may still cause a flux diver­

gence, its magnitude should be much smaller than those from long poly­

granular segments like that shown in Fig. 3.8-(b). 

The sequence of microstructure evolution during post-pattern an­

nealing for Al-2Cu and Al-2Cu-1Si lines was essentially identical to that for 

pure AI lines, except that Al-2Cu-1Si lines already contained occasional 

bamboo grains in the as-patterned condition. This difference results from 

the fact that, because of the RTA (rapid thermal annealing) before pat­

terning, the mean grain size (0.9 J.l.m) of Al-2Cu-1Si films is comparable 

with the line width (1.3 J.l.ID). In Al-2Cu-1Si lines, the microstructural effect 

of the annealing treatment is illustrated in Fig. 3.9, which compares TEM 

micrographs of the lines in the as-patterned condition, and after annealing 

at 480 °C for 2 hrs. 

The rate of microstructure evolution toward a bamboo structure ap­

pears to be faster in pure AI lines than in the lines containing solutes. This 

is due to a slower grain-growth rate in the AI alloy lines. Prior work has 

shown that Cu atoms tend to accumulate in grain boundaries. [3.
161 These 

grain boundary solutes produce a drag that decreases the rate of grain 
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boundary migration. It is well understood that grain-boundary solute at­

mospheres are broken up by thermal vibrations with the increase in heat­

treatment temperature. 13·
171 Increasing annealing temperatures will then 

be an effective way to facilitate the evolution to bamboo structures in the AI 

alloy lines. This argument is examined in the following section. 

3.4 TEM ANALYSIS OF POLYGRANULAR SEGMENTS 

3.4.1 Metallography 

Many researchers have attempted to describe the evolution of quasi­

bamboo microstructures during heat treatments in thin-film conducting 

lines. There have been a considerable number of results from computer 

simulations. It seems that, however, no systematic experimental observa­

tions have yet been reported. The lack of experimental data is presumably 

due to difficulties in carrying out proper metallographic characterizations 

for those lines. For example, SEM hardly reveals grain structures of the 

lines. In the case of TEM, it has been extremely difficult to make a speci­

men which allows a complete microstructure analysis of long and narrow 

lines(~ 1 Jlin x 1000 J..Lm). 

In order to resolve the problems mentioned above, new Al-2Cu test 

structures, which can also be directly used as TEM specimens were success­

fully developed. The details of sample fabrication are described in Chapter 

2. These test structures allowed the whole microstructure along the entire 

line to be imaged. An example is shown in Fig. 3.10. 
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1pm 

Fig. 3.10 TEM images of an Al-2Cu line (50 j..lm in length) that was 
fabricated on a silicon nitride window. These show the microstructure 
along the whole line from the cathode to the anode. The thickness of 
the window was O.lj..Lm. (XBD 9611-05463) 
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3.4.2 Statistical Analysis of Polygranular Segment Lengths 

Electron-transparent silicon nitride windows were particularly use­

ful for the statistical analysis of polygranular segment lengths which were 

controlled by post-pattern annealing. Three groups of Al-2Cu lines that 

were annealed under different conditions were investigated by TEM; each 

group contained 20 macroscopically identical lines (width: 1 Jlm, length: 100 

J.Lm). The microstructural evolution during post-pattern annealing is stud­

ied by analyzing polygranular segment lengths measured from randomly 

chosen lines. In addition, the distributions of the longest polygranular 

segment lengths (a set of the longest one in each member of the groups of 

lines, i.e., 20 data points for each annealing condition) are discussed to 

demonstrate the metallurgical advantage of the heat treatment. 

Effect of Post-Pattern Annealing 

Three lines from each annealing condition were randomly chosen, 

and the lengths of all the polygranular segments that existed in those lines 

were measured using TEM. Fig. 3.11 shows histograms of the polygranular 

segment lengths for each annealing condition. These data can also be plot­

ted as shown in Fig. 3.12, which is the cumulative probability plot of the 

polygranular segment lengths. In addition, Table 3.1 summarizes the 

changes in the mean length as well as the shortest and the longest lengths 

of the segments as a function of annealing parameters. The results shown 

in Figs. 3.11, 3.12 and Table 3.1lead to the following conclusions on the mi­

crostructural modification by post-pattern annealing. 

55 



20 
0 - (a) s::: 
Cl) 

E 
16 m 

Cl) 

en total number : 58 ... 
..m 12 :::s 
s::: 
as ... 
m 
>-
0 8 
D.. 

-0 

... 4 
Cl) 
Sl 
E 
:::s z 0 

0 1 2 3 4 5 6 7 8 9 10 

Polygranular Segment Length (IJm) 

en 20 -s::: (b) Cl) 

E 
m 16 Cl) 

en 
... total number: 51 
as 
3 12 
s::: 
f! 
m 
>-
0 8 
D.. -0 

... 4 
Cl) 
Sl 
E 
:::s 
z 0 

0 1 2 3 4 5 6 7 8 9 10 

Polygranular Segment Length (IJm) 

56 



(I) 
20 -c (c) CD 

E 
~ 16 

en 
... total number : 54 
.!! 

12 :I 
c 
ca ... 
~ 
0 8 a. 

-0 

... 4 
CD .a 
E 
:I z 0 

0 1 2 3 4 5 6 7 8 9 10 

Polygranular Segment Length {lim) 

Fig. 3.11 Histograms of polygranular segment length for three annealing 

conditions: (a) 520 °C, 30 min. (b) 520 °C, 1 hr. (c) 540 °C, 1 hr. Three Al-

2Cu lines were randomly chosen for each condition. 
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1) The most significant effect of post-pattern annealing is the sub­

stantial reduction in the length of exceptionally long poly­

granular segments. 

2) The mean length of polygranular segments decreases with the 

increase in annealing kinetics. But, the reduction in the mean 

length is much less significant than the reduction in relatively 

long segments. 

3) The total number of polygranular segments does not change sig­

nificantly with post-pattern annealing. 

Therefore, when the reliability of the lines is predicted based on.the micros­

tructural change induced by post-pattern annealing, the relevant parame­

ter should be the length of long polygranular segments. This argument is 

of great importance in relation to the reliability improvement that can be 

achieved by the heat treatment, since it has been suggested that the long­

est segment within a line is the "weakest" failure unit. 13·
18 

• 
3

·
201 

Table 3.1 The changes in polygranular segment lengths with the changes 
in annealing condition. Also, see Figs. 3.11 and 3.12. 

- annealing condition shortest length mean length 

520 °C, 30 min. 

520 °C, 1 hr. 

540 °C, 1 hr. 

0.61 Jlill 

0.58 Jlill 

0.46J.Un 
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1.96 Jlm 

1.62 Jlm 

1.26 Jlm 

longest length 

9.24 Jlm 

4.50 Jlm 

2.95 Jlm 



Walton et al. 13
·
61 have proposed from their computer simulation that 

the distribution of polygranular segments is given in the following form 

C(l) = M2 exp (- Ml) (3.1) 

where 1 I M is the average polygranular segment length. They have as­

sumed that all polygranular segments shrink at a constant rate at a given 

post-pattern annealing temperature. It follows that the distribution of 

segment lengths as a function of annealing time is given by 

C(l,t) = M2 exp {- M (l + 2 v t)} (3.2) 

where v = dll dt. Thus, as it evolves with time, the segment length distri­

bution remains exponential with the same shape parameter M. This result 

is also based on other simplifying assumptions that segment shortening oc­

curs only at the segment ends, and that new spanning bamboo grains do . 

not form within a segment. 

Although the distributions of polygranular segments in Fig. 3. 11 do 

not seem to be inconsistent with the exponential distributions predicted by 

Walton et al., the results of the present work suggest that their segment­

shortening mechanism is not correct for the following reasons. First, seg­

ment shortening does not occur only at the segment ends. Second, the 

shortening rate is not same regardless of the segment length. 

As pointed out by Miner et al., 13211 no simple rules describe grain 

boundary movement during post-pattern annealing. However, according to 

the results of the present work (Figs. 3.11 and 3.12), post-pattern annealing 
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is more effective in shortening relatively long polygranular segments. As a 

result, the segment length distribution narrows. The reason for this phe­

nomenon is at least qualitatively simple. Longer polygranular segments 

have more grains, among which at least one grain quickly grows and spans 

the line width. Consequently, the longer the polygranular segment, the 

higher the probability that the segment is broken up by grain growth. 

Table 3.2 The changes in the longest polygranular segment lengths from 
the set of twenty Al-2Cu lines with the changes in annealing condition. 
Also, see Fig. 3.13. 

longest polygranular segment lengths 

annealing condition IIll.Illm um mean maximum 

520 °C, 30 min. 2.0 JlDl 4.29 Jlm 9.30 Jlm 

520 °C, 1 hr. l.3Jlm 2.31 Jlm . 4.40Jlm 

540 °C, 1 hr. 0.82 Jlm 1.76 Jlm 2.91 Jlm 

Distributions of Longest Polygranular Segments 

The longest polygranular segment in each member of the groups of 

lines was also measured using TEM. Fig. 3.13 shows the distributions of 

the longest segment lengths from those groups. In addition, Table 3.2 

summarizes the minimum and the maximum segment lengths as well as a 
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Fig. 3.13 The ,distributions of the longest polygranular 
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different annealing conditions. 
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mean length over the 20 longest segment lengths from each annealing con­

dition. Increasing either the temperature or time of annealing dramatically 

decreases the lengths of the longest polygranular segments. As a result, 

after the lines were annealed at 540 °C for 1 hr., the longest segment 

lengths over 20 lines were only in the range, 0.8 JlDl to 2.9 J.l.Dl. However, it 

was not easy to obtain a fully bamboo structure by the method; none of the 

lines had a fully bamboo structure in this study. This result is also in disa­

greement with the prediction from the computer simulation reported by 

Walton et al. 13·61 

The most interesting result to emerge from Fig. 3.13 is the fact that 

post-pattern annealing narrows the distribution of the longest segment 

lengths in a set of lines as well. This should influence the time-to-failure 

distribution of the lines under electromigration. As mentioned in Chapter 

1, obtaining a narrow failure-time distribution (low DTF) is an important 

reliability issue. In light of the view that the "weakest" microstructural 

unit is the longest polygranular segment, it is promising for post-pattern 

annealing to achieve a fairly narrow distribution of the longest segment 

lengths, since it may promote a narrow failure-time distribution as well. In 

contrast to the result of post-pattern annealing, it has been reported that 

other methods such as increasing the substrate temperature during film 

deposition or pre-pattern annealing unfortunately broaden the segment 

length distribution. This results in a relatively high possibility of excep­

tionally long polygranular segments. The broadening in the distribution 

results from a concomitant increase in mean grain size and· its standard 

deviation caused. by those methods. 13·221 The impact of the segment-length 

distributions on the reliability of Al-based interconnects will be discussed in 
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the next Chapter. 

3.5 CONCLUSION 

The microstructure of interconnects is affected by substrate tempera­

ture during deposition, pre-pattern annealing, and post-pattern annealing. 

The microstructural modification by post-pattern annealing is of particular 

interest, since this heat treatment determines the microstructural configu­

ration of quasi-bamboo lines at service conditions. The results show that 

post-pattern annealing modifies the length and distribution of polygranular 

segment lengths. The most beneficial result is the fact that post-pattern 

annealing narrows the distribution of polygranular segment lengths by 

preferentially breaking up relatively long segments. The success of this 

technique in improving line reliability is documented in the next Chapter. 
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CHAPTER 4 

EFFECT OF POST-PATTERN ANNEALING ON THE 

RELIABILITY OF AI-BASED INTERCONNECTS 

4.1 INTRODUCTION 

The purpose of the present Chapter is to address the possibility of 

improving the electromigration resistance of Al and Al-Cu thin-film conduc­

tors with quasi-bamboo structures by post-pattern anneals that decrease 

the maximum polygranular segment length. Pure Al, Al-2Cu, and Al-2Cu-

1Si lines were patterned and annealed· at temperatures high enough to 

stimulate grain growth. 

Prior work suggests that Al-Cu lines with quasi-bamboo structures 

fail by the mechanism illustrated in Fig. 4.1. 14·11 Al and Cu atoms are 

pushed downstream by the electron current, causing a counterflow of va­

cancies. The relatively rapid diffusion through the polygranular segment 

leads to an accumulation of Al and Cu at the downstream end, with a cor­

responding concentration of vacancies at the upstream end. The buildup of 

material at the downstream end produces an Al2Cu precipitate. The accre­

tion of vacancies at the upstream end produces a void, which usually ap­

pears in the bamboo grain just beyond the polygranular segment and grows 

across that grain to cause failure. 

The void-precipitate pair, which is easily identified using scanning 

electron microscopy (SEM), delineates the polygranular segment. An ex-
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ample of this is shown in Fig. 4.2. Using this technique, it has been found 

that the usual failure site in a quasi-bamboo Al-Cu line is the longest poly­

granular segment that it contains. To a good approximation, in as­

patterned Al-2Cu-1Si lines, 14·11 the time to failure is determined by the 

longest polygranular segment length according to the simple relation 

tr =to exp (-lllo) (4.1) 

where lis the polygranular segment length, and t0 and Z0 are constants. 

void 

e-

Fig. 4.1 Schematic illustration of the mechanism of electromigration 
failure in an Al-Cu line with a quasi-bamboo structure. The spacing be­
tween the void and the Al2Cu precipitate is approximately equal to the 
length of the polygranular segment (Ref. 4.1), 
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Fig. 4.2 SEM micrographs showing the typical morphology of the fail­
ure site. The void-precipitate separation is a reasonable measure of the 
polygranular segment length. (XBD 9511-05701) 

The expected length of the longest polygranular segment in a line 

that is patterned from a given parent film decreases with the width of the 

line. It follows from Eq. (4.1) that the expected failure time should in­

crease; and it does, roughly as illustrated in Fig. 1.5. However, the stan­

dard deviation of the failure time also increases. While no specific data is 

known, the likely reason for the increase in scatter in the failure times of 

narrow lines lies in the fact that they are patterned from polygranular 

films; the microstructure of the line is the microstructure of a path of 
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width, w, cut through a microstructure of mean grain size, G, as illustrated 

in Fig. 4.3. Even when w is very small, there remains a finite probability 

that its path through the microstructure will parallel a long grain boundary 

or adjacent grain boundary segments, with the consequence that it contains 

a long polygranular segment and will have a relatively short lifetime. 

(a) 

w 

W<G 
(b) 

w 

Fig. 4.3 Schematic illustration of patterning from a polygranular film. 
The microstructure of the line is derived from that of the film. Line (a) 
has a much longer polygranular segment length than line (b). 
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The simplest metallurgical method of avoiding long polygranular 

segments in narrow lines is to reduce or eliminate them by annealing at 

high temperature after the line has been patterned. The experimental evi­

dence in Chapter 3 led to the conclusion that appropriate anneals are par­

ticularly effective in shortening relatively long polygranular segments. As 

demonstrated in the following, the result of the microstructural modifica­

tion is a substantial improvement in the resistance to electromigration fail­

ure. 

4.2 POST-PATTERN ANNEALING OF AI ALLOY LINES 

4.2.1 Effect of Annealing Time 

Figs. 4.4 and 4.5 show the results of electromigration tests on Al-

2Cu-1Si lines annealed at 480 °C for various times. Fig. 4.5 is a plot of the 

median time to failure (M:TF) and the deviation in the time to failure (DTF) 

as a function of the annealing time. As shown in the figure, the MTF in­

creases by more than an order of magnitude when the annealing time is in­

creased to 2 hrs. The DTF increases initially, but quickly asymptotes to a 

value that is retained for long annealing times. A similar phenomenon is 

observed for Al-2Cu lines, as shown in Fig. 4.6. It appears that the an­

nealing treatment does provide a method for increasing the MTF without a 

concomitant increase in the DTF. 

The microstructural effect of the annealing treatment, responsible 

for the reliability improvement, is illustrated in Fig. 4. 7. The evolution of 
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Fig. 4.4 Time-to-failure distributions with annealing times 

for Al-2Cu-1Si lines, annealed at T = 480 °C. The lines 

were tested at j = 3 x 106 A/cm2 and T = 225 °C. 
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time for Al-2Cu-1Si lines, annealed at T = 480 °C. 
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a 

b 1 pm 

. Fig. 4.7 TEM micrographs showing the grain structures of Al-2Cu-1Si 
lines: (a) as-patterned and (b) annealed at 480 oc for 2 hrs. Note the 
reduction in polygranular segment length after annealing. (XBD9511-
05700) 

74 



the microstructure into a nearly bamboo structure with relatively short 

polygranular segments is apparent in the figure. 

It has been common that the MTF and DTF are plotted as a function 

of the effective line width, wIG (the ratio of line width to mean grain size), 

which describes the evolution toward a bamboo microstructure. A typical 

example is shown schematically in Fig. 1.5. However, the trend in Figs. 4.5 

and 4.6 is different from that shown in Fig. 1.5. In this work, post-pattern 

annealing leads to a similar (or greater) increase in the MTF during the 

ev~lution toward a bamboo structure, but the DTF quickly saturates. The 

net result is a significant increase in the time to first failure. The apparent 

reason for this benefit is that the longer polygranular segments are prefer­

entially attacked and broken up during annealing, so that the probability of 

finding a very long polygranular segment becomes low. This argument was 

proven by the statistical analysis of polygranular segment lengths as a 

function of annealing parameters in Chapter 3. 

4.2.2 Effect of Annealing Temperature 

The influence of temperature for a given annealing time is illus­

trated in Fig. 4.8, which plots the statistics of failure for Al-2Cu lines an­

nealed for 1 hr. at either 480, 520 or 540 °C. The mean lifetime increases 

with annealing temperature. This improvement is expected since increas­

ing the annealing temperature increases the rate of grain growth and, 

hence, the rate at which a bamboo structure is developed in the line. The 

time to first failure is a particularly strong function of the annealing tem­

perature (Fig. 4.8). Since the earliest failures are associated with the long-
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Fig. 4.9 The distributions of void-precipitate spacings at the 

failure sites of each group of the lines annealed at 520 oc and 

540 oc for one hour. 
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est polygranular segments in the distribution of lines, this result suggests 

that high-temperature annealing is particularly effective in breaking up 

the longest polygranular segments. 

The statistical analysis of polygranular segment lengths in Al-Cu 

lines is facilitated by the fact that the segment lengths at the failure site 

can be measured to a reasonable approximation from scanning electron mi­

crographs. As shown in Figs. 4.1 and 4.2, the void-precipitate separation is 

a reasonable measure of the polygranular segment length at the failure 

site. Using this technique, the approximate polygranular segment lengths 

were measured at the failure sites of each of the lines annealed for 1 hr. at 

either 520 °C or 540 °C. The results are shown in Fig. 4.9. As expected, the 

540 °C anneal produces shorter polygranular segments. In particular, 

there are no polygranular segments with lengths greater than 5 J..Un left af­

ter the 540 °C anneal, suggesting that the high temperature anneal does 

preferentially attack the longest segments. The preferential elimination of 

long segments at the higher annealing temperature is responsible for the 

fact that increasing the annealing temperature to 540 °C increased the time 

to first failure much more than it increased the MTF (Fig. 4.8). 

4.2.3 Failure Time as a Function of Polygranular Segment 

Length 

The failure times in these experiments were measured from the as­

sociated step-wise decreases in the total current of groups of parallel lines, 

and, hence, do not identify which particular line failed at which time. 
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However, prior work on as-patterned Al-2Cu-1Si lines has shown that there 

is a specific correspondence between the failure time and the polygranular 

segment length. 14·11 In order to obtain a valid empirical equation, that work 

proposed the following experimental steps. First, record an electromigra­

tion lifetime of each line from a set of parallel lines. Second, using SEM, 

measure the void-precipitate spacing, i.e., the polygranular segment length, 

at the failure site of an individual line. Third, assume that there is a one­

to-one association between the sequence of decreasing failure times (t1) and 

the sequence of increasing void-precipitate spacings (l), and plot the failure 

time as a function of the void-precipitate spacing. The validity of these ex­

perimental steps was examined by additional electromigration testing, in 

which a specific failure time was directly related to a specific void­

precipitate spacing by interrupting the test after each failure. Prior work 

14·11 reported these data, plotted in Fig. 4.10. The failure times in the figure 

are well fitted by a simple exponential equation 

(4.1) 

where the pre-exponential factor, t 0 , is a characteristic time and lo is a 

characteristic length. Eq. (4.1) implies that the time to failure increases 

exponentially with decreasing length of the polygranular segment that 

leads to failure. In Fig. 4.10, both t0 and l0 depend on the width of the line. 

The experiments mentioned above can also be applied to the data 

plotted in Figs. 4.8 and 4.9. The sequence of decreasing failure time in Fig. 

4.8 can be associated with that of increasing polygranular segment length 

in Fig. 4.9 to plot failure time as a function of polygranular .segment 
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Fig. 4.10 Semi-log curves showing the relation between polygranular 
segment length and failure time for 1.3 Jlm and 2 Jlm lines. The open 
squares indicate data that were obtained by interrupting tests. Also 
see Ref. 4.1. 
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Fig. 4.11 A semi-log curve showing failure time as a function of poly­

granular segment length. The data for 520 °C and 540 °C anneals 
coalesce onto a single straight line. 
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length. The results are shown in Fig. 4.11. An exponential relation be­

tween the failure time and the polygranular segment length is clear in the 

figure. The 520 °C and 540 °C anneals do not significantly change the con­

stants to and l0 in Eq. (4.1) as shown by the fact that the data in Fig. 4.11 

essentially coalesce onto a single curve which obeys Eq. (4.1). 

Table 4.1 The kinetic constants to and lo values calculated from the 
curves in Figs. 4.10 and 4.11. 

Composition Characteristics to (hr.) lo (J1m) 
~-,,"""",.,~,,...,..,J'JV.IY.•o¥~...-.-~ ... ·.u • ..-... v.-.-.y.y.• • ..,..........~.-.·.w.-.... .-.....,," 

Al-2Cu-1Si as-patterned (w: 1.3 J.Lm) 306 2.2 

Al-2Cu-1Si as-patterned (w: 2.0 Jlm) 64 4.4 

Al-2Cu 520 °C, 1 hr. (w: 1 J.Lm) 100 3.2 

Al-2Cu 540 °C, 1 hr. (w: 1 Jlm) 100 3.2 

Table 4.1 summarizes i0 and 10 values from Figs. 4.10 and 4.11. Re­

gardless of the sample composition and the preparation method, a simple 

exponential relation is, maintained for each set of lines. However, the spe­

cific values of the kinetic constants (t0 and 10) in Fig. 4.11 cannot directly be 

compared with those in Fig. 4.10 because of the differences in composition, 

geometry, and microstructure. In addition, it is difficult to discover which 

parameters determine those constants. While the discussion on the con­

stants in Eq. (4.1) is postponed until Chapter 5, a brief explanation on t0 
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and l0 may be possible based on the data presented above. The characteris­

tic time, to, can simply be defined as, the lifetime when the segment length 

(l) becomes zero, i.e., the line becomes a perfect-bamboo structure. For a 

given set of test conditions (j and T) and line geometry, hence, it appears 

that the value of t 0 is a constant. On the other hand, it appears that the 

constant, lo, determines the sensitivity of the lifetime to polygranular seg­

ment length. Hence, l0 determines the slope ofEq. (4.1) on a semi-log plot. 

No simple physical argument is applied at this point, however, several 

variables may affect the value of l0 • It is of interest that, in the case of the 

data in Fig. 4.11, l0 is identical for the two sets of annealed lines. 

4.3 POST-PATTERN ANNEALING OF PURE AI LINES 

Fig. 4.12 presents the failure statistics for pure Allines annealed for 

various times at 480 °C. Fig. 4.13 plots the MTF and DTF values computed 

from these curves as a function of annealing time. Fig. 4.14 shows typical 

microstructures for the three annealing times at sites where failures have 

initiated. 

The data shown in Figs. 4.12 and 4.13 differ from those of aluminum 

alloy lines in three respects. First, since the pure Allines do not contain 

Cu, their resistance to electromigration is uniformly less; the failure times 

are comparable to those of Al alloy lines even though the applied current is 

much smaller (1.2x106 A/cm2 vs. 3.0x106 A/crrf). Second, the MTF for pure 

Allines decreases after a brief anneal before it begins the monotonic in­

crease that was observed in the Al alloy lines. Third, the increase in the 
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MTF is more rapid for the pure AI lines. 

e 

Fig. 4.14 TEM micrographs of AI lines showing the microstructure 
evolution into a nearly bamboo structure by post-pattern annealing: (a) 
as-patterned, (b) annealed for 5 min., and (c) annealed for 60 min. at 
480 °C. The dramatic reduction in the polygranular segment length is 
apparent in (c) which shows the longest polygranular segment in the 
line with the void at its upstream end. (XBD 9504-0 1180) 

The initial decrease in the MTF of the AI lines is a straightforward 

microstructural effect. The details of microstructure evolution as a func­

tion of annealing time were already presented in Chapter 3. Fig. 4.14 adds 
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further evidence. The microstructural change during the first 5 min. of an­

nealing decreases the MTF, since the long polygranular segments have 

abrupt microstructural discontinuities at their terminal points that gener­

ate large flux divergences. The rapid initiation of a fatal void, after only 40 

min. of testing, is clearly shown at the upstream end of a long polygranular 

segment in Fig. 4.14-(b). 

Increasing the annealing time to 60 min. dramatically increases the 

MTF (Fig. 4.13), while the DTF stabilizes after an initial increase. The 

time to first failure increases substantially (Fig. 4.12), as with Al alloy 

lines. A typical microstructure of the failure site is shown in Fig. 4.14-(c). 

The line was examined using TEM over the whole length. The polygranu­

lar segment in the figure which created the void at its upstream end was 

the longest one. 

Unfortunately, pure Allines do not provide clear microstructural 

markers to delineate polygranular segments. Voids do mark the upstream 

ends of the segments, and there are, occasionally, well-defined hillocks to 

mark the downstream ends. Previously, Mockl et al. measured the void­

hillock distance to address their argument on polygranular segment length. 

14·21 In the present study, however, hillocks are frequently absent or invisi­

ble in SEM micrographs at those locations. It appears that the formation of 

a hillock is not necessarily related to polygranular segments in the line. 

The TEM micrographs in Fig. 4.14 support this argument; no hillock is ob­

served at the downstream ends of the polygranular segments. For this rea­

son, the simple SEM technique used for Al alloy lines cannot be applied to 

the pure Al lines. A different metallographic technique such as the one 

that was discussed in Chapter 3 (section 4) may be useful in order to test 

84 



the validity ofEq. (4.1) for pure Allines. 

4.4 EFFECT OF GRAIN STRUCTURE ON THE KINETICS 

AND MECHANISM OF ELECTROMIGRATION FAILURE 

4.4.1 Effect of Post-Pattern Annealing on Reliability 

Lines that have nearly uniform polygranular structures, e.g., the 

pure Allines described in Figs. 4.12- 4.14, have relatively low mean failure 

times because of the high fraction of grain boundaries. On the other hand, 

the DTF is also low because of the relative uniformity of the grain struc­

tures. Hence, in terms of the time to early failures, these structures are 

fairly reliable. 

A short-time anneal that produces quasi-bamboo structures with 

long segment lengths, such as the 5 min. anneal of the pure Allines (Fig. 

4.14-(b)), causes an actual decrease in the MTF. Slightly longer anneals 

increase the MTF, but produce a relatively large scatter in failure times 

(DTF), with the consequence that the time to first failure remains relatively 

short. The reason for this is illustrated by the behavior of the alloy lines 

annealed at 520 °C (Figs. 4.8 and 4.9). The time to first failure in a set of 

lines is governed by the longest polygranular segment that is retained in 

any of the lines, and, hence, may remain relatively short even after almost 

all segments have been refined. 

To achieve a high value of the time to first failure it is desirable to 

have perfect-bamboo structures. As demonstrated in the TEM analysis in 
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Chapter 3, however, it is not easy to obtain a fully bamboo configuration by 

post-pattern annealing. On the other hand, a sufficiently long anneal at a 

sufficiently high temperature ensures the absence of all long polygranular 

segments. This results in a substantial improvement in the time to first 

failure, as illustrated by the behavior of the Al-2Cu lines annealed at 540 

oc (Figs. 4.8 and 4.9). 

4.4.2. Failure Mechanism in "Near-Bamboo" Structures 

Near-bamboo structures in the present work refer to predominantly 

bamboo structures with short polygranular segments. The failure mecha­

nism in the lines with near-bamboo structures that are created by a high­

temperature anneal after patterning is essentially identical to those ob­

served in lines whose microstructures were achieved by annealing the par­

ent film prior to patterning. !4 ·
11 In both cases the failure occurs by void 

formation at the upstream end of the longest polygranular segment in the 

line. In both cases the failure kinetics of Al-Cu alloy lines are governed by 

the simple relation shown above in Eq. (4.1). Here l0 is a characteristic 

length of the order of a few microns (3.2 J.Ull in the case of 1 ~wide Al-2Cu 

lines studied in this work). 

Both the failure mechanism and the kinetic law continue to be 

obeyed by lines whose maximum segment lengths are very short, less than 

1 JlDl in the case of the Al-2Cu lines whose behavior is plotted in Fig. 4.11. 

This result is surprising in light of the prevalent view (originally traceable 

to Blech and Herring !4 ·3•4 ·5~ that there is a critical segment length below 

which microstructural features should be unimportant. £
4

.
6

-4 ·
91 The "Blech 
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length", which is based on a balance between the diffusion gradient and the 

back-stress, is in the range of 5 to 10 Jliil for the experimental conditions 

used in this study, and is much longer than the lengths of the segments at 

which failure is observed. This result may not be surprising. The original 

"Blech length" arguments concerned the critical value of the total line 

length; they do not obviously apply to the lengths of internal polygranular 

segments, although they have been inferred to do so. The present work 

suggests that it is inappropriate to use the Blech length to judge the threat 

of internal polygranular segments. Further results supporting this argu­

ment will be discussed in the following sections. 

4.4.3 Current Density Dependence 

To examine whether the conclusions presented so far are independ­

ent of current density, electromigration tests were conducted over the cur­

rent density range of 0. 75x106 A/cm2 to 2.5x106 A/cm2
. The results are plot­

ted in Fig. 4.15. The MTF decreases sharply with increasing current den-

sity; it can be fit to a power law relation, MTF oc in with n = 3, while the 

DTF remains nearly constant. 

Nearly 30 years ago, Black proposed the following empirical relation 

to describe the MTF as a function of current density 14·
101 

MTF =Aj"n exp (E, I kT) (4.2) 

where A is a material constant relating to structural, electrical and diffu­

sional properties of thin-film conductors, and Er is the activation energy for 
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electromigration-induced failure. A computer simulation has suggested 

that the current density exponent should be unity in an ideal case. 14
·
111 A 

theoretical model, in which the accumulation of vacancies is calculated in a 

grain boundary under electromigration, reports a n of 2, with a modifica­

tion of eq (4.2) which incorporates a T2 term. 14·
121 On the other hand, ex­

perimental observations have indicated that the current density exponent, 

n, varies largely, and is usually greater than 2. 142
·
4

·
13

·
4

·
141 The occurrence of 

a higher order current density exponent is often attributed to the effect of 

Joule heating. However, it is difficult to distinguish the Joule heating ef­

fect from fundamental mechanisms, since Joule heating is extremely diffi­

cult to separate from the electromigration failure process . The value of the 

current density exponent is still subject to debate. 

Over the current density range shown in Fig. 4.15, the failure sites 

do not appear to be affected. Fig. 4.16 shows the distributions of void­

precipitate spacings at the failure sites along three sets of lines that were 

annealed at the same conditions (520 °C, 30 min.) and tested at three dif­

ferent current densities. The distributions of void-precipitate spacings are 

independent of the current density, reflecting the fact that the three sets of 

lines have statistically identical distributions of polygranular segment 

lengths. In keeping with this result, the DTF is independent of current 

density (Fig. 4.15). This proves the argument that the DTF (scatter in fail­

ure times) is governed by the scatter in the lengths of the polygranular 

segments that lead to failure (Fig. 4.16). 

The results provide further documentation that the Blech length 

does not influence the failure mechanism of quasi-bamboo lines. If there 

was a current-dependent critical polygranular segment length for failure , 
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the distribution of polygranular segment lengths that cause failure would 

be truncated at this length, which would increase as the current density 

dropped. On the contrary, the distributions in Fig. 4.15 are essentially in­

dependent of current density. This supports the argument that microstruc­

tural features must be considered even in the lines that have only sub­

Blech-length polygranular segments. 

4.5 INVESTIGATION OF THE FAILURE MECHANISM 

AND KINETICS USING SILICON NITRIDE WIN­

DOWS 

The silicon nitride window technique was used for two purposes. 

First, this technique was used to observe failure sites directly, and to com­

pare their microstructural features to those of other sites that did not pro­

duce failures. Second, this technique was used to study the microstructural 

effects of three groups of lines, annealed under different conditions, on the 

kinetics of electromigration failure. While the details of microstructural 

analysis using this technique were presented in Chapter 3, the reliability 

improvement by microstructural modification is discussed in this section. 

4.5.1 Identification of the Weakest Polygranular Segment 

Fig. 4.17 shows TEM micrographs of a line tested at j = 0.8x106 

A/cm2 and T = 225 °C. The line failed after about 150 hrs. The void is 
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b 

Fig. 4.17 TEM micrographs of an Al-2Cu line (100 !1-m in length) that 
was tested at j = 0.8x10' A/cm2 and T = 225 °C. (a) Image along the 
whole line; the void is located at the upstream end (with respect to 
electron flow) of the longest polygranular segment in the line. (XBD 
9604-0 1539) (b) Magnified image of the failure site. (XBD 9604-0 1538) 
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clearly located at the upstream end of the longest polygranular segment, 

whose length is approximately 3 J.llD.. In addition, the Al2Cu precipitate 

bounds the downstream end of the segment. Shorter polygranular seg­

ments did not produce voids in this test. The length of the failed segment is 

shorter than the "Blech length" for these testing conditions (~ 10 J..Lm). 

Hence, this direct TEM observation confirms our previous conclusion, from 

void-precipitate pair spacings (Fig. 4.16), that the void failure occurs at the 

terminations of the longest polygranular segments, even when these seg­

ments have lengths below the Blech length. Coupling this observation with 

the fact that the relation between failure time and segment lengths shows 

no discontinuity or perturbation at the Blech length (Fig. 4.11), it can be 

concluded that the Blech length does not play a role in the electromigration 

failure of quasi-bamboo lines. This conclusion is in apparent agreement 

with Lloyd, 14·
151 who considers the mass transport along multiple diffusion 

paths to explain the failure at the short polygranular segments. 

4.5.2 Reliability Improvement by Microstructural Modifica­

tion 

In Chapter 3, the length of the longest polygranular segments in 

each member of three groups of lines was measured in order to map the 

statistics of the longest segment lengths. The results were plotted in Fig. 

3.13. Each distribution was characteristic of each annealing condition. The 

distribution of the longest polygranular segments determines the distribu­

tion of failure times. Fig. 4.18 shows the typical failure-time distribu-
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tions for the three groups of lines. The MTF and the DTF calculated from 

these distributions are plotted in Fig. 4.19. The distributions illustrated in 

Fig. 4.18 follow the segment length distributions shown in Fig. 3.13 where 

shorter segments lead to longer lifetimes, and a narrower distribution of 

segment lengths results in a smaller scatter in failure times. 

4.6 CONCLUSION 

The work reported in this Chapter shows that the reliability of Al­

based interconnects can be dramatically improved by post-pattern anneal­

ing. The data shown in Figs. 4.4 - 4.6, 4.12, 4.13, and 4.18, in conjunction 

with the associated micrographs, lead to the following conclusions regard- . 

ing the benefit of this heat treatment. 

1) Post-pattern annealing is an effective metallurgical method that 

preferentially breaks up relatively long polygranular segments. 

2) Post-pattern annealing refines the distribution of the lengths of 

the longest polygranular segments (failure unit), which govern 

the distribution of failure times in quasi-bamboo lines. 

3) Appropriate annealing achieves a narrow failure-time distribu­

tion which ensures a high value of the time to first failure as 

well as a high median time to failure. 

From the technological perspective, these conclusions demonstrate a 

straightforward metallurgical procedure that can be used to improve the 

electromigration resistance in narrow lines. The usefulness of this proce-
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dure for a particular device depends, of course, on whether a high­

temperature anneal is compatible with the processing requirements of that 

device. Some devices cannot tolerate exposure to high temperature after 

patterning. Others only accept a brief high-temperature anneal. While the 

annealing times used in the present work are relatively long, it is possible 

to shorten them significantly by modifying the deposition conditions to in­

crease the grain size in the as-deposited conditions. Another option is to 

use multiple rapid thermal anneals to accelerate grain growth. 

4.7 REFERENCES 

[4.1] C. Kim and J. W. Morris, Jr., "The mechanism of electromigration 

failure of narrow Al-2Cu-1Si thin-film intercon!).ects," J. Appl. Phys. 

73, 4885 (1993) .. 

[4.2] U. E. Mockl, M. Bauer, 0. Kraft, J. E. Sanchez, Jr., and E. Arzt, 

"Detailed study of electromigration induced damage in AI and AlCuSi 

interconnects," MRS Symp. Proc. 338, 373 (1994). 

[4.3] I. A. Blech, ''Electromigration in thin aluminum films on titanium ni­

tride," J. Appl. Phys. 47, 1203 (1976). 

[4.4] I. A. Blech and C. Herring, "Stress generation by electromigration", 

Appl. Phys. Lett. 29, 131 (1976). 

[4.5] E. Kinsbron, I. A. Blech, andY. Komem, "The threshold current den­

sity and incubation time to electromigration in gold films," Thin Solid 

Films 46, 139 (1977). 

97 



[4.6] E. Kinsbron, "A model for the width dependence of electromigration 

failure in aluminum thin-film stripes," Appl. Phys. Lett. 3 6, 968 

(1980). 

[4. 7] E. M. Atakov, J. J. Clement, and B. Miner, "Two electromigration 

failure modes in polycrystalline aluminum interconnects," IEEE Pro­

ceedings of the 32nd International Reliability Physics Symposium, 

151 (1994). 

[4.8] E. Arzt, 0. Kraft, and U. E. Mockl, "Electromigration damage in con­

ductor lines: recent progress in microscopic observation and mecha­

nistic modeling," MRS Symp. Proc. 338, 397 (1994). 

[4.9] C. V. Thompson, Y.-C. Joo, and B. D. Knowlton, "Modelling of the 

structure and reliability of near-bamboo interconnects," MRS Symp. 

Proc. 391, 163 (1995). 

[4.10] J. R. Black, "Electromigration: a brief survey and some recent re­

sults," IEEE Trans. Electron Devices ED-16, 338 (1969). 

[4.11] P. J. Marcoux, P. P. Merchant, V. Naroditsky, and W. D. Rehder, "A 

new 2D simulation model of electromigration," Hewlett-Packard J., 

June, 79 (1989). 

[4.12] M. Shatzkes and J. R. Lloyd, "A model for conductor failure consid­

ering diffusion concurrently with electromigration resulting in a 

current exponent of 2," J. Appl. Phys. 59, 3890 (1986). 

[4.13] J. C. Blair, P. B. Ghate, C. T. Haywood, "Electromigration induced 

failure in aluminum film conductors," Appl. Phys. Lett. 17, 281 

98 



(1970). 

[4.14] H. A. Schafft, T. C. Grant, A. N. Saxena, and C. Kao, 

"Electromigration and the current dependence," IEEE Proceedings 

of the 23rd International Reliability Physics Symposium, 93 (1985). 

[4.15] J. R. Lloyd, "Stress and electromigration," MRS Symp. Proc. 391, 

231 (1995). 

99 



CHAPTER 5 

FAILURE KINETICS : THE KINETIC EQUATION 

5.1 INTRODUCTION 

In this Chapter, the generality of Eq. (4.1), t1 =to exp (-lllo), is ex­

plored based both on a previously reported simple model and on experimen­

tal results of the present work. The principal goal of this Chap~er is to dis­

cuss the implications of the experimental results in the previous Chapters 

from a metallurgical perspective. 

The present work substantiates the fact that the internal failures of 

lines with quasi-bamboo structures is controlled by the longest polygranu­

lar segments they contain, and can be retarded by decreasing the maximum 

segment length. Moreover, at least in the case of Al-Cu alloy lines, there is 

a simple relation (Eq. (4.1)) between the longest polygranular segment and 

the time to failure. It was previously reported 15·11 that an equation of the 

general form of Eq. (4.1) was obtained by assuming that the rate of failure 

is governed by the steady-state accumulation of vacancies at the end of a 

polygranular segment, along lines suggested by Nix and Arzt rs2 1 and by 

Lloyd. 15·31 This Chapter briefly reviews their findings. The experimental 

results of the present work are then used to analyze Eq. (4~1) from a quali­

tative standpoint. Emphasis is on searching for the factors that govern the 

kinetic constants to and l0 in Eq. (4.1). 
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5.2 REVIEW OF THE DIFFUSION MODEL 

The diffusion model, proposed by Nix and Arzt and developed by 

Lloyd, considers the electromigration of vacancies in a single grain bound­

ary segment of length l that runs parallel to the line, as illustrated in Fig. 

5.1. The boundary segment ends at blocking grain boundaries that extend 

across the entire cross section of the line. The grain boundary segment in 

the model simulates a polygranular segment that terminates at bamboo 

grains, based on the assumption that flux divergences within a polygranu­

lar segment (e.g. at grain boundary triple junctions) are negligible com­

pared to those ;:tt the ends of the segment. Void formation and growth will 

occur at the upstream end of the grain boundary segment (i.e. at P indi­

cated in Fig. 5.1) at which the local vacancy concentration is the maximum. 

~ 
J 

l 

~ 
J 

(electron wind) 

Fig. 5.1 A straight grain boundary segment of length l which repre­
sents a sequence of grain boundary segment that terminates at blocking 
grains (Ref. 5.2). 
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In the model the electromigration of vacancies is treated in a ph e­

nomenological way in order to calculate the local vacancy concentration at a 

particular point in the grain boundary segment. The phenomenological ap­

proach of electromigration, also used, for example, by Rosenberg and 

Ohring, 15
.41 Shatzkes and Lloyd, 15·51 and Clement and Lloyd, 15·61 has been a 

common practice within a framework of irreversible thermodynamics by 

Huntington. 15-7J It is well-known that the drift velocity of vacancies, v, m 

the grain boundary can be expressed as 

v = (Dgb I kT) Z* e E (5.1) 

where Dgb (= Do exp (-Ml I kT)) is the grain boundary diffusivity of vacan­

cies, Z*e is the effective charge of the vacancy, and E is the electric field. 

The drift of vacancies induces a vacancy concentration gradient and, in 

turn, a diffusional flux that counterbalances the electromigration-induced 

drift. It follows that the one-dimensional diffusion equation is given in the 

following form, which is often called as the "electromigration equation": 

(5.2) 

where Cv is the vacancy concentration in the grain boundary and x is the 

coordinate position in the boundary. 

Arzt and Nix solved Eq. (5.2) to find a steady-state profile of the va­

cancy concentration along the grain boundary segment. Their solution is 

simply expressed by 

(5.3) 
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where Co is the initial vacancy concentration in the grain boundary of the 

stress-free line. In Eq. (5.3), the maximum vacancy concentration in the 

grain boundary segment is attained at the upstream end of the segment. 

The maximum concentration is then ~function of the segment length, l, 

which is given by 

Cmax =Co exp (v l I 2Dgb) (5.4) 

Consequently, the longer the grain boundary segment, the larger the re­

sulting vacancy accumulation at the upstream end of the segment. 

Kim and Morris explored Eq. (5.4) in order to derive a formula that is 

qualitatively similar to Eq. (4.1). They assumed that the failure time (t1) is 

inversely proportional to the maximum vacancy concentration induced by 

the grain boundary segment shown in Fig. 5.1, that is, 

1 
tl ex: -·-

cmax 
(5.5) 

This assumption leads to the following relation between the failure time 

and the length of the segment: 

t1 =A exp (-v l I 2D gb) =A exp (-l (Z*eE I 2kT)) (5.6) 

where A is a constant. Given test conditions, Eq. (5.6) yields a function 

which is mathematically identical to Eq. (4.1). The characteristic time (t0) 

is the constant A, while the characteristic length (l0) is given by the follow­

ing relation: 

l0 = 2kTI Z*eE = 2kT I Z*epj (5.7) 
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Eq. (5. 7) suggests that lo depends on current density {j) and temperature 

(1). Fig. 5.2 roughly illustrates the change in lo that is described by Eq. 

(5.7). 

T 

Polygranular Segment Length 

Fig. 5.2 Schematic curves that follow Eq. (4.1) based on the argument 
that lo is determined by Eq. (5. 7). Suppose that the three sets of lines 
have identical geometry and microstructural configuration. 

The most interesting results to emerge from the above analysis (Eqs. 

5.6 and 5. 7) are the predictions that failure occurs at the longest poly­

granular segment, and that the failure time increases exponentially with 

decreasing the length of the longest polygranular segment. These predic-
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tions have been, at least qualitatively, proven by the experimental results 

of the prior work (Fig. 4.10). However, Eq. (5. 7) cannot explain two differ­

ent slopes (i.e. two different l0 values) in Fig. 4.10. While the prior work 

reported that the value of l0 calculated from Eq. (5. 7) was about 4 11m for 

· the both sets of lines, those from the experimental data in Fig. 4.10 were 

2.2 11m and 4.4 11m for 1.3 Jlm and 2 Jlm wide lines, respectively. Presuma­

bly, the disagreement could result from the different line geometry or dif­

ferent microstructural configurations within the polygranular segments for 

the two sets of lines. Unfortunately, the diffusion model is too simple to 

consider these effects. It is difficult to argue about the validity of Eq. (5. 7), 

without understanding the effects of line geometry and microstructural 

characteristics of polygranular segments. 

5.3 EXPERIMENTAL ANALYSIS OF -THE KINETIC 

EQUATION 

In this work, the exponential dependence of failure time (tr) on the 

polygranular segment length (l) that leads to failure was first demonstrated 

in Fig. 4.11. The data were obtained from two sets of lines annealed at dif.. 

ferent temperatures (520 °C and 540 °C). However, the lines had the SaiD:e 

geometry, and were tested under the same conditions. Unlike those shown 

in Fig. 4.10, the data coalesce onto a single curve which obeys Eq. (4.1) in 

which t0 ., 100 hrs. and l0 ., 3.2 Jlm. 
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5.3.1 Characteristic Time 

The reason for the same t0 value in Fig. 4.11 appears to be simple. A 

characteristic time, t0, is the time-to-failure in the absence of a polygran u­

lar segment, i.e., l = 0. It is expected that, if perfect bamboo lines with 

identical geometry were tested to failure under the same conditions, the 

lines would have almost the same lifetimes. 

, In contrast, the data shown in Fig. 4.10 were obtained from two sets 

of lines which had different line widths. Prior work suggests that there is a 

reason why t0 for the narrow lines is larger than that for the wide lines. r5.
1

. 

5
·
8

· 
5

·
91 The vacancy supersaturation that leads to void formation can be re­

lieved by the vacancy diffusion to free surfaces. Under a given test condi­

tion, the vacancy diffusion is expected to increase with the surface-to­

volume ratio of the line, as evidenced by previous studies on the effect of 

line thickness. r5·
8

· 
5

·
91 The same argument can be applied to the effect of dif. 

ferent line widths. 

5.3.2 Characteristic Length 

Fig. 4.11 shows that two sets of lines have essentially same l 0 value 

(3.2 J!m) which were prepared by slightly different post-pattern anneals. 

For the two groups of lines, microstructural characteristics of the failure 

units were similar, except that there was a significant difference in the 

length of very long polygranular segments (Fig. 4.9). 

The kinetic constant l0 describes the sensitivity of lifetime depend-
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ence on the polygranular segment length that leads to failure. For the sake 

of argument, let us suppose that there are two sets of geometrically identi­

callines, which are tested at the same conditions (T andj). H two different 

lo values exist for this case, the curves following Eq. (4.1) would look like 

those schematically drawn in Fig. 5.3. Note that both curves are expected 

to have the same to value. The curve A has a smaller l0 than the curve B, 

and the curve A becomes a stronger function of polygranular segment 

length. According to Fig. 5.3, although two lines have the same poly­

granular segment length, the line following the curve A should have a 

shorter lifetime. 

~to 
.... ..... .. .. 

; .. .. 
~ larger lo 
IlL. 

s B 

~ 
A 

Polygranular Segment Length 

Fig. 5.3 Schematic curves following Eq. (4.1) while having different lo 
values. It is assumed that the two curves are obtained from the two 
sets of geometrically identical lines that are tested at the same condi­
tion. 
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If different lo values were observed like the case in Fig. 5.3, in addi­

tion to polygranular segment length, there necessarily would be more mi­

crostructural factors which influence the failure kinetics. Presumably, the 

following microstructural factors need to be considered for further investi­

gation. First, the grain configuration within polygranular segments, in­

cluding grain size and preferred crystallographic orientation, affects the 

atomic transport; highly textured, large grains substantially reduce elec­

tromigration flux within the segments. Second, the growth of fatal voids 

may depend on the nature of the bamboo grains next to polygranular seg­

ments; some specific grain orientations are more vulnerable to void forma­

tion. For example, Marieb et. al have suggested that, while void nucleation 

sites are fixed by polygranular segments, voids grow to failure faster in 

grains oriented with a {111} plane near perpendicular to the line. [s.loJ 

5.3.3 Effect of Current Density 

For further discussion, the lines which were tested under different 

current densities were studied. Three groups of lines were annealed at the 

same condition (520 °C, 30 min.). As a consequence, these three groups had 

statistically identical distributions of polygranular segments (Fig. 4.16), ex­

cept the two lines that have unusually long polygranular segments in the 

group tested under j = 0. 75x106 A/cm2
• 

The time-to-failure distributions for three different current densities 

are shown in Fig. 5.4. From Figs. 4.16 and 5.4, a semi-log plot showing 

failure time as a function polygranular segment length is constructed, as 
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Fig. 5.4 Time-to-failure distributions for three different current 
densities. For the tests three sets of Al-2Cu lines were annealed 

at 520 °C for 30 min. 
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Fig. 5.5 Semi-log curves showing the relation between failure 
time and polygranular segment length with changing current 
density. · 
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illustrated in Fig. 5.5. The data are fitted by Eq. (4.1). The constants t0 

and l0 calculated from the three curves are Slpllmarized in Table 5. 1. As 

expected, the characteristic length t0 decreases rapidly with the current 

density. Unfortunately, however, it is difficult to draw a convincing argu­

ment on the effect of current density on l0; no trend is observed when the 

current density varies. 

While more experimental analysis is necessary, it seems that the 

current density plays only little role in determining the value of l0. This 

argument applies well to the curves obtained from the lines tested under j 

= L5x106 A/em 2 and j = 2.5x106 A/cm2. Even for the data from j = 0. 75x106 

A/cm2, except the two data points originated from unusually long poly­

granular segments, the slope of the curve almost matches those of other 

curves. 

Table 5.1 The kinetic constants to and lo values with the change in cur­
rent density. These values were calculated from the curves plotted in 
Fig. 5.5. 

Current Density (A/cm2) 

0.75 X 106 

1.50 X 106 

2.50 X 106 

110 

to (hrs.) 

518.2 

92.6 

17.8 

lo (Inn) 

4.35 

2.56 

2.86 



5.4 IMPLICATIONS 

The mean grain size of the film does not reflect the reliability of 

quasi-bamboo lines. The mean length of polygranular segments does not 

predict the reliability, either. The microstructural parameter which pre­

dominantly determines the lifetime of each line is the longest polygranular 

segment within it, and the distribution of the longest segment lengths over 

a group of lines reflects the reliability of the group. The experimental re­

sults of this work strongly suggest that Eq. (4.1) provides a simple phe­

nomenological basis for predicting the lifetimes of quasi-bamboo lines. Eq. 

(4.1) was previously proposed to govern the failures of as-patterned AJ..:2Cu-

1Si lines. (S.lJ The present work shows that it governs the failures of an­

nealed Al-2Cu lines as well. Furthermore, the present work has demon­

strated that the exponential relation between the longest segment length 

and the time to failure is maintained even for near-bamboo lines that had 

predominantly bamboo structures with extremely short polygranular seg­

ments. 

Eq. (4.1) also proposes the need for, and a profitable direction for 

theoretical modeling. The results in Fig. 5.5 are in apparent disagreement 

with Eq. (5. 7), since Eq. (5. 7) expects that l0 is inversely proportional to 

current density. As pointed out in the discussion of Figs. 4.10, 4.11, and 

5.5, the flaw in Eq. (5. 7) is the fact that this equation does not concern mi­

crostructural and geometrical features along a polygranular segment. Ac­

cordingly, Eq. (5. 7) does not produce a correct value for the kinetic con­

stant l0. Furthermore, the model that leads to Eq. (5. 7) is too simple to ac­

count for the two-stage failure sequence in Al-Cu lines. The theoretical 
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Fig. 5.6 SEM micrographs showing the reference lines (A and C) 
which were not stressed by current and the tested line (B) after the 

failure under j = 3xl06 A/cm2. Line B shows the depletion of Cu from 
the polygranular segment and the upstream bamboo grain. (XBD 
9504-01175) 
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analysis of the failure is complex due to the presence of Cu solutes and 

Al2Cu precipitates. It has been suggested that the failure is preceded by 

the depletion of Cu from the polygranular segment and a portion of the up­

stream bamboo grain. [S.lJ Fig. 5.6 supports this argument. Unfortunately, 

however, no theoretical model has been reported to explore the influence of 

Cu-sweeping kinetics on the overall failure kinetics. Further work is 

needed to develop an appropriate theoretical foundation. 

5.5 CONCLUSION 

Microstructural effects on electromigration failure kinetics are well 

described by a simple exponential relation between the failure time and the 

longest polygranular segment length within a line. This exponential rel a­

tion is observed for different sets of lines prepared in a variety of ways. 

Furthermore, the relation is still valid even when the segment length is 

shorter than the critical polygranular segment length that is derived based 

on Blech's threshold-length argument. However, it is not yet clear which 

parameters govern the characteristic constants which are included in the 

exponential equation. Finding correct values for these constants at given 

test conditions (metallurgy, current density, temperature, geometry etc.) is 

necessary in order to provide a methodology for assessment of interconnect 

reliability. 
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APPENDIX 

BLECH LENGTH vs. CRITICAL POLYGRANULAR 

SEGMENT LENGTH 

The Blech length has been one of the most controversial issues in the 

establishment of the failure mechanism in quasi-bamboo lines. The Blech­

length arguments originated from the geometry effect on electromigration 

in a drift-velocity experiment, i.e., the critical value of the total line length, 

below which electromigration apparently stops. [A.
1

·A·31 These arguments 

have then been inferred to calculate a critical value of polygranular seg­

ment lengths below which the segments do not cause electromigration fail­

ure. IA.4·A.7J This Appendix discusses a few significant results reported pre­

viously, and points out some shortcomings in those investigations . 

• 

A. I Blech Length: Effect of Line Length on Electromigration 

The line length effect on electromigration was first demonstrated by 

Blech in 1976. IA· 11 In his drift-velocity measurement of AI stripes, Blech 

found a threshold current density below which there was no drift of stripes 

by electromigration. This current density was inversely proportional to 

stripe length. Thus short lines(= 30 Jlm) could withstand current densities 

up to 106 A/cm2 without any signs of electromigration. Similar phenomena 

were also observed in the case of Au stripes studied by Kinsbron, Blech, 

and Komem in 1977. IA·31 Blech and Herring interpreted these behaviors as 

the fact that electromigration is suppressed by concomitant back-flux due 
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to stress or concentration gradients during passage of electrical currents. 

1A
21 This flux balance is given by 

ND ND a 
-eZ* E = --(J..14- J.lv) 
kT kT ax (A.1) 

where N is the atomic density, Dis a di:ffusivity, Z* is an effective charge, E 

is the electric field, Jla and f.lv are the chemical potentials of the atoms and 

vacancies, respectively, and X is the distance along the film in the direction 

of electron flow. They further stated that, if grain boundaries could main­

tain a local equilibrium with respect to adding atoms or vacancies, either 

the atom pile-up or depletion at the stripe ends generates a stress gradient 

(not a concentration gradient). It follows that the net drift velocity Vd is 

given by 

aann ND 
Vd = Ve- Vb = (eZ* E-Q--)­ax kT 

(A.2) 

where Q is the atomic volume, ann is the stress normal to the grain bounda-

ries, and J1o is a constant. From this equation it has been a common prac­

tice to refer to the critical stripe length (Lc) that can stop electromigration 

(i.e. Vd = 0) as a "Blech length". 

The critical product of current density and line length, (jL)c, reported 

by Blech was 1260 A/em for Al films at 350 °C. (A.lJ The threshold product 

increased gradually with the decrease in current density. The Blech length 

at service conditions is then on the order of 100 J..Un. IA.SJ If this argument is 

accepted, the line shorter than the Blech length must be immortal. How­

ever, it is difficult to draw this conclusion from Blech's original data, since 
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the time frame for his drift-velocity measurement was too short (e.g. 15 hrs. 

atj = 3. 7x105 Ncm2, 45 hrs. atj = 1.5x105 A/cm2). IA-11 

While there are many theoretical analyses that rely on Blech's ar­

guments, no comprehensive experimental work has been presented until 

the recent report by Filippi et al. from IBM. [A.
9J They investigated the 

length effect using a technologically realistic two-level structure with W 

studs. More interestingly, they tested the lines whose length was in the 

range 30 to 1000 ~ for more than 2000 hrs. over the current density 

range, 0.5x106 Ncm2 - 2x106 A/cm2. In these test structures voids form 

preferentially at the cathode end, in the vicinity of theW stud, [A.
1o1 due to 

large flux divergence at that location. During the test, resistance changes 

were monitored as a function of time. An increase in resistance with time 

was the evidence of continual electromigration-induced void growth. The 

critical current density ic was then defined as the current density that re­

sulted in resistance saturation. This work reported interesting experimen­

tal results including the following. 

1) No evidence was found of a (jL)c below which electromigration 

does not cause damage. The resistance increase due to elec­

tromigration-induced damage was always observed. 

2) For a given current density, shorter lines showed a slower rate 

of resistance increase. 

3) While (jL)c increased as the line length decreased, ic was inde­

pendent of temperature in the range 175-250 °C. 

This work also suggests that there is a short-length effect which leads to 
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the back-flux against electromigration. Unlike commonly known Blech­

length concepts, however, the back-flux only retards overall electromigra­

tion kinetics, rather than completely halting electromigration. 

A.2 Blech Length and Quasi-Bamboo Microstructures 

Kinsbron first applied Blech's threshold-product ((jL)c) concept for 

electromigration phenomenon in quasi-bamboo lines. [A.
4J He proposed that 

there is a similar threshold product, (jl)c, of current density (J) and internal 

polygranular segment length (l) below which no electromigration-induced 

voiding should occur. The critical polygranular segment length (lc) has 

been referred to as the Blech length as well, since Kinsbron treated each 

polygranular segment like the conductor stripe for Blech's drift-velocity 

measurement. The central assumption of this reasoning was that the bam­

boo grains at the ends of polygranular segments act as perfectly blocking 

boundaries, so that these polygranular segments create stress-induced 

back-flux which can balance the forward electromigration-induced flux. 

Since the work reported by Kinsbron, it has been popular to assume 

the existence of a critical polygranular segment length, especially, in rela­

tion to the modeling of electromigration failure in quasi-bamboo lines. [A.s.A.
7J 

Furthermore, the statistics of polygranular segment lengths for both mod­

eling and improvement of reliability have been a major driver of university 

and industry research. Recently, Thompson has suggested that the thresh­

old product, (jl)c, in quasi-bamboo structures is at least approximately 1000 

A/em. 1A·111 Typical (jl)c values from others are listed in Table A.l. 
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Table A.1 The threshold product, (jl)c, values reported from prior work. 

Source Composition (jl)c , A/em Zc at j = 2x10s A/cm2 

Kraft et al. pure Al 244 1.2~ 

(Ref. A13) Al-2Cu 833 4.2Jlm 

Atakov et al Al-1Cu 6350 32Jlm 

(Ref. A5) Al-1Cu 12060 603 Jlm 

Experimentally, the existence of a critical polygranular segment 

length has not been proven acceptably, despite the efforts by Mockl et al. 

1A·121 and Kraft et al. 1A·131 In order to demonstrate the short-length effect, 

they measured void-hillock distances as polygranular segment lengths. 

They reported, from lifetime testing over a current density range, that the 

higher MTF is associated with the longer segment. They further· reported 

that, as long as the segments are longer than a critical length (lc), failure 

sites are randomly distributed over those segments, that is, failure sites are 

not directly related to the 'segment lengths. However, these arguments 

need to be re-considered in light of the following points. 

1) The concepts of stress-induced back-diffusion that they followed 

should lead to the result that longer segments produce smaller 

back-flux, and, hence, these segments are more vulnerable to 

failure. As one of the researchers pointed out elsewhere, IA-141 
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the line is likely to fail at the longest of polygranular segments 

within it. 

2) The void-hillock distances that were directly related to the MTF 

data were the average values of all the void-precipitate pairs 

(i.e. damage sites as well as failure sites) over 20 or 25 lines. 

However, in order to find a relevant relation between the life­

time and the segment length, only the void-hillock spacings at 

the failure sites should be related to the lifetimes of the lines. 

3) It should be examined whether the void-hillock distance is a 

reasonable measure of the polygranular segment length, since 

the relative contribution of electromigration to hillocking and 

voiding is not known yet. For example, in the plots by Mockl et 

al. (Figs. 4 and 5 in Ref. A.12), it is not clear why the void-hillock 

distance rapidly increases as the ratio of line width to grain size 

falls below unity. Because of the following reasons, it is not a 

reliable way to estimate polygranular segment lengths from 

void-hillock pairs. Early work by Kinsbron et al. showed that 

hillock$ can form even before the edge displacement (i.e. re­

gardless of the void formation at the cathode). IA·31 Recent work 

has reported that hillock formation in thin films can result from 

a variety of other mechanisms in addition to the material 

buildup by electromigration. IA.151 The present study also dem­

onstrated that the formation of hillocks is not necessarily re­

lated to the voiding due to polygranular segments. 

121 



4.2 fJm 

1.s(Jm 

1 JJm _ e 
,_ 

Fig. A.1 TEM micrographs showing the typical failure and damage 
sites in near-bamboo AI lines that are annealed for one hour at 480 °C. 
The polygranular segment lengths are indicated. (XBD 9504-0 1179) 

The segment-length statistics of the present work do not agree with 

the statistics documented by Mockl et al. (A.121 and Kraft et al. (A.l
3J In the 

' 

prior Chapters, this work demonstrated comprehensive experimental re­

sults from TEM and SEM combined with post-pattern anneals and lifetime 

tests. It was obvious that failures occur even at segments that are less 
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than a few microns, which are much shorter than the Blech lengths at 

given test conditions, as shown in Fig. A.l. Realistically, as also pointed 

out by Lloyd, IA.BJ failure does occur at sub-Blech-length polygranular seg­

ments, although there is clearly an increase in lifetime when the segment 

length is shorter than the Blech length. 
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