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The Microstructural Mechanism of Electromigration Failure 

in Narrow Interconnects of Aluminum Alloys 

by 

Choongun Kim 

ABSTRACT 

This thesis reports a study of the mechanism of electromigration failure in Al-2Cu-lSi 

thin-fllm conducting lines on Si. Samples were patterned from 0.5 ~m thick vapor-de

posited films with various mean grain sizes (G), and had lines widths (W) of 1.3, 2, 4 and 

6 ~m, providing an effective linewidth (VVIG) range of approximately from 0.5 to 3. The 

lines were aged at various conditions to change the Cu-precipitate distribution and were 

then tested to failure at T = 225°C and j = 2.5xl06 AJcm2. Some samples were tested 

over a range of substrate temperatures, current densities and current reversal times. 

Aging produces an initially dense distribution of metastable at (AhCu; coherent) in the 

grain interiors, with stable a (AhCu; incoherent) at the grain boundaries. The intragranu

lar at is gradually absorbed into the grain boundary precipitates, lowering the density of 

intragranular precipitates. In the wide lines (WIG> 1) the mean time to failure increases 

slowly and monotonically with pre-aging time and current reversal time. The failure 

mode is the formation and coalescence of voids that form on grain boundaries with an 

apparent activation energy of 0.65 e V. In the narrow lines (W 10 < 1), the lines failed by 

a transgranular-slit mechanism with an activation energy near 0.93 eV, in which voids 

forms in the bamboo grains that tenninate the longest polygranular segments in the line 

due to accumulation of a supersaturation of vacancies. The distribution of the polygranu

lar segments and the kinetics of failure varies with the linewidths, which provides an ex

planation for the dependence of failure statistics on line geometry. Failure occurs after 

Cu has been swept from the grains that fail. Pre-aging the line to create a more stable 
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distribution of eu lengthens the time required to sweep Cu from the longest poly granular 

segment, and significantly increases the time to failure. In the optimum case when the 

density of intragranular a-phase precipitates is maximized, the transgranular-slit failure 

mechanism is suppressed, and the bamboo grain fails by diffuse thinning to rupture. The 

results from the current reversal test indicate that the time to sweep Cu in the polygranu

lar segments is longer for longer polygranular segments, and have the consequence that 

the time to fust failure in an array of lines is much longer than predicted by a log-nonnal 

fit to the distribution of failure times. 
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CHAPTER 1 

INTRODUCTION 

When an electric current flows through a conductor, a migration of atoms occurs. 

This phenomenon, which is known as electromigration, is a subject of technological in

terest primarily in integrated circuit device technology. In the present VLSI technology, 

aluminum thin films are used as interconnect material because of their various advanta

geous properties. However, these aluminum interconnects carry current densities greater 

than 105 Alcm2 and are liable to failure through electromigration. With the continuous 

demand for advanced device technology in which the reduction_of interconnect dimen

sion is essential, the problem of electromigration is becoming a greater limiting factor. 

Ever since it was found that electromigration in aluminum interconnects is one of 

the major sources of device failures, various studies have been done to resolve the prob

lem [1, 2]. These studies revealed that the microstructure of the thin film, combined with 

the physical parameters of the interconnect such as film thickness, line length and width, 

play an important role in the electromigration failure. Although these studies established 

many scientific insights into the failure mechanism, there are many elements that are still 

unclear. Detailed analysis of the interaction between the failure mechanism and the mi

crostructural factors of thin films is essential in order to provide guidance for the devel

opment of reliable interconn.'!cts that are suitable for advanced applications. 

In this study, the microstructural mechanisms of electrornigration failure of AI in

terconnects were investigated. The focus was the influence of alloying element on the 

failure mechanism in interconnects with narrow linewidth. This study identifies the fail

ure mechanism of interconnects and its dependence on alloying elements. With this un-
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derstanding, several ways to improve the reliability of aluminum interconnects are sug-

gested. 

In this chapter, the description of electromigration and its application to AI thin 

films are introduced to provide a' basis for the study. Efforts has been made to summarize 

the general observations of electromigration failure associated with the microstructure of 

thin films. The known mechanisms, including diffusional and statistical mechanisms, are 

briefly discussed. 

1.1. Phenomenological description of electromigration 

Since electromigration is basically the diffusion of atoms under an external driv

ing force, the irreversible thermodynamics of diffusion can provide a phenomenological 

description of electromigration [3, 4]. In a multi-component system, the atomic motion 

of the ith component depends on its interaction with all the other elements in the system. 

This can be expressed by writing the atomic flux Ii as 

J. = ~ L .. X. (i = 1,2, ... , n) 
I k IJ J 

( 1.1) 
j=l 

where Lij is the phenomenological coefficient correlating the flux of the ith component to 

the driving force Xj of the jth component. In an electric field, the driying force is derived 

from the gradient of chemical potential I-'i as well as macroscopic electrical potential CPo 

Separating the motion of atoms and charge carriers, eq. (1.1) becomes 

Jj = -(LjLjjVjij + LieVJie) 

Je = -(LjLejVjij + LeeVjie) 

(1.2) 

(1.3) 

where Ji j are generalized potentials defined by ji j = J1 j + Zje4>. Here, Zj represents the 

ionic valence of the specific atom; it is -1 for free electrons. It can be seen that all diag- , 

onal elements of Lij relate to the diffusion coefficients of the i th component, except for 
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Lee which governs the conductivity of electrons. The off-diagonal elements Lij give the 

correlation effects on the atomic jumps of the i th element due to the jumps of the jth ele

ment, while Lie is related to the interaction between the ion and electrons. 

1.1.1. Driving force 

In a one component system, the chemical potential gradient of atoms and elec-
I 

trons vanishes, and eqs. (1.2), therefore, can be simplified as 

L. 
J j = Ljj(Zi - L~ )eE 

/I 

(1.4) 

where E represents an electric field which has the physical meaning of the gradient of 

electric potential, E = -V 4J. From this relation, the driving force for electromigration 

can be obtained: 

(1.5) 

where Z denotes the valence of the atom. It can be seen that electromigration results 

from the two competitive forces: the electrostatic force (ZeE) and the force from the dy

namic interaction between moving electrons and atoms ( - Lie / Lii eE ). The latter force is 

often called "elec1ron wind" or "electron friction" force [5-12]. The physical source of 

"electron friction force" can be found in the recent review paper by Sorbello [13]. 

Conventionally, eq. (1.5) is expressed as 

F=Z*eE (1.6) 

where Z* denotes the effective valence of the metal ion: 

(1.7) 

Experimentally measured values of Z* for various metals are usually negative and large 

in magnitude. For example, the effective valances of AI, Au and Cu are about -30, -8 and 

-5, respectively. This result indicates that the electron wind force is usually domina!lt. 
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From eqs. (1.4)-(1.7) and Ohm's law,} = EI p, the electromigration flux becomes 

J. = L .. T eE = L .. r ep.J· 
I /I /I I 

(1.8) 

where Pi and } denote the electrical resistivity of the metal and the applied current den

sity, respectively. Since the diagonal coefficient Lii is the mobility of a pure metal, the 

Nemst-Einstein definition of mobility, Lii = CiDi / kT, leads to the full expression of the 

electromigration flux as 

(1.9) 

where Ci and Dj present the concentration '\Od the diffusivity of the metal, respectively. 

Hence, the electromigration flux of a pure metal is determined by the diffusivity 

(mobility) and the effective charge Z* (driving force). When these two factors are com

pared for pure elements like Au, eu and AI, the electromigration flux in AI is expected to 

be more extensive than for the other metals. This is because the diffusivity of AI is much 

faster, and the effective charge is much higher than other elements. Therefore, electromi-

gration causes AI interconnects to be unreliable in microelectronics devices because it in-

duces damages and failures. 

1.1.2. Electrom.igrati~n in a dilute alloy 

The atomic flux of the ith component in a multi-component system is influenced 

by the jth component as described in eq. (1.1) and (1.2). At this point, not all of the non

diagonal coefficients are independent so that the Onsager's relation cannot be applied to 

reduce the number of independent coefficients. However, applying the mass conserva-

tion condition, i.e. 

~ 1.=0 kJi I 

and the mechanical equilibrium condition, i.e. 

4 
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(1.11) 

the reduction of the number of independent Lij can be achieved [14]. For a system in 

which diffusion takes place through vacancies, it is convenient to introduce the vacancy 

as an additional component to balance the mass transport of the moving atoms as 

J =-~ J. v ~ I 
(1.12) 

Adapting lattice reference frame where the atomic motion can be observed from the rela

tive movement of the lattice, the Onsager relation can be applied to yield Lij= Lji. 

From eq. (1.2) and eqs. (1.10)-(1.12), the mass flux equations for dilute of alloys 

of solute a and solvent b become 

Ja = -[Laa V(fia - V fiJ + Lab V(fib - V fiv)] + LaeV jJ,e 

Jb = -[4aV(fia - Vfiv) + 4bV(jlb - Vfiv)] + 4eV jJ,e 

(1.13a) 

- (1.13b) 

( 1.13c) 

In an homogeneous alloy, the chemical potential gradients of the components vanish and 

eqs. (1.13) become: 

Ja = (LaaZa + LabZb - Lae)eE 

Jb = (4aZa + 4bZb - 4e>eE 

( 1. 14a) 

(l.l4b) 

One the other hand, the cross-coefficients Lae and Lbe, which originate from the interac

tion of atoms a and b, respectively, with the electrons, are related to the wind forces ZacE 

and ZbcE by the following relations [14, 15]: 

Hence: 

Lae = LaaZa + LahZb 

4e = 4aZa + 4bZb 

Ja = (LaaZ; + LabZ;)eE 

Jb = (4aZ: + 4bZ;)eE 

5 
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It can seen that there are additional contributions to the flux of a particular component 

through coefficient Lab. This cross-tenn effect on the electromigration is called the "va-

caney-flow" effect. This terms indicauis that there is extra mass flow of b atoms, for e~{

ample, caused by vacancies pushed to th~m in an opposite direction as a result of the a 

atoms. 

For dilute alloys, the kinetic analysis of Manning [16] shows that 

(1.17) 

where Da' and Db are the uncorrelated diffusion coefficients of the solvent and solute 

atoms, respectively, and fb is the solute correlation factor. Ca and Cb represent the con

centration of solvent and solute atoms respectively. Using this expr~ssion, the atomic 

flux of solvent and solute atoms can be expressed as 

(1.18) 

Here, Z;* and Z;*, called the apparent effective charges, are experimentally measured 

parameters and can be related to the actual effective charges by the following relation

ships: 

z** == Z* (1 + LabZ: ) 
a a L Z· 

aa a (1.19) 

From the above derivation, one fact becomes clear that the electromigr~tion of 

solvent atoms is influenced by the apparent effective charge 2';* through contributions 

from "vacancy-flow effect". Using eq. (1.17), one can show that 
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(1.20) 

where D; = Dbfb. Thus, the vacancy-flow correction is linearly proportional to the so

lute concentration. For most substitutional alloys the sign of Zb * is the same as Za *; so, 

whether the vacancy-flow effect would increase or decrease the apparent effective charge 

depends on the sign of LaiJLbb. Also, the contribution is a linear function of the solute 

concentration. Note that the vacancy-flow effect has the same direction for both Ute so

lute and solvent electromigration. For example, if the electromigration of the solvent is 

enhanced by the presence of solute, the same effect appears in the electromigration of 

solute. 

However, there is an another factor to consider other than the vacancy-flow effect 

in order to evaluate the solute effect; the diffusivity of solvent atoms is influenced by the 

solute atoms [17, 18]. For dilute alloys 

(1.21) 

where Da(O) is the uncorrelated diffusivity of the pure solvent and b' is a constant. 

Combining eqs. (1.18)-(1.21), one obtains 

(1.22) 

Now, the electromigration flux with and without solute can be compared: 

( 1.23) 

where aa and ab represent the enhancement factor of solvent and solute electromigration, 

respectively. 
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Ho [19] estimated the enhancement factors for dilute alloys of AI, Cu, Ag and Au 

and the results are shown Table 1.1. The results show interesting general features about 

solute effect on electromigration. First, a vacancy-flow effect would decrease the electro

migration of solute and solvent as can be seen from the negative values of Lat/Lbb. 

However, the magnitude of vacancy-flow effect on the electromigration flux of solvent is 

small and overwhelmed by the diffusivity enhancement effect (b'). Thus, the presence of 

the solute enhances the electromigration of solvent except for Fe in Cu or Ag. 

Table 1.1 Estimation of flux enhancement factors in various alloys. 

Solvent Solute Zb* Zb*/Za* Lat/Lbb ab bl aa av 

AI CU -6.8 0.4 -0.4 -0 --100 --100 -100 

Zn -33.9 2.0 -0.79 2.4 19.5 16.3 Ii.7 
." 

Mg -52.4 3.1 -0.79 8.3 23.0 14.2 21.5 

Cu Zn -23.3 2.9 -0.29 7.3 8.4 6.1 12.4 

Fe -61.3 7.7 -1.2 5.4 -1.2 -8.9 -4.5 

Ag Cu -16.1 1.3 -0.65 0.56 9.8 9.1 8.7 

Zn -27.6 2.2 -0.53 4.9 13.5 10.1 14.0 

Cd -29.1 2.3 -0.73 4.5 11.4 6.5 10.0 

In -48.9 3.9 -0.71 13.2 17.5 6.0 18.2 

Sb -115.0 9.2 -1.2 -17.5 73.1 7.5 54.0 
,-

Fe -58.0 4.6 -0.44 2.2 -12.6 -13.7 -12.5 

Au In -22.2 2.4 -1.3 7.7 84.4 62.5 69.2 

Sn -32.6 4.5 -1.4 25.9 162.3 101.8 126.7 

One significant conclusion obtained from this analysis is that the addition of most 

solutes to these metals will not Ieduce the overall rate of electromigration. For example, 

8 

II' 



'''' .,. 

the addition of Cu to AI would increase the electromigration rate of AI atoms consider

ably because of large positive aa but Cu would migrates little itself (ab - 0). This is a 

somewhat surprising result. Both results disagree with the observations made in several 

studies in thin films. It has been convincingly shown that the Cu retards the AI electro

migration significantly, while Cu itself migrate considerably along the electron flow di

rection [12-23]. As a result, failure by electromigration in AI thin films is several orders 

slower than in pure AI, which is the reason why Al interconnects are commonly alloyed 

with Cu [24]. The same effect was reported in the case of Mg ~vidition to Al thin films 

[25]. To account for this, several theories have been proposed as will be discussed fur

ther in this chapter; however, the answer is still unknown. This question is one of the 

main points on which this thesis is focused. 

1.2 Blectromigration in thin (llms 

Electromigrhtion in polycrystalline thin fllms is different from that in the bulk due 

to the presence of an unusually high grain boundary density. Since the grain boundary 

provides an easy path for atom migration, electromigration through grain boundaries j4\ 

predominant. Defining the grain boundary density as 

8 
d=-

G 
(1.24) 

where () and G represent the thickness of the grain boundary and the Inean grain size of 

the film, respectively, the electromigration flux in a thin film becomes 

(1.25) 

where the subscript gb represents the grain boundary [26-28]. Eq. (1.25) is often used 

without the d factor for simplicity. Several studies, in which activation energy of elec

tromigration flux is studied, confmned that the electromigration mainly occurs via grain 

})lundaries; the activation energy ranges from 0.35 to 0.7 eV [29-34], which is about a 
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half of that for lattice diffusion for Al, 1.33-1.48 e V [35-38]. The effective charge in the 

grain boundary is expected be different from that in lattice. Although there have been 

several studies to identify the effective charge in the grain boundary, the reported values 

are not consistent: they vary from -1 to -10 [39-40]. 

1.3 Blectromigration induced stress in thin films 

Stress can be induced as a result of electromigration. Blech and others performed 

drift velocity measurements, as illustrated in Fig. 1.1, by fabricating a test strip with a 

controlled length, sitting on a underlayer that has relatively high electrical resistance, 

such as TiN or Mo [4Q-43]. When a voltage is applied, the current predominantly flows 
~ 

through the test strip because of its low resistance. Because of electromigration, the ma-

terial is depleted from one end of the strip and accumulated on the other. The drift ve

locity of the stripe end provides a mf'asure of the mass transport. 

test strip 

+ 
1 - ..... .-tl TiN or Mo 

Fig. 1.1 Schematic illustration of test strip that is used to measure the drift velocity of 
metal ions under the electric current 

A typical result of the drift velocity measurement as tested on Au thin films is 

shown in Fig. 1.2 [41]. It can be seen that strip end moves only when the current density 

exceeds a threshold value. It j,s also observed that the end flows backward when the cur-

rent is removed. The same trend is found in thin films of Al and AI alloys. These results 
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Current Density, Alcuil 

Fig. 1.2 The measured drift velocity as a function of the current density at 430°C for Au 
thin films. 

2800~------------------------------~ 

1200~----------~~----~----~--__ __ 
150 300 400 

Temperature,oC 

Fig. 1.3 The temperature dependence of the current-stripe length product measured in 
pure AI. The product linearly decreases with increasing temperature. 
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are attributed to the presence of a stress gradient that is induced as a result of the mass ac

cumulation (compressive stress) and mass depletion (t~i:~ile stress) at the ends of the 

sample. The threshold current density corresponds to the minimum driving force to over

come the effect of the stress gradient. In a steady state, the drift velocity of the strip end 

can be expressed as 

(1.26) 

where Q, /1a and represent the atomic volume and the stress difference along the length 

of strip, 1. The threshold current density je, is given by 

(1.27) 

There also exists threshold strip length le under which no strip displacement can occur at 

a given current density, which can be expressed in the similar fonn as eq. (1.27) but ex

changing 1 and j. Then, a simple relation between current density and strip length holds: 

'z '[ naa 1 c = lc = • = const, 
PgbZgbe 

( 1.28) 

The product Jel or jIe changes with temperature mainly because of the temperature depen

dence of the yield strength of the film which limits the amount of the induced stress; the 

product (jI) estimated in pure AI by Blech is shown in Fig. 1.3 [44], The threshold strip 

length Ie, or so called Blech's length, has been measured for pure AI and is on the order of 

tens of microns for grain sizes on the order of microns. For relatively long strips that 

terminate in large metal pads, an influence from the electromigration induced stress is 

expected to be insignificant, which is the usual case for the interconnects in service and in 

reliability test apparatus. 
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1.4 Blectromigration failure in AI thin fIlms 

Extensive amount o( electromigration in thin films can cause damage, since a net 

mass flux is constantly driven from different points in the lines. If electromigration is 

unifonn, as seen in the strip drift test, it is expected that the one end of line is thinned due 

to the mass depletion, while the other end of the line becomes thicker. However, it was 

found that the failure in AI thin films is not due to the uniform thinning of the line but to 

localized void formation. In situ TEM study on the electromigration failure morphology 

showed that voids form at the triple junctions of grains and link with each other along the 

grain boundaries, resulting in an open circuit [45]. Also, formation of hillocks was found 

along grain boundaries, which can be an another source of device failure because they 

can cause-a short circuit in the multi-level interconnection [46,47]. 

1.4.1 Flux divergence, and void formation and growth 

Electromigration flux along the grain boundary can not be uniform because of the 

flux divergence existing in a thin film microstructure. A simple example of the flux di

vergence in thin films can be understood using triple points of grain boundary junctions 

as shown in Fig. 1.4. Assuming that the grain boundary diffusivity is the same for grain 

boundaries 1, 2 and 3, the electromigration fluxes J 1, J 2 and 13 can be represented as 

CgbDgb •• 
J1 = kT P gbZgbej • !!II. 

J2 = J1 cos 812 (1.29) 

J3 = J1 cos 813 

Then the flux divergence 

(1.30) 

becomes dependent on the angles 812 and 813. When 612 =" 623= 60 0, there is no diver

gence of the flux becau~ incoming flux is balanced with the out-going flux. If, however, 
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912 and 923 is less than 60°, out-going flux exceeds the incoming flux (V J < 0), and mass 

is depleted at a triple point. On the other hand, when 912 and 913 are larger than 60° 

(V J > 0), mass is accumulated at the point. 

Fig. 1.4 An illustration of the electromigration flux at a triple point of a grain junction. 

The void formation mechanism can be described from the mass depletion at the 

flux divergence point. Since diffusion in Al occurs by the vacancy mechanism, it is con

venient to express the electromigration flux in tenns of the vacancy flux opposite to the 

direction of atom flux. The total flux, lv, is the sum of the drift flux due to electromigra-

tion and the diffusive flux due to a concentration gradient developing during the elec-

tromigration [48]: 

J =_D
dC

" +v C 
v dx d" 

(1.31) 

where C v represents the vacancy concentration and the drift velocity has the same form as 

eq. (1.26). Then, when the supersaturated vacancies at flux divergence reach the critical 

concentration, voids form, and the diffusion equation becomes 

(1.32) 
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in which Co and T are the equilibrium vacancy concentration and the average lifetime of 

vacancies, respectively. 

Although the triple points of grain junctions appear to be the most favorable sites 

for the initiation of voids because of the large flux divergence associated with them, it 

should be noted that the overall distribution of these triple points is important for the 

growth of the voids. Hence, the time and the location for the failure are basically the re

sult of a statistical process, depending on the spatial distribution of flux divergent sites. 

T I 

t-------.Y. 
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e 

failure~ I 
I 
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~ ........ ---
I 
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. I 

Fig. 1.5 Flux divergence induced by the temperature gradient across the line under high 
current density . 

Besides the grain structure of thin films, there are many other potential sources 

that can result in flux divergence. A temperature gradient imposed on the interconnect is 

a typical example of a source of flux divergence. In the usual case, the temperature is not 

uniform along the interconnect [2, 49]. The temperature at the current pad is lower than 

the interconnect due to a lower current density, and, therefore, acts as heat sink .. As a re

sult, a temperature gradient is induced along the line as schematically shown in Fig. 1.5. 

Since electromigration flux is detemlined by the temperature at a given current density, 

flux divergence appears. Thermo-migration would also cause the divergence. In this 
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case the failure usually appears at the anode end of interconnects. Any structural, thennal 

and physical property inhomogeneity in interconnects contributes to the flux divergence. 

1.4.2 The time to failure and its distribution. 

Due to electromigration, the interconnects in microolectronics devices are liable to 

fail during service, which may limit the expected lifetimes of the devices. Thus, it is es

sential to estimate the reliability of interconnects under electromigration and then find 

various ways to control the problem. Since actual microelectronic devices contain thou

sands of interconnects, it is not practical to test all of these interconnects. Instead, the 

electromigration failure is simulated by fabricating test units that contain a similar inter

connect structure to the actual device. Then, these units are tested under controlled con-

ditions which accelerate the failure and ~low the tests to be completed in a reasonable 

amount of time. 

l000~--------------------------------~ 

fI1 

~ 
.. 100 

j MTF .... 
c:! 
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10 . 
~ 1 % failure 

1 ~~ ____ ~~ __ ~~~~~~ __ ~~ __ ~~~ 
0.1 1 5 10 2030 50 60 80 90 95 99 99.9 

Cumulative probability, % 

Fig. 1.6 The estimation of reliability margin by extrapolating the lifetime distribution 
on log-normal probability paper. 
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In order to obtain the proper statistical distribution of the time to failure, it is nec

essary to test at least 8 lines [50], although more tests will certainly provide a more accu

rate evaluation of the distribution. The distribution of time to failure is then characterized 

by two statistical factors: median time to failure (MTF) and deviation of time to failure 

(DTF). Since it is known that the time to failure of interconnects follow a log-normal 

distribution [51-53], it is conventional to fit the distribution of the time to failure to a log

normal distribution. The reliability of the interconnects in the actual device can be ex-

trapolated from the MTF and DTF. Since the first failure limits the reliability of the de

vice, the margin of the reliability is normally set to the initial 0.01 % to 0.1 % of the fail

ures [54]. This reliability estimation process is schematically illustrated in Fig. 1.6, 

which shows the distribution of time to failure as a function of cumulative probability. 

There are two more factors to be considered in order to complete the evaluation of 

reliability: activation energy and current exponent. Since electromigration tests are usu

ally performed under accelerated conditions that involve higher current densities and tem

peratures than the actual service conditions, the activation energy that governs lifetime 

and the current exponent must be available to extrapolate the data. Black [55] proposed 

an empirical equation to describe the MTF variation of the form 

MTF = Aj-n exp(Ea) 
kT 

( 1.33) 

where A, Ea and n donate a constant, apparent activation energy and current exponent. 

Ideally, the MTF should be inversely proportional to the electromigration rate or drift 

velocity as defined in eq. (1.26). In this case, Ea is the same as the activation energy of 

grain boundary diffusivity, and n is 1. While it was found that the activation energy is 

similar to that of the grain boundary diffusion [31-34], the current exponent is not found 

to be 1 but usu~y greater than 2 [56-58]. Theoretical work done by Shatzkes and Lloyd 

[59], in which the accumulation of vacancies is calculated in a grain boundary during 

electromigration, suggest that the exponent could be 2 in an ideal case. A current expo-
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nent greater than 2 is often attributed to the effect from Joule heating that changes the 

temperature of lines during testing [56, 57]. However, the current exponent is still con

troversial due to the limited amount of both expe:timental and theoretical work. 

Care must be taken when eq. (1.33) is used to extrapolate the reliability of inter

connects because the DTF may not be a constant. Bobbio and Saracco and Lloyd pointed 

out that DTF can vary due to variations in the thennal characteristics and testing condi

tions of the lines [60,61]. Also, Joule heating can significantly change DTF and the cur

rent exponent [62]. 

1.5. Blectromigration failure and microstructure of AI and AI alloys 

The statistical nature of electromigration failures imposes a great deal of CODlpli

cation on the analysis of the failure mechanism. The grain size, grain size distribution 

and preferred orientation of fums can change the overall behavior of electromigration 

failure. However, even for a given microstructllie, the physical parameters of the inter

connects such as the linewidth and length are found to be more important because they 

change the statistical arrangement of grains in thin films. The MTF and DTF vary with 

such parameters and the variation sheds some lights on the failure mechanism. Also, it 

was found that alloying elements influence the mechanism, presumably due to their inter

action with the grain boundary electromigration. All of these factors and the correspond

ing effects are summarized in the following sections. 

1.5.1 Effect of intrinsic microstructure 

Electromigration in thin films occurs mainly through the grain boundaries. 

Hence, a reduction in grain boundary electromigration can enhance the resistance against 

failure. The amount of electromigration flux can be simply reduced by making the grain 

size larger and with a preferred orientation. While a larger grain size reduces the grain 
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boundary density in thin films, the preferred orientation reduces the grain boundary dif

fusion. Either one of these modification can increase the electromigration lifetime be

cause they reduce the electromigration flux. 

The distribution of grain size also has a great influence on the lifetime because of 

its effect on the flux divergence. A thin film of perfectly uniform grain size would not 

exhibit any void formation because there is no flux divergence along the line; an equi

librium or uniform grain structure provides grain junctions with 1200 angle in which in

coming flux and out-going flux is balanced. As grain size deviates from the ideal case, 

there should be grain junctions in which the flux diverges and failure occurs. TEM stud

ies on the failure sites showed that the failure occurs at the points where the grain size is 

abruptly changed, which is a result of distribution of grain size in thin films [34]. 

Experimentally, Vaidya and Sinha [63] examined the contribution of the above 

three microstructural factors to the electromigration lifetime and showed that the MTF is 

proportional to a single microstructure parameter, 'YI, containing the average grain size 

( G), the variation of grain size (a g) and the degree of preferred orientations of the grains: 

MTF oc 17 = ( ~) log(1111 / 1200 )3 (1.34) 
Gg 

where the degree of preferred orientation was measured from the x-ray diffraction inten-

sity of ( 111) and (200) planes. 

1.5.2 The effect of linewidth 

A number of studies have been shown that M1F and DTF depend strongly on the 

linewidth (W) for a given microstructure [64-67]. It was found that there is a critical 

linewidth below which electromigration lifetime dramatically changes. When the 

linewidth is larger than the critical linewidth, MTF increases linearly with linewidth, 

while DTF decreases linearly. On the other hand, both MTF and DTF exponentially in

crease with a decrease of line width below the criticallinewidth. It was found that the 
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criticallinewidth appears when the linewidth is comparable to the mean grain size (G) of 

the film. By introducing effective line width WIG, the linewidth dependence of electro

migration lifetime is schematically illustrated in Fig. 1.7. 

As shown in Fig. 1.8, as linewidth decreases, the line contains more bamboo 

grains, i.e. grains which span the entire linewidth. Provided that the electromigration is 

from left to right, the probable failure site would be the site where the maximum flux di

vergence occurs, as noted with dashed lines. The failure site in wide lines is determined 

by the overall connections of grains. On the other hand, the failure site in a near-bamboo 

structure is strongly dependent on the local arrangement of grains. As can be seen in the 

figure, near-bamboo structures contain occasional polygranular segments which are 

bracketed by bamboo grains. These polygranular segments are the most probable sites 

for the failure and the flux divergence condition at these segments should dete~ine the 

lifetime to failure. In the extreme case, there is no poly granular portion of line; this is 

called a hyper-bamboo structure. In this case, electromigration is not carried by the grain 

boundaries but by the lattice, for there is no continuous grain boundary for electromigra

rion. Several models and simulations have been introduced to demonstrate the lifetime 

variation with linewidth in terms of grain structure change in lines and they can be cate

gorized into two groups: physical models [68-72] and statistical models [67, 73-75]. 

1.S.2.1 Physical model 

The electromigration flux in a near-bamboo structure is confined to the polygranular 

segments. In this case, the situation of electromigration in the segment is similar to the 

experiment of the drift velocity measurement introduced in section 1.3. The length of the 

poly granular segment is comparable to the test strip length 1, and the drift velocity of 

electromigration in the segment can be the same as eq. (1.26). Combining eq. (1.26) with 

eq. (1.28), the drift velocity in the segment can be expressed in terms of Blech length and 

the segment length: 
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Fig. 1.7 The dependence of MTF and DTF on the effective linewidth. 

a)W>G 

b)W<G ~ l ffil: ~ 
c)W«G S Z S Z S l I 

Fig. 1.8 An example of grain structure variation with effective linewidth. (a) Wide 
lines contain several grains across the width, while (b) narrow lines have a 
near-bamboo structure with occasional polygranular segments. (c) When the 
effective width is extremely small, the line consist of single grains with no 
polygranular segments. 
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(1.35) 

where v; represe~ts the drift velocity of electromigration without influence from stress 

gradient, or drift velocity as 1 ~ 00. Eq. (1.35) indicates that the electromigration flux 

decreases as the segment length decreases~ it takes longer time to fail the shorter segment 

length. As the linewidth decreases in a near-bamboo structure, the poly-granular segment 

length also decreases, resulting a in rapid increase in MTF . This model provides quali-

tative explanations for the experimental observations. However, this model can not pro

vide a feasible explanation for the DTF change. In terms of reliability, DTF is the more 

important factor to consider. 

1.5.2.2. Statistical model 

The statistical model for the linewidth dependence of electromigration lifetime 

was first explored by Agarwala et al. [73] and followed by various others [67, 74, 75]. 

This model assumes that there exist potential failure sites or "failure units" in the thin 

film microstructure such as triple points of grain junctions. The time to failure of each 

individual failure unit depends on the flux divergence under electromigration and then, 

the time to failure of each individual unit, f(t), can be assumed to be distributed log-nor

mally. When lines are patterned out of this microstructure to have a certain length, the 

number and arrangement of failure units must scale with the linewidth. 

In wide lines, several failure units are connected across the width, and failure oc

curs when these failure units are linked together. Hence, the failure units in wide lines 

can be modeled as series of links in which failure units are connected in parallel. On the 

other hand, failure units in near bamboo grains can be modeled as a serial connection of 

failure units. The concept of serial and series of parallel connection is presented in 

Fig. 1.9 [67]. In the series of parallel connection, failure occurs at the weakest link, and 
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then the lifetime is mainly determined by the strongest unit in the weakest link, 

Similarly, in serial connection, failure occurs at the weakest unit, which determines the 

lifetime. 

<a) series of parallcl connection (b) serial connection 

Fig. 1.9 Statistical arrangement of f&J1Jre units in wide lines (a) and narrow lines (b). 

When the probability of the failure of any individual unit in time t is 

F(t) = S;f(t)dt (1.36) 

where f(t) is the distribution function of failure unit lifetime, then for a units in parallel, 

the probability of failure of the lines, Gp(t), is given by 

( 1.37) 

where Np is the number of parallel units (nlll order statistics). Eq. (1.37) physically rep

resents the probability to choose the strongest failure units (maximum extreme). For 

units in series, the probability of failure of the lines is determined by the weakest units 

(1st order statistics: minimum extreme) and is given by 

(1.38) 

where Ns is the number of serial failure units. For a wide lines, failure units are in the se

ti,es of parallel connections (Fig. 1.9.a), and: therefore, the probability of failure Gsp(t) 

can be expressed as 

23 

II' 



(1.39) 

Now, as linewidth increases in wide lines, the number of failure units in parallel connec

tion, Np, increases because lines contain more grains, and, accordingly, the probability to 

contain. stronger failure units increases and becomes more unifonn. Hence, MTF in

creases, while DTF decreases with linewidth. On the other hand, for a near bamboo 

structure, the number of failure units, N~., rapidly decreases with decreasing linewidth. 

Agarwala and Attardo [73] showed that MTF and DTF obtained from eqs. (1.38)-(1.39) 

increases exponentially as Ns decreases. 

The statistical model is fundamentally different from the physical model in tenns 

of reliability issues. According to the physical model, the reliability of narrow intercon

nects will be actually improved by decreasing the effective line width by making poly

granular segments shorter. However, according to statistical model, the low percent fail

ure times cannot be changed with the variation of effective linewidth because the statisti

cal model describes the MTF and DTF vari~tion in terms of scaling of failure units from a 

fixed distribution. The lifetime of the low percent failures or the very frrst failure is the 

always the same for any effective linewidth. This shortcoming of the Stf tistical model 

stems from the assumption that the distribution of failure units and their lifetime are flXed 

irrespective of effective linewidth. This assumption results in a fundamentally different 

prediction from that of the physical model. 

1.5.3 The effect of line length 

The line length dependence of electromigration lifetime in wide Al lines was 

found by Agarwala et aI. [73] to be a function of the linewidth. For wide lines, MTF de

creases rapidly with increasing line length until the length is greater than 62.5 and 125 

J.lDl in Allines of 10 and 15 J.Ull width, respectively. Then, the lifetime. reaches a satura

tion value beyond a critical length in the range of 125 tlm to 250 ~ a!1d 500 ~m, corre-
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spondingly. DTF also decreases with increasing line length. For narrow AI-eu lines of 

0.75 J.1m width, MTF and DTF decrease slightly as line length increases from 10 to 50 J.1m 

and then level off at a line length of 500 J.1m [76]. 

The statistical model presented in the previous section may explain the line width 

dependence of MTF and DTF. The probability of finding weaker failure units is higher 

and more uniform in a longer line, i.e., Ns of either eq. (37) or eq. (38) increases, and, 

hence, MTF and DTF decreases. 

1.5.6 The effect of alloying elements 

It is well known that the addition of eu up to 4 % increases MTF by more than an 

order of magnitude compared to pure AI [24]. As summarized in Table 1.2, the same ef

fect was found with the addition of Mg, Ni, Cr and Ti, while Si, Au and Ag have no ap

parent effect on the electromigration lifetime. Among these alloy systems, the AI-Si and 

Al-Cu-Si systems are commonly used for the applications. The reason for the addition of 

Si is to prevent junction spiking due to interdiffusion of Si from the substrate to Al inter

connects [86]. Although there are better alloy systems than Al-eu-Si, the usefulness of 

other alloys is restricted by their complexity and other undesired properties [83]. 

The beneficial effect of substitutional solutes on MTF is superficially surprising, 

since it has been shown that eu and Mg, and most other substitutional alloy elements ac

tually increase net diffusion in the presence of a high current density (see section 1.2). 

Since voids grow by the coalescence of vacancies, the increase in the rate of substitu

tional diffusion should, superficially, enhance void growth and promote failure. In order 

to explain this discrepancy, several mechanisms were suggested [71 ~ 87 -95]. Since it was 

found that grain boundary electromigration of Al atoms is actually reduced by the pres

ence of solute atoms, these mechanisms concern the interaction between grain boundary 

electromigration and solutes. 
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Table 1.2 Effect of alloying elements on the MTF of electromigration failure. 
MTF was normalized by MTF of pure AI (30-45 hrs) .. 

Alloy (wt %) :rv:TF Comments Reference 

Al 1 [77] 

Al-I.S Si 1 no influence [77] ,',-

Al- 2 Ag 1 no influence [7S] 

Al-2 Au 1 no influence [7S] 

Al-4 Cu 75 MTF is maximum at 6 % of Cu. [24,7S] 

Al-4Cu-l.7 Si 90 [79] 

Al-3 Mg 33 Mg conc. less than solubility limit [80, 81] 

has little effect on MTF 

Al-2 Cr 270 [SO] 

Al-2 Ni 40 [S2] 

Al-4Cu-2Ni-l.5Mg 1000 quaternary alloy [S3] 

Al- 2 Cu- 0.3 Cr 2000 bamboo grain [S4] 

Al- 0.15 Ti 100 MTF depends on linewidth. [S5] 

Al-O.l Cu-0.15 Ti 150 Ti increases the resistivity. 

First, it was suggested that the solutes segregate to grain boundaries and preferen

tially bind with vacancies, thus increasing the activation energy of grain boundary elec

tromigration, which accounts for the improvement of electromigration resistance [S7 -92]. 

Second, the beneficial solutes are added in concentrations that exceed the solubility limit. 

The resulting precipitates may act as vacancy sinks, diffusion barriers, or preferential 

sites for void nucleation [93-95]. Third, Nix and Artz suggested that solutes increase the 

mechanical strength of the film [71]. Electromigration introduces internal stress as dis

cussed before. Higher mechanical strength may impart a greater resistance to grain 
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boundary electromigration and void formation. None of suggested mechanisms can pro

vide a feasible explanation for all experimental observations, regarding the effect of so

lutes on grain boundary electromigration. A complete theory must explain the following: 

1) The electromigration rate of AI decreases in the presence of certain solutes such as eu 

and Mg, which contradicts the result of lattice electromigration. The quantitative deter

mination of the effect of Cu on the flux of Al electromigration, obtained by electron 

probe analysis, showed that the Cu addition reduces Al grain boundary electromigration 

by a factor of about 80 [39]. Also, the cross strip experiment [20, 96], as shown in 

Fig. 1.10, qualitatively confirmed the estimation; the flux difference between Al and Al

eu causes voids and hillock formation, and their polarities indicate a reduction of AI elec

tromigration in the presence of Cu. It was also observed that voids form in the AI-Cu al

loy when the concentration of Cu is reduced to the solubility limit. 

•• •• •• 
AI-4Cu 

e 

+ 
AI 

Fig. 1.10 A schematic illustration of cross strip technique used to compare the electro
migration flux of Al atoms in pure AI and AI-Cu alloys. 

2) Solutes migrate preferentially, while they retard the migration of Al atoms. Various 

studies reported that Cu preferentially migrate in the direction of electron flow [21-23] .. 

3) It is often observed that voids form after the depletion of solutes atoms. In situ SEM 

observation of electromigration in AI-Cu-Si interconnects revealed that voids formed af

ter complete depletion of AI-eu precipitates [21]. 

4) Some alloy elements such as Ag and Au have little influence on the electromigration 

lifetime, although they preferentially bind with vacancies and form precipitates like other 
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elements [24]. 

1.6 Objective and approach of this thesis 

This thesis has two main objectives. As discussed, studies on the electromigration 

failure in interconnects of Al and AI alloys are extensive; however, these studies are 

mainly confined to the failure mechanism of wide interconnects, ,.,.,10 J.tm width [97]. The 

failure mechanism in narrow lines has not been well characterized. Also, the effect of 

solutes on the electromigration failure mechanism is still not clear. These two main 

questions are explored in this thesis. 

The most direct way to study the failure mechanism is through high-resolution 

microscopy of lines that have been treated to control microstructure and tested to failure 

in a way that preserves the failure site. For this purpose, a typical alloy system (AI-Cu

Si) was chosen, and the interconnects with various linewidth were prepared. In order to 

investigate the effect of solutes on the electromigration failure, low temperature aging 

was used because it allows control of the state of solutes through precipitation, without 

disturbing the grain structure. Then, these lines were tested to failure, and the failure 

morphology and lifetime statistics were investigated. Through these observations, it was 

possible to establish the failure mechanism of interconnects and its interaction with so

lutes. 

The experimental technique is described in chapter 2. Chapter 3 describes the mi

crostructure change of AI-Cu-Si thin films with aging treatments, characterized through 

TEM observation and electrical resistivity variations. The variation of the electromigra

tion lifetime and the failure mechanism with the variation of microstructural factors in

cluding pre-aging condition is explored in chapter 4. Since it was found that the AI-Cu 

precipitate interacts with the electromigration, the mechanism of electromigration in the 

presence of AI-Cu precipitate is discussed in chapter 5. In chapter 6, a statistical model 
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of electromigration failure is introduced, based on the experimental findings in this study. 

The general aspects of statistics and the brief discussion of stress effects in thin films are 

introduced in the Appendices A and B. 
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CHAPTER 2 

EXPERIMENTAL TECHNIQUE 

2.1 Thin Film Deposition and Sample Preparation 

The alloy used for this research was Al-2Cu-lSi (composition in weight percent), 

which is commonly used for Allines in microelectronics devices. The Si is added to re

tard diffusion from the Si substrate; prior research suggests that this level of Si has a neg

ligible effect on electromigration lifetime [79]. 

The main experimental samples were mad~ by depositing 0.5 ~m films onto a 100 

mm silicon substrate with a (100) surface that was coated with 0.05 ~m of thermally 

grown oxide. In order to obtain various grain structures, films were deposited under two 

different conditions: 450°C under a 100 V bias voltage ("planarizing condition") and 30°C 

under a no bias voltage. Prior to line patterning, some of the samples were furnace an

nealed (FA) at 425°C for 30 minutes in a forming gas environment, and others were 

given a rapid thermal anneal (RTA) that involved heating to 500°C for 1 minute, followed 

by quenching. These treatments were intended to homogenize the solute. 

In order to prepare the lines for electromigration tests, standard lithographic and 

plasma etching techniques were used, and two different types of test line structures were 

patterned as shown in Fig. 2.2: an array structure with 25 parallel lines and a "single 

line" structure with eight individual lines per test chip. All lines were 800 ~m in length. 

The parallel array test structure was used in order to obtain lifetime data and statistics in a 

single test. The single line structure was used for detailed studies of failure mechanisms. 

Some of the single line structures were patterned to contain only one test line per test chip 
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and were 1000 J,tm in length, and these lines were used to the study the electrical resistiv

ity variation due to precipitation. The parallel test line structure contained inert lines (no 

electrical current) which were used to separate the effects of electromigration from the ef

fects of thennal exposure during the test. Test lines were patterned with nominal widths 

of 1.3, 2,4 and 6 J,tm. 

(a) (b) 
LINES (25) 

1+ - 1-

V+ - ... v-
v+ v-

Fig. 2.1 Schematic representations of the thin-film test structures: (a) array structure 

with 25 lines, (b) single line structures. 

2.2 Electromigration Test 

In order to test the electromigration lifetime of a sample, the test chip was placed 

on a hot chuck and was subjected to a current input. During the test, the voltage across 

the sample lines was monitored and recorded. Figure 2.2 shows a schematic diagram of 

the test circuit for the array line structure; the circuit consists of a probe station with a hot 

chuck, a DC power supply, a multi-channel voltage scanner and a computer. Provided 

that the" resistance of the ith test line is ri, the total resistance of 25 lines in parallel con-

nection, R, is given as 

(2.1) 

Then, from Ohm1s law, the total amount of current applied, Ih becomes 
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V 2S 1 
II =-= Vl:-. 

R ;=1 rj 
(2.2) 

Since the resistance of each line, ri, is presumably the same for all 25 lines, each line is 

under the same current, Ii = It /25, and the failure of any line decreases the total current 

by Ii. Hence, the time to failure of the lin~s can be determined by monitoring the change 

of the total current. However, as will be discussed in later sections, the electrical resis-

tance of samples used in this investigation were not a constant but decreased about 10% 

with time due to resistivity decay by precipitate reconfiguration; the applied current in

creased, accordingly. To eliminate this effect, the current was monitored, and the voltage 

was adjusted every 50 seconds to maintain a constant current. 

A single line structure was tested in a manner similar to the array line structures. 

In this case, a power supply with eight independent constant current sources was used, 

and voltage across each line was monitored. Using Ohm's law, the resistance change was 

calculated and was used to determine the time to failure. 

DC Supply 

feed back 

Computer Ammeter 
I 

..... Hot Chuck ... 

v 

Voltage Meter 

Fig. 2.2 Electromigration test circuit; this circuit is for the 25 line array structure. For 

the single line structure, a DC supply with multi-channels was used. 
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2.3 Electrical Resistivity Test 

The samples used in this study initially contained a considerable amount of super

saturated Cu. Upon testing, which was mostly done at 225°C, a rapid precipitation of Cu 

happened, and the electrical resistivity decreased correspondingly. Since it was found 

that the kinetics and the amount of the electrical resistivity can provide useful information 

on the precipitation behavior in the samples, accurate characterization of the resistivity 

decay was attempted. 

The line structure for this study was basically the same as the single line structure, 

except that the line length is 1000 J,tm. Samples were placed in a Perkin-Elmer furnace 

mechanism, which was originally designed for a differential scanning calorimeter, and a 

probe station, a constant current source, a voltage meter and a computer-regulated relay 

were arranged as shown in Fig. 2.3. The relay was used to minimize the effect from 

Joule heating and electromigration by allowing a current (0.1 rnA) only during voltage 

measurements that were usually done every 300-500 seconds. 

The temperature of the furnace was controlled within an accuracy of ±O.1 °C. It 

took less than a minute to reach the test temperatures, and, hence, precipitation during 

initial heating was minimized. Also, these samples were heated in an Ar atmosphere to 

prevent any possible oxidation. 

~ Voltage Meter ~ V I l J probe sta - j~ I I , I I 

tion 

v 8 Channel Constant 
~ 

Relay DSC Furnace 
Current Source I ~ 

(~.T )~ 

~ Computer 
signal Temperature Controller 

Fig. 2.3 Schematic illustration of the circuit used for the electrical resistivity measure
ments. 
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2.3. Joule heating 

The system introduced in section 2.2 was also useful to characterize the tempera

ture rise due to Joule heating during electromigration test. Under the current density, j, 

the actual temperature of the lines, T, is higher than the ambient temperature, Ta, follow-

ing the simplified relation as [98] 

. an ·2 
T == Ta + 1"

0 1 
H 

(2.3) 

where Po and a represent the resistivity of the film at Ta and the temperature coefficient 

of the resistivity, respectively: H is given by 

(2.4) 

in which Ku is the thermal conductivity of the underlayer, tAl is the film thickness, tu is 

underlayer thickness, and W is the test linewidth. 

100 
substrate temperature: -

A: 2250C 

98 - A: 223°C 
c : 2210C •• 

,. I- • : 2190C •••• ' •• ~ 
'-4 0 : 2170C -A,.. ...··.0 

.. • . 21501""'" ,.- .... 41- • 
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{I'J .A-- • ... ••• • Jl' JI-
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,..;' -6.-- ..1;,.-•• • -.- ....... • .. 
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~.OoOO·· ....... . 
1-........... . 

90 1.0 
I . I I. I 

2.0 3.0 4.0 5.0 6.0 

Current density, x 106 A/cm2 

Fig.2.4 An example of the increase in the electrical resistance with current density due 
to :Joule heating in the 2 lJ.m wide lines. 
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Eq. (2.3) is useful when the electrical resistivity of film is known and constant.; 

however, the resistivity of films in this study was varied from sample to sample and also 

decreased with time. Hence, the temperature increase of the samples were indirectly 

characterized using the electrical resistivity variation with current density. For this pur

pose, the system introduced in section 2.3 was used. Initially, samples were aged until 

the resistivity decay from the precipitation practically stopped, and then the resistance of 

the line was monitored at various substrate temperatures as a function of current density. 

A typical example of this test performed on a 2 ~m line is shown in Fig. 2.4. 

Based on the test results, the current densities for the electromigration test were 

chosen to have a temperature rise less than 10°C, and the temperature difference was 

compensated by adjusting the substrate temperature. 

2.3 Characterization 

The principal characterization tools used in these tests were scanning electron mi

croscopy (SEM), which reveals the superficial morphological features of line damage and 

failure, and transmission electron microscopy (TEM), which reveals microstructural de

tails such as the grain size, the precipitate size and distribution, and the microstructural 

features of the damage and failure sites. To create specimens for TEM analysis, 3 mm 

discs were mechanically thinned to a 100 ~m thickness from the Si substrate side and 

were then dimpled and ion milled to produce an area thin enough for transmission. 

Unpattemed samples were examined to determine the initial grain size; the reported val

ues are averages of measurements of more than 200 grains. Failed samples were studied 

to determine the failure mode. TEM specimens of failed lines were prepared by the same 

technique as unpatterned samples. However, in order to preserve failure morphology, the 

underlying oxide, which can mechanically support the failed lines in thinned areas, was 

not removed. The sample preparation technique to achieve the required sample condition 

is schematically illustrated in Fig. 2.5. In this technique the thickness of each step was 
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controlled by the optical properties of Si: Si becomes transparent when its thickness is 

less than 10 tAm, and its color changes from dark red to bright yellow with decreasing 

thickness. 

(a) After Ditnpling 

f~ 
5--10 tAm 

lines are visible with the background 
color of dark red under light 

(b) High .mgle ion milling (18-20 0 for 30 minutes) 

t-'==--= 
1--2 tAm 

lines are visible with the background 
color of bright yellow under light 

(c) Low angle ion millig (10 0 for 2 hours) 

Fig. 2.5 

lines are visible with no 
background color 

The techniaue for TEM samole oreoaration of failed lines. 
.& ... a. ... 
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CHAPTER 3 

PRECIPIT A nON IN THIN FILMS -

1\10st Cu alloyed in Al interc:onnects exists as a form of AI-Cu precipitate, since 

the solubility of Cu in AI is extremely low. In order to understand the mechanism by 

which the addition of Cu retards the electromigration-induced damage, therefore, precipi

tates and their interaction with electromigration should be considered. This chapter ad

dresses the char~cte1. istics of precipitation in AI thin films to provide basis for further in

vestigation on the relation of alloy elements and electromigration failure. Precipitation in 

AI-Cu alloys is well studied [99-101]; however, precipitation in thin films has not yet 

been charr.ctemed yet. Unlike bulk alloys, thin films have large surface areas and rela

tively small grains; these microstructural characteristics of thin ftlrns should influence the 

precipitation. 

The precipitation behavior of the thin films was characterized in two ways. First, 

samples were aged for various times at 225°C, and precipitate evolution was character

ized under TEM. Second, the electrical resistivity was monitored during aging at various 

temperatures, including 225OC, which allowed for the characterization of precipitation ki

netics. The electrical resistivity was useful in investigating the precipitation characteris

tics in thin fIlms because the grain boundary density and the fraction surface of area could 

be easily changed b} adjusting line,- ldth for a given microstructure. These two observa

tions were analyzed and incorporated into the quantitative description of precipitation be

havior in thin fums. The predominant role of grain boundaries on precipitation in thin 

ftlms is reported in this chapter. Overall observations are presented in the first three sec

tions, and they are discussed in the last three sections. 
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3.1. As-received microstructure 

3.1.1 Grain structure 

The usual deposition mechanism, growth and coalescence of nuclei followed by 

nucleation, played a role in detennining the grain structure of the samples [102]. Since 

the nucleation and growth of grains are thennally activated processes, the grain structure 

in the as-deposited samples was influenced by the substrate temperature during deposi

tion. Fig. 3.1 shows a comparison of grain structures of as-deposited samples. The sam

ple deposited at 30°C contained fine and randomly oriented grains, while the sample de

posited under the planarizing condition contained relatively large and preferentially ori

ented, <111>, grains. 

Subsequent heating of these samples changed the grain size in two ways, depend

ing on the initial grain structures: grain growth and grain refinement. Heat treatment of 

samples deposited at room temperature induced extensive grain growth, while slight grain 

refinement was found in the samples deposited under the planarizing condition. Grain 

size distribution for samples that was deposited under the planarizing condition, and 

samples deposited at both conditions and RTA heat treated is compared in Fig. 3.2, in 

which grain size is plotted as a function of cumulative probability. It can be seen that th~ 

grain size generally follows a log-normal distribution, which is common in thin film 

structure [103]. The standard parameters of the grain size distribution are the mean (Gso) 

and shape parameters (a) of the log-nonnal distribution, and are summarized in 

Table 3.1. Note that the mean grain sizes increase during the heat treatment of samples 

deposited at room temperature, while the opposite is true in samples that were deposited 

under the planarizing condition. 

The grain growth that is found in heat treated samples deposited at room tempera

ture is the expected result. The rate of grain growth is time dependent, and, hence, when 

heating time is short, as in RTA treatment, an abnormal grain growth can be promoted. 
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Fig. 3.1 TEM micrographs showing the typical microstructure of films deposited (A) 
under the planarizing condition and (B) at room temperature. (top: XBB 933-
1218, bottom: XBB 933-1217) 
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This abnormal grain growth can be seen from the grain size distribution of the sample de

posited at room temperature and subsequently RTA heat-treated, which is presented in 

Fig. 3.2, where the grain size distribution deviates from log-normal distribution at the 

right tail [104]. Since the short period of heating (1 min.) was not long enough to pro

mote a steady state grain growth, it produced abnormal grain growth, resulting in a few 

large grains surrounded by many small grains. On the other hand, the grains in the sam

ple deposited under the planarizing condition were initially stable and large. Thus, sub

sequent heating did not produce much grain growth. Instead, it appears that polygonal

ization or recrystallization induced by the thermal stress promoted the grain refmement; 

this is discussed further in detail in Appendix B. 

Table 3.1 The estimated parameters of the grain size distribution, 
characterized as the mean (G50) and shape parameter 
(a) of the log-normal distribution. 

Deposition condition Heat Treatment 050 (~m) (J 

None 2.4 0.50 

450°C, 100 V RTA 2.04 0.41 

FA 2.18 0.38 

None <0.4 -
30°C,0 V RTA 0.91 0.48 

FA 1.52 0.41 

3.1.2 Initial precipitation 

Since film processing was done at a temperature where the Cu in the film is solu-
i 

ble, as can be seen from the phase diagram of Al-Cu alloys in Fig. 3.3 (105], any Cu-

containing precipitates that are present in the initial microstructure formed during cool

ing. Very few precipitates were found in either the as-deposited (Fig. 3.1) or the RT A 

fJlms. A low density of small precipitates, however, is present in the initial state of the 

FA fIlms. These are predominantly a-phase precipitates that appear to have nucleated at 

41 



~\ 

Fig. 3.4 TEM micrographs showing typical microstructures of the films deposited under 
the planarizing condition after (A) RTA and (B) FA treatment. (top: XBB 933-
1221, bottom: 919-7581) 
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grain boundaries, free surfaces, and heterogeneous sites within the grain during the rela

tively slow furnace-cool from the aging temperature. The typical TEM microstructure of 

RTA and FA samples is shown in Fig. 3.4. 

All samples investigated in this study contained a few Si precipitates, primarily 

located at grain boundaries. Since the processing temperatures, 500°C and 450°C, were 

not high enough to dissolve the Si completely [106], a small number of Si precipitates ex

isted even after cooling. It is well }(PQwn, however, that the solubility of Si in Al is sig

nificantly enhanced by the presence of Cu [107], and, therefore, the precipitation of Si 

during subsequent heating at lower temperatures would not be significant. In fact, no 

significant precipitation of Si was observed during the course of this investigation. 

Therefore, the precipitation behavior of these samples during aging was observed to be 

essentially the same as that in AI-Cu alloys. 

3.2 Precipitation during aging 

The normal precipitation sequence in an Al alloy that is supersaturated with Cu is 

a three-step sequence in which the Cu fIrst clusters into "GP zones" of roughly nanometer 

size. These are ~uperseded by metastable, 8' precipitates that have an equilibrium Al2Cu 

composition, but with a tetragonal crystal structure that is coherent with the matrix along 

the broad faces of the thin plates in which it forms. These are ultimately replaced by 

larger, incoherent precipitates of the equilibrium phase, 8(Al2Cu) [9~-101]. The precipi-

tation of the 8 phase is strongly catalyzed by grain boundaries, which is where these pre

cipitates tend to appear [22,93,94, 102, 103]. In the present study no attempt was made 

to locate OP zones. Emphasis was on the precipitation and coarsening of the 8' and e 
phases. 

While there was a low density of small a-phase precipitates in the initial state of 

the FA. s~'D.ple, and unresolved GP-zones were almost certainly present ill all safllples, the 
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significant precipitation and coarsening occurred during low-temperature aging at 226°C. 

TEM studies showed that the precipitation and coarsening behavior is essentially the 

same for all films. The fIrst observable precipitates are S', which densely decorate the 

interiors of the grains as illustrated in Fig. 3.5. These S' phase precipitates were observed 

even in samples aged for 5 minutes. S-phase precipitates form on the grain boundaries, 

and create precipitate-free zones along the boundaries. As aging proceeds the precipitate 

distribution changes in three ways, which are illustrated in Figs. 3.6 and 3.7. The a pre

cipitates in the grain boundaries coarsen rapidly, particularly at three-grain junction lines 

(Fig. 3.6), the a' precipitates in the grain interiors gradually disappear, and S precipitates 

replace S' in grain interiors (Fig. 3.7). The important observation is that the coarsening of 

S' was not taking place homogeneously but was affected by the grain size. For example, 

different microstructures of the sample that was deposited at room temperature and RT A 

heat treated are compared in Fig. 3.8, where TEM microstructure of the film before aging 

is compared with that of the film aged for 4 hours. Notice that the large grains are deco

rated with fine S' precipitates while a smaller number of S' -precipitates are visible in the 

small grains. On further aging the S precipitates in the grain interiors are gradually con

sumed by those in the grain boundaries, and the latter also coarsen at the expense of one 

another. After 48 hours aging there is a small residual density of S precipitates within the 

grains and a distribution of relatively large precipitates at grain boundaries. 

The measured densities of S and S' precipitates taken from more than 50 grains of 

samples that wer"e deposited under the planarizing condition and subsequently heat 

treated are plotted in Fig. 3.9. Note the virtual disappearance of S' after 24 hours aging, 

and the maximum in the density of S precipitates at that time. The density of intragranu

lar precipitates in the 24 hour specimens increases with the grain size. Analysis shows 

that there are approximately 24 ppts./grain in samples aged from the as-deposited condi

tion, 18 in those aged from the FA condition, and 17 in those aged after RTA. 
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Fig. 3.5 TEM micrographs showing the image of 8' precipitates formed in a RTA 
sample that was deposited under the planarizing condition and aged for 2 
hours: (A) planar view, and (B) cross-sectional view under bright field and 
dark field conditions. (XBB 933-1219) 
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Fig.3.6 TEM images of grain boundary e after (A) 2 hours and (B) 7 hours of aging in 
the film that was deposited under the planarizing condition and RTA treated. 
(XBB 926-4151) . 
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Fig. 3.7 Bright filed and dark filed TEM images 61 precipitates taken after (A, C) 2 
hours and (B, D) 7 hours of aging. These are the same films that are shown in 
Fig. 3.6. (XBB 933-1220) 
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Fig. 3.8 TEM micrographs comparing the microstructure of a film deposited at room 
temperature and RTA treated (A) before aging and (B) after 4 hours of aging at 
225°C. (XBB 932-699) 
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Fig.3.9 The type and density of intergranular precipitates as a function of aging time. 
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Fig. 3.10 A plot showing the resistivity decay at 225°C for 6 ~m wide lines. 
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Two other features of the coarsening process are significant. First, while both Cu 

and AI migrate by exchanging with lattice vacancies, the net effect of substitutional diffu

sion during normal aging is the exchange of Cu and AI. When Cu-rich precipitates dis

solve they are replaced by AI matrix; no Kirkendall voids are fonned. Second, at this low 

temperature there is little or no grain coarsening. The mean grain size is unaffected by 

the aging process. 

3.3 The electrical resistivity decay during aging 

The electrical resistivity of samples with various linewidths was monitored using 

the technique introduced in section 2.3. Samples were placed in a furnace and heated at 

195, 200, 215, 220, 225 and 230°C. Then the change of electrical resistivity was mea

sured until the variation became practically zero. Since it was found that samples de

posited under the planarizing condition and RT A treated samples deposited at both con

ditions were most appropriate for precipitation study, test results on those samples are 

presented here. For simplicity, each sample is noted as a symbol from now on; A: sam

ples deposited under the planarizing condition, B: RT A of sample A, and C: RT A of 

sample deposited at room temperature. 

The electrical resistivity of the samples contained a general decay trend: as soon 

as the test was started, the resistivity of samples A, B and C, started to decrease exponen

tially from the initial value p(O) to an asymptotic value p(oo). A typical example of the 

resistivity decay found at 225°C on 6 ~m lines is shown in Fig. 3.10. In this figure, the 

resistivity is referenced to the initial value as p(t)/p(O) , namely relative resistivity. It was 

found that the decay curves shown in Fig. 3.10 can be divided into two elemental factors: 

the kinetic factor and the scale factor. The kinetics factor represents the decay rate to the 

saturated resistivity. By normalizing the resistivity to scale it from 0 to 1 as 
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tp(t) = p(t) - p( 00) 
p(O)-p(OO) 

(3.1) 

where pet) represents the resistivity of the sample at time t, the decay kinetic of samples 

can be directly compared. The scale factor is the factor that determines the amount of de

cay during the test. This factor is not influenced by the decay kinetics, and it is deter

mined from the asymptotic value of the resistivity, p(oo)/P(O). For example, the total de

cay of samples B and C is more than that of sample A. The scale factor can be easily ob

tained by measuring the total amount of t.le decay during the test, defined as 

fJ = p(O) - p( 00) 
p(O) 

(3.2) 

I'1troducing the above two factors, the decay curves were analyzed. The normal

ized decay curves of the data shown in Fig. 3.10 are shown in Fig. 3.11. Figure 3.11.B 

shows the semi-log scale plot of q;(t) for clarity. It appears that the decay is the slowest in 

sample A and the fastest in sample C. The decay curve of sample C shows an interesting 

feature. The decay is initially the fastest, but after 90% drop in the value of cAt) the de-

cay rate slows considerably. 

The kinetic difference and characteristic shape of the curve are not affected oy the 

test temperature; simply it takes a longer time to reach the same value of cAt) as the test 

temperature decreaStJ. Hence, it is possible to estimate the activation energy of the decay 

kinetics by defining a scale factor X which normalizes ~e time axis. The time axis of q;( t) 

tested at 230°C was set as th~ reference, and the time axes of cp(t) tested at other tempera

tures were reduced by a factor of X until they matched. The estimated X showed 

Arrhenius type behavior, and the estimated activation energy was 1.38 -1.42 e V. 

The kinetics factors were also analyzed for samples with narrower linewidth, 1.3 

t-lm. It was found that the decay kinetics in samples with 1.3 ~ width is slower than that 

in samples with 6 f..Ull width. The effect of the line width was most pronoun~pd in sample 
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Fig. 3.11 The normalized decay curve, cp(t), taken from data shown Fig. 3.10: (a) linear 
scale, and (b) semi-log scale. 
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A, and the typical test result found at 225°C is shown in Fig. 3.12, showing the decay 

curves (A) and the corresponding cp(t) with semi-log scale. It can be seen that the decay 

is slower in the 1.3 f..tm sample, while both showed the same total decay amount. This 

decay retardation in narrower lines was observed in every test temperature and sample. It 

was also found that the time-scale factor X in samples with 1.3 f..tm width showed the 

similar activation energy as samples with 6 ~m width. 

As defined in eq. (3.2), f3 is a measure of the total amount of resistivity decay 

during the test. It was found that f3 is affected by the initial condition of the samples and 

the test temperatures. The effect of the initial sample condition on f3 was already shown 

in Fig. 3.10: the amount of decay in sample A is considerably smaller than those of 

sample Band C, while sample Band C show a similar amount. As the test temperature 

decreased, f3 increased. Also, it was found that the effect of test temperature is closely 

related the solubility limit of Cu. The estimated {3 for each sample is shown in Fig. 3.13 

as a function of solubility limit of Cu at the test temperatures. There exists a good corre

lation between f3 and the solubility. Also, f3 of sample A is always lower than those of the 

others, and f3 of samples B and C are almost identical at every temperature. 

3.4 Precipitation in Thin Films 

As shown in 1EM investigations of aged microstructures, the precipitation behav

ior in thin films is essentially the same as that in bulk alloys. As in bulk alloys, coherent 

GP zones form and rapidly coarsen to 8' phase in less than a few minutes at 225°C. These 

8' precipitates ordinarily would coarsen and ultimately become replaced by 8 precipitates; 

however, it was found that these 8' precipitates were rapidly consumed to the grain 

boundary. Consequently, grains become relatively precipitate free with aging. This pro

cess is more rapid in smaller grains. Even the surviving e precipitates within grains vir

tually disappear when the samples are overaged. 
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Fig.3.13 The measured scale factor, /3, as a function of Cu solubility. 

These results can be attributed to the existence of a diffusion field toward the 

grain boundary. A grain boundary provides an easier nucleation site for precipitation due 

to its lower energy barrier. Therefore, e phase forms at grain boundaries immediately af

ter aging starts. The concentration of Cu at grain boundaries is close to the equilibrium 

concentration due to the presence of equilibrium a phase. On the other hand, the interiors 

of grains, where meta-stable at-phase precipitates form, initially contain a considerable 

amount of supersaturated Cu. The chemical potential difference between the meta-stable 

and equilibrium phases causes at precipitates to dissolve: Cu migrates to precipitate in 

grain boundaries. If the grain size is large enough that most St precipitates are far from 

the grain boundary, then the normal coarsening process can take place; the at particles 

grow by consuming each other. On the contrary, if the grain size is small, as it is in thin 

films, nonnal coarsening is overcome by the diffuSion field imposed by the grain bound-
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ary, and, therefore, intragranular precipitates dissolve \\'hile grain boundary precipitates 

grow. This grain boundary effect on precipitate evolution provides a qualitative reason 

for the rapid disappearance of 8' precipitates and the grain size dependence of its kinetics 

in thin films. 

The effect of grain boundaries on the kinetics of precipitate evolution can be 

quantitatively modeled using a conventional diffusion model that has been frequently 

used in many other similar studies [93, 108, 109]. This model assumes that there is no 

concentration gradient along the thickness direction, and that concentration of Cu in 

grains is initially uniform, Ci. Then, assuming a cylindrical grain with radius ro, the dif-

fusion of Cu in a grain can be given as 

with the boundary conditions 

C(r,t) = Ci at t = 0 , 0 < r < ro 

C( r, t) = Ce at t > 0 , r = r 0 

(3.3) 

(3.4) 

where D and Ce represent the diffusivity of Cu in Allattice and the equilibrium concen

tration of Cu, respectively. The solution of eq. (3.3) describes the out-diffusion of Cu to 

the grain boundary where the concentration is fixed, as schematically illustrated in 

Fig. 3.14. 

The kinetic function of Cu out-diffusion in this situation can be obtained from the 

estimation of the average concentration of Cu in a grain, C, and it is known to be 

(3.5) 

provided that the ans are the roots of Jo(ra,) = 0 where Jo(x) is the Bessel function of 

the fIrst kind of order zero [110]. Eq. (3.5) can be simplified further by taking the large 

time approximation, and it can be expressed as 
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Fig. 3.14 A schematic representation of the concentration profile in a grain during out
diffusion of Cu to the grain boundary. 

(3.6) 

where aJ=2.405. Now, the function S(ro,t) describes the out-diffusion kinetics which is 

measured by the ratio of the relative amount of available Cu in the matrix to the total 

amount of available Cu which can out-diffuse after infinite amount of time. As expected, 

the out-diffusion kinetics in a grain is an exponential function of grain size and time. In 

small grains, at precipitates would rapidly coarsen to grain boundary, while coarsening of 

at is slow in large grains. This kinetic difference of precipitates imposed by a grain 

boundary is directly related to the electrical resistivity decay, as will be discussed in the 

following section. 

3.5 Resistivity decay 

As proved in Appendix C, the electrical resistivity of dilute alloys is linearly pro

portional to the mean concentration of solutes in the sample: 

(3.7) 

where PAl, K and C denote the resistivity of pure AI, the correlation constant and the 

mean concentration of solutes in the matrix, respectively. Hence, when there is a solute 
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reconfiguration in alloys, the electrical resistivity decreases due to the reduced amount of 

solutes in the matrix; the electrical resistivity of AI-Cu alloys decays with precipitation 

except for an anomaly during OP zone stage, where an additional electron scattering from 

the fine size of precipitates is active, so called Mott scattering [111-113]. The test tem

peratures used in this investigation were relatively high, such that the effect from GP 

zones was insignificant due to their rapid transformation to 8'. Therefore, the electrical 

resistivity decay observed here came from the reconfiguration of precipitates in grains. 

3.5.1 Scale factor, fJ 

Combining boundary conditions for out-diffusion in eq. (3.4) and the correspond

ing resistivity, the scale factor of the resistivity decay can be readily expressed as 

(3.8) 

where k'represents the proportional constant. Eq. (3.8) indicates that the scale factor f3 is 

influnced by both initial concentration Ci and equilibrium concentration Ce, and it ex-

plains the estimated f3 shown in Fig. 3.13. Since sample A contained a lower amount of 

initial supersaturated Cu due to slower cooling, f3 should be less than for samples B and C 

at a given test temperature. Also, at a given initial Cu concentration, f3 is greater at lower 

temperature because the solubility limit decreases as the temperature decreases. 

Although it is not presented here, the estimated f3 found in furnace cooled samples was 

significantly lower than that of samples studied here, which is the another example of the 

analysis given in eq. (3.8). 

3.5.2 Kinetic factor, cp(t) 

The kinetic factor cp(t) in a single grain is the same as S(ro~t) in eqs. (3.5)-(3.6), 

combining the definition cp(t) in eq. (3.1) and the corresponding resistivity in eq. (3.7); 
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however, thin films contain grains with various radii. In order to account for the grain 

radius distribution in cp(t), it is necessary to estimate the total amount of Cu in a sample 

which contains many grains. Since each individual grain follows the kinetic relation in 

eq. (3.5), the total amount of available Cu remaining in a sample at time t, M(t), is the 

summation of all eu atoms in all grains: 

(3.9) 

where A represents the film thickness and Ij represents the radius of jth grain. Here, it is 

assumed that the concentration is uniform along the thickness axis, so that the volume of 

the grain times the mean concentration provides the total amount of available Cu for dif

fusion. The total amount of Cu which can out-diffuse in an infinite amount of time, 

M( 00), is simply the same as eq. (3.9) without the S(rj , t) tenn because it is only deter-

mined by the initial concentration and final concentration. The ratio between M(t) and 

M( 00) represents the relative out-diffusion kinetics in the sample and, therefore, it is 

equal to the normalized resistivity cp( t): 

(3.10) 

This expression can be transfonned to a statistical form containing the grain size distri

bution function, f{Ij), by dividing each numerator and denominator by the total number of 

grains. The result has a fonn 

(3.11) 

where Im denotes the increment of probability density function of grain size, f{Im). It is 

clear that the decay kinetics in thin films is influenced not only by the mean grain size but 

also by grain size distribution, and the contribution of each grain on qi.,t) is determined by 

the area fraction of the grain to the total line dimension. 
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The physical consequence of eqs. (3.10)-(3.11) is well presented in the test results 

of sample C. As noted earlier, a sample C underwent abnormal grain growth which pro

duced grain structure with a few large grains surrounded by many small grains; this grain 

structure is shown in Fig .3.2 and Fig. 3.7. It was estimated that the small grains occu

pied more than 90% of the line dimension, while the remaining 10% is a few large grains. 

This grain structure is directly related to cp(t): the cAt) of sample C is initially fast up to 

90% of the drop and slows down suddenly afterward. In small grains, the out-diffusion 

kinetics are fa.st, and, thus, the ~ t) decays rapidly until the out-diffusion in these grains is 

practically stopped. Mter this, the decay must come from the large grains in which out

diffusion is much slower. Since the area fraction of these large grains is significant in 

spite of their small number, it is possible to detect the sudden transition due to the large 

grains. Comparing cp(t) and TEM microstructures of the aged sample already shown in 

Fig. 3.7 , the analysis introduced here is becoming more clear. The 4 hours of aging at 

225°C corresponds to the 90% of the decay. It is clearly visible that the large grains are 

still well decorated with the fine S' precipitates, while smaller grains are relatively free of 

any precipitate. If the number of relatively large grains is one or two such that the area 

fraction is small as it is in samples A and B, it would not be possible to detect the transi-

tion. 

Note that the eq. (3.11) and eq. (3.12) become the same as eq. (3.5) when the thin 

film contains grains with an uniform radius. In this case, the large-time approximation of 

eqs. (3.11)-(3.12) becomes 

4 a2Dt 
((J(t) ~ -2 exp(-_1-2-) 

a 1 ro 
(3.12) 

Eq. (3.12) indicates that when the lncp(t) is plotted as a function of time, it provides a 

straight line which contains information on the diffusivity. This is one of the most COffi-

mon methods that have been frequently used to detennine the diffusivity of impurity 

atoms or vacancies in metal using electrical resistivity [114-118]. In this sense, 
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eqs. (3.10)-(3.11) do not differ from the conventional model of electrical resistivity decay 

and provide a more general solution which can be applied to the study on samples with 

many grains. 

Provided that the free surface is as effective as a grain boundary for the nucleation 

of 6, there would not be as significant a difference in the decay kinetics difference as seen 

here. The thickness of film is uniform. Thus, the diffusion distance is fixed as film 

thickness, so that cp(t) should follow a similar fonn to eq. (3.12), in which ro becomes the 

film thickness. Furthennore, a reduced linewidth for a given sample should produce 

faster decay kinetics. This assertion can be explained as follows: With a given grain 

structure, making a line with a width smaller than the mean grain size will usually result 

in a line containing mostly one single grain spanning across the width. Consequently, the 

grain boundary density decreases and the surface area-to-volume ratio increases. The test 

results show, however, that the decay kinetics were observed to be slower in 1.3 f.tm lines, 

which indicates that the reduction of grain boundary density has a predominant effect on 

the decay kinetics, and a free surface is not as effective as a grain boundary for precipitate 

nucleation. The retardation of decay kinetics is more pronounced in sample A because of 

the most significant reduction of grain boundary density in sample A due to its larger 

grain size. 

3.6 Applications of the resistivity decay 

The usefulness of the resistivity decay is well demonstrated in this study. The 

qualitative observation of precipitation characteristics in thin films obtained from TEM 

was supported by the measurement of the resistivity decay with quantitative techniques, 

and the relative importance of free surface and grain boundary on the nucleation was in

vestigated using the decay kinetics. It was found that the study on the resistivity decay is 

also useful in two ways. First, the diffusivity of Cu in thin film Al lattice can be esti-
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mated by measuring cAt) when the grain size distribution is available. Secondly, if the 

lattice diffusivity of Cu is known, the grain size of unknown Al thin films can be esti

mated. The first application was attempted using the data obtained in this study, and the 

second application is briefly introduced, as follows. 

3.6.1 Determination of lattice diffusivity of eu 

At a fixed grain size distribution, the f{i...t) is simply determined by the diffusivity 

of eu due to its contribution to S(r/,t) in eqs. (3.10)-(3.11). It takes simply longer time to 

decay the same amount as the temperature decreases due to slower diffusion in each 

grain; however, the shape of decay curve must be preserved provided that there is no 

grain size change. Since no grain growth was observed at test temperatures, the curves 

tested at different temperature should coincide by simply factoring the time axis by X a 

scale factor, X. This is what was observed. The time-factor, X, show an Arrhenius equa

tion because it physically represents the activation energy of Cu diffusivity. The esti

mated activation energy of X in this study was 1.38-1.42 eV, indicating that it is in fact 

quite close to the activation energy of eu diffusion in Al lattice, 1.32-1.41 eV[119-123]. 

Although the activation energy of eu diffusivity in AI thin film is proven to be the 

same as that in the bulk, the diffusivity itself is still unknown. However, the diffusivity 

can be estimated using eqs. (3.10)-(3.11) and grain size data shown in Fig. 3.2. When 

eqs. (3.10)-(3.11) are integrated with respect to time, they have a physical meaning of the 

area, A, under the decay curve q:(t) and it becomes only a function of D and the statistical 

parameters of the grain size distribution: 

00 1 00 4 L.ri 
A = fo q>(t)dt =-(L-4 )(L1 2) 

D n=l an .r; 
I 

(3.13) 

or 

62 

. 'II' 



~ 
ii 

(3.14) 

where 

00 4 L-4 =0.125. 
n=l an 

The area under the decay curve q;(t) can be numerically calculated and then the diffusivity 

D is given as 

(3.15) 

or 

(3.16) 

where m(4)' and m(2)' are the fourth and the second moments of grain radius distribution, 

and they are defined in eq. (A.11). If the grain radius distribution is exactly log-normal, 

then from eq. (A.35), eq. (3.16) simplifies to 

0.125 " .-2 
D=~r50exp(6u ) (3.17) 

where ISO and a are the median grain radius and shape parameter of log-normal distribu

tion, respectively; D can be simply detennined. The grains in this study slightly deviate 

from the log-normal distribution. Hence, the fourth and the second moments were nu

merically calculated using data shown in Fig. 3.2. Figure 3.15 shows the results of the 

diffusivity estimation, plotting the diffusivity as a function of temperature. In this figure, 

the diffusivity of Cu in bulk alloys extrapolated from the data in several references is in

ell ded as dashed lines [119-122]. It appears that the eu diffusivity in thin films is faster 

by more than an order of magnitude than that in the bulk alloys, '.vhile the activation en-

ergy is similar. The pre-exponential factor of the diffusivity, Do, estimated here is about 
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17,...,46 cm2/sec, while that in bulk alloys is' O.15-G.65 cm2/sec. Given the facts that the 

lattice diffusivity of impurity atoms in thin films is known to be faster due to higher 

density of defects than bulk and the existence of residual stresses, the higher pre-expo

nential factor of the diffusivity obtained here is not unusual. It should be noted that the 

increased lattice diffusivity in thin films found here is somewhat greater than that found 

in other studies in which lattice diffusivity in films is reported to be 3 to 10 tinles greater 

than in bulk [123]. The presence of Si in the lattice may have influence on the Cu diffu

sivity. Also, the assumption of cylindrical grains may have caused overestimation of the 

pre-exponential factor. 
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Fig. 3.15 The estimated bulk diffusivity of eu in AI. The dotted lines represent the 
extrapolated diffusivities of Cu in bulk Al alloy. 

Although the model developed here is somewhat simple, it provides simple way 

to estimated the lattice diffusivity of solutes in thin films with a reasonable accuracy, 
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which has not been much explored due to experimental difficulties. 

3 .6.2 Determination of the grain size distribution 

As noted in eq. (3.11), the measured decay function qJ(t) contains information of 

the probability density function of grain radius, f{rnJ. If the increment of the grain radius 

is set to be rk, then there exist linear equations at a test time tkdefined from eq. (3.11) as 

N 

Lr;/(rk)Hkj = 0 (3.18) 
k=l 

where Hkj = S(rk, tj) - qJ(tj ) , and N denotes the total number of increment rk. The physi

cal meaning of Hkj is the difference between the ideal decay value of a sample with ho

mogenous grain size 1k at time tj and the decay value of the actual sample with inhomoge

neous grain sizes. Apparently, Hkj is zero when the test time, t,j, is zero because both 

S(rk,O) and qJ(O) are 1. At a given non-zero test time, tj, there exists only one rk which 

makes Hkj zero. The magnitude of rkwhich makes HkjZ~rO decreases as the test time tj 

increases. Therefore, the linear equations defined by eq. (3.18) are linearly inucpendent 

with no zero ;'s. With the N-l number of tj and the requirement 

then eq. (3.18) can be rewritten as a NxN matrix form as 

r r~Hll r~HNl 11 0 

r;H12 r~HN2 12 0 

lr~~;-l.l = (3.19) 

r~HN-l.1 iN-l 0 

1 iN 1 

The probability density function fhas a non··trivial unique solution, for N independent 

linear equations are given to i~ unknown variabies. The matrix [t] can be numerically 

calculated. 
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3.7 Summary 

Precipitation in AI thin films containing Cu is fundamentally the same as precipi

tation in bulk alloys; GP zones initially fonn and grow to metastable e'-phase precipitate, 

and ultimately transfonn to stable a-phase precipitate. Relatively small grain size, how

ever, places GP zones and 6' precipitates in a chemical potential gradient from the grain 

boundary where a precipitate forms immediately upon aging. Since the rate of a' precipi

tation is extremely rapid, grain boundaries have little influence on the initial precipitation. 

Later, the coarsening rate of e' slows down and is overwhelmed by the chemical potential 

gradient to the grain boundary. Therefore, most of the 8' precipitates inside the grains 

dissolve and diffuse to the grain boundary, resulting in a continuous growth of a at grain 

boundaries; grain boundaries playa major role on precipitation in thin films. 

The coarsening of 8' precipitates to a grain boundary involves the diffusion of Cu 

to the adjacent grain boundary. Since the accumulation of Cu in the boundary of small 

grains is faster than in larger grains, and 9' precipitates disappear much more rapidly in 

sm?'1 grains. This was demonstrated by both TEM observation of aged films and the 

variation of the electrical resistivity during aging. It was found that the kinetics of resis

tivity decay reflects the grain size and its distribution of film, as well as precipitation ki

netics. 'Using a simple diffusion model, the precipitation characteristics in thin films was 

characterized, and the lattice diffusivity of Cu was estimated. 
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CHAPTER 4 

MECHANISM OF ELECTROMIGRATION FAILURE 

The mechanism of electromigration failure in Al thin film interconnects is 

strongly influenced by various microstructural parameters of such film. These parame

ters include alloying elements, grain size and distribution, preferred grain orientation, in

terconnect linelength and linewidth. Since all of these parameters interact with each 

other, it is necessary to test lines with controlled microstructures in which only one pa

rameter is varied. For this purpose, pre-aging of test lines with various linewidths was 

performed to investigate the role of alloying elements on the failure mechani~m and its 

interaction with the line structure. As discussed in the previous chapter, when samples 

are aged at relatively low temperature, precipitation occurs at grain boundaries and in the 

interiors of the grains. With aging time, only the types and distribution of precipitates 

changes. Electromigration testing as a function of aging time for a given line structure 

should, therefore, reveal the precipitate influence on the failure mechanism, leading to an 

understanding of the role of alloying elements. 

Test results and the failure mechanisms are introduced in this chapter. The failure 

mechanism in wide lines was found to be the same as the conventional one [1,2,34,91], 

i.e., voids nucleate and grow at grain boundaries and, eventually, coalesce with one an

other to break the line. The failure mechanism in narrow lines, however, was found to be 

fundamentally different fronl that in wide lines. Failure was often fnund to be trans

granular, and appeared in the form of thin, slit-like voids or cracks that transversed the 

grain. High-resolution metallographic studies of the failure sites in narrow lines, in addi

tion to failure time test results, suggested that failure occurs at metallurgical "weak links" 
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along the line. The "weakest link" that leads to failure is the longest poly granular seg

ment in the line. This metallurgical result, taken in conjunction with a semi-quantitative 

diffusion model, yields a plausible explanation for the failure mechanism in narrow lines. 

In this chapter, the microstructwal failure mechanism in narrow lines is focused on. The 

role of eu and the statistical aspects of electromigration failure will be discussed in de

tails in the following chapters. Test results and metallograpbic observations are presented 

in sections 4.1 and 4.2, and the failure mechanism and the diffusion models are explored 

in sections 4.3 and 4.4. Finally, in section 4.5, the role of eu is briefly discussed . 

. 
~'+);' '/L~j::;~:~4I: '.' ' ... ~ . 

Fig. 4.1 The microstructure of as-pattemed lines with widths of (A) 1.3, (B) 2 and (e) 4 
f..Ull. These micrographs were taken from the sample deposited at planarizing 
condition after 7 hours of aging. (XBB 933-1215) 
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4.1 Test results of electromigration lifetime 

The electromigration lifetimes of interconnect of the different linewidths were 

tested under various current densities, temperatures, and with the variation of pre-aging 

times. Samples deposited under the planarizing condition were the main samples used in 

this investigation because they provide various effective linewidths (WIG), 0.5 ..... 2.5, re

sulting from the largest mean grain size. Unless otherwise specified, the discussion refers 

to these samples. The microstructures of as-patterned lines are shown in Fig. 4.1, where 

examples of narrow lines (W/G-O.5) and wide lines (W/G-2.5) are compared. These 

lines are aged for 7 hours before the TEM sample preparation in order to reveal the grain 

boundaries. The narrow lines have a predominantly "bamboo" structure in which single 

grains span the line. Polygranular sections occasionally appear along the length. The 

wide lines have polygranular cross sections almost everywhere. These lines were tested 

at a nominal current density of 2.5xl06 A/cm2. Although some tests were also done at 

higher current densities, those results are not presented here because they are not suffi

cient to provide the value of a conventional current exponent. Those samples were used, 

however, for high resolution meta1lographic studies of failure sites. 

4.1.1 Failure as a function of linewidth for unaged samples 

Fig. 4.2 ~hows the cumulative probability of failure for the three linewidths tested 

in the unaged condition at ~. temperature of 225°C and a current density of 2.5x 106 

A/cm2 . In all three cases the cumulative distribution of failures is well fit by the log

normal distribution. The median time to failure (MTF) is indicated in the figure. The 

variance (DTF) of the distribution fixes the slope of the data in the figure. The MTF and 

DTF of these lines are summarized in Fig. 4.3, including the results from 4 tJ.m lines. 

Although it is not strong, there is a linewidth dependence of MTF and DTF of lifetimes, 

as found in other studies. Test results from other samples, that were deposited at the pla

narizing condition and subsequently FA and RTA treated, showed a similar trend. 
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Fig.4.2 The cumulative distribution of failure times for lines of three widths, tested in 
the unaged condition at 225°C and 2.5xl06 Alcm2. 
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Fig.4.3 The MTF and DTF variation with the effective linewidth for unaged lines. 
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4.1.2 Failure as a function of test temperature for unaged samples 

Fig. 4.4 shows the median timeto failure for 1.3 f..tm and 6 f.Ulllines as a function 

of test temperature over the range 190°C to 235°C at a fixed current density of 2.5xl06 

AJcm2 . The MTF data are fit to an Arrhenius expression with an activation energy, Ea, 

E MTF = exp( -_Q ) 

kT 
(4.1) 

The result is Ea ,",",0.93 eV for the narrow lines, Ea ,..., 0.65 eV for the wide lines. Of 

course, two data sets are insufficient to prove a change of activation energy with 

linewidth. However, the results obtained here are in agreement with prior research that 

shows similar behavior. Dreyer and Varker [72] determined the activation energy as a 

function of linewidth for Al-1.5Cu at j ,..., 2.0xl06 Alcm2, and found that the value de

creased with linewidth from,..., 1 e V for W /0 significantly less than 1 to ,..., 0.6 e V for wide 

lines. 

100 r-----------------------------------_ 

1 

0.0019 0.0020 

1.3 J.lm 

0.0021 0.0022 

Fig.4.4 MTF as a function of test temperature for unaged lines of 1.3 and 6 J..lm width, 
tested at j = 2.5x106 Alcm2. 
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4.1.3 Failure time as a function of pre-aging time 

The kinetics of electromigration failure were tested as a function of pre-aging 

time at a substrate temperature of 225°C and a current density of 2.5xl06 AJcm2. The ar

ray lines were thermally aged at 225°C for various times before testing. The test results 

are illustrated in Figs. 4.5-4.7. Fig. 4.5 presents the failure statistics as log-normal plots 

of the cumulative fraction of failed lines as a function of the electromigration time. Fig. 

4.6 illustrates the MTF variation with pre-aging time of these lines. Fig. 4.7 compares the 

MTF of single-line specimens as a function of the ratio of linewidth to grain size, WIG, 

for specimens tested both without aging and after aging for 24 hours. The data show that 

aging narrow lines prior to testing have a very strong influence on both the mean time to 

failure and the failure statistics. There is a measurable; but much smaller, effect on the 

behavior of the wide lines, as already shown in Fig. 4.3. 

First consider the behavior of the wide-line arrays. Fig. 4.6 shows a small mono

tonic increase in MTF for pre-aging times up to 48 hrs. Fig. 4.5 shows that the increase 

in MTF is primarily due to an increase in the minimum time required to initiate failure; 

the time to first failure within an array increases monotonically with pre-aging time while 

the time required to fail all lines changes very slightly, if at all. 

The behavior of the narrow-line arrays is strikingly different. The mean time to 

failure increases dramatically when the sample is pre-aged for 24 hrs, from a value below 

that of the wide-line array to a value that is more than an order of magnitude higher 

(Fig. 4.6). Fig. 4.5 shows the cumulative distribution of failure times for various pre

aging times. Pre-aging changes the distribution in two ways. First, the samples with 

longer failure times in each set can be fit to a log-normal distribution. This distrihution 

governs at least the last 75% of the failures. At intermediate aging times, however, the 

first few failures require much longer times than is predicted by the log-normal fit to the 

long-term data. There is a distinct bimodal distribution at intermediate times as shown by 
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Fig. 4.5 A log-nonnal plot of the failure times with va..rious pre-aging times for line 
widths of (A) 1.3 and (B) 4 ~m. 
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Fig. 4.6 The MTF variation as a function of pre-aging time for 1.3 and 4 J.Ul1lines. 
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Fig. 4.7 Test results on single line samples showing the dependence of the MTF on 

linewidth in the unaged and optimally aged conditions. 
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the two lines in the figure. However, the beneficial effect of aging is sensitive to the 

aging time. If aging is continued to 48 hours the benefit is lost, and the MTF decreases to 

a value that lies below that of the unaged specimen. 

The variation of MTF with the effective linewidth, WIG, is plotted in Fig. 4.7. 

The figure includes data from the as-deposited, RTA and FA single-line samples to pro

vide a range of values of W 10, and compares behavior in the un aged and peak -aged (24 

hours) conditions. Prior work by several investigators has documented a significant in-

crease in MTF and DTF with W 10 at small values of the latter [64-67]. The present re-

sults suggest that this increase is very sensitive to the microstructure, which is determined 

by prior aging. The aged specimens show a dramatic increase in MTF as W /0 drops be

low about 0.5, while the un aged specimens show only a small increase over the same 

range. 

4.1.4 Failure time as a function of pre-aging temperature 

Tests similar to those above were done by pre-aging lines at different tempera

tures. Lines were pre-aged at 310°C and 190°C for various times, and tested at the same 

condition as in the previous studies: 225°C and a current density of 2.5xl06 Alcm2. The 

test results are shown in Figs. 4.8-4.9. Fig. 4.8 compares the MTF variation as a function 

of aging time for samples aged at 3 different temperatures. It can be seen that the MTF 

variation of lines aged at 310°C shows the same trend as lines aged at 225°C. The peak 

aging time in lines aged at 310°C is shorter (8 hours) than in lines aged at 225°C (24 

hours), and the corresponding MTF is about 400/0 lower in lines aged at 310°C. On the 

other hand, the MTF of the lines aged at 190°C increases continuously and slowly within 

48 hours of pre-aging time. Fig. 4.9 illustrates the lifetime distribution of the lines at 

peak aged conditions. Lines aged at 190°C are not included becaUSe peak aging was not 

reached in the time aged. The distinctive bi-modality of the lifetime distribution found in 
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Fig.4.8 The MTF variation of 13 J.lIlllines as a function of pre-aging time at three dif
ferent temperatures. 
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Fig.4.9 A cumulative distribution of failure times for 1.3 f.tm lines at peak aging condi
tions. 
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the lines aged at 225°C for 24 hours also appears in the lines that were aged at 310°C for 

8 hours, although the bimodality is less apparent. 

4.1.5 Resistance change during electromigration 

When the electrical resistance of lines during electromigration is monitored, it is 

possible to investigate the failure kinetics of lines. When damage forms and grows by 

electromigration, the electrical resistance increases accordingly [124-126]. Using single 

line structures, the kinetics of failure were investigated, and the results can be summa

rized as follows. 

First, as found in many similar studies, the electrical rt;sistance increases rapidly 

before failure. Generally, rapid failure occurred when the resistance increase was as high 

as 15 0/0. Depending on line width and aging condition, however, the kinetics of the resis

tance change is very different. First, for unaged lines, failure occurs shortly after the 

electrical resistance starts to increase. Typical resistance c~anges during electromigration 

tests of unaged 1.3 and 4 11m lines are illustrated in Fig. 4.l0. In both cases, the electrical 

resistance decreases initially because of precipitation, as discussed in the previous chap

ter. However, there is a noticeable difference between wide lines and narrow lines. For 

wide lines, the increase in resistance is rather continuous and slow, while for narrow lines 

the increase is relatively abrupt and rapid. In addition, the magnitude of resistance in

crease before failure is greater in the wide lines. As noted in the figure, the resistance in 

narrow lines shows an occasional healing process, i.e., the resistance decreases rapidly af

ter a sudden increase. This healing process frequently appears in narrow lines, while that 

is rare in wide lines. The healing of damages dlhlng electromigration is interesting and 

has not been reported, although the healiIlg of lines after complete failure was observed in 

several investigations [31, 127]. 
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Fig. 4.10 A typical variation of the electrical :esistance during eleetromigration test of 
unaged, (A) 1.3 and (B) 4 f.lm lines. 
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Aging induces distinctive change in failure kinetics, depending on the linewidth. 

As previously presented, for wide lines MTF linearly increases with aging time. It was 

found that this increase in lifetime is mainly a result of the slower kinetics of failure. 

Fig. 4.11 shows that the resistance change in 48 hours aged 4 tJ,m lines increases at a 

slower rate than that in unaged lines. Compared to the change in unaged lines shown in 

Fig. 4.10, aged lines require longer time and a greater magnitude of resistance increase to 

fail the lines after damage starts. Also, notice that the characteristic healing process, 

which was visible in unaged narrow lines, appears in aged wide lines. For aged narrow 

lines, the failure kinetics are fundamentally different from wide lines and un aged narrow 

lines. The critical amount of resistance increase, where failure occurs rapidly, is roughly 

the same for every aging condition. The kinetics of the resistance increase required to 

reach ctitical resistance, howevc!r, is a function of aging time. The slow and gradual in

crease of the resistance in lines pre-aged for 24 hours can be seen in Fig. 4.11. For under

and over-aged lines, the resistance change is relatively the same as in una.ged lines except 

during the initial decay; failures are followed by a sudden and r~pid incn!ase of the resis

tance. 

4.2 Microstructural mechanism of electromigration 

4.2.1 Precipitation and coarsening during electromigration 

During electromigration tests the samples experience a current density of 2xl06 

A/cm2 as well as a temperature of 225°C. The concurrent electromigration modifies the 

precipitation and coarsening bc!havior in three ways. 

First, the rate of coarsening.is significantly increased. While the relative coarsen

ing kinetics have not been yet quantified, direct comparison between the lines that were 

exposed to current and the parallel reference lines that were current-free shows that intra-
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granular precipitates dissolve much more quickly in the current. Grains are often swept 

free of precipitates after only a few hours of exposure. 

Second, the pattern of coarsening is heterogeneous. Electromigration causes pref

erential transport of Cu in the direction of current flow. The grain boundaries are deco

rated by precipitates which act as sinks for the Cu. Within a given grain, precipitates that 

are downstream in the current disappear fIrst, yielding a spatially inhomogeneous precipi

tate distribution. 

Fig. 4.12 TEM micrographs showing void formation at a 8' precipitate site, tested in the 
. unaged condition for 2 hours at 225°C and 2.5xl06 A/cm.2. The void is visible 
under bright field conditions (A) due to a normal absorption effect, while only 
6' precipitates are visible under dark field conditions (B). (XBB 926-4150) 

Third, the dissolving precipitates tend to be replaced by voids rather than by ma

trix material. The effect is most pronounced in the dissolution of intragranular 8' precipi

tates. Fig. 4.12 shows an example where a 8' precipitate is partially dissolved during 
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Fig. 4.13 TEM micrographs showing void formation at e precipitates (A-b) in the grain 
boundaries and (A-a and B) in grains after 4 hours of testing at 225°C and 
2.5xl06 Alcm2. (XBB 919-7583) 
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electromigration and the missing material has been replaced by a void. A similar phe

nomenon is observed during the dissolution of e precipitates in grain boundaries in the 

later stages of coarsening. Fig. 4.13 shows an example of voids that appear on the grain 

boundaries of a thick line after exposure to current that are very similar in shape and dis

tribution to the e precipitates that are dissolved. An intra-granular void is also visible in 

this figure as noted. This effect is presumably due to the strong preference for Cu-va

caney exchanges during electromigration; as Cu migrates out of the precipitates, vacan

cies are left behind which coalesce into voids. 

4.2.2 The microstructure of the failure sites 

4.2.2.1 Wide lines 

The microstructural mechanism of electromigration failure was investigated by 

examining failed lines with scanning and transmission electron microscopy. The mecha

nism of failure in wide-line samples (4 and 6 ~m) is the same for all pre-aging times. 

Voids nucleate along grain boundaries, and gradually coalesce to form a continuous void 

that breaks the line. In this sense, the failure mechanism of wide lines tested in this in

vestigation is conventional: grain boundary failure. However, there is one factor which 

differentiates the failure mechanism of wide lines in this study from that of pure AI. 

Figs. 4.14-4.15 compare the failure morphology of grain boundary failure in pure A1lines 

versus Al-Cu-Si lines. Pure AI lines were tested at a substrate temperature of 175°C un

der a current density of 5xl05 A/cm2. When the failure morphology of pure AI1ines 

were examined under TEM, it was seen that voids always initiated at the edge of the line 

and propagated inward fo~lowing grain boundaries. On the other hand, voids in AI-Cu-Si 

alloys are not necessarily associated with the edge of the line, rather they are finely dis

persed along the grain boundary. As presented in the previous section., voids tend to fonn 

at the sites where precipitates wert; located, and, therefore, many independent voids are 
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Fig. 4.14 TEM micrographs showing (A) grain boundary failure and (B) void fonnation 
(B) in pure Allines, tested at 175°C and 2.5xl06 A/cm2. (XBB 932-598) 

Fig. 4.15 TEM micrographs showing the nucleation voids at grain boundaries in Al-Cu
Si lines, tested in the unaged conditions at 225°C and 2.5xl06 A/cm2. (XBB 
919-7582) 
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visible along the grain boundaries. These voids grow independently and coalesce to form 

a continuous void which causes the line to fail. 

4.2.2.2 Narrow lines 

Direct observation of the failure sites in narrow lines reveals a failure mechanism 

that is not only morphologically different from that found in wide lines, but changes 

qualitatively in samples that have been aged to maximize the MTF. With the single ex

ception of 1.3 J.Ul1lines that were pre-aged for 24 hours, the narrow lines failed in a slit

like failure mode. Fig. 4.16 is an SEM micrograph that shows the typical morphology of 

this failure found in un aged 1.3 and 2 ~m lines. The failure site consists of a void that 

extends part way across the line which is continued to failure by a thin, slit-like break. 

,The failure sites contain a second feature: a void is always associated with a large 6-

phase precipitate located a short distance from the void in the direction of the electron 

flow. In almost all of the samples studied the failure is this type; test temperatur~ and 

current density did not change the failure morphology. Except for peak aged lines, the 

failure morphology is consistently the same. Fig. 4.17 shows the failure morphology of 

lines in under- and over-aged conditions. As can be in the SEM micrographs, the failure 

morphology is consistently the same. However, when the lines are peak aged, the failure 

morphology is qualitatively different, as is shown in the scanning electron micrographs 

presented in Fig. 4.18. In this case, there is no obvious void or slit at the failure site. The 

line simply' thins locally until it eventually fails. The degree of thinning prior to failure 

appears to be sensitive to the original processing of the film from which the line is made. 

Fig. 4.18 compares failure sites in as-deposited and RTA material. The RTA material 

thins less prior to failure, and fails more quickly. In order to understand this failure 

mechanism, unaged lines were tested at various test temperatures and current densities, 

and lines pre-aged at 2250C were tested and extensively studied. 
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Fig. 4.16 Typical morphology of failure sites as seen in SEM; these micrographs are 
taken from 1.3 (top A and B) and 2 J.Ulllines (bottom A and B) tested in the un
aged condition at 225°C and 2.5x106 AJcm2. Each void is associated with a 8-
phase precipitate on the downstream side. (XBB 933-1214) 
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Fig. 4.17 SEM micrographs showing the failure mode evolution in 1.3 J.lm lines with ag
ing time: (A) unaged, (B) 12 hours aged, and (C) 48 hours aged. (XBB 910-
7577) ~ 

Fig. 4.18 SEM micrographs showing failure sites in the optimally aged as-deposited (A) 
and RTA (B) samples. Note that the failure is accompanied by local thinning 
of the line. (XBB 910-7576) 
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The second metallurgical feature of the failure morphology, i.e., the pairing of 

voids and a large a-phase precipitates is not unique to the failure site. Failed lines typi

cally contained many edge voids that had not propagated to failure at the time the line 

was broken. Almost all of these are also paired with downstream a-precipitates. The dif

ference is that the separation between the pair is less than it is at the failure site. 

To identify the metallurgical characteristics of these void-precipitate pairs and the 

location of void, high-resolution TEM studies were performed. Fourteen failure sites and 

17 partially grown voids (we shall call these "damage sites") were successfully identified. 

The microstructure of the failure morphology in narrow lines is illustrated by the TEM 

micrographs shown in Fig. 4.l9 and the schematic drawing in Fig. 4.20. The first impor

tant observation is that the voids are not normally located at the grain boundary, but are 

almost always transgranular. Second, in every case studied the void and precipitate 

bracket a polygranular segment of the line; the void appears in the bamboo grain that is 

the upstream boundary of the polygranular segment while the precipitate appears in the 

boundary of the bamboo grain that terminates the segment on the downstream side. The 

damage sites also share a second metallographic feature. While small, a-phase precipi

tates are densely distributed along the line, there are none in the space between the paired 

void and a-precipitate. 

These observations suggest that electromigration failure in narrow lines occurs in 

the bamboo grain at the upstream end of a polygranular segment, that failure happens af

ter Cu has been swept from both the polygranular segment and at least the downstream 

portion of the bamboo grain, and that the time to failure decreases as the polygranular 

segment becomes longer. The "weak links" in the line are polygranular segments, and 

they become weaker as they become longer. 
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Fig. 4.19 TEM images showing the typical microstructures associated with (A and B) 
damaged and (C) failed sites. The transgranular slit void and precipitate bound 
a ploygranular segment. The region between the void and the precipitate is 
precipitate free. (XBB 926-4148) 
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Fig. 4.20 Schematic representation of the microstructure at a typical damage site. An 
edge void and precipitate bound a poly granular segment. Both the poly
granular segment and the bamboo grain that contains the void are precipitate 
free. 

89 



4.2.3 The distribution of weak links in narrow lines 

If the weak links are long, polygranular segments then the electromigration fail

ures should exhibit at least three corollary features. First, failure should occur preferen

tially at the longest polygranular segment of the ~lne. Second, the failure sites should be 

fixed by the microstructure independent of the test conditions, so long as these do not 

change the basic mechanism of failure. Third, for given test conditions there should be a 

simple relation between the time to failure and the length of the longest polygranular 

segment. 

One must make a great many observations to establish these points experimen

tally. It is not practical to do that with high-resolution TEM. However, the TEM ,obser

vations show that the length of the poly granular segment is almost equal to the separation 

between the void and the precipitate that are associated with it. The void-precipitate pair£ 
'.,. 

are visible in SEM photographs, and their separations for hundreds of tested lines were 

measured. The results support three statements. 

The weak links are the longest polygranular segments 

To determine whether failure occurs at the longest polygranular segment void

precipitate spacings in 275 lines that had been tested to failure were measured. In 234 of 

these the spacing was largest at the failure site. 25, 10 and 6 lines failed at the second, 

third, and fourth largest spacings, respectively. None failed at spacings shorter than the 

fourth largest. 

The results are presented in a slightly different form in Fig. 4.21. In this figure 

the cumulative distributions of void-precipitate spacings at the failure sites (labeled 

"failed sites" in the figure), and at all observable sites ("damaged sites") for both the 1.3 

and the 2 fAm lines are presented. In both cases the spacings are larger at the failed sites. 

Note that the poly granular segments lengths (as measured by the void-precipitate 
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Fig. 4.21 The nonna! distribution of void-precipitate spacings for the failed and damaged 
sites in unaged 13 and 2 ~m lines. 

spacings) are best fit by a normal disnibution, while the distribution of failure times is 

log-normal (Fig. 4.5). As will be discussed below, this result is in qualitative agreement 

with simple models proposed by other investigators. 

The weak links are fixed by the microstructure 

To show that the weak links are fixed by the microstructure investigation was per

fonned to measure the void-precipitate spacings at failed and damaged sites for samples 

tested at various temperatures, current densities and pre-aging times. Fig. 4.22 shows the 

mean and standard deviations of the distribution as a function of test temperature. 

Fig. 4.23 shows similar data as a function of current density. Both statistical measures 
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are independent of test conditions, in agreement with the hypothesis that the failure sites 

are fixed by the microstructure. 

Fig. 4.24 shows the mean void-precipitate spacing as a function of pre-aging time 

for the 1.3 J.lm lines. The data on the two sides of the 24 hr point are connected by a 

dashed line sin:e the 24 hr specimens failed by a different mechanism. The void-precipi

tate spaci:lg in the samples that failed by the transgranular-slit mechanism is essentially 

independent of the pre-aging time. The data are consistent with the hypothesis that the 

weak links are the poly granular segments. Pre-aging at 226°C does not significantly 

change the grain size, so the statistical distribution of polygranular segments should re

main almost the same. However, pre-aging strongly affects the nature, size and distribu

tion of the Cu-rich precipitates in the line. The data suggest that these changes affect the 

time required to fail a given poly granular segment. The mean time to failure changes 

significantly with pre-aging time as shown in Fig. 4.6. Moreover, the density of voids de

creases dramatically for intennediate aging times, as shown in Fig. 4.24. Microstructural 

studies suggest that this is because the shorter polygranular segments in the lines aged for 

intermediate times do not develop void-precipitate pairs. 

The relation between failure time and polygranular segment length 

The relation between the poly granular segment length and the time to failure is 

not given directly by the data described to this point. The tests used samples that con

tained many lines per specimen, and measured the distribution of failure times without 

identifying the particular line that failed at each time. However, if we assume that there 

is a simple relation between the failure time and the polygranular segment length, a rela

tion can be constructed by ordering the measured void-precipitate spacings and the mea

sured failure times, and assuming that the two correspond in inverse order, that is, the 
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Fig. 4.22 The (A) mean and (B) standard deviation of void-precipitate spacings at dam
aged and failed sites in 1.3 f.1m lines tested at various temperatures at j = 
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longest segment length is associated with the shortest failure ti:me, the second longest 

with the second shortest, and so on. 

This reasoning was applied to the results of te~ts done on unaged specimens of 1.3 

and 2.0 fJ.m linewidths. The results are plotted in Fig. 4.25. To test the validity of the 

procedure used to obtain Fig. 4.25, additional electromigration studies were performed on 

unaged 1.3 !-lm lines in which the test was interrupted for the first four failures and the 

last three failures,. and measured the void-precipitate spacings that \vere specifically asso

ciated with each failure. The results are plotted as open squares in Fig. 4.25. They are in 

good agreement with the results that were inferred from the original data. 

TI:le data fallon straight lines on a semi-log plot, and are, hence, well fitted by a 

relation of the form 

(4.2) 

where the pre-exponential factor, to, is a characteristic time and 10 is a characteristic 

length. 

4.3 Electromigration failure in wide lines 

The observed failure mode in wide lines was quite similar to the conventional 

mechanism. Voids nucleate at grain boundaries, and grow along grain boundaries to join 

one another and break the line. Grain boundary failure in wide lines can be seen from the 

TEM micrographs shown in Fig. 4.15. Since the failure requires linkage of voids dis

persed along grain boundaries, the failure rate is relatively slow. As shown in the resis

tance variation data (Fig. 4.10), the rate of increase in the resistance for wide lines is 

much slower than in narrow lines in which one void forms transgranularly and rapidly 

grows to failure. Also, the critical amount of resistance increase for rapid failure is much 

higher in wide lines. All of these observations confmn that the failure in wide lines oc 
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curs through linkage of individual voids in grain boundaries. 

In wide lines, the MTF and DTF are slightly dependent on the effective grain size 

(W /0). The explanation for the MTF and DTF dependence on linewidth is obtainable 

from the statistical model. As line width increases, the line contains more grain junctions 

with a more uniform distribution, and, hence, it takes more time to break the line through 

the linkage of voids. 

The MTF is improved by pre-aging the line, but the improvement is relatively 

small. The improvement appears to be due to the growth of precipitates at triple junc

tions in the aged lines. The most probable position for void nucleation is a triple point of 

grain junctions [128]. The stable precipitates formed at a triple junction probably act 

both as a vacancy sink and as a diffusion barrier. Thus they keep triple junctions from 

voiding until they are dissolved, and leave voids behind by exchanging eu with vacan

cies. This is the reason why voids were found at the sites where precipitates were previ

ously located. The role of the precipitates also explains the failure morphology differ

ence between pure Allines and lines with precipitates. A void at the line edge is the most 

stable because it requires less energy for void formation and it can lower the stress be

tween the line and substrate. Hence, in pure Al the individual void formed at a triple 

junction can quickly migrate to the line edge and grow. On the other hand, in lines with 

precipitates, voids form at the precipitates located at the grain junctions, and are immo

bile until the precipitates dissolve. 

The evidence that the precipitate could act as a diffusion barrier can be seen from 

the resistance variation of aged lines shown in Fig. 4.11. When the increase in the rate of 

resistance in aged lines are compared to that in unaged lines, two differences can be no

ticed. First, the increase rate is slower in aged lines. Second, a sudden decrease of resis

tance after damage initiation, which physically represents the healing of the damages, 

frequently appears in aged lines. Once formed, a void should grow with increasing rate 
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because of the increased current density and temperature at the damaged portion of the 

line. The healing of the damage means that somehow void growth is counterbalanced by 

the back flux. A possible mechanism can be found through the concept of a stress gradi

ent induced by electromigration [40-44]. If precipitates act as diffusion barriers, the elec

tromigration flux is blocked at the precipitates until dissolution, and which point the mass 

accumulates at the precipitates, producing back diffusion. This back-diffusion could heal 

the damage. 

4.4 Electromigration failure in unaged, narrow lines 

4.4.1 The metallurgy and statistics of failure in narro\\' lines 

The behavior of unaged, narrow lines can be summarized as follows. 

Electromigration tests show that the lines fail at times that have a log-normal distribution. 

Metallographic studies show that failure occurs almost invariably at the upstream termi

nation of the longest polygranular segment in the line, irrespective of test conditions. The 

longest polygranular segments, as measured by the maximum void-precipitate spacings, 

have a normal distribution. 

The correlation between segment lengths and failure times presented in Fig. 12 

suggests that the two are exponentially related according to eq. (4.2). These results are 

internally consistent. If the segment lengths and failure times are related by eq. (4.2), a 

normal distribution of maximum segment lengths will produce a log-normal distribution 

of failure times. 

4.4.2 The failure mechanism 

The failure mechanism that governs the life of un aged , narrow lines is the trans 
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granular-slit failure mode, which was also observed by others [97, 129-131]. A notch ap

pears in the edge of the line and propagates across a bamboo grain to cause failure. The 

observations made here show that this almost always happens fIrst in the bamboo grain 

that terminates the longest poly granular segment in the line. 

While several key features of this mechanism are not yet understood, it seems 

clear that the failure results from a supersaturation of vacancies injected into the grain 

from the polygranular segment. A likely mechanism is the condensation of supersatu

rated vacancies that forms the original notch, which grows across the grain to cause fail

ure in a dendritic growth pattern. Mechanical stresses in the line may also play a role. 

The thermal mismatch between the line and the substrate is a one source of mechanical 

stress. In addition, accumulated vacancies can introduce tensile stress into the bamboo 

grain. Nucleation of voids along the edge of the line is favored because nucleation at this 

site relaxes the mismatch stress. Vacancies should preferentially condense on the crystal

lographic plane where the surface energy is the lowest. In aluminum, (111) planes pro

vide such sites. Hence, the edge void is faceted along close-packed planes, forming a 

notch. At the head of the notch, the vacancy condensation becomes substantial due to a 

reduced dimension, and the void gro'ws dendritically through the condensation of vacan

cies on (111) planes. Rose [129] replOrted that the transgranular silt voids in passivated 

Al-2Cu interconnects were aligned along the <110> direction with faces parallel to (Ill) 

plane. Sanchez at al. [131] also found the similar relation in unpassivated AI and AI-2Cu 

interconnects. It seems that the crystallographic orientation of the grain that fails to the 

surface normal would determine the direction of the slit void. It is also possible that the 

lines are actually fractured at the last stage of the void growth. It is not possible to de

scribe the mechanism in detail, but plior work does suggest the source of the vacancy su

persaturation and the reason that it is most pronounced at the head of the longest poly

granular segment. 
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In agreement with these observations, the activation energy for failure for the 

transgranular failure observed in narrow lines is near 1.0 e V, which is near the activation 

energy for bulk diffusion in AI-Cu [31, 34], while the activation energy for intergranular 

failure in wide lines is near 0.6 eV, a plausible value for grain boundary diffusion [35-

38]. 
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Fig. 4.26 Schematic representation of single grain boundary terminated by a bamboo 
grain, running parallel to the line direction. 

4.4.3 The diffusion model 

Various theoretical models have been used to predict the accumulation of vacan

cies during electromigration. The simplest are grain boundary diffusion models, such as 

that proposed by Arzt and Nix [134], and developed by Lloyd [95], and Kircheim and 

Kaeber [135], which compute the vacancy enrichment at the head of a grain boundary 

due to the high vacancy diffusivity along the boundary. The second set of models con

siders the stress developed by the accumulation of vacancies at a flux divergence, and 

calcula~es the vacancy concentration due to the balance between electromigration and 

stress-induced back-diffusion [68-72]. The two models lead to qualitatively similar rela-

tions. 

First consider the diffusion model. The diffusion model simulates the vacancy ac

cumulation at the end of a grain boundary of length, 1, that is oriented parallel to the cur-
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rent flow, as schematically presented in Fig. 4.26. Because of the blocky grains at both 
-. 

ends of the grain boundary, it can be approximated that the fluxes at these ends are zero: 

Jv (x = 0) = Jv (x = 1) = 0 

The diffusion equation of vacancies in this grain boundary is given as 

de d2C dC 
-=-D--+v-
dt dx2 dx 

(4.3) 

(4.4) 

where D and v represent the grain boundary diffusivity and the drift velocity of vacan

cies, respectively. The drift velocity of a vacancy, v, is defined as 

D * v=-eZ E 
kT 

(4.5) 

where Z* denotes the effective valence of vacancies at grain boundaries, which is pre-

sum ably the same as that of Al atoms. Using the boundary condition in eq. (4.3), 

eq. (4.4) can be solved, and the solution yields an infinite series of eigenfunctions and an 

exponential time function, where the largest among the corresponding time constants de

termines the time for the attainment of a stationary concentration profile [135]: 

vx t 
C(x,t)= Aexp(-)[1+ B(x)exp(--)] 

D 'rc 
(4.6) 

where A and B(x) have to be calculated from the initial condition and 't'c is the largest 

time constant for obtaining a steady state concentration profile. In this model the sink 

and source terms for the vacancies (in which case the average lifetime of vacancies 

should be included as in eq. (1.33)) are not considered because the results are qualita

tively the same as eq. (4.6). At a steady state condition, Arzt and Nix, and Lloyd showed 

that the vacancy concentration at position 1 satisfies the relation 

vi 
C(l) = Co exp(D) . (4.7) 

where Co is the equilibrium vacancy concentration in the absence of current. If we as 
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sume that the time to failure is inversely proportional to the vacancy concentration at 1, 

which determines the rate at which vacancies are injected into a bamboo grain located 

beyond the boundary, this model predicts a relatio'.l of the form (4.2), 

(4.8) 

where to is the time to failure in the absence of a grain boundary, and the effective length, 

D kT 
1 =-=--
o v z* eE 

(4.9) 

is determined by the ratio between the te'mperature, which tends to randomize the distri-

bution of vacancies, and the force imposed by the electric field, which drives the:n in a 

particular direction. The effective length at 225°C under current density of 2.5xl06 

A/cm2 is approximately 4 J,tm, taking z* ---10 and resistivity p -- 5xl0-6 Q-cm [135]. 

The qualitative explanation for the failure at the longest segment length can also 

be obtained using the concept of an electromigration-induced stress gradient, as discussed 

earlier. Since the electromigration along the grain shown in Fig. 4.26 is much faster than 

through the bamboo grains, mass will accumulate at the position x = 0 and mass will de

pleted at the position x = 1. As derived in eq. (1.35), the electromigration flux at the grain 

boundary is inversely proportional to the grain boundary length 1: 

(4.10) 

where 1c denotes the critical length beyond which no electromigration occurs, the so 

called Blech length. If we assume that the lifetime is inversely proportional to the elec

tromigration flux J, it can be seen that the longer 1 shows the shorter lifetime, although 

the exponential variation of lifetime with the length is not achieved as the diffusion 

model. 

Both the diffusion model and the stress gradient model provide at least qualitative 

descriptions of grain boundary length dependence of lifetime. However, we can not ex-
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clude either one of these two possibilities from the plausible mechanism. If we take both 

mechanisms together by writing the diffusion equation of vac~cies as 

dC =_D d2C +vdC _ adO' 
dt d:x2 d:x dx 

(4.11) 

where the last tenn represents the influence of stress gradient on the vacancy diffusion, 

and is defined in eq. (1.26). Applying the same calcuhrdon as eqs. (4.3)-(4.7), the va-

cancy concentration at x = 1 can be obtained, and has the ~;implified form 

Then one obtains the lifetime as 

f-.• ' 
~'.... \.: 

I I 
C(l) = Co exp[-(1- ..£..)] 

10 I 

tf = toeXP[f(l_I;)] 
o 

(4.12) 

(4.13) 

When the influence from the stress gradient is relatively small, eq. (4.13) becomes 

eq. (4.8), the case when the current density is relatively high. This prediction can be ex

plained as follows. The stress gradient term used in eq. (4.11) is derived when the stress 

gradient is fully developed. In the actual case, however, the development of stress gradi

ent is time dependent. The time to reach to the diffusional steady state condition of a va

cancy profile should be much faster than that of the stress gradient build-up. Hence, if 

failure occurs without inducing much of a stress gradient, as when testing under high cur

rent densities, the effect from the stress gradient must be small enough to be ignored. 

The current density used in this study can be considered to be high enough to ignore the 

stress gradient effect. It is believed, however, that the stress gradient influences the fail

ure kinetics, although that influence is still insignificant. In Fig. 4.10, it was noted that 

there exists a healing of damages for a short amount of time in some cases. The lc is ex-

pected to be sensitive to the fonnation of transgranular void. While overall stress gradi

ent is not changed by void fonnation, local stress where the void is fonned should be sig

nificantly changed, which may increase le. When le becomes comparable to or greater 
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than the grain boundary length 1, the vacancies move backward and lower vacancy con

centration below the equilibrium value, which means that voids are healed. This explana

tion might be too primitive to account for the healing mechanism during electromigration 

and requires more investigation. Healing even after complete failure frequently observed 

in narrow lines, however, leads to the belief that the stress gradient plays a role in the 

healing process. 

The model introduced here is too simple to give an accurate analysis of the va

cancy distribution across a poly granular segment that may contain several grain bound

aries with junction lines and various orientations, and it does not explain the effects of 

linewidth or precipitate distribution. However, it does have the correct qualitative behav

ior. It predicts that failure occurs at the longest poly granular segment, and that the failure 

time is inversely proportional to the exponential of the segment leng~. 

4.4.4 The influence of linewidth 

We confine our attention to lines that are narrow in the sense that they have partial 

bamboo structures and fail by the transgranular-slit mechanism. For these lines, both the 

median time to failure and its standard deviation decrease as the linewidth increases with 

respect to the mean grain size (i.e., as W /G increases). A first-order explanation of these 

changes follows from the association between failure time and polygranular segment 

length. If two lines of equal length are patterned from films that have the same statistical 

distribution of grain sizes, then the wider line is likely to contain a longer polygranular 

segment, and the fractional deviation from the mean value of the longest segment length 

is likely to be smaller. However, if this were the whole explanation then the values of to 

and 10 in eq. (4.8) would be independent of linewidth. The riata in Fig. 25 show that they 

are not; to is smaller and 10 is larger for the wider lines. 
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The factor, to, in eq. (4.8) is the extrapolated failure time for a line with 1 = 0, that 

is, for a line that has a completely bamboo structure. There are good reasons to expect 

that the time to failure of a bamboo line decreases with its width. The vacancy supersatu

ration that leads to transgranular failure can be relieved by diffusion to free surfaces. 

Hence the degree of supersaturation that is developed under given conditions should de

crease with the surface-to-volume ratio of the line. This effect was explored in work by 

Kwok and others [65, 136], who studied th~ influence of line thickness on the lifetime of 

AI alloy lines. They found that lifetime increased 2:: fum thickness decreased. Assuming 

that this result is due to vacancy diffusion to the free surfaces, decreasing WIdth at con

stant thickness should have the same effect. 

The diffusion model suggests that the factor, la, in eq. (4.8) measures the balance 

hetween the unidirectional vacancy flow caused by the field and the back-flow due to 

thermal homogenization. The characteristic length, 10, increases as the electrical factor 

becomes less important with respect to the thennal one. While the polygranular sections 

are longer in a wide line, the grain bounrlaries within them should be, statistically, more 

complex in their arrangement and more angled with respect to the axis of the line. Both 

of these factc,cs may decrease the response to the electric field, and, hence, increase 10. It 

may also IX>ssible that the failure kinetics in wider lines is slower than in narrower lines 

because a nucleated void has to travel a longer distance across the width in wider lines, 

pruvided that th~ critical si7.e of a stable void is the same. 

4.5 The iIifluence of Cu and the effect of pre-aging 

4.5.1 The role of Cu 

One of the most interesting results to emerge from this work is the observation 

that Cu precipitates are swept from both the polygranular segment and the bamboo grain 

that eventually fails before final failure. This observation suggests a role of Cu in the 
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failure mechanism and helps to explain the dramatic effect of pre-aging on the mean time 

to failure. 

It is well known from prior work [14, 15, 18, 19] that Cu associates with vacan

cies in AI-·Cu alloys and exchanges preferentially with them in an electric current. 

Because grain boundaries offer easy diffusion paths, the polygranular segments in a nar

row line have a higher net diffusivity than the bamboo grains. It is, hence, not surprising 

that Cu should be swept out of the polygranular segments. Cu moves with the current, 

and should accumulate in the bamboo grain at the downstream side of the segment, where 

the diffusivity decreases discontinuously. The large, Cu-rich precipitate at the down

stream side of the segment apparently forms as a consequence of this accumulation and 

provides an effective sink for Cu [137]. 

As Cu diffuses downstream, vacancies migrate upstream. The vacancy concen

tration at the head of the polygrannlar segment produces a concentration gradient that 

drives vacancies into the bamboo grain and enhances Cn diffusion out of it. The result is 

to sweep Cu from both the polygranular segment and the grain upstream. Since Cu ex

changes preferentially with vacancies, its presence increases the bulk diffusivity of the 

vacancies [19]. This enhanced bulk diffusion combines with diffusion to free surfaces to 

reduce the supersaturation of vacancies near the boundary of the polygranular segment. 

However, when Cu is depleted the· vacancy diffusivity in the bulk decreases significantly. 

The vacancy supersaturation increases, and, apparently, reaches a critical value at which 

vacancies condense into edge voids that grow to failure. 

4.5.2 The effect of pre-aging 

If this analysis is correct, Cu retards elcctromigration failure in narrow lines by 

increasing the rate of diffusion of vacancies through the bulk. Failure occurs rapidly once 

the Cu is swept away. Assuming that there is much more Cu present in an Al-2Cu line 
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than is needed to accomplish this, the time to failure will be increased, by any change in 

the internal state of the Cu that increases the time required to sweep it away. In unaged, 

rapidly cooled lines, Cu is present in OP zones that are high-energy precipitates. As the 

line is aged, these fonn into larger, metastable a' precipitates, which then transform into 

relatively stable a precipitates. Overaging causes these to dissolve in favor of a-phase 

precipitates in the grain boundaries. 
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Fig.4.27 A comparison between the MTF and the precipitate type and density as a func
tion of pre-aging time for 1.3 Ilm lines aged and tested at 225°C and 2.5xl06 

AJcm2. 

The longest-lived Cu precipitates should be a-phase precipitates in the grain inte

riors. Since a is thermodynamically stable with respect to S' or OP zones, the chemical 

resistance to dissolution by the current is higher. a-phase precipitates in grain boundaries 

are still more stable, but the ease of diffusion along grain boundaries causes them to dis-
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solve more rapidly. The time to failure increases dramatically as GP zones are replaced 

by a' precipitates and then by intragranular a precipitates. It falls as the intragranular a 

coarsens into the grain boundaries. The dependence of the MTF on the density of intra

granular a precipitates is shown in Fig. 4.27. This figure is a composite plot of Fig. 3.9 

and Fig. 4.6, which compares the MTF and the intragranular precipitate density as func

tions of aging time. The MTF increases and decreases in parallel with the intragranular 

density of a, but is relatively unaffected by a' . 

When the aging temperature is raised, the maximum attainable density of intra

granular a is lower, and is reached at shorter aging times, because of accelerated coarsen

ing in the grain boundaries. The test results with the variation of aging temperatures 

show that increasing the aging temperature to 310°C decreases the maximum in the MTF 

by 40% and displaces it toward shorter aging times (Fig. 4.8). On the other han~, aging 

at a lower temperature, 190°C, for 48 hours is not enough to develop the maximum den

sity of intragranular e because of slower kinetics of precipitation, the MTF increase 

slowly without a peak. 

In the optimally aged condition the mechanism of failure changes from the trans

granular-slit mechanism discussed here to a diffuse thinning mechanism in which the 

bamboo grain at the upstream terminus of the longest poly granular segment gradually 

thins until it finally ruptures. The probable explanation for this failure mechanism is that 

the Cu retained within the grain is sufficient to prevent the development of a supersatura

tion that is great enough to cause slit failure. The excess vacancies that are injected into 

the grain from the polygranular segment diffuse to the free surfaces of the bamboo grain 

and annihilate there, resulting in a gradual thinning of the line. This diffuse thinning 

eventually leads to rupture. Hence the failure rate of the diffuse thinning mechanism as 

measured by the resistance change is slow and steady, as shown in Fig. 4.11. 

The amount of excess vacancies injected into bamboo grains depends on the 
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polygranular segment length. Hence, the lifetime of the diffuse thinning failure is also 

sensitive to the line width in a sense that the wider line contains longer polygranular seg

ment. This provides the explanation for the strong linewidth dependence of MTF on the 

effective linewidth (WIG) of optimally aged samples (Fig. 4.7). 

Pre-aging has another important consequence. As shown in Fig.'4.5, the shortest 

failure times in pre-aged lines are much longer than predicted by the log-normal distribu

tion. Approximately the first 25% of failures in optimally pre-aged lines occur at nearly 

the same time. This retardation of the flrst failure has important practical consequences 

since devices must ordinarily be designed to avoid the fIrst failure of a conducting line. 

Since the fIrst failures occur at the longest polygranular segments, these results suggest 

that the time required to sweep Cu from long polygranular segments in properly aged 

lines is relatively insensitive to segment length when the length exceeds some critical 

value. The mechanism of this preferred enhancement is explored in the next chapter. 

4.6 Summary 

The results presented here reveal that the failure mechanism is influenced by the 

linewidth and the stability of Cu. In wide lines, the failure occurs through void nucle«· 

arion and growth along grain boundaries, which is the same as the conventional failure 

mechanism. Precipitates at the grain boundaries retard void formation and, accordingly, 

the lifetime slowly increases with the pre-aging time due to the stabilization of precipi

tates. 

In narrow lines, failure occurs through bamboo grain rather than at grain bound

aries. The transgranular failure mechanism that governs the life of narrow Al-Cu-Si con

ducting lines is due to the accumulation of a supersaturation of vacancies in the bamboo 

grains that terminate polygranular segments in the line. Under the conditions tested here, 
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failure occurs after Cu has been swept from the grain that fails. For a given distribution 

of Cu, failure happens fIrst at the end of the longest polygranular segment of the line, at a 

time that decreases exponentially with the polygranular segment length. Pre-aging the 

line to create a more stable distribution of Cu within the bamboo grains lengthens the 

time required to sweep the Cu from the longest poly granular segment, and significantly 

increases the time to failure. In the optimal case the transgranular-slit failure mechanism 

is suppressed, and the bamboo grain fa.ils by diffuse thinning to rupture. Pre-aging is 

particularly effective in increasing the lifetimes of lines that contain very long polygranu

lar segments, and has the consequence that the time to first failure in an array of lines is 

much longer than predicted by a log-normal fit to the distribution of failure times. 

The results suggest that a processing technique that effectively eliminates long 

polygranular segments from narrow lines will produce an exponential increase in life. An 

additional dramatic improvement can be made by aging or otherwise processing the lines 

to develop a stable distribution of intragranular precipitates. Pre-aging is particularly ef

fective in increasing the life of lines that contain long polygranular segments, and hence 

provides an added margin of safety against early failures. 
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CHAPTERS 

ELECTROMIGRA nON OF PRECIPIT ATBS 

The microstructural study of the failure mechanism described in chapter 4 re

vealed that the addition of Cu enhances the electromigration lifetime by increasing 

amount of Cu-rich precipitates, which may act as a vacancy sinks, diffusion barriers and 

reservoirs of Cu that enhance the diffusivity of vacancies. The remaining question is how 

electromigration force influences the degree by which these precipitates play such roles. 

In order to answer this question, it is essential to understand the mechanism of precipita

tion and dissolution during electromigration. For this purpose, a simple experiment was 

designed. Before applying a normal current in which the direction of current is the same 

as in the previous studies, an equal current with reversed polarity was applied for various 

times. As seen in the failure mode in narrow lines, Cu preferentially migrates in the di

rection of electron flow, resulting in the unique feature of a void-precipitate pair. During 

initial current stressing with reversed polarity, it is plausible to assume that the void-pre

cipitate pair appears with the opposite polarity of the normal case. Then, when the cur-' 

rent polarity is changed to the normal direction before the line fails, the polarity of the 

void-precipitate pair may be or may not be reversed, depending on the interaction of the 

electromigration force and the precipitate. The answer to this question will lead to a key 

understanding of the role of precipitates in electromigration failure. 

The study on current reversal was done using samples deposited under the pla

narizing condition, which allows a comparison of the failure mechanism with the results 

presented in the previous chapter. Through an analysis of the test results, it was estab

lished that the precipitate actively interacts with the electromigration force. In addition, 
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the preferred enhancement of the frrst few failures in aged, narrow lines was explained. 

S.1 Failure as a fUDction of current-reversal time 

The lifetime of the test lines were measured as a function of current reversal time, 

'tR, during which the polarity of the current was reversed. This test was performed under 

the same conditions as most of the other tests: a substrate temperature of 225°C and a 

current density of 2.5x106 A/cm2. As can be seen in Fig. 5.1, the net time to failure 

physically measures the failure time by the current only with the nonnal polarity. The 

test results are compared in Figs. 5.2-5.5. 

j J j=-2.5xl06 AJcm2 j=+2.5xlO 6 A/cm2 

M .........•.•..••.•.•.•.•.•. ·.·.·.·.·.·.· ..... • .. :.; •.•.•...•...•...•.•.•.......•. ·.·.·.1 t .................................................................................. , .. i 

........ -----e e 
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- ...... ~I ... -I--- net time to failure _-t"'~I' --- 'tR 

~------------~ f~lure 

Fig.5.1 A schematic illustration of a current reversal test. The polarity of current direc
tion is changed after reversal time 'tR. 

The mean of the net time to failure (MNTF) for different linewidths as a function 

.of'tR is summarized in Fig. 5.2. For 1.3 and 2 Jlm lines, MNTF initially increases by 

about a factor of two and then decreases as 'tR increases, while for wide lines there is ei-

ther no significant change (4 Jlm) or a slight increase (6 Jlm) in the MNTF. It appears 

that the peak 'tR depends on linewidth; MNTF is a maximum when "tR is 2 hours for 1.3 

Jlm and 3 hours for 2 Jlm. 

As can be seen from the failure statistics shown in Figs. 5.3-5.5, the effect of cur

rent reversal is not uniform but affects the first few failures more profoundly. For narrow 
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Fig.5.2 (A) MNTF and (B) relative MNTF as a function of current reversing time, 1:R, 

for unaged lines of four line widths. 
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Fig.5.3 A log-normal plot of net time to failures for unaged, 1.3 f.Ulllines for various 
current reversing times. 
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Fig.5.4 A log-normal plot of net time to failures for unaged, 2 ~ lines for various cur
rent reversing times. 
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Fig.5.5 A log-normal plot of net time to failures for unaged, 6 ~ lines for various cur
rent reversal times. 

lines, the increase in the low percent failure time is especially substantial, resulting in a 

bimodal distribution of lifetimes. When 1.3 and 2 f.UIllines are compared, a bimodal dis

tribution of lifetime is more significant in the 2 J.lIIllines. 

As "tR increases, the beneficial effect from current reversal decreases. The de

crease is more rapid in long-term failures than the short term failures, except for the fIrst 

2 failures after current reversal in 1.3 flIlllines. The first two failures after current rever

sal found in 1.3 .... m lines shows almost the same net time to failure as lines with no cur-

rent reversal. 

5.2 Microstructural failure mechanism with current reversal 

The morphological feature of failure sites With current reversal was studied under 
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SEM. This study revealed that the microstructural failure mechanism of lines with cur

rent reversal is basically the same as that of lines without current reversal. For wide 

lines, failure is followed by the nucleation and coalescence of voids along grain bound

aries, irrespective of reversal time. 

The failure sites found in 1.3 J.tm lines are summarized in Fig. 5.6 as a function of 

'CR. For any 'tR, almost all of the failure sites contain a void-precipitate pair, and the po

larity of the pair is the same as in the lines without current reversal. However, there is a, 

qualitative variation of the failure morphology with current reversal. AS'tR increases up 

to 2 hours, at which the net time to failure is maximum, the failure morphology is exactly 

the same as in lines without current reversal (Fig. 5.6.A, B), i.e., a large 6 precipitate is 

located on the down stream side of the transgranular slit-void. When'tR is increased fur

ther, some of the failed voids appear to extend to an adjacent grain boundary, resulting in 

relatively larger voids, while the polarity of the void and 6-phase precipitate is main

tained (Fig. 5.6.C-E). In some cases, a second void appears in the middle of the void

precipitate pair (Fig. 5.6.D) This second void, however, does not grow to failure. When 

'tR is 4'hours, there are 3 other distinctive failure modes in addition to the nonnal failure 

mode. The first failure mode takes place in lines failed during current reversal. The first 

4 lines failed during current reversal. In this case, the polarity of the void-precipitate pair 

is opposite to the relative othc:rs, as expected: The second failure mechanism is shown in 

Fig. 5.6.G; the polarity of the pair is the same as in the failure during current reversal. 

However, the void and the e precipitate are located adjacent to each other. Two lines 

failed with this mode. Finally, two failure sites were found to be a combination of the 

nonnal failure mode and the second failure mode described above. As shown in 

Fig. 5.6.F, a precipitate appears at a void with reserved polarity, while the other void is 

visible on the downstream side. The failure mode found in the 2 J.tm lines is the same as 

the 1.3 J.UIllines described here, except for the absence of the second failure morphology. 
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Fig.5.6 SEM micrographs showing failure mode evolution in 1.3 f.1m lines with current 
reversal time: (A-B) 'tR = 2, (C-E) 'tR = 3, and (F-H) 'tR = 4 hours. (XBB 933-
1213) 
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S.3. Kinetics of Failure with current reversal 

If void form~tion and growth are the only requirements for failure, the net time to 

fail the lines should qualitatively be the same or less for any'tR; this is especially true fbr 

pure AI. However, if any reversible damage produced during current reversal is heale~ 

before failure, it takes a longer net time for failure occur [138]. For wide lines, there was 

a slight gain in time to failure by current reversal During current reversal, precipitates at 

triple junctions, where the flux diverges, dissolve and voids form by exchanging eu with 

vacancies, while precipitates at flux convergence points preferentially grow. When the 

current direction is changed, the flux divergence condition at these points would be re

versed. Hence, it takes a longer time to dissolve the enriched precipitates, resulting in an 

enhancement in the net time to failure (6 f,.tm lines). This effect is, however, relatively 

small 

The influence of the precipitate has a greater impact on the net time to failure in 

the narrow lines. The time to failure (t~ of unaged, narrow.1ines can be considered as a 

sum of the time to sweep eu in a polygranular segment (tp), in a bamboo grain (tb) and 

the time to form and grow a void (tv): 

(5.1) 

Depending on the relative importance of these time factors, the time to failure will be de

termined. From the lifetime results of pre-aged lines, it was detennined that tb is the key 

factor which determines the time to failure. However, the contribution of tp can not be 

ignored, even though it is small. 

During current reversal, it is likely that the precipitate at a polygranular segment 

is swept in the direction of mass flow, forming li large e precipitate at the downstream 

side of the segment. When 'tR is short, the sweeping of eu and st,bsequent void forma

tion would not progress. When the direction of current is changed, the e precipitate is 
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placed on the upstream side of the mass flux and, hence, it must be swept to down stream 

side again. In this case, a longer time is required to sweep Cu in a polygranular segment 

than before since Cu atoms are stabilized in the form of a downstream side precipitate. 

This process is schematically represented in Fig. 5.7 .A. Hence, the net time to failure in-

creases with increasing 'tR. 

There are counterbalancing effects, however, when the current reversal time is 

longer than optjmum. During reversed current, the bamboo grains located at the up

stream side loses Cu tC' e precipitates formed at near grain boundaries (Fig. 5.7.A.a). 

Hence, the sweeping rate of Cu at this grain under the normal current direction would be 

faster than before. The ,;'weeping of Cu in the polygranular segment is also faster. When 

the triple points in a polygranular segment are decorated with precipitates, which form in 

spite of el~ctromigration until all the Cu in adjacent grains are consumed, the migration 

rate of Cu is slower than a single, big precipitate without a supply of Cu (Fig. 5.7 .B). The 

net time to failure, thus, decreases due to a decrease in tb and tp after the optimum "tR. It 

appears that when a single, large e precipitate dissolves and migrates, there is a tendency 

to form a void at the site, which might account for the extension of voids to the grain 

boundary observed in some cases (Fig. 5.7 .B.b). 

In extreme cases when there exists a stable vo~ ~. induced during the reversed cur-

rent, this void grows and causes failures even under normal current (Fig. 5.6.0). Since 

this void grows only by self-induced flux divergence, its growth rate is relatively slow, 

competing with the tendency to form a void at the other end of the bamboo grains in 

which vacancies are coming from the polygranular segment. If this existing void grows 

before another void forms at the nonnal site, the failure site will contain the void-precipi

tate pair placec1 adjacent to each other with reversed polarity. If the formation and growth 

of a void at a normal site is faster than the existing void, the subsequent failure site has 

the feature that is combination of the two failure processes (Fig. 5.6.F). These failure 

119 

r I "I I~ I 



e 
a) a) .... 

b) 
e 

r fZ21 ] 
e e 

rlE ~ IrYE ~ -I 
Fig. 5.7 Schematic representation of failure mechanism when (A) 'tR is less than the 

peak'tR and (B) 'tR is longer than tile peak 'tR. 
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Fig. 5.8 Schematic representations of failure mode comparing the case when failure oc
curs (A) at pre-existing void formed during current reversal and (B) at a normal 
void developed after current reversal. 
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The sweeping kinetics of precipitates in poly granular segments depends on the 

segment length: it takes a longer time to sweep a Cu precipitate from longer segment. 

Hence, for a given width, the net time to failure is greater in a longer segment, causing a 

bimodal distribution in the failure statistics. The lengths of the polygranular segments in 

wide lines are longer than in narrow lines, thus, producing a greater bimodal distribution 

in the failure sta~stics. In addition to this, since polygranular segments in wider lines 

contain more triple junctions where precipitates form, the sweeping of Cu is slower, in

creasing the time to sweep the Cu precipitate that had migrated during current reversal; 

the peak'tR is longer in wider lines. 

5.4 Effect of, OD failure time of pre-aged lines 

Through above observations, it has been established that the time to sweep Cu in a 

polygranular segment, tp, has some contribution on the time to failure, t{, but not signifi-

cantly; the net time to failure by current reversal increased by a factor of two at most. On 

the other hand, pre-aging of lines can increase the lifetime by more than an order of 

magnitude. In un aged lines, it seems that the contribution of tp on t{is about the same as 

that of tb and tv; they are comparable, and, thus, lifetime statistics are close to 

monomodal. As lines are pre-aged, the e precipitates start to decorate both the bamboo 

grains and the triple points in polygranular segments. Hence, contribution from tp and tb 

on t{increases accordingly while tv should be independent of pre-aging, unless the failure 

mechanism changes to diffuse thinning. It seems that the increase in tb is more rapid than 

in tp as it was found that the MTF rapidly decreases with linewidth in the optimum aging 

condition (Fig. 4.7). Therefore, the MTF rapidly increases with pre-aging from tb, while 

tp has a slight but beneficial effect on the time to failure of fIrst few failures, resulting in a 

bimodal distribution of lifetime statistics. 
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s.s The role of precipitates 

Through the current reversal tes ~, it is shown that the precipitate is indeed dis

solved by electromigration, regardless of i~~ initial stability. Also, the electromigration 

lifetime depends on the sweeping rate of the precipitates. The detailed mechanism of the 

precipitate dissolution and electromigration is still unknown and requires deeper investi

gation. However, a simple and qualitative mechanism may be suggested as an initial ap

proach. As a start, it would be infonnative to describe the mechanism of natural coarsen

ing, so that the analysis can be expanded to the precipitate coarsening under electromi

gration force. The coarsening mechanism discussed here assumes that the migration of 

solute atoms is the rate-limiting reaction of the precipitate dissolution. 

AI .. 
II1II Cu 

x 

Fig.5.9 A schematic representation of the concentration gradient of AI and Cu atoms 
across the precipitates; Cu atoms migrate to the larger precipitate, while AI 
atoms migrate in the opposite direction. 

S.S.1 The mechanism of precipitate coarsening 

Consider the two equilibrium Al2Cu-phase precipitates of different radii located 

adjacent to one another. In this case, a larger precipitate tends to grow by taking Cu from 

the smaller precipitate, which will eventually disappear [139, 140]. The migration of Cu 
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to the larger precipitate occurs due to the chemical potential gradient existing across the 

precipitates. The chemical potential gradient comes from the concentration difference of 

solute atoms at the matrix around each precipitate. This precipitate size effect on the 

concentration is known as the Gibb's-Thomson effect: the concentration of Cu around the 

smaller precipitate is higher than around the larger precipitate and it increases exponen

tially with decreasing size [139]. Therefore, the driving force becomes greater as the 

coarsening proceeds further because of the exponential increase in the concentration gra

dient. This is the conventional description of precipitate coarsening. 

During the coarsening process, it should be noted that the diffusion of Cu atoms 

induces the diffusion of AI atoms. The concentration gradient of Cu should develop a 

concentration gradient of Al atoms which drives the AI atoms to move in the opposite di

rection. The development of a concentration gradient across the precipitates is schemati

cally illustrated in Fig. 5.9. The growing precipitate must give away AI atoms to form 

more AhCu, while the A12Cu in the dissolving precipitate must be replaced with Al 

atoms. Therefore, the growing precipitate acts as a source of AI atoms, while the dissolv

ing precipitate acts as a sink of AI atoms. The movement of Cu and Al atoms in this case 

is quite similar to that of an interdiffusion experiment [141]. 

If we consider the coarsening process as an interdiffusion of AI and Cu atoms, the 

diffusion flux of each element can be phenomenologically expressed, although the situa

tion of interdiffusion is not exactly the same as the coarsening process in a sense that in

terdiffusion is not involved with the source and sink as in the coarsening case. For sim

plicity, denote Al as solvent a and Cu as solute b. Assume that the concentration of Cu at 

each precipitate is time independent, which is true only during the middle of coarsening. 

Although the concentration gradient increases with coarsening, the transition of the con

centration gradient is not considered here. From eq. (1.13) and the Gibb's-Duhem equa

tion [16], the atomic flux of AI (labeled as "a")and Cu (lib") in a lattice frame can be rep 
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resented as 

(5.2) 

where the definition of Laa and Lbb can be found in eq. (1.15). Using the relations in 

eq. (1.17), and VCa = -VCb, eq. (5.2) can be reduced to 

Ja = DaVCb 

Jb =-DbVCb 
Jv = -(Da - Db)VCb 

(5.3) 

where D a and Db physically represent the correlated diffusivity of a and b atoms. 

Although Da and Db is higher than the uncorrelated diffusivity of a and b atoms because 

of the negative vacancy-flow effect in AI-Cu alloys, LatJLbb< 0 [19], the resulting differ

ence is almost negligible because of its small contribution. In eq. (5.3) the atomic flux of 

a atoms is represented in terms of the concentration gradient of b atoms, so that the dif

fusion direction of a atoms is opposite to the b atoms. 

As expected, the net flux of a and b atoms generates the diffusion flux of vacan

cies, and the magnitude of the vacancy flux is determined by the difference in the diffu

sivity. It is expected that the direction of vacancy flux is the same as that of the b atoms 

when Da > Db, while the opposite is true when Da < Db. For the lattice diffusion in AI

Cu alloys, Da is higher than.Q, for two reasons. First, the self-diffusivity of AI is slightly 

faster than the correlated diffusivity of Cu, i.e., Dt/Da(O) = 0.86, where Da(O) represents 

the self diffusivity of AI atoms in pure AI [19]. Second, the diffusivity of AI is enhanced 

by Cu because of diffusivity enhancement from the presence of Cu atom. The diffusivity 

enhancement factor of Cu to AI diffusion is about 100 [19], so that 

Da = Da(O)(1 + b' C) = Da(O)(1 + 100C) (5.4) 
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where b'denotes the enhancement factor. Therefore, the vacancy flux should move with 

Cu atoms, Le., to the growing precipitate. Although these vacancies tend to form a void 

at the growing precipitate, known as a Kirkendall void, they would be annihilated by the 

presence of an Al source. On the contrary, if a vacancy moves toward a dissolving pre

cipitate, Le., Da<Db, Kirkendall voids would form at the site where the precipitate was 

previously located. 

Kirkendall voids were not found either in the matrix or at the grain boundaries in 

the course of natural coarsening. For the case of coarsening in the matrix, the absence of 

Kirkendall voids is an expected result. Since the grain boundary diffusivity of AI and eu 

atoms is not available, the analysis can not be completed for the grain boundary precipi

tate. However, the absence of Kirkendall voids at the grain boundaries suggests that the 

relative magnitude of grain boundary diffusivity of Al and Cu atoms is either comparable 

or similar to that in the lattice diffusion case. 

5.5.2 Precipitate coarsening under electromigration 

The electromigration force imposes the directionality of flow on both solvent and 

solute migration. It can be assumed that the initial distribution of precipitates is rather 

random, and primarily located at triple grain junctions. The migration of eu is then bi

ased by the electromigration force. During the transient stage, it is likely that the precipi

tates in the flux convergence points are forced to grow, while the precipitates at the flux 

divergence points are forced to dissolve. The precipitate coarsening situation shown in 

Fig. 5.9 will be developed after an initial transition stage. 

Precipitate coarsening is driven by both the chemical potential and the electromi

gration force. These two forces induce different kinetics from the natural coarsening pro

cess. Under the electromigration force, the phenomenological equation of atomic flux of 

a and b atoms can be obtained from eq. (1.13) and eq. (5.2): 
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(5.5) 

in which Z:* and Z;* are the apparent effective charges under the influence of the va-

cancy flow effect (eq. (1.19». Again, the vacancy flow effect on the diffusivity can be 

assumed to be small. Eq. (5.5) indicates that the total flux of a atom is the difference of 

the electromigration flux and the diffusion flux. On the other hand, the total flux of b 

atoms is the sum of the electromigration and the diffusion flux. The interaction of the 

electromigration force and the diffusion force can be visualized through a simple exam

ple. If we assume that the concentration gradient across the precipitates is linear, then eq. 

(5.5) becomes 

(5.6) 

in which ip represents the spacing between precipitates, and 10's are the effective length of 

electromigration defined as 

r =...!!!..- and Zb = ...!!!..-
o Z:eE' 0 Z;eE 

(5.7) 

In these equations, the direction of the electromigration force is chosen toward the nega

tive direction, so that the electromigration force is causing coarsening of the precipitates. 

Again, it becomes clear that the electromigration cf an a atom must overcome the diffu

sion flux, while the migration of an b atom is enhanced by electromigration. 

During coarsening, the eu concentration within a growing precipitates is close to 

the solubility limit, while that at a dissolving precipitate can be significantly higher. 

Since the cutoff concentration at which the precipitate is completely dissolved is un

known, the concentration gradient can not be given. We can assume that the time-aver-
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age of the concentration at the dissolving precipitate is 5 times higher than the solubility 

limit, for example. Since the precipitates in thin films are primarily located at the triple 

points, we can take 0.5 f..tm for Ip. Then from eq. (5.6), the induced concentration gradi

ent for AI atoms corresponds to 10 =100 fAm when the solubllity limit is 0.1 %. This length 

is equivalent to a current density on the order of 105 AJcm2 according to eq. (5.7), taking 

p = 5xl0-6 Q-cm, Z* Al - -10 for the grain boundary [39,40, 135, 142, 143]. This simple 

example shows that electromigration may be retarded due to the chemical potential gradi

ent, created by precipitate coarsening. The electromigration flux of Al atoms can be sim

ply represented as 

(5.8) 

wher~ ] p represents the average critical current density imposed by the precipitate and is 

a function of precipitate spacing and the chemical potential gradient. 

On the other hand, the migration rate of Cu is significantly enhanced. Once elec

tromigration produces the coarsening situation, the migration rate is dominated by the dif

fusion force. At the grain boundary, the kinetics of Cu migration are expected to be 

faster both from the electromigration force and from the chemical potential force. It 

seems that this analysis contradicts Ho's estimate [19] of the lattice electromigration of 

Cu. Ho suggests that the migration of Cu is negligible in the AI lattice, because he found 

that the Zb·· ~O (see section 1.2). This result came from the fact that the estimated value 

of the vacancy flow effect (LatJLbb) was -0.4, and the relative effective charge ratio, 

Za"'/Zb'" "" 0.4, so that 1 +(Lai/Lbb)(Za"'/Zb j "" O. However, the apparent effective charge 

of Cu, Zb "'''', cannot be zero or positive; Hols result suggests that it is rather small. It 

should be noted that Ho's estimate was taken from the experimental value at the solid so

lution temperature. Even when the apparent effective charge of Cu in an Al lattice is 

small, a rapid migration of Cu is expected through the lattice if precipitates are present 

because once an electromigration force produces the coarsening situation described 
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above, the migration of eu can be accelerated by the diffusion force. eu migration was 

found to take place through the lattice, which qualitatively confirms the analysis. Of 

course, the migration of eu was further enhanced by the injected vacancies from grain 

boundaries. Therefore, Ho's analysis is not necessarily contradicting the mechanism pro

posed here. 

The net flux of Al and eu atoms generates the vacancy flux. As proposed above, 

eu migrates faster than AI atoms under the electromigration force: leu > lAl. In this 

case, the vacancy flux should move toward the dissolving precipitate and increase the va

cancy concentration. The accumulated vacancies tend to form a void; this tendency can 

be counterbalanced by the enhanced diffusivity of vacancies at the dissolving precipitate. 

The diffusivity of Al atoms around a dissolving precipitate is significantly enhanced by 

the higher concentration of eu, which means that the accumulated v~cancies can out-dif

fuse to adjacent sinks such as the surface rather than exchanging sites with eu in the pre

cipitate. If the vacancy accumulation rate is comparable to the out-diffusion rate, the area 

around dissolving precipitates win be thinned during dissolution of a precipitate. After 

complete dissolution of the precipitate and reduction of the eu to the solubility limit, 

voids can form easily because of the accumulation of vacancies and the reduced out-dif

fusion kinetics of vacancies. However, if the accumulation rate is faster than the out dif

fusion rate, voids will form at the precipitate site through the exchange of vacancies with 

eu in the precipitate, while some vacancies out-diffuse to their sink. 

In this mechanism, the problem is treated as interdiffusion of AI and eu; the ac

cumulation and depletion of AI atoms are not allowed in this treatment. However, in the 

real situation, the AI atoms will accumulate at the growing precipitate because it gener

ates AI continuously. Therefore, the mass is accumulated at a growing precipitate, which 

can induce a compressive stress [141]. If a stress gradient is induced, the migration rate 

of Al atoms would be further reduced. As shown in the previous chapter, the study of the 

failure kinetics revealed that there exist significant healing mechanisms exist in fully 
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aged, wide lines, which resulted in the occasional decrease in the resistance after the 

damage formation. Unfortunately, the relative importance of the induced stress effect can 

not be proven. 

5.5.3 Relation to the previous observations 

Although the mechanism introduced in the above section is rather qualitative and 

simple, it provides an explanation for previous observations made by others [19-22, 39, 

40, 142, 143], as well as observations made in this study. As summarized in the intro

duction, it was found that the Cu preferentially migrates. Also, void formation was gen

erally observed after the complete depletion of precipitates, and when the concentration 

of Cu was reduced to approximately the solubility limit. All of these observations agree 

with the proposed mechanism. Now the simple postulation that precipitates act as a dif

fusion barrier for . .4\1 migration and as a vacancy sink can be justified. Precipitates act as 

effective diffusion barriers to Al migration because the coarsening driving force competes 

with the electromigration force. Precipitates act as vacancy sinks because they help the 

out-diffusion of vacancies at dissolving precipitates where vacancies accumulate. When 

the current density is small, or the microstructure allows a slow rate of vacancy accumu

lation, vacancies can be out-diffused without forming a void. If the vacancy accumula

tion rate is significant, either from a high current density or for microstructural reasons, 

some of the vacancies will exchange with Cu, forming a void at the precipitate. The cur

rent density used in this study was on the order of 106A/cm2 , which presumably induces 

a fast accumulation of vacancies in wide lines, and, therefore, a partial void was observed 

at the precipitate site. 

Since the electromigration rate of Al atoms is effectively reduced by the presence 

of precipitates, and the formation of voids is retarded through out-diffusion, the electro

migration lifetime of AI-Cu alloys can be significantly higher than for pure AI. It appears 
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that the ideal situation for the best performance against electromigration failure is to in

duce Inore stable precipitates with closer spacing. It takes a longer time to dissolve pre

cipitates at the flux divergence sites, while the electromigration of AI atoms is effectively 

retarded, thus increasing the electromigration lifetime. This condition can not be 

achieved, however, in a real situation. When the alloys are aged to induce a more stable 

precipitate, the spacing between precipitates inevitably increases because the amount of 

Cu is limited. Fortunately, the location of precipitates is generally fixed at the triple grain 

junctions, so that aging can effectively enhance the electromigration lifetime. Also, the 

shorter spacing between precipitates is not necessarily beneficial, since the migration rate 

of eu at shorter precipitate spacing increases from a higher concentration gradient, result

ing in a faster sweep of the precipitate. Therefore, aging increases the electromigration 

lifetime,. presumably because aging promotes the stabilization of precipitates separated by 

an optimum distance; this is applicable to the grain boundary failure mechanism found in 

wide lines. Since aging induces a loss of Cu or further separation of the precipitate at the 

failure site (bamboo grain), it is expected that there exists an optimum aging time for the 

best performance against electromigration failure; this is the case for narrow lines. In an 

optimum aging condition, both the AI and the Cu electromigration rate is relatively slow, 

so that vacancy out-diffusion to the film surface dominates the damage formation, result

ing in diffuse thinning failure. 

5.6 The role of alloying elements 

Since all of the known alloying elements in Al form precipitates, the relation of 

electromigration and precipitate coarsening can be applied to other alloying systems. 

Experimentally it has been shown that Mg and Mn [1, 2,80, 81], and transition metals 

such as Ti, Cr, and Ni [80-85] increase the electromigration lifetime. The electromigra

tion lifetime significantly increases in AI-Mg alloys, when the concentration of Mg is 
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higher than the solubility limit [80, 81]. The increase of lifetime by the addition of transi

tion metals are generally more significant than the addition of Cu, while it is often ob

served that voids fonn at the precipitate sites. On the other hand, the addition of Si, Ag 

and Au has little influence on the electromigration lifetime, although they do form pre

cipitates [24]. 

In the interaction of precipitates and the electromigration force, it appears that 

four factors are important. The fust factor is the diffusivity of the solute atom. Although 

precipitates can retard the electromigration of AI atoms, the retardation is only effective 

while the precipitate is existing within an effective distance. If the diffusivity of the so

lute atom is much faster than Al diffusivity, the precipitate dissolves much more rapidly, 

and the vacancy accumulation rate is faster, hence a void can easily fonn. The electromi

gration lifetime can not be enhanced by such alloying elements. Au and Ag fall into this 

category; they diffuse as low as 30 times faster than Cu in Al the lattice [119, 144]. On 

the other hand, when the diffusivity of the solute atom is comparabie to or lower than the 

AI diffusivity, the electromigration lifetime can be significantly increased, since the dis

solution kinetics of the precipitate are slow. Cu, Mg and transition metals fall into this 

category. The diffusivity of transition metals is significantly lower than the AI diffusivity 

[119], so that the expected lifetime enhancement would be significant with the addition of 

those alloying element. However, there is a second factor to be considered. A solute 

which can enhance the diffusivity of Al atoms is more beneficial because it can prevent 

the formation of a void. Transition metals are generally less effective in enhancing the 

diffusivity of AI than Cu [119], which promotes the formation of a void at the precipitate, 

where linkage of the voids fails the line. This is observed in AI-Cr and AI-Ti intercon

nects [146]. Third, the solute must produce an AI-containing precipitate, i.e., an inter

metallic compound. If the solute precipitates as almost pure element, there would be no 

interaction between the electromigration force and the chemical potential force. Si is this 

type of alloying element. In tenns of interaction between precipitates and the eiectromi-
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gration force, the precipitate with a higher interfacial energy will be better for retarding 

the electromigration of Al atoms. This is because a higher interfacial energy produces a 

higher concentration gradient at a given precipitate size. Fourth, solutes that have lower 

solubility than AI are better because they can fonn more precipitates at a given amount of 

alloying addition. 

The best choice fo:- an alloying element for increasing the electromigration life

time will be the solute that satisfies the above four requirement. For real applications, it 

seems that the solubility is the most important factor to consider. Low solubility can help 

to minimize undesired effects from the alloying element, such as increasing the electrical 

resistivity and susceptibility to corrosion, without losing the beneficial effect on the elec

tromigration. Since information on diffusivity is not available, especially for grain 

boundary diffusion, suggestions can not be made with conclusive evidence. In t~rms of 

the solubility limit, Sc [146], W, Pd[147] and 'Z:r appear to be good candidates. 

5.7 Summary 

The interaction of electromigration and precipitates is investigated in this chapter. 

Through the results of current reversal experiments it is concluded that the precipitates 

interact with the electromigration force; they are dissolved and grown by electromigration 

of eu irrespective of the initial stability of the precipitate. It was also found that the 

sweeping rate of precipitates in polygranular segments influences the electromigration 

lifetime of narrow lines, although the effect was found to be smaller than that found after 

aging This finding was deduced from the variation in the net mean time to failure and 

failure statistics . The result provides an explan~,tion of why the bimodal distribution of 

failure statistics occurs in aged, narrow lines; the sweeping rate of precipitates at longer 

segments is slower, and the lifetime is longer than the expected lifetime which is extrapo

lated from the shorter segment length. 

The interaction between precipitates and the electromigration force was phe 
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nomenologically expressed in the course of precipitate coarsening. It was qualitatively 

sh;;)wn that AI electromigration can be l~tarded during precipitate coarsening, while the 

prefercatial migration of Cu is expected. As a result, the precipitate acts as a diffusion 

barrier to AI electromigration and as a vacancy sink. The proposed mechanism explains 

previous observations made in a study of AI-Cu electromigration, as well as the variation 

of electromigration lifetime with pre-aging presented in this study. An attempt was also 

made to provide a feasible expIauation for the effect of other alloying elements on the 

electromigration lifetime, which might help to develop a better alloying system . 
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CHAPTER 6 

STATISTICAL MECHANIS~l OF BLECTROMIGRATION FAILURE 

As introduced in section 1.5.2.2, the statistical approach for electromigration fail

ure mechanism contains fundamental problems when it is applied to the line width depen

dence of MTF and OTF. In the statistical approaches of electromigration failure, it was 

assumed that the thin film structure contains a fixed number of failure units with the time 

to failure t , and that these failure units are scaled with the grain size. For the serial con

nection of failure units where the time is determined by the weakest unit (first order 

statistics: eq. (1.38)), the mean time to failure (MTF) and the deviation of time to failure 

(DTF) changes with the number of failure units in a line, which scales with the effective 

linewidth (WIG). However, the time to failure of the fIrst line should be the same for any 

linewidth, which contradicts the physical explanation. 

The short coming of statistical models stems from the assumption that the distri

bution of failure units and their lifetimes are fixed regardless of the effective linewidth; 

only the number of failure units in a line scales with the linewidth. Also, the nature of 

failure units are not clearly defmed, so that thr number of units are rather arbitrary. Since 

the reliability of interconnects is determined by the low percent failure, it is essential to 

obtain the correct description of failure statistics, which will help to extrapolate the test 

data to the reliability limit. 

The observations of failure mechanism in narrow lines (Chapter 4) can lead to the 

answer for the problem of the statistical model. The established failure mechanism sug

gests that the failure statistics are determined by the length distribution of poly granular 

segments. Based on these findings, a modified description of f~;lure statistics is intro-
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duced in this chapter in conjunction with the conventional statistical model. Since the 

study introduced in this chapter is intended to provide a guidance for further development 

of the model, the mechanism is qualitatively discussed. 

6.1 Distribution of weak links in narrow lines 

6.1.1 Normal distribution of weak links 

It was found that the length of polygranular segments in 1.3 and 2 J-tm lines, mea

sured by void-precipitate spacing, are nonnally distributed. A nonnal distribution is not a 

common distribution in thin film structure. However, in a statistical sense, a normal dis

tribution is more realistic than any other distributions for the polygranular segment 

length. For simplicity, assuming square grains with the size of d}, d2, ... , dN, the length 

of polygranular segment, In, is then the sum of the grains within the polygranular seg

ments, as schematically illustrated in Fig. 6.1: 

(6.1) 

where n represents the minimum number of grains to construct the polygranular segment. 

According to the central limit theorem (see Appendix A), any sum of a random variables 

with any distribution asymptotically approaches to normal distribution; although grain 

size is log-normally distributed, a linear sum of grains would follow a normal distribu

tion. 

As linewidth decreases, the number of grains in the polygranular segment would 

certainly .decrease, and, correspondingly, the length of polygranular segment decreases as 

observed: the observed mean length of damaged units in 1.3 J-tm lines was 5.2 J-tm, while 

it was 6.9 J-tm in 2 J-tm lines. Also, it is expected that the number of polygranular seg

ments per line slowly decreases with linewidth. However, the observed number of poly-

granular segment did not significantly va.."j \vith t.~e linevJidth: 8/line in 1.3 tJ-m and 
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7/line in 2 J.tm lines. The estimation of damaged units were based on the fact that the 

void-precipitate pair appears at the polygranular segment, and, thus, it was possible that 

the some of poly granular segments were not counted due to the absence of the void

precipitate pair. Even though the observed number of polygranular segments slightly 

deviates from the expectation, we can assume that the length distribution of the 

poly granular segments is statistically the same as what was observed, for simplicity. 

i .. - ....... .. 

• - - ••• - - - •• ! · . · . · 
dl 
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• • • • • • • • 1 
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r ••••• . 
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.. . . . . . . : 

Fig.6.1 A schematic illustration of polygranular segment assuming square grains. 

As linewidth decreases, the polygranular segments are likely to be coarsely dis

tributed. The standard deviation of the length distribution found in 1.3 f.tm lines was 2.15 

f,.lm, while it was 2.43 f,.lm in 2 f.trn lines. It appears that the standard deviation is smaller 

in 1.3 f.tm lines in absolute scale; however, the shape parameter of the distribution, Y = a / 

f.t, is the true measure of the distribution difference. The estimated r is 0.41 for 1.3 J.tm 

lines and 0.35 for 2 J.tm lines, which indicates that the length distribution is coarser in nar-

rower lines. 
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6.1.2 The distribution of the weakest units 

The weakest link was the longest polygranular segment among all of polygranular 

segments in a line, which means that the weakest units are descn.bed by the nth order 

statistics of the underlying distribution. When the cumulative distribution of the poly

granular segment length 1 is 

F(l) = J~f(l)dl (6.2) 

where f{1) is the underlying distribution function of segment length, then for maximum 

extreme distribution, the probability of segment length, 0(1) is given by 

G(l) = [F(I)]NS (6.3) 

where Ns represents the number of polygranular segments in a line. Since the segment 

length is physically valid only in the positive domain, the distribution function {(lJ is the 

truncated normal distribution function as defined i~ eq. (A.23) 

Assuming that the underlying length distribution of the polygranular segments is 

the same as what was observed, the variation of the mean length and standard deviation 

with Ns can be calculated using eq. (6.3); these variations are shown in Fig. 6.2. The pre

sented parameters are normally fitted values. These figures show that the mean length 

rapidly increase with Ns, while standard deviation exponentially decreases. The mean 

and standard deviation of the actual data that was taken from the length distribution of the 

failed segments are noted in the figures: Ns = 8 for 1.3 tJ.m lines and Ns = 7 for 2 tJ.m 

lines. There appears to be a good agreement between simulated values and the actual 

data. This analysis statistically confrrms the statement that the failure occurs at the 

longest polygranular segment. 

The observed distribution of the failed segment length was rather well fit to a 

normal distribution, which is same as the underlying distribution. When the underlying 

distribution is normal distribution, the maximum extreme distribution should be different 
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from the underlying distribution; however, it depends on Ns. The calculated extreme 

distribution function when Ns = 8 and Ns = 100 for 1.3 tJ.m lines, and Ns = 7 and Ns = 
100 for 2 tJ.m, are compared in Fig. 6.3. The dotted lines represent the normal distribu

tion. As shown in these figures, the maximum extreme distribution function of the seg

ment length is reasonably well fitted to a normal distribution, although it is right-skewed. 

The maximum extreme distribution of normal distribution approaches to the asymptotic 

distribution as Ns approaches infinity, which is conventionally called a type I extreme 

value distribution of the largest, and it is described in Appendix A. 

6.2 Statistics of electromigration lifetime 

It has been shown that there exists a unique relation between the polygranular 

segment length and the time to failure, and the relation was justified through a diffusional 

model. The time to failure of polygranular segment 1 is given by 

(6.4) 

or 

(6.5) 

where to and 10 are defined in eq. (4.8) and (4.9), and are a function of linewidth. Since 

the underlying distribution of the polygranular segment lengths is a normal distribution, 

the time to failure of the polygranular segments is a log-normal distribution, which fol

lows the relation: 

(6.6) 

where af denotes the shape parameter of the log-normal distribution, or simply DTF. 

From eqs. (6.5)-(6.6), it can be shown that the DTF of narrow lines is determined by the 
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standard deviation of the length distribution (0) and 10: 

z· . 
(1 = (j = epJ (1 

f I kT o 

(6.7) 

This equation predicts that the DT~ would. be larger when the lines are tested at higher 

current density and lower temperature for a given line structure. 

There have been various models [60, 61, 148], that predict the variation of DTF 

with the test temperature and current density. All of these models have adapted the same 

assumption that a certain physical property has a normal distribution. Babbio and 

Saracco [61] proposed that the actual test temperature of each line can vary ~ue to varia

tions in the thermal characteristics and testing conditions of the lines. If the variation in 

temperature come from a variation in the heat transfer rate, H, then from eq. (2.4), 1rr is 

given by 

1 H 
T = pj2 

(6.8) 

If the variation in H has a normal distribution with a standard deviation of aH, then DTF 

is given by 

(6.9) 

On the other hand, Lloyd [60] assumed that Thas a normal distribution, thus giving DTF, 

(6.10) 

where aT is the standard deviation in the line temperature. Based on these assumptions a 

larger DTF would be expected when lines are tested at lower current densities, lower 

temperature and for higher activation energy materials. These predictions are slightly dif

ferent from what was derived in eq. (6.7). However, the above models assume that the 

DTF dependence on T and j is from variations in the test conditions not from t.he physi-
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cal difference in the failure mechanism. If narrow lines are tested with the various test 

conditions assumed by others, the resulted DTF would be the combination of those three 

contributions, and it would be given as 

DTF = ~ 0-; + DTF~ + DTFi ( 6.11) 

If tests are done under well controlled condition, the DTF dependence on current density 

would follow eq. (6.7). 

Although the time to failure data has consistently been found to have a log-nonnal 

distribution [51-53], there have been some arguments for other distributions [52, 149-

151]. Towner [52] found that the lifetime of Al interconnects fit well either a log-nonnal 

distribution or the Type III extreme value distribution of the smallest (Weibull distribu

tion) w~en the linewidth is comparable to or smaller than the mean grain size. A type III 

distribution of the smallest is left-skewed to a log-normal distribution. Lloyd [150] pro

posed a multi-Iog-nonnal distribution for narrow lines. The argument for a log-nonnal 

distribution in narrow lines stems from the basic assumption of the statistical model. 

According to the statistical model, the time to failure of failure units has a log-normal dis

tribution. Since the failure occurs at the weakest units, the apparent distribution should 

have a smallest extreme value distribution (Weibull). However, the experimentally 

observed distribution is usually a log-normal not a Weibull, which causes a dilemma in 

statistical model. A log-normal distribution is not self-reproducible, which means that 

the extreme value distribution of a log-nonnal distribution can not be a log-normal 

distribution. 

The observation made in this study may provide a way to overcome the dilemma 

of the failure statistics. As discussed above, the origin of a log-nonnal distribution is 

generated by the nonnal distribution of the polygranular segment length and their loga

rithmic dependence on the failure time. If the number of poly granular segments, Ns, in a 

line is relatively small, the poly granular segment length can still be well fitted by a nor-
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mal distribution (Fig. 6.3), and, thus, the lifetime can be fitted log-normally. When the 

number of segment is infinitely large, the distribution of lifetime asymptotically ap

proaches to the Weibull distribution. In order words, the type of apparent distribution is a 

function of unit numbers. The number of units vary with the line width and length. This 

argument should be examined as a function of those physical parameters of interconnects 

as included in the following discussions. It will be shown that the Weibull distribution is 

difficult to obtain in any case. 

6.3. Linewidth dependence of failure statistics 

As already pointed out in the section 4.4.4, the MTF and DTF of narrow lines de

pends on the linewidth because of the variations in the failure kinetic parameters to, 10 

and polygranular segment length 1 in eq. (6.4). 

As the line width decreases in narrow lines, the length of polygranular segments 

decreases, and, thus, the corresponding lifetime increases with the accompanying varia

tion of to and 10 , From eq. (6.5), it can be proposed that MTF qualitatively varies with the 

linewidth as 

(6.12) 

where wand 1m denote the effective linewidth (WIG) and the mean length of the poly

granular segments, respectively. As the line width decreases in narrow lines it was found 

that to and 10 increases, while 1m decreases. Therefore, it can be qualitatively assumed 

that to( w) is inversely proportional to w, and 1m( w) and 10( w) are linear functions of 

line width as a first principle approximation. The relation of each parameter to w, refer

enced to the parameters at critical width w = 1, can be given as 

to(w) = Ato(1) I w 

Im(w) = Blm(1)w 
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where A, B and C are the correlation constants, and then 

MTF = Ato (1) exp( _ B' 1m (1)) 
w 10 (1) 

(6.14) 

Eq. (6.14) indicates that MTF rapidly increases as w decreases. 

DTF depends on the distribution of the polygranular segment. As demonstrated 

previously, the shape parameter r of the length distribution decreases with the effective 

linewidth: when w= 0.83 (2 ~m lines), r = 0.35, and when w = 0.54 (1.3 ~m lines), r == 

0.41. If we assume that r is inversely proportional to iV, then from eq. (6.7), it becomes 

(6.15) 

where C' is the correlation constant. Eq. (6.15) also indicates that DTF should rapidly in

crease as w decreases. Eqs. (6.14) and (6.15) provide qualitatively correct descriptions of 

MTF and DTF dependence on the linewidth, which was not completely answered in ei

ther the physical or statistical models. 

As linewidth decreases, the number of polygranular segments is expected to de

crease. Therefore, the lifetime data should be best fitted to a log-normal distribution. 

6.4 Line length dependence of failure statistics 

In a given linewidth the number of polygranular segments increases with increas

ing line length. In this case, the mean and the standard deviation of poly granular segment 

length decrease rapidly as shown in Fig. 6.2. Accordingly, the MTF and DTF are ex

pected to decrease. In order to demonstrate the line length effect on MTF and DTF the 

experimentally determined 10 and to (Fig. 4.25) were taken and applied to the simulated 

statistics of poly granular segments shown in Fig. 6.2. The results are shown in Fig. 6.4 as 
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Fig.6.4 MTF and D1F for (A) 1.3 and (B) 2 f.tm lines as a function of the number of 
polygranular segments in a line. The corresponding line length is also noted in 
the figure. 
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a function of the segment number, Ns. Experimentally determined MTF and DTF are 

noted in the figures (Ns = 8 and Ns = 7). Since the test line length was 800 fJ.m, the aver~ 

age spacing between each segment is about 100 fJ.m; based on this estimation, the equiva

lent line length was also noted. It can be seen that the MTF and DTF exponentially de

crease with the line length in both linewidths and approach a minimum value for large Ns. 

In this calculation, only the number of failure units are varied using a given underlying 

distribution. Hence, this is the same method as the conventional model for the simulation 

of linewidth effect on MTF and DTF. This analysis indicates that the conventional sta

tistical model is an adequate choice for the line length effect but not for the line width ef

fect. 

The line length dependence of MTF and DTF also varies with the linewidth in the 

sense that the linewidth changes the underlying distribution of polygranular segment 

length, the number of segments per a given length, and the failure kinetic factors to and 

10 , Qualitative equations for the line length dependence of MTF and DTF on the 

linewidth can be constructed as in eqs. (6.14)-(6.15), assuming that the number of failure 

units or the polygranular segment per unit length scales with linewidth. Let L be a length 

of the test line, and then the number of units at criticallinewidth can be approximated as 

Ns(l)- Klm(l)/L, where K is a constant. The number of units at arbitrary width, Ns(w), 

decreases with linewidth, and, thus, we can assume that the relation is linear: 

'AT ( ) _ K' 1m (1) 
J.vS W - --w 

L 
(6.16) 

where K' is a constant. An analysis revealed that the MTF and DTF is a exponential 

function of N s, i.e., -- exp( -N s), so that the MTF and DTF can be approximated as 

MTF-;::; Ato(1) exp(-B 1m (1) -K' Im(1)w) 
w 1

0
(1) L 

DTF -;::; C 0-(1) 1m (1) exp( -K' 1m (l)w) 
w 1

0
(1) L 

(6.17) 
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It can be seen that MTF and DTF decrease rapidly with increasing line length L, and the 

relative variation is influenced by the effective linewidth, w, the variations of MTF and 

DTF is smaller and slow~r when w is narrower. The magnitude of MTF and DTF varia

tion in this lir.e is greater than wider lines; this can be seen from the comparison of the 

simulat~,d results of 1.3 J,lm and 2 tJll1lines shown in Fig. 6.4. However, the saturation of 

MTF and DTF appears more quickly in wider lines because the number of polygranular 

segment per a given length is much smaller. In other words, to increase the same number 

of units, narrower line needs longer increment of line length. This does not appear in 

Fig. 6.4 b~ause the !lumber of polygranular segments are close to each other; however, it 

can be seen that, in both cases, the saturation of MTF and DTF appears when the line 

length is about 1 cm. Eq. (6.17) provides qualitative insight for the linewidth and length 

dependence of MTF and DTF of electromigration failure. 

According to experiments by Agarwala et al., performed on wide Allines, the 

\1TF and DTF decreases rapidly and saturated at the line length of 125 to 500 J.1m [73]. 

Learn et al [152] found that the length dependence of MTF and DTF is a function of grain 

size. For a large-grained film, as the line length was increased from 125 to 1250 J,lm and 

1250 to 5000 J,lm, MTF decreased by a factor 10.6 and 1.5, respectively. However, for a 

small-grained film, MTF only decreased by a factor of 4.3 and 1.3, respectively. Tests on 

large-grained material is equh _lent to tests at narrower linewidth. Schafft et al [56] 

found that for 3.0 J.1m-wide AI-I %Si lines, the MTF decreased 16% and 5% when the line 

length was increased from 400 J,lm to 800 J,lm and from 800 to 1200 J,lm, respectively. 

These observations fit the qualitative model developed above if the effective linewidth is 

adapted. For wide lines, the MTF and DTF quickly saturate with little variation, while, in 

narrow lines, the saturation is slower but the variation of the magnitude is higher. If the 

linewidth is narrow enough, such that the line can contain very few polygranular segment 

in a very long line length~ the change of MTF and DTF can not be easily detected unless 

the line is long (for example, saturation will appear when the length of the lines testeG 1.1& 
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this study is greater than 1 em). Kwok [76] reported nearly identical MTF and DTF for 

submicron lines, independent of line length, which appears to be the case. 

The distribution of lifetimes will be changed by the line length, from a log-normal 

to Weibull, because Ns increases as line length increases. However, a log-normal distri

bution would fit the lifetime distribution reasonably well unless narrow lines of extremely 

long length are tested. Although the lines with linewidth around the critical width can 

provide a large number of failure units in a moderate line length, the weaker dependence 

of time to failure on segment length, and, thus, increasing influence from each grain 

boundary in the segment to the time to failure, will make the lifetime fit to log-normal 

distribution. In short, a log-nonnal distribution is a good measure for the lifetime statis

tics. it should be also noted that a log-normal distribution is very flexible distribution. 

The argument of log-normal distribution introduced so far ignores the influence of 

precipitates. As proved in this study, when the time to failure of polygranular segment is 

strongly influenced by the secondary microstructural factors such as precipitation, it ap

pears that a multi-Iog-nonnal distribution would be the right choice; the development of 

multi-log-normal distribution by microstructural factors should be explored. 

6.5 Summary 

Using the observations presented in chapter 4, the statistical aspects of electromi

gration failure in narrow Hnes are studied. The statement that the failure occurs at the 

longest polygranular segment is examined using nth order statistics, and the results con

finn the statistical nature of failure in narrow lines. 

In narrow lines the polygranular segnlents act as failure units, and the longest 

segments are the weakest units. The scaling of the units is not independent of linewidth, 

as assumed in the conventional models; as the linewidth decreases, the number and the 

length of the polygranular segments decreases with coarser distribution. As the segment 
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length decreases MTF increases, while coarser distribution increases DTF. Hence, the 

MTF and DTF dependence on linewidth comes from a physical difference of the lines, 

not only from the statistical nature of unit scaling, which provides the answer for the gap 

between the previous models. 

The number of polygranular segments also scales with line length. The longer 

line can contain more polygranular segments, and, thus, the probability to have a longer 

segment increases, while the distribution becomes more uniform. As a result, the MTF 

and DTF also depend on the line length; they rapidly decrease to saturation values as the 

line length increases. Since the scaling of the number of ploygranular segments depends 

not only on line length but also on linewidth for a given microstructure, there exists a 

linewidth dependence of MTF and DTF; it was found that MTF and DTF saturate more 

rapidly with smaller variation in wider lines. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

7.1 Conclusions 

The mechanism of electromigration failure in AI thin films is strongly influenced 

by the microstructural parameters of the thin films, such as grain size and precipitate dis

tribution. In this study, the influence of these parameters is investigated by varying the 

effective linewidth for a fixed microstructure, and pre-aging of lines to induce various 

distribution of precipitates. 

For wide lines (WIG > 1), the failure mechanism is governed by grain boundary 

electromigration. Voids nucleate and grow to failure along the grain boundary. 

However, for narrow lines (WIG < 1) which have predominantly a bamboo grain struc

ture with occasional polygranular segments, failure occurs at the bamboo grain that ter

minates a polygranular segment, producing a slit-like void. Transgranular failure occurs 

through accumulation of vacancies after Cu has been swept from the grain that fails. The 

time to failure, determined by the longest polygranular segment in the line; it exponen

tially decreases with linear increase of the segment length. The decrease is more rapid in 

narrower lines, while the pre-exponential constant is higher in narrower lines. 

Since the length of a polygranular segment determines the time to failure, the 

statistics of polygranular segment length fixes the failure statistics. The statistical distri

bution of polygranular segments is determined by the film microstructure and is a func

tion of effective linewidth; as effective linewidth decreases, the, mean poly granular length 

decreases, while the fractional deviation increases, so that MTF and DTF increase, ac-
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cordingly. At a given linewidth, the number of poly granular segments scales with line 

length, and, therefore, MTF and DTF also depends on the line length. 

Pre-aging lines causes Cu to precipitate at the interior of grains and grain bound

aries. Since the grain size in thin films is small enough to put intragranular precipitates in 

th~ diffusion field of the grain boundary, the type and distribution of intragranular precip

itates evolves with the aging time, while grain boundary precipitates continuously grow. 

For wide lines, precipitates at grain boundaries retard the electromigration failure, and, 

thus, the lifetime linearly increases with pre-aging time. On the other hand, failure in 

narrow lines requires precipitates to be swept from grains that fail, causing lifetime to 

evolve with aging time; a more stable and dense distribution of intragranular precipitates 

lengthens the time required to sweep precipitates within a bamboo grain, which substan

tially increase the lifetime. In the optimal case, the transgranul~ failure mechanism is 

suppressed and the line fails by diffuse thinning. The time to sweep precipitates in a 

polygranular segment, although it is relatively short compared to the time to sweep Cu in 

bamboo grains, preferentially increases the time to failure of a longer segment, and, as a 

result, a bimodal distribution of lifetime is developed with pre-aging. 

Precipitates retard the electromigration failure because they act as a diffusion bar

rier for electromigration of Al atoms and as an effective vacancy sink. Precipitates are 

dissolved and coarsened by the electromigration force, which induces a chemical poten

tial gradient. This induced chemical potential gradient pushes Al atoms to the opposite 

direction of the electromigration force, while it accelerates the migration of Cu atoms in 

the direction of electromigration force. I-Ience, electromigration of AI atoms is retarded 

by the presence of precipitates, while migration of Cu atoms is enhanced. In addition to 

this, the accumulated vacancies at the dissolving precipitate, which is generated by the 

net Cu and AI flux, can be annihilated through out-diffusion to the film surface because 

of enhanced diffusivity by high concentration of Cu around it; this also retards the elec

tromigration failure. Therefore, p~e-aging of lines to create stable precipitates which can 
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retard electromigration while they dissolve is an effective method to enhance the reliabil

ity of interconnects. 

7.2 Future work 

7.2.1 Current exponent and failure statistics in narrow interconnects 

The time to failure of the polygranular segment is a exponential function of its 

length, following the relation defined in eq. (4.7). If eq. (4.7) is represented as a function 

of current density, j, it becomes 

(7.1) 

where jo is the effective current density under which no electromigration occurs. Hence, 

the MTF varies exponentially with current density, following the relation 

MTF = AI exp(-+), (7.2) 
10 

which is different from the conventional expression (Black's equation): 

MTF=Aj-n (7.3) 

where A and A' are the correlation constants. An experiment measuring MTF for various 

current densities, keeping linewidth and microstructure constant, would confirm that 

eq. (7.2) is the correct relationship between MTF and current density for narrow lines. 

If stress driven back diffusion has a significant influence on the failure rate, from 

eq. (4.13), eq. (7.2) should be modified as 

MTF = Aexp(-+ + S) (7.4) 
10 

U 1hp T"e ~ rpnT"Pc:pntc: thP f"ontTihnt1nn of thp Cl .... PSCl dn·v~n bal'lr dl·ffuC';on on th"" fl)';lUI~"" n·m""· .. v ... ...,... ..... ..".1:' ... ""'-1,..,......... ......,...., .......... ..., .......... v... ...a~ U'u.,..,.., A ,..,,&& '-'~ .I."',&, L&I.'-' """" '" 1.1 '-'. 
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s= nAer 
kT 

(7.5) 

It can be seen that the stress factor S is not a function of current density, rather it simply 

increases the MTF by the same amount for all current densities. 

fhe above analysis can be confirmed by a study of the current exponent per

formed as a function of effective linewidths. As the effective line width of narrow lines 

decreases, the critical current density jo increases. Therefore, the MTF varies more 

rapidly with current density in narrower lines. However, the absolute scale of MTF in

creases in narrower lines because the stress factor S simply increases the MTF to the 

higher values: the induced stress will be higher in narrower lines for a given amount of 

mass accumulation. Such a study would reveal the relative importance of stress driven 

back diffusion and diffusional back flux. 

7.2.2 Reliability improvement of narrow interconnects 

This study showed that the reliability can be actually increased by reducing the ef

fective linewidth of interconnects. However, it should be noted that reducing linewidth is 

a limited solution because the benefit is counterbalanced by an increase in the current 

density. Post heat treatment to increase the grain size would be advisable, making effec-
.. , 

rive linewidth smaller without increasing current density. The optimal heat treatment 

would produce large grains of uniform size. 

The aging of alloyed interconnects is also an effective way to enhance the relia

bility. Although the general idea is introduced in this study, an intensive investigation is 

necessary to obtain the best aging conditions. It should be noted that aging is not neces

sarily beneficial for every case. When the grain size of the films is relatively small, it is 

not possible to obtain the maximum density of stable precipitates in grains, as discussed 

in chapter 3. Additionally, formation of blocky precipitates in bamboo grain boundary 

would be detrimental because they causes local heating around them due to their high re-
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sistivity. Therefore, a combination of heat treatments which optimize the grain structure 

and precipitate distrib.ution would be ideal. 

7.2.3. Precipitation under electromigration 

Electromigration force introduces a directionality of eu migration, resulting in in

homogenous precipitation of eu, as shown in this investigation. Phenomenologically, it 

is expected that the precipitation rate in AI-Cu alloys is enhanced by electromigration 

force due to enhanced diffusivity of eu; however, this has not been experimentally ex

plored yet because of the complexity involved in the experiment and the analysis. 

Electromigration increases the vacancy concentration in the lattice. There are 

several possible influences from the increased vacancy concentration on the precipitation 

of Cu. The enhanced diffusivity of eu may simply accelerate the sequence of precipita

tion. If vacancies form small clusters, they can provide nucleation sites for stable precipi

tates. Therefore, the direct nucleation of e precipitates without GP zone stages might be 

possible. These precipitates should be small in their size due to the limited size of va

cancy clusters. Although it is not solidly confinned, finely dispersed and extremely small 

e precipitates were found in the samples that were exposed to the electromigration. The 

size of these precipitates were on the order of a few hundreds of nano-meters, which is 

much smaller than that of 6' . 

Study of precipitation under high current density is usually complicated due to the 

complex microstructure of thin films. It would be advantageous to grow an AI-Cu single 

crystal, so that precipitation characteristics can be investigated without influence from 

grain boundaries. The interaction of precipitates and electromigration can also be studied 

by making a bi-crystal in which a grain boundary is artificially fabricated. When this sin

gle grain boundary is fabricated to have a specific angle to the line direction, the dissolu

tion and growth of e precipitates, and the relative kinetics of AJ and eu electromigration 

can be quantified. 
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APPENDIX A 

STATISTICS FOJi ELECTROMIGRA TION 

The study of c!lectromigration failure in thin films of AI and Al alloys requires 

statistical analysis due to the statistical process of electromigration failure. Although 

there are many impoItant theories on the statistics of electromigration [153-158], the un

derstanding of the basic properties of statistical distributions is the most crucial. For this 

reason, basic concepts and properties of various distributions including the normal and 

log-normal distributions are briefly introduced in this section. 

A.l Basic conceptf; 

A.l.I Probability density function 

Consider the probability of the continuous random variable X taking a measure

ment value in the interval (x-dxl2, x+dx/2). As a function of x, this probability value can 

be considered in te~nns of probability density function, or simply density function, t{x) as 

Pr(x- dx ~ X~ x+ dx) = f(x)dx 
2 2 

(A.l) 

The density function is abbreviated as "p.d.f." 

A.t.2 Cumulative distribution function 

Instead of studying the probability density function of measurement values x, it is 

often instructive to consider the probability of obtaining any measurement below a value" 

x. Thus the probability function of interest is now Pr(X < x). This function is called a 

cumulative distribution function, denoted as Ftx), abbreviated as c.d.f., and defined as 
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F(x) = Pr(X S x) (A.2) 

Now, Ftx) can be expressed in tenns of f{x), for a continuous random variable X, as 

F(x) = J:oof(x)dx (A.3) 

Similarly, f{x) can be derived from F(x) as 

d 
I(x) = dx F(x) (A.4) 

A.1.3 Moments 

One of the most important concepts in statistical work is that of a mathematical 

expectation (or expected value). Let g(X) be a function of a continuous random variable 

X, and let f{x) be the p.d.f. of X. The mathematical expectation of g(X) is then repre-

sented as 

E{g(X)} = Jxg(x)f(x)dx (A.5) 

provided that the integral converges absolutely. Some useful expectations follow from 

eq. (A.5). If k is constant, we have 

E{k} = k 

E{(kg(x)),} = kr E{gr (x)} (A.6) 

E{~gl (x) + k2g2 (x)} = klE{gl (x)} + k2E{g2 (x)} 

Consider the special case g(X) = X. Eq. (A.5) then becomes 

E{X} = Jxxf(x)dx (A.?) 

and is called the expected value of X, or simply the mean of X. It is seen to be the 

weighted average of the random variable X with respect to its p.d.f. (x). More generally, 

let the function g(X) take the special form g(X) = (X-AY, where A and r are constants. 

Then we have 
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E{(X - A)'} = Ix (x - A)' f(x)d:x (A.S) 

which is called rth moment of X about the point A, in analogy with the moments of me-

chanics. The constant A is a point on the measurement axis of x and therefore has the 

same dimension as x. If the constant A is taken as the mean value of X, then the result

ing expectation is termed the rth central moments of X or the rth moment of X about its 

mean. This moment is often denoted as m(r) , where 

m(r) = E{(X - E{X}Y} (A.9) 

If, on the other hand, the constant A is taken to be the origin of the measurement 

axis of x, A = 0, the expectation (A.9) is termed the rth moment of X. This moment is 

denoted as 

m(r)' = E{(XY} (A.IO) 

The most frequently used moments are those for r = 1 and r = 2. From eq. (A.6) 

and (A.9), it is seen that for r= 1, m(I) = O. For r= 1, eq. (A.IO) reduces to the mean 

value of X, m( 1)' = E{X} =11-. For r = 2, eq. (A.9) gives the second central moment of 

X, termed the variance of X: 

m(2) = (j2 = E{(X - E{X))2} (A.II) 

where a denotes the standard deviation. The moments m(I), and m(2), or the mean 11- and 

variance a2, describe aspects of the appearance of the distribution f{x). The mean 11- is a 

measure of location indicating where the bulk of the probability is located on the mea

surement axis of x. Similarly, the standard deviation of X, a, is a measure of dispersion, 

indicating the spread exhibited by the model i{x). 

Since m( 1)' = E{X} is a constant, the variance of X, m(2) can be expressed as 

, 'III 

m(2) = Ef(X - mel)' )2} = E{X2 
- 2xm(l)' +(m(l)' )2} 

= E{X2} - (E{X})2 
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= m(2)' -[m(1)' f (A.12) 

In this form the variance m(2) can often be computed quite easily. Similarly, it can be 

shown that 

m.(3) = m(3)' -3m(1)' m(2)' +2[m(1),]3 

m(4}.= m(4)' -4m(l)' m(3)' +6[m(1),]2 m(2)' -3[m(I)' t 

A.l.4 Order statistics 

(A.13) 
(A.14) 

Consider the largest sample value Xn among n independent (unordered) sample 

values Xi with the p.d.f. f.{Xj). If this random variable Xn takes on a value that is less than 

or equal to x, it follows that all other realizations Xi must likewise be less than or equal to 

x. Hence the statement Xn < x is equivalent to the statement Xi < X, for all i. Thus, if a 

number of samples of size n is taken, the cumulative relative frequency of occurrence of 

Xi < x is precisely equal to the cumulative relative frequency of occurrence of Xi < x, for 

all i. Since the proceeding relative frequency is the product of n identical relative fre

quencies of the measurement event Xi < x, the c.d.f. On of the random variable Xn is 

given by the product [F(x)]n. That is, 

(A.15) 

and the p.d.f. of the nth order statistics Xn is obtained as 

gn(x;n) = ! Gn(x;n) = n[F(x)r-1 j(x) (A.16) 

Similarly, if the smallest sample value Xl is larger than a given value x, it follows 

that all sample values Xi must be larger than x. Thus cumulative relative frequency of 

occurrence of Xl> x equals the cumulative relative frequency of occurrence of Xi> x, all 

i. That is, 

[1- G1 (x;n)] = [1- F(x)r (;\ ... 17) 

so that the c.d.f. of the fIrst order statistics X I is obtained as 
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G1 (x;n) = 1-[1- F(x)r (A.IS) 

The equivalent p.d.f. of Xl is 

g1 (x;n) = n[1- F(x)r-1 f(x) (A.l9) 

In general, for rth order statistics Xr (the rth-smallest samples value), the p.d.f. gAx;n) has 

the form as 

n' 
gr(x;n) = (r -1) !(~ _ r)! [F(x)y-1[1- F(x))"-r f(x) (A.20) 

The nth and the first order statistics derived here are particularly useful in many 

engineering applications such as lifetime statistics, since nth order statistics represents the 

maximum choice of a variable among others, while the first order statistics represent the 

minimum choice of physical variables which often determine the lifetime of sample. 

A.2 Normal distribution 

A.2.1 Definition 

A random variable X is normally distributed with mean J,l ( -00<,.",<00) and variance 

a2 (a> 0) if the probability density function of X is given by 

f(x) = 1 exp{- (x - ,u? } 
(J..J2n 2cr (A.21) 

where -oo<x<oo. The parameter tL is both the mean and median, and (J is the standard de

viation of the nonnal distribution. If the random variable X is defined only in the positive 

domain, as in case of lifetime, the truncated normal density function should be used as 

(A.22) 

where 1( is referred to as the normaliZing constant and is such that 

(A.23) 
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The moments of the normal distribution defined as 

are 

m(l)' = J.1 

l1l(2)' = J.12 + (12 =,u 2 (1 + r2) 

m(3)' = J.13 + 3J.1(12 = J.13(1 + 3r2) 

m(4)' = J.14 + 6J.12(12 + 30"4 = ,u4(1 + 6r2 + 3y4) 

(A.24) 

(A.25) 

where y = all-', called shape parameter of the normal distribution. The shape parameter y 

is dimensionless, and, thus, it allows the comparison of several distributions with differ

ent mean and standard deviation. The normal density distribution function can be stan

dardized by linearly transforming the random variable X as Z = (x-l1) la2, Thus, the cu

mulative distribution function of a standard normal random variable is defined as 

I J4 u
2 

<1>(2) = - exp( --)du 
2n -<>0 2 

(A.26) 

The actual cumulative distribution function, F(x), of any normal random variable with 

mean 11 and variance a2 can then be expressed in terms of <}); 

A.2.2 Centra11imit theorem 

X-p 
F(x) = <Il(--) 

(1 
(A.27) 

Let Xl, X2, ... , Xn be an independent identically distributed random variables with 

a distribution that features an expected value 11 and a finite variance a ~ O. The average 

value statistics 

n 

y = X = (1/ n)L,Xi (A.28) 
i=1 

then has a limiting distribution which is normal, with expected value m(1)' = I-' and vari

ance a2 =m(2)/n. This theorem means that as the chosen sample size n increases, the sta-
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tistical model of the sample average Y tends to the normal model with expected value 

m(l)' and standard deviation ~m(2) In. 

An even more powerful limit theorem states that the sampling model of the statis

tics Y = X tend to normality even if the individual sample Xi have different distribution, 

provided that each random variable Xi has a finite third moment m(3)'. In this case, the 

average value statistics Y = A has a limiting distribution which is normal with expected 

value 

I n 

J1 = -L,m(l;Xi )' 
n i=1 

(A.29) 

and variance 

1 n cr = -2L,m(2;Xi ) 
n i=1 

(A.30) 

This is known as the central limit theorem. In other words, any sum of random 

variables with any distribution has the normal distribution. The required number of vari

ables n to produ~e well behaving nonnal distribution depends on the distribution of vari-

able X. 

A.2.3 Probability paper 

Probability paper provides a qualitative but simply way to fit data to a certain dis

tribution and determine the distribution pruameters. Nonnal probability paper is designed 

so that normally distributed random variables E\:. on a .straight line. From eq. (A.28), the 

value of random variable X can be 'Mitten as 

X = J1 + 0'1>-1 (F) (A.3I) 

where cp-1 is the inverse function of the standard nonnal cumulative distribution func

tion. If X is plotted against 4l-1 (F), it will have a linear relationship with slope a and 

intercept IJ.. The construction normal of probability paper is illustrated in Fig. A.I. The 

161 

, ,~ , ~II" " "' ,,, ,., I I • II ~ :Q I 'III 



~ I 

,I' , , II 

A 
0.4 

0.3 

,,-... 
~ 0.2 
~ 

0.1 

oL---L-~~~~~~~~--~--~~----~~ 

-5 -4 -3 -2 -1 0 2 3 4 5 

X 

B 

~. 

2 

~ 0 L-----------------------------------------~~-----------------------------------------~ 

-2 

-4 
2.2255 % 

-6 L-~ __ ~~~~~~~~~~~~ ______ ~~ 

.01 .1 1 5 10 2030 50 7080 9095 99 99.999.99 

Cumulative Probability, % 

Fig. A.I Construction of nornlal probability paper; (A) probability density function of 
the standard normal distribution, and (B) normal probability paper: the y-axis 
is the linear data scale and the x-axis is the probability scale that has the value 
F located at <1>--1 (F). 
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cumulative probability Fis defined as n / (N+l), where Nis the total number of data; and 

n is the number of data in the probability. In order to plot the last probability, i.e. 100 % 

probability, N+ 1 is used in the denominator instead of N. 

The mean and standard deviation can be obtained by least squares method on 

normal probability paper. The intercept at 50 % probability corresponds to the mean /1-. 

The slope of the fitted line represents the standard deviation and can be approximated as 

(J' - J1 - X16% = J1 - XS4% (A.32) 

since 4>-1(0.16) = -1, and <1>-1(0.84) = 1 

A.3 Log-normal distribution 

The log-normal distribution is very flexible distribution, b~cause it has a great va

riety of shapes. Because of its versatility, it is used in many engineering statistics such as 

for light emitting diodes [159, 160], electromigration failure of interconnects, fatigue 

lifetime of metals [161, 162] and grain size distribution of thin films. 

A.3.1 Definition 

When a random variable X is normally distributed with mean ~ and variance a2, 

the new variable {t}=eX is log-nonnally distributed. In other words, lnt is normally dis

tributed with mean I-l and variance a2. Due to the similarity of the log-normal distribu

tion to normal distribution, the analysis for the nonnal distribution can be used for the 

log-nonnal distribution. Transforming a log-nonnal random variable T to a standard 

normal variable Z, i.e., Z = (1n t-I-l)/ a, the cumulative distribution function of log-normal 

distribution, }\t), can be obtained as 

'II "I 

F(t) = tll(lnt -Il) 
(J' 
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where <}) is the distribution function of the standard normal distribution. The density 

function of the log-normal distribution is then given by 

f (t) = dF = I ex [_( In t - ,u i r 
dt t..J21Ca p ..J2a (A.34) 

Here, the variable t is only defined in the positive domain. The shape of the log-normal 

distribution is monomodal and positively skewed. The mean of the log-normal distribu

tion is expCu) is often called t50. The standard deviation of log-normal distribution is di-

mension less because it is the deviation of lnt, not of t, and, thus, it is often called shape 

parameter of the distribution. Although a log-normal distribution is similar to a nonnal 

distribution, the meaning of I-l and a are different from that of a normal distribution. 

Clearly, the parameters IJ, and a are not location or scale parameter, rather a is a shape 

parameter and exp(lJ,) is a scale parameter of the distribution function. The moments of a 

log-normal distribution can be obtained from the moments generation function defined in 

eq. (A.25), and they are 

r
2 a 2 r2~ 

m(r)' = exp(r,u + --) = t;o exp(--) 
2 2 

(A.35) 

A.3.2 Origin of the log-normal distribution 

Normal distribution results from the additive effects of a combination of randomly 

distributed variables, as seen from the central limit theorem. Similarly, log-normal distri

bution comes from the mUltiplicative effects of variables or combination of such vari

ables. If a random variable Y is the product of n independent positive random variables, 

(A.36) 

then Y is asymptotically log-normally distributed. An example of log-nonnal distribution 

can be seen from the analysis of lifetimes of metal fatigue, which is ¥..flown to be log-

normally distributed. Let Cl<C2 ... <Cn be a sequence of random variables that physi-
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cally represents the size of a fatigue crack at successive stages of its growth. Then the 

crack growth at stage j, Cj-Cj-l, is randomly proportional to the size of the crack, Cj-l, 

and that the specimen fails when the crack size reaches Cn, i.e., 

C. - C. 1 = e.C. 1 ) )- ))-
(A.37) 

where {Ej} is a set of mutually independent and identically distributed random variables 

and is also independent of {y}. Then eq. (A.37) reduces to 

C. = C. l(l+e.) 
) )- ) 

(A.38) 

This relation leads to the failure condition as 

1'1 

CI'I=Co I1(l+e) (A.39) 
j=l 

where Co represents the initial flaw size. If the absolute value of Ej is much less than 1, 

eq. (A.39) can be approximated by Taylor's expansion such that 

n 

InCI'I = In Co + lej 
j=l 

(A.40) 

Hence, lnen is normally distributed due to the additive property of the distribution 

(central limit theorem). 

A.3.3 Log-normal probability paper 

Log-normal probability paper is similar to normal probability paper, but uses a 

logarithmic scale to plot the values of the variables. When the data is plotted on the log

normal probability paper and fitted to a straight line, the intercept of 50% probability and 

slope of the line provides the tso and shape parameter a, respectively. The shape parame-

ter can be approximated as 

(A.41) 
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A.4 Extreme value distributions 

The largest or smallest order of statistics of a sample is often the relevant infer

ence function in engineering applications of statistics. For example, Al interconnects in 

semiconductor devices fail at the weakest failure units among many others and, thus, the 

distribution of lifetime of AI interconnects in semiconductor device is the smallest ex

treme of the original lifetime distribution of failure units. Hence, the fIrst order statistics 

defined in eq. (A.18) is correspond to the minimum extreme value distribution of mini

mum. Similarly, when only the largest values are concerned, the distribution will be de

termined by the maximum extreme value distribution, i.e., nth order statistics defined in 

eq. (A.l6). 

When the number of samples n in eq. (A.l6) and eq. (A.18) is large, there may ex

ist an asymptotic distribution; there are three types of asymptotic distributions which can 

be used to model the extreme value of the interest: type I, type II and type III. 

A.4.1 Types of extreme value asymptote 

Type I: The type I extreme value model arises from initial distributions that are un

bounded in the direction of the extreme value, provided that the relevant tail of the initial 

p.d.f. i{x) decreases at least as rapidly as an exponential function. From this condition it 

follows that the maximum extreme value from a normal and log-normal distribution can 

be modeled by a type I asymptote of maxima. The normal distribution is also unbounded 

at the lower distribution end, so that the minimum extreme of a normal distribution is 

modeled by a type I asymptote of minima. However, normal distribution can not be jus

tified in the negative domain when the physical variables are concerned, then the mini

mum extreme asymptote of normal distribution is meaningless in real statistics. 

Type IT: A type II extreme Value asymptote arises from initial distributions that do not 
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possess finite moment. In the applied sciences, a distribution without finite moments is 

difficult to find, and, therefore, it is not considered in this section. 

Type ill: The type ITI asymptote arises when an extreme value is considered from an ini

tial distribution F(x) that is bounded in the direction of the extreme value. The minimum 

value of log-normal distribution can be modeled as this type of asymptote. The minimum 

distribution of type ITI extreme is often called Weibull distribution. 

A.4.2 Example: Type I extreme value asymptote 

Since the distribution of extreme value asymptote is well discussed in various 

texts of statistics, the nlaxima of the type I asymptote is discussed in this section as an 

example. 

The characteristic largest value: Consider a sample size of n from an initial distribution 

F(x). The probability of obtaining one observation that is larger than a value x is 

Pr( X ~ x) = 1 - F(x) (A.42) 

Hence in a sample of size n one would expect, on the average, n(l-F(x» observations 

larger than x. These observations are often called "exceedances of x". 

The value of x that has, on the average; only one exceedance in a sample of size n 

is termed the "characteristic largest value un" and is defined by 

1 
1- F(u )=-

n n (A.43) 

Eq. (A.43) represents the tail area of the initial distribution i{x), above Un, is equivalent 

lin. 

The Type I asymptote of maxima: Consider the largest observation Xn in a sa...rnple of 

size n from an initial distribution F(x). The exact distribution of Xn is given by 
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eq. (A.16): 

(A.44) 

If the initial distribution has an unbounded value in the direction of extreme, it must be of 

the fonn 

F(x) = 1-expt-a(x)}. (A.45) 

When x = Un, eq. (A.46) must be connected to eq. (A.43), so that 

1 
F(x) = l--exp{a(un)-a(x)}. (A.46) 

n 

Combining eq. (46) and eq. (44) gives the exact distribution of the largest order statistics 

Xn from an initial distribution of the form eq. (A.45), in the neighborhood of the charac-

teristic largest value Un: 

1 
Gn (x;n) = [1- -exp{a(un) - a(x)}r (A.47) 

n 

As the size of n increases, the nth-order statistics Xn increases and so does the character-

istic largest value Un. For large n, the asymptotic distribution of Xn is 

F(xe ) = lim Gn (x;n) = exp{-exp[a(un ) - a(xe )]} 
n-+ oo 

(A.48) 

An analysis, in which the term {a(un)-a(xe)} is linearly approximated, shows that 

eq. (A.49) reduces to 

F(xe) = exp{-exp{-a' (un )(xe - Un)}} (A.49) 

Here a/(un) and Un are functions of initial sample size n. The quantity a'(un) physically 

represent a scale factor, whereas Un is a location factor. Expressing a/(un) and Un as a/(un) 

= II a and Un = j.t, the type I asymptote is written 

(A.SO) 

Therefore, the extreme value p.d.f. is obtained by differentiating eq. (A.50): 
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1 x -/1 (x -/1) f (x ;j1, 0') = -exp{ e - exp{ e }} 
max e (J' (J' (J' 

(A.Sl) 

The type I asymptote for the largest extremes is related to the type I asymptote for the 

smallest extremes. For any sample size n, it is true that 

m~n{xi} = -m~{-xi} (A.S2) 
I I 

Hence, the type I asymptote of minimum values is the mirror image of the type I asymp-

tote of maximum value. 

The similar method can be applied to type II and type III extreme distributions, 

and the type and expression of each distribution is summarized in Table 1, in which a and 

J.l are changed to a and y to emphasis that they are scale and location factors not the mean 

and standard deviation. 
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Table A.l Distribution functions for the extreme value distributions 

Extreme value distribution of the smallest 

Type I 

Type II 

Type III 

x-r F(x) = 1-exp{-exp(--)}, -00 < x < 00 

ex 
1 x-r x-r j(x) = -exp{-- - exp(--)} 
ex ex ex 

x- r Ii F(x)=l-exp{-(---r }, -oo<x<O 
a 

j(x) = f3 {_(_ x - r rli)(- x - r rli-1 
ex a ex 

F(x) = 1- exp{-(- x - r )Ii}, 0 < x < 00 

a 

j(x) = !(x - r )Ii-l exp{-(- x - r l} 
ex a a 

Extreme value distribution of the largest 

Type I 

Typell 

Type III 

x-r F(x) = exp{-exp(---)}, -00 < x < 00 

a 
1 x-r x-r 

j(x) = -exp{--- - exp( ---)} 
a a ex 

F(x) = exp{-(x - r rli}, 0 < x < 00 

a 
j(x) = !{_(x - r rli}(- x - r rli-1 

a ex ex 
F(x) = exp{-(- x- r l}' -00 < x < 0 

a 
j(x) = J!..( _ x - r )Ii-l exp{-( _ x - r )Ii} 

a ex a 
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APPENDIXB 

THE EFFECTS OF STRESS IN THIN FILMS 

B.l The origin of stress 

A residual stress can be induced in Al thin films by thermal expansion mismatch 

between the film and the substrate material [163,164]. A simple example can be given 

by considering the one-dimensional approximation; if we neglect plastic deformation in 

the substrate and Poisson's effect, the thermal stress ath can be given as 

(B.1) 

where Bt is the Young's modulus of the film, at and as are thermal expansion coeffi

cients for the film and substrate, and t:,. T is the temperature difference. If films are de

posited at roorn temperature, there would not be any residual stress. On the other hand, if 

films are deposited at higher temperature, thermal stress develops in thin films as they are 

cooled down to room temperature. The ~ame effect can be expected when films are sin

tered at high temperature after deposition, which is common in the actual device fabrica

tion process; AI thin films experience several thermal cycle before the completion of 

device fabrication, such as sintering of films and deposition of passivation layer [165]. 

The variation of thermal stress in thin films after deposition and during heat treatment is 

schematically shown in Fig. B.l. In this figure, the stress development during a thermal 

cycle in films deposited at room temperature are compared with that induced during cool

ing of films deposited at sintering temperature. For the films deposited at room tempera

ture' compressive stress is induced during heating until the temperature reaches the grain 

growth temperature where the compressive stress can be released. The compressive 

stress can be also released through the formation of annealing hillocks. During cooling, 
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the residual compressive stress is further released by the induced tensile stress, and even

tually fums experience tensile stress. At the yield stress, a film deforms plastically, and a 

residual tensile stress remains; the induced stress during cooling of samples deposited at 

high temperature shows basically the same variation of stress as this except for the 

amount of plastic deformation. When both films are heat cycled again, then stress 

evolves from tensile to compressive stress during heating, and compressive and tensile 

during cooling. 

heating 

fUm deposited at 
sintering temperature 

T 

Fig. B.1 A schematic illustration of the thermally induced stress in thin films during 
heat cycle. 

The development of stress in thin films influences the physical properties of the 

film in two ways. First, the residual tensile stress can induce voids in interconnects. 

Secondly, the stored energy that was produced during thermal cycle can promote the 

polygonarization or recrystallization of film structure. 
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B.2 Stress induced voiding in AI interconnects 

Since 1984 it has been observed that voids form in AI interconnects under a pas

sivation layer, even under zero current density [168-178]. Since there is mechanIcal con-

straint in unpassivated interconnects, no stress voiding has been reported so far in the 

unpassivated lines. The void fonnation becomes more intensive as the induced stress and 

the thickness of the passivation layer increases, and as the effective line width decreases. 

The mechanism for void formation is known to be due to the diffusional creep in

duced by the stress in the interconnects; as a response to the stress, atoms redistribute 

themselves in the direction where the stress can be relaxed, and this process produce a 

vacancy flux. The vacancies can accumulate at the vacancy sink, fOfL11ing a void. The 

voids formed in narrow interconnects are often found to be transgranular slit-like, while 

wedge shape voids are more frequent in wider interconnects. It should noted that the 

stress voiding in AI interconnects is not necessarily accelerated at elevated temperatures 

because the tensile stress induced in films decreases as temperature increases. Usually, 

the film is stress free when the substrate temperature is around 300°C. The morphology 

of voids in narrow interconnects seems similar to the slit-void forming during electromi-

gration test. Since the electromigration test is usually performed at 200-30QoC, the slit 

void formed during electromigration should not be directly related to the inherent stress 

in thin films. 

Several methods have been proposed to reduce stress-induced void fonnation: the 

addition of alloying elements and the an irradiation of passivation layer. The addition of 

alloying elemellts is believed to retard the vacancy diffusioh, resulting in strengthening 

effect, and, hence, it can retard the formation of diffusion void; eu and Pd is such ele

ment [147, 175]. The reduction of inherent stress in passivation layer also can reduce the 

formation of stress induced void, which can be achieved by an irradiation of PECVD SiN 
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films with mercury light [169] Stress-induced void formation is a problem as serious as 

electromigration-induced failure, and more investigation is certainly required to control 

the problem. 

, "111 

B.3 Recrystallization in thin films 

B.3.1 Stored energy 

As shown in Fig. B.l, when AI thin films are heat cycled, or heat treated, the films 

are plastically deformed, accumulating stored mechanical energy in films. The evidence 

of plastic deformation in AI thin films by the thermal stress is shown in Fig. B.2: the slip 

lines found in samples deposited under the planarizing condition (Fig. B.2.A), and that of 

RTA heat treated of sample A (Fig. B.2.B). Since the plastic deformation of these films 

is mainly due to dislocation slip on crystallographic slip system, the passage of disloca

tions is visible as a line after deformation under TEM. The major slip system for dislo

cation in an Al crystal is on (111) plane in the [110] direction; each slip direction has a 

60° angle. As shown in the figures, the observed slip lines have an intersect angle that is 

close to 60°. The smaller angle in Fig. B.2.A is due to the curvature of the film surface. 

The formation of slip lines is very common in deformed materials; the slip lines found in 

304 stainless steel after 15% deformation is shown in Fig. B.3. Tht; slip system in 304 

stainless steel is the same as in AI because their crystal structures are the same, i.e., FCC. 

It can be seen that the intersect angle is close to 60°, and the spacing between s 1!.p lines is 

comparable to the that Fig. B.2.A. Thus, it can be qualitatively concluded that the plastic 

deformation in the films by thermal stress is substantial, at least more than 10% deforma

tion in heat treated samples used in this study. 

The quantitative measure of plastic deformation in thin films can be obtained by 

counting the density of slip li.nes after thermal cycle; however, it is usually difficult due 

to the unstable image of slip lines. The slip line is visible under TEM due to contrast in 
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Fig. B.2 TEM micrographs showing slip lines formed during plastic deformation during 
cooling after (A) deposition under the planarizing condition and (B) RTA heat 
treatment. (XBB 933-1216) 
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Fig. B.3 The image of slip lines found in 304 stainless steel after 15% deformation. 
(XBB 933-1217) 

the residual strain field or a surface layer of oxide formed after the dislocation glide. 

Since this contrast is very small and unstable, the image gradually disappear during TEM 

characterization due to local heating by electron beam [180]; it usually took 1 to 2 min-

. utes. In order to quantify the plastic deformation through slip line analysis, the above 

problem must be avoided. The next following steps can be recommended: 

1) Obtain the [110] zone axis using a one grain at high magnification. The slip lines in 

this grain will be lost, while those in other grains are protected. The best crystallographic 

orientation of the fIlm to obtained the slip line image is around [110] zone axis, because 

the displacement vector of slip lines is on the [110] direction. Only two sets of slip lines 

are visible at a given zone axis; the slip lines that is perpendicular to the beam direction is 

not visible (see Figs. C .2-3). 
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2) Wnen the zone axis is obtained, decrease the magnification and spread the electron 

beam. Under this condition, the slip lines in other grains that have similar crystallo

graphic orientation as the characterized grain show the slip lines. Take slip line images in 

those grains at a condition that the exposure time is the minimum. 

B.3.2 Recrystallization 

The formation of slip lines in thin films indicates that the thin film underwent 

plastic deformation during cooling after heat treatment. This plastic deformation in

creases the stored energy in films. It is well known that the energy stored by deformation 

can be reduced by polygonalization or recrystallization by either reducing dislocation 

density or creating dislocation free grain [181]. Both of mechanisms result in the de

crease of the grain size. Hence, when samples are heated after deformation, the grain size 

decreases until the reduction in stored energy is balanced with the increase of the energy 

by increasing grain boundary density: after recrystallization, normal grain growth driven 

by grain boundary energy is dominating. 

The rate of recrystallization is a function of the amount of stored energy, the 

heating temperature and the time. The relative importance of those factors requires in

tensive investigation to understand the recrystallization mechanism in thin films; how

ever, in this study, an attempt was made to qualitatively characterize the recrystallization 

in thin films. The main goal of this section is to show that recrystallization occurs even 

in thin films, which has not been studied before. In order to show that the grain size actu

ally decreases with the heat treatment (see Table 3.1) due to recrystallization, the grain 

size variation must be measured after each successive treatment. However, if the grain 

size variation is relatively small such that it is within error bound of measurements, which 

is the usual case, the conclusion can not be decisive. On the other hand, the decay kinet-
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ics of the resistivity can be used to monitor the grain size change by heat treatment. As 

introduced in chapter 3, the kinetics of the resistivity decay is sensitively influenced by 

grain size and distribution; it provides a good measure for the relative change of the grain 

size, if the initial condition of solute in films is the same. 

In order to investigate the grain size change with the heat treatment, the single line 

test s:tructure with 6 f.tm width of the samples deposited at room temperature and de

posited under the planarizing temperature were placed in furnace, and they are RTA heat 

heated at 500°C for 1 minute, followed by water quenching. The decay kinetics of the 

resistivity were measured at 225°C. Then, these samples are again RTA heat treated at 

500°C for 1 minute and quenched, and the decay was measured at 225°C as before. This 

cyclic heat treatment was repeated for several times, while the decay kinetics were mea

sured after each step; this is schematically shown in Fig. B.4. 

T 
1 min. 

500°C -

1st cycle 

225°C - - - - - - - .----. 

1 min. 1 min. 

2nd cycle 3rd cycle 

time 

Fig. B.4 The thennal cycle applied to the sample for the recrystallization study. 
Samples are rapidly heated to 500°C, and then quenched after 1 minute. The 
resistivity variation of samples were measured at 225°C between each cycle. 
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Fig. B.5 The normalized decay curve of the test lines after various heating cycles': 
(A) film deposited under the planarizing condition and (B) film deposited at 
room temperature. 
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Since the heat treatment condition at each cycle is the same, any change in the de

cay kinetics should be from the change in the size of Cu sink,. which is predominantly 

grain boundarit::s. The measured kinetic factor qi.., t) for samples after each cycle is shown 

in Fig. B.5; the scale factor [3 was not changed by the cyclic heat treatment. First, con

sider the case of sample deposited under the planarizing condition (Fig. B.5 .A). This 

sample is deposited at 450°C, and, thus, plastic deformation was induced during cooling 

as can be seen from the slip lines in Fig. B.5.3. As this sample is heat cycled further, the 

kinetics of the decay becomes faster up to the second cycle. After third cycle, the decay 

kinetics become about the same as those in the second cycle, although they are slightly 

slower. There is no significant change in the decay kinetics after the third cycle. On the 

other hand, the variation of the decay kinetics of the sample deposited at room tempera

ture show a different variation with the cyclic heat treatment (Fig. B.5.B). After the frrst 

cycle, the decay kinetics show the unique feature that was discussed in chapter 3; the de

cay becomes suddenly slower after 90 % of the decay, which is attributed to the bimodal 

distribution of grain size. Cyclic heat treatment after the frrst cycle changes the decay ki

netics in two ways. First, the initial decay is slower after the heat treatment. However, 

the later stage of decay becomes faster than the frrst cycle; the unique decay feature after 

90% of the decay found after the frrst cycle becomes invisible. As a result, the decay 

curve becomes generally slower and continuous without sudden change in the kinetic 

curve. As in the sample deposited under the planarizing condition, after the third cycle 

there is no significant variation in the decay kinetics. One more interesting observation to 

note is that the decay kinetics of both samples becomes almost the same after third cycle; 

they show about the same kinetics and curve shape. 

It was found that there are two competing forces acting toward microstructural 

change in this experiment: grain growth and recrystallization. If only the normal grain 

growth is working at the heat treatment temperature, the decay kinetics should decrease 
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with heat treatment cycle due to the increase in the grain size. However, heat treatment 

induces plastic deformation during cooling of the sample, and the resulted stored energy 

tends to recrystallize the film. Hence, the grain size of the film should be determined by 

the net of two driving forces: 

grain size = -recrystallization + grain growth (B.2) 

Since the temperature and time for the heat treatment is fixed for all cycles, the driving 

force and the rate of recrystallization is insensitive to the heat cycle; it should he rela

tively the same for each cycle. On the other hand, the driving force and rate of grain 

growth is grain size dependent, and, hence, the previous grain size influences the grain 

growth rate during next heat cycle; grain growth is faster in films with smaller grains. 

The sample deposited under the planarizing condition contained relatively large 

grains; the mean grain 'size is 2.4 ~m. During 1 minute heating of this sample at 500°C, 

grain growth would not be significant, rather the recrystallization should be predominant. 

Therefore, the grain size decreases with the fIrst few heat cycles, resulting in a faster de

cay rate. However, when the reduction of the grain size is big enough to induce a consid

erable rate of grain growth, the influence of the grain growth can not be ignored. 

Consequently, there exists a critical cycle after which the grain growth and recrystalliza

tion is balanced, 'and grain size is not changed by the further heat cycles. There is a 

quasi-steady state grain size after the second cycle. The same analysis can be applied to 

the case of sample deposited at room temperature. In the as deposited condition, the film 

contains extremely small grains, less than 0.4 ~m in diameter. Also, there is no plastic 

deformation and thus no driving force for recrystallization. Upon heating at 500°C for 1 

minute, an extensive amount of abnormal grain growth occurs, producing a bimodal dis

tribution of grain size; the bimodal distribution of grain size results in the unique feature 

of decay kinetics as discussed above. During cooling of this sample, film experience the 

tensile stress as shown in Fig. B.l, resulting in accumulation of stored energy. In the 
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second cycle, the stored energy tends to recrystallize the film, but this is overwhelmed by 

the grain growth rate due to small grains. However, the driving force for the recrystal

lization is effective on a few large grains in the films, making those grains smaller. Thus, 

the grain size generally increases, while the distribution becomes uniform by eliminating 

a few large grains; this explains the reason why the decay kinetics becomes slower after 

the heat cycle, while the later stage of the decay kinetics becomes faster. As grain size 

increases, the rate of grain growth decreases and reaches the point at which it is balanced 

by the recrystallization; this occurs at the third cycle. Qualitatively, the critical condition 

for films where the rate of grain growth and recrystallization is balanced should not be 

influenced by the initial grain structure, and, therefore, the grain size and its distribution 

after critical heat cycle should ~e the similar for each sample; the decay kinetics of each 

sample after fourth cycle is relatively the same. 

The analysis shown here is qualitative but it proves that recrystallization actually 

happens even in thin films, although grain size reduction by the recrystallization is not 

substantial compared to that in bulk materials. Since the grains in thin fums is extremely 

small compared to the bulk materials, grain growth can easily overwhelm the recrystal

lization during heating. It was possible to detect the grain size reduction by recrystalliza

tion in this study because the heating was done for only 1 minute, and grain growth was 

presumably retarded by grain boundary drag by the Cu or grain boundary pinning by the 

film surface; these factors made the recrystallization more significant. If pure Al thin 

films with wider linewidth are tested, or heating time is longer than 1 minute, the recrys

tallization of films can not be easily observed; this is probably the reason why only grain 

growth of films is observed in the conventional studies, in which films are heat treated at 

least 30 minutes. It appears that the phenomenon of recrystallization is not technically 

important. However, the growing tendency to deposit films under planarizing conditions 

as used in this investigation and to use RTA heat treatment for the device fabrication does 
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increase the potential importance of the recrystallization of fums. The several heat cycles 

that the interconnects usually experience during device fabrication would reduce the grain 

size, if fIlms are heated for a short period of time to minimize the undesirable diffusion 

problem. In this case, the electromigration failure statistics would be changed accord

ingly, which must be taken into account. The systematic study of recrystallization of thin 

films is highly recommended for technical importance, as well as scientific interest. 
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APPENDIXC 

THE ELECTRICAL RESISTIVITY OF DILUTE ALLOYS 

Since an impurity atom acts as a scattering center for electrons, the electrical re

sistivity of a sample is increased by the presence of impurity atoms, and the relation is 

expressed as 

p=Po+kC (C.1) 

where Po and k denote the resistivity of pure metal and the correlation constant7 respec-

tively. This is known as Matthiessen's rule [125]. This rule is valid as long as impurity 

atoms are uniformly distributed throughout the sample; however, when the sample has a 

ncn-uniform distribution of impurity atoms, a modification is necessary. Although 

eq. (C.I) can not represent the electrical resistivity of a whole sample, it should hold its 

validity at least locally. Now, consider the sample geometry shown in Fig. C.I. The lo

cal resistance in a unit volume dxdydz is 

dx dx 
oR(x,y,z) = p(x,y,z) dydz = (Po + kC(x,y,z)) dydz (C.2) 

The local resistance combines according to the law of parallel conductors to give the re

sistance of the yz plane at position x with the length of dx, ~Ryz(x) , and it becomes 

1 rW rT dydz 
o~z(x) = Jo Jo p(x,y,z)dx 

(C.3) 

and 

rW rT 1 
a~z<x) = Po[Jo Jo k dydzr

1 

1 +-C(x,y,z) 
Po 

(C.4) 
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Figo Col A graphic illustration of the sample geometry for the construction of the electri
cal resistivity 

Since the serial connection of conductor is established along the x direction, the total re-

sistance becomes 

(CoS) 

From eq. (C.4) and (CoS) the total resistivity of the sample is 

1WiL lwiT 
1 PT = Po L 0 [0 0 k dydzr

1 
dx 

l+-C(x,y,z) 
(Co6) 

Po 

Substituting Lu, Wv and Tw for x, y and z where u, vand w denote the nonnalized coor

dinates of the x, y and z axis, eq 0 (Co6) becomes in dimensionless form 

11 r1 r 1 1 -1 
PT = Po o[JoJo k dvdw] du 

1 +-C(u, v, w) 
(Co?) 

Po 

Since C(u, v, w) .s.1, the integral with respect to v and w can be performed as a geometric 

series [115]: 

rIll 1 k k 
[Jo 0 k dvdwr

1 = 1+ (-)X1 +(_)2(X~ - X2) 
l+-C(u,v,w) Po Po 

Po 
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where Xn is the integral of the nth power of C(u,v,w) with respect to v and w. Since the 

value k I Po is generally small for most impurities, eq. (C.S) can be approximated by !he 

[lIst two tenns when the concentration of solute atoms are small enough. Therefore, the 

total resistivity of the sample becomes 

Pr == Po + k J:J:J:C(u, v, w)dudvdw (C.9) 

This result leads to a modified Matthiessen's rule that applies to most dilute alloys, writ

ten as 

(C.lO) 

where C is the mean concentration, or equivalently the total number of electrically ac

tive impurities in a sample [117]. 
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