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1 Resear
h Results During Funded Period1.1 Resear
h GoalsThis resear
h program was designed to model and simulate phase transformations in systems 
ontainingdi�usion barriers. The modeling work in
luded mass 
ow, phase formation, and mi
rostru
tural evolutionin interdi�using systems. Simulation work was done by developing Cahn-Hilliard and phase �eld equationsgoverning both the temporal and spatial evolution of the 
omposition and deformation �elds and otherimportant phase variables.In the original work one-dimensional analyti
al solutions were developed to test methods and to gaininsight as to phase evolution in interdi�using systems. This s
ope was expanded to in
lude resear
hrelated to systems with di�usion barriers. Two proje
ts were su

essfully 
ompleted. The �rst involvedmi
rostru
ture evolution in thin �lm systems, while the se
ond involved rea
ting systems under highele
tri
al 
urrents (ele
tromigration). The latter proje
t was based on experimental results in lead freesolder systems.Most of these resear
h topi
s were initiated and performed in 
onjun
tion with 
o-PI Professor W.C.Johnson at the University of Virginia. This was a

omplished by working visits by PHL to the Universityof Virginia over the 
ourse of the grant, and at 
onferen
es in those years. WCJ and PHL also had regularphone dis
ussions.1.2 One-Dimensional Phase Evolution in AlloysWe used Cahn-Hilliard type equations to model the evolution of mi
rostru
ture in bulk alloys. This workemphasized the role of 
ompositional strains and elasti
 e�e
ts on spinodal de
omposition and 
oarsening.We found that elasti
 e�e
ts 
an favor nonequilibrium phases, 
an signi�
antly alter kineti
 paths, and 
angenerate unexpe
ted sequen
es of phase formation.1.3 Phase Transformations in Thin FilmsJust as in bulk systems, elasti
 stresses in solid thin �lms a�e
t their me
hani
al and ele
tri
al properties.For example, stresses may lead to me
hani
al failure, su
h as fra
ture due to tensile stresses, and wrinklingand lo
al loss of adhesion at the �lm-substrate interfa
e [M. Ohring, Materials s
ien
e of thin �lms, 2nded., A
ademi
 Press, San Diego, 2002℄. Elasti
 stress 
an also be used in appropriate ways to improve theperforman
e of 
ertain ele
troni
 devi
es.In order to examine these issues, as well as to develop a general tool to study phase evolution inthe presen
e of di�usion barriers, we expanded the one-dimensional phase �eld model des
ribed above tostudy 
omposition and phase evolution in two or three spatial dimensions. As a ne
essary step to makethese methods 
omputationally eÆ
ient, we developed new analyti
al results to 
al
ulate the elasti
 �eldowing to 
ompositional strains in two and three dimensions, 
omputationally a very time 
onsuming step.These results give the elasti
 �elds arising from 
ompositional strains for an arbitrary 
omposition �eld
(x; y; z) in a thin �lm on a 
ompliant substrate. Using these analyti
al solutions, the performan
e of the`semi-analyti
' elasti
ity solver used in the simulations was signi�
antly improved.These phase �eld model and the elasti
ity solver were used to study phase evolution in isotropi
 andanisotropi
 (
ubi
) �lms, where the �lm is either free-standing or atta
hed to a substrate. Stresses in the�lm arise owing to both 
ompositional self-stress and, in the �lm-substrate 
ase, mis�t between the �lm andsubstrate. Numeri
al simulations in both two- and three-dimensions were performed for the 
ompositionevolution. Results show that elasti
 strength, epitaxial mis�t, elasti
 anisotropy, external me
hani
alloading and �lm-substrate geometry a�e
t both the kineti
s of evolution and the long-time metastable
2




on�gurations of the evolution. In parti
ular, we observe phenomena su
h as forming of 
olumnar stru
ture,swit
hing of layers, and phase alignment in preferred dire
tions.1.4 Phase Transformations with Ele
tri
al CurrentsEle
tromigration arises when an ele
tri
 
urrent is applied to a metal. It is 
aused by the intera
tionbetween the applied ele
tri
 �eld and the positive ions, and the subsequent s
attering of these ions and the
ondu
tion ele
trons (wind for
e). There is also a Coulomb for
e a
ting on the ions a
ts in the oppositedire
tion to the wind for
e. Ele
tromigration is believed to be the main 
ause of failure of integrated
ir
uits and mi
roele
troni
 devi
es. For example, in metalli
 inter
onne
ts (made of Al or Cu) the orderof magnitude of ele
tri
 
urrent densities| 106 A/
m2 |and the range of temperature at whi
h thedevi
e operates| 100 oC or higher |drives ele
tromigration 
ux large enough to 
ause void nu
leationand growth that ultimately leads to a opening in the inter
onne
t [K.N. Tu, J. Appl. Phys. 94, 2003℄.Ele
tromigration is also important in solder joints, even though the average 
urrent densities 
arried aretwo orders of magnitude lower than in inter
onne
ts. Ele
tromigration in solder joints lead to ex
ess growthof intermetalli
 
ompound that 
an 
ause mi
ro
ra
ks to initiate [L.E. Felton et al., Appl. Phys. Lett. 54,1989℄.We studied the role of ele
ti
 
urrent on interdi�usion and phase formation in model solder joints. Thesolder joint and metallization 
onta
t are not in thermodynami
 equilibrium and interdi�usion is likely too

ur during use. Interdi�usion 
an lead to intermediate phase formation, the growth kineti
s of whi
hare dire
tly a�e
ted by the ele
tri
 
urrent and ele
tromigration [e.g., C.M. Chen and S.W. Chen, A
tamater., 2461 (2002)℄. Together with W.C. Johnson and his group, we developed an analyti
 expressionfor the thi
kness of an intermediate phase as a fun
tion of time in the presen
e of an ele
tri
 
urrent.We negle
ted elasti
ity but 
onsidered that the phases 
an have di�erent ele
tri
al 
ondu
tivities. Resultsagree with the experimental work of Chen and Chen, who des
ribe and measure the the growth rate ofintermediate phases in Sn/Ag and Sn/Ni systems at di�erent temperatures as a fun
tion of the applied
urrent.Chen and Chen's mi
rographs also show that one of the interfa
es between the metal and the inter-metalli
 is slightly 
orrugated, reminis
ent of morphologi
al instabilities at planar two-phase interfa
es.This motivated us to perform a morphologi
al stability analysis of growth in ele
tromigrating systems. We
onsidered small perturbations of the planar interfa
es between the intermediate phase and the surroundingmetals, and analyzed how the applied 
urrent will a�e
t their morphologi
al stability.We found that that the primary fa
tors that determine whether ele
tri
 
urrent 
an destabilize aninterfa
e are the dire
tion of the ele
tri
 
urrent and the ratio of the 
ondu
tivities a
ross the interfa
eof interest. Instability 
an only o

ur if these parameters are in spe
i�
 ranges; for example, an interfa
e
an only be unstable if 
urrent enhan
es di�usion and the 
ondu
tivity in
reases a
ross the interfa
e (inthe dire
tion of 
urrent). These are ne
essary but not suÆ
ient 
onditions, as the detailed 
onditions forinstability{e.g. the pre
ise magnitude of the 
urrent required to destabilize an interfa
e{ depend on thethi
kness of the intermediate phase as well as other system parameters.Based on these results, we 
on
lude that ele
tromigration driven instabilities in the systems 
onsideredby Chen and Chen are very unlikely. We 
ontinue to sear
h for experimental 
ases in whi
h ele
tromigrationdriven instabilities are observed. We are also 
omparing our analyti
 results with W.C. Johnson's workusing phase �eld modeling for ele
tromigrating systems.
2 Personnel� Perry Leo is Professor and Asso
iate Head in the Department of Aerospa
e Engineering and Me
han-i
s at the University of Minnesota. 3
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ationsThe following publi
ation have resulted from resear
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tural Materials II,(TMS-AIME) pp. 203-214, 2001.5. W.C. Johnson and P.H. Leo, Sequen
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aland Materials Transa
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rostru
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tions 34A, pp. 1421-1431, 2003.DOE a
knowledged for Leo's 
ontribution.7. Yubao Zhen and P.H. Leo, Three-dimensional 
ompositional elasti
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