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Abgstract

The relaxation of thermal stress in 4 thio film adhering to a substrate
of differing sxpansion coefficient is discuszzed. Good agresement is found betwsen
literature data on relaxation dwring iscthermal anneals of Fb films at up to
350 K and model calculations based on a state variable description of plastic flow.
The stress system dwring relaxstion is explored, and the absence of diffusicnal
creep iz explained. The plasticity-dominated relaxation process suggest=d by this
analysis is shown to be in zood qualitative agreement with data on rapid relaxation
over the course of a c¢ycle between room end cryogenlc temperatures.
The implicetions of thi= picture for long-range material transport in the
film are discugged. In particular, it I3 shown thet hillock volume showld locreass
over the course of a temperature cycle. Finally, a mechanigm for hillock nucleation

based on grain boundary sliding ig suzgestad.




1. ' Introduction

The use of thin films of low melting point materials in modern electronic
devieces has recently focused afttention on damsge processas Iin these structures.
Some of these demage processes ares mechenical in origin. For exampls, a thin film
bonded to a substrate mey exparience Jarge siresses due to differentisl thermal
expanzion under temperature changes. For low aelting point materials, both diffumive
and piastic deformation processes may operste o relax thisg stress at room temper-
ature and below., Prediction of device failure due, for esxample, to hillock or void
growih requires knowlesdge of these stress relaxation mechanisms and the rates at
which they operate. This paper attempts to defipe a framevork within which the
required gquantitative calculations can he made.

Figure 1 depicts a common 1f simplified configuration. A [ilm of thickness
of the order of microns or less has been depostied on a relatively massive sube
gtrete. The film ls polycrystalline with a grain size of the order of its thick=
ness. Under a temperature change, a biaxial strain will be introduced in the

planes of the film; in the absence of relaxation this strain will be elastic and

will be given by T
1
¢ = (agapar (1)
0
whare @ .0, are the coefficient: of thermal =xpenszion for the substrate and the

film, respectively. In films of moderate thickness, relaxation processes ooour

which reduce this strain value zubstantially.

These effects have been studie=d sxperimentslly by Caswell et al,l G&ngulee,z

3

and Murakami,” among others. Varicus mpechanisms have been proposed to account for

the chserved relaxation as a functlion of temperature, and defurmation mechanism
maps have been prepﬂred.h Generally, the models adopted to describe plastic flow

were derived bvased on ¢Ireep data.




. In thiz work, we analyze recept data reported by Murakami on izothermal stress
" relaxation as 2 function of time. The constitutive equations adopted to describe
plastic deformation were deriwved primarily on the bas=isz of load relaxation tests
on bulk specimens. The effect of the substrate constraint on poasible stress
relaxation mechanisme is considered in detail. On the besis of these reaults, it
iz concluded that the overall stress relaxation is dominated by plastic flow even
in the preszence of rapid grain boundary diffusivity. This pilcture= is in good
qualitative agresment with observed behavior during cyclic tempersture changes.

The implicaticns of the interaction between plasticity and grain boundary

diffusion for hillock growth ere digscussed. Finally, & mechanism for nucleation

6f hillocks based on grain boundary zliding is suggestad.

2. Constitutive Relaticns for Plasticity

In order to determine the pogzible role of plastic deformation during stress
relaxation in these thin films it is necessary to adopt a model for plasticity. We
5

choose the state variable approsch of Hart,” which has enjoyed considerable success
in deseribing the nonelastic behavior of a number of bulk materials.s In perticular,
the basic experimental confirmation of this model hes been the locad relaxation test.

In such a test, elastic strain of the testing system iz converted inte non-
elastic strain of the specime=n: the change in the apwlied losd is related to the
sample strein through a machine mcdulus. In the present problem, =lastic strain
in the film plane is converted to plastic strain; the rate of chenge of the film
stress 1z then given by

G = ME_ = -Me (2)

wvhere é is the alastic strain rate, é the nonelastic strain rate (constant tem-

e

perzture), and M an appropriate modulus.

The relationship between stress and plastic strein rats iz given byﬁ‘ﬁ




o A
) log(%;} = {%;} {3)
E

where g* is a hardmess paremeter {playing the role of a yield stress); £* a rate
paraneter; and A 4 constant, found experimentally to be egqual to 0.15 in bulk
materials.

Although plastie deformation iz the result of dislocation glide on slip plenes,
the kineticsz are determined by ¢limb procasses at the leading =dge of dislocation
pileups. The perameters o¥ and E* are not indepandent; they are found to be
related by

m
it = {%} p o~Q/xT ()

where m iz a materials constant {m = L.0 for PbT}, ¢ a shear medulus, f & fregquency
factor, snd § the activation energy for self-diffusion. The significance of eq., {b)
is that once the relationship between o* and €* is established at a given tempera-
ture, it iz known at all temperatures. Thus, stress relexation date at various
temperatures can be modellsd using only one azdjustable parameter, o*. Further, ot
can be expected to be nesrly constant for similarly-prepzred specimens. Thus,

eq. {4) provides a powerful constraint on the azpplication of the constitutive
equation= based con state varisbles to the present problem.

It is known thaet dislocetion motion occurs in these films, although yield
stresses are considerably higher than in bulk specimens.l Flgure 2 shows typical
load=relaxation regults for bulk lead samples at room temperature; ot iz on the
order of 6.5 MPa (1000 pei). The single crystal data are well described by eq. (3});
increasingly polycrystalline specimens show the effect of grain boundary sliding,
significant evan at room tempermture ip Fh. 4As will ba demonstrated, grain boundary
sliding should not affect the osverall stress relaxstion in thege films, although it

may Be Important in other ways,
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. 3. Strezg-Relaxation [ats

3,1,8-10 Murakami and cg-workers at the IBM Wateon

In a zeriez of ztudies,
Rezearch Center have examinad the stress relaxation behavior of thin lead films
subjected to various thermal histories. Strain perpendicular to the film plane
was measured using an X-ray diffraction technique, and the stress in the film plane
calculated using a biaxial strain model.B It was found that, for films of moderate
thickness sublected to a change in temperature, a substantis]l fraction of the

elastic straln expected on the bezis of differential thermal expansion had relaxed

either during or shortly {2=3 minutes) after the tamperature ramp {primary relsxation).

Continued observation at the final temperature showed further strain relaxation at
2 much slower rats (secondary relaxeticn).

Although the primary relaxation was too rapid to follow in detail using the
X=ray diffraction tachaigque, the secondary process could be studied. This proup
has kindly provided to us experimental datsa, in the form of values for the change
in lattice parameter as a functicn of time, for comparison with model caleulations.
Film preparstion and experimental procedures have been desceribed elseuhera.3 The
Film= in question were deposited onto oxidized (1ll)-oriented silicon substrates,
ware of luy thickness and k.5u average grain size, and vere prepared to be atrain
free at room temperature. Stresses were thersfore tensile for T{Tambient and
compressive for the single set at 350 K. A1l the films exhibited a typical (111)
fiber stiucture, 1
Y. Comparison with Model Calculations

Stress values were calculated for the IEM data using the blaxizl strain model
and cumpared t¢ a model calculation for stress relexeticon by plastic flow. The
procedure waz Lo ecalculate g from the current value of the stress by use of egs,
{3} and {2) and integrate the regult stepwise in time. The modulus M in #q. 2 was
taken 85 equel to Young's medwlus. Ignoring the elastic anisotropy of Pb and the

biaxial nature of the deformation introduces anh error factor of order umity in &




but -does not affect the kineties or comparisons between results st different temper-

atures.

Best-fit values of 0* and &% were determined at 240 K; at other temperatures,
£* was calculated from the best-fit velues of ¢* using eq. (4). Because of the
uncertainty in the stress at times earlier then the {first availzble data, & con-
venisnt value of the stress near o% was sssumed for t=0, Since plastieclty is
highly nonlinszr the sffact of this procedure was 3 siight uncertainty in the time
axig of the simulation, whick was not significant given the nature of the data.
Thus 0% was the only adjustable paramster.

Experimental data and model calculations at these temperatuwres are shown in
Figz. 3-5. Agreement for other temperatiures at which data were available {260 and
220 K} was alsc excellent. The hardness parameter o* was found to be 83 MPa

~L .t 240 K.

{12000 psi) within sbout L0% for different specimens; 6% vas 10 ‘Tsec

The agreement between theory and expeximent af 350 K is particularly striking.
For thia temperatwe, stresses were compressive rather than tensile and the degree
of stress relaxaticn was substantially higher. These data are preszented in semi-
logarithmic form in Fig. &, along with the present model celeulation. Estimates
af *ple creep (due to grain boundary diffusicon) and Habarro=Herring creep (due to
metrix diffusion) based on the thin-film analysis of Gihhsll are slso showm. HNot
only is the relaxation rate incompatibie with creep, but the kinetics are not
axpenential as would be sxpected.

Wa conclude thet plastie flow iz the dominant mechaniem of stress relexation
in these ilms, at lesst for the secondary process studied here. In the remainder
of this paper, we will discuss the structure of the stress system in thin fiims and
its implications for atress relaxation and long-range materials transport. As will
be seen, it is posgible to develop a coherent picture of the primary ztage of stress

relaxation ag well.



_ 5. Thermal Stres:z System in Thin Films

Given the stress relaxstion rates evident from Fig. 6, the apparent sbsence
of grain-boundary diffusional creep in these films iz somewhat surprising. On the
other hand, Gibbs' expressions take acecount of neither the presence of a constraining
substrate nor the biaxial nature of the stress system in these specimens. As we
oow show, consideration of these aspects changes the picturs considerably.

Consider & single grain far from the film e=dge., Deformation of such a grain
during a temperature change is controlled by two constraints: that the strain at
the substrate interface be given by eq. 1 (condition of good adherence), and that
the deformation be compatible with that of neighboring grains.

For a grain of Tinite thickness, the equilibrium deformation due to the inter-
face constraint alone clearly involves decre=asing biaxisl strain with distance from
the substrate, For compatibility with neighboring grains, additicnal streins must
be introduced by stresseg acting across grain boundaries. The instantanecus grain
boundary stresses, then will be determirned by (but not directly proportiocnal to)} the
Aifference between the asctual elastier strain state of the grain and that which
would resuit from the interface constraint ecting zlone.

For an isotropic material, grain bhoundaries are irrelevant to the elastic
response and uniform biaxisl straip {s expeected. Ideally, deformation would be
supported entirely by film stresses and interfacial forces would be unimportant
except near the film edges. Esgentially, for a thia {sotropic film the deformaticn
in the interior due to the strain at the sdges is compatible with the sirain which
wvould be impozed at the interface directly by adhesion. TFor anisotropic materials,
elastic constants are not continuous acress grain boundaries and the strain state
of each grzin will be more complex. We beljeve that this effect can hHe neglected,
and in particular that a biaxial strein model bvased on wiform strain can give
reasonable zyerage values of plane stress besed on average values of the normal

gtrain from X=ray diffraction. In the fellowing dizecussion, therefore, we ignore




anisotropy. For convenience, we take grain boundaries as being normal to the film

plane, and illustrate the argument using a state of compressive strain.
Figure 7 depicts an idealized single grain, with reference atomic planes

indicated to 1llustrate the state of =lastic strain, under veriocu=s conditions of

deformation. In {a) the grain is unstrained (at the reference temperature), and in

(b} a temperature change has impoged a uniform strain with grein boundary normal
gtresses az shown.

Given a suiteble sink, grain boundary diffusion will oceur. Since the
strain is biaxial, all grain boundaries are more or less equally stressed and
transport must be to the film surface or to strain-free extrusions (hillocks) on
the surface. For many film matarials of engineering interest, including Fb, &
native oxide leyer inhibits surface diffusion. We aazume, therefors, that any
transport is primarily in the film {presumably to distant hillocks); we neglect
for the moment relaxation processes in the matrix. ‘

Transport of material from the grain boundary allows the grain te relax
outward, relisving the grain boundary and matrix stresses. Since the displace-
ments in the Tilm plane representing the difference between the initial strain
state and that dictated by the interface constraint are larger near the surface,
the transport is nonunmiform. Schematicelly, the grainp will relax through configs
urations gimilar to Fig. T{¢) to the limiting cage of Fig. T(4), where all grsin
boundary stresses have besn reiaxed, there 13 noe further driving force for grain
boundary diffusion, and the remaining strain is due zolely to the intarface con-
straint.

Te illustrate the nature of the meterjal transport, the final) state is
shovn wnstrained in Fig. T(e). HNote that retwning thelfilm to the reference
temperatgre would require the exiztence of tensile grain beundary and matrix

strezses even LThough no matrix processes have teken place,

]
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The reascon for the abzence of grain boundary diffusional c¢reep i3 now clear.
For polyerystalline creep to operate in the manner analyzed by Gibbs to operate,
the grains must be free to wove relative to sach other. This is necessary to main-
tain grein boundary stregsaes and provide materisl for continuing diffusion, but it
ie not possible if the film adheres to the substrate on a microscopic scale. In
these films, once diffusion has proceeded to the state of Fig. 7(d) (relaxing only
a small portion of the average plane stress) further relaxation requires the operation
of matrix procegses {bulk diffuaion or plastic flow).

Belore tuming to the role of matrix processes, it is necessary to observe
that the sequence deascribed above depends eritically on the absence of rapid relax-
ation at the interface {condition of good adherence). In fact, it is the adhsrence
betweaen film and substrate on this microscoplc scale which leads to the gradient
normsl to the film plane in the biaxial strain shown in Figs. T{c} and T(d).

lleing an X=ray line broadening technigue, Murakami has cbserved this gradient

3 It iz found that the gradient is established during the initial

in lesd rilms.
stress relaxation and persists during longer anneals. This iz the result expacted
if grain voundary diffusion initially cperates more rapldly than hulk relaxation
Procesges.

This result indicates that no interfacial provess, invelwing sliding or
gther rearrengement between {ilm and substrate, plays a significant role compared
to bulk processes. SBince it Is difficult to imagine that sudbstantial diffusion
in the interfzce can ocewr if thiz is 34, we conclude that the film-zubsirate
interface is not a good diffusion path.

It has been argued that, grain bouwndary transport being too slow, interfaciel
diffusicn is necessery to explain hillock grawth.lz This ¢ngclusion, howevar, de-
pends on the assumption thet diffusicnal creep processes compete with hillock growth

to relax stress. As we have seen, the usual polycrystalline diffusional creep pro-

cesses involring grain rearrangement cannot operate in the presence of good sub-




strate-film adherence, Even matrix diffusion is unlikely %o compete; slthough bulk
transport cen in principle remove nmaterisl from the interface area, the nearest un-
stressad region which ferms a suitable sink will be a grain boundary. As we shall
see, metrix processes which transport material into grain boundaries enhance,
rather than compate with, hillock growth.

We have shown that grain boundary diffusion can relax only & portion of the
thermal stress in these films. Further relaxstion requires rearrangement in the
grain matrix, and as noted above experimental studies suggest that the dominant
mechanism is plastic deformation.

The most straightlorwvard result of plastic flow under bisxial streszs is a local
change in film thickness; more complex effects are, however, likely. Consider the
two extreme cases of Fig. 8. In Fig. &{a) grain boundary diffusion has not opersted,
end dislocation motion on oblique slip planes is required to cperate in the presence
of grain boundary stresses as showvn., Clearly, stress can be relaxed by multiple slip;
transport of material is local.

If grain bouwndery diffusion is relatively rapid, however., we have the case of
Fig. 8(b), where grain boundary stresses have hesn relaxed. Plastic f{low can now
peeur without reference to the constrazints due to neighboring grains, compatibility
being assursd by boundary diffusion. Clearly, =lip on oblique planes will displace
material into the grain bouwndsry. In sddition, relaxation at the interface will
change the aguilibrium strain state of the entire grain, allowing material near
the surface to relax outward against the surrounding grains. The resulting restora-
tion of grain boundary normal siresses to maintain compatibility will drive further
diffusive transgport. The result is that, althoug the kinetica of stress relaxation
will Bbe centrolled by matrix plasticity, additional material will be removed from
the ilm plans to distant sinks (hillecks]. Thus under the conditioms of Fig. &(b},
plastic Flow facilitates, rather then competes with, grain boundary diffusional

transport.




-l

£. Primary Deformation During a Cyclic Temperature Change

Ehe complex nature of the stress system, and ef the interaction between plasztic
deformation and grain boundary diffusion, in thin films make development of a
quantitative model of stress relaxation difficult. It is possible that a finite-
element analysis of the stress system within a typical grain, carried out for a
suitable thermal history and using the plasticity model empicyed here, can be
integrsted into the overall picture of mess transport in thin films. Thiz problem
is presently being explored.

By taking sccount of the foregoing analysis and of experimente] dataz from the
iitersture, however, it is possible to describe the qualitative nature of stress
relaxaticn., It is instructive to discuss the behavior for a temperature cycle
between roofn tempersture and 4.2 K --= 2 thermal history of obvicus interest for appli-
cation of thin film devices. Wa new dizcuss the primary relexetion process which
operates during the temperature change,

Consider a thin film adhering to a substrate of lower coefficient of thermal
expansion, such &s the P films on silicen discussed earlier. We assume the presence
of sources and sinks of material for grain boundary diffusion, such as hillocks
resulting from previous temperature cycles.

As the temperature is lowered, tensile strain is continuously introduced into the
film. Graio boundary stresses which result will be relexed by diffusion; the equili-
brium stress will be determined by the cocling rate, the lepgth of the 4iffusicm path,
and the grain boundary diffusion coefficient &t the instantanecus temperature. A
gradient in the plane stress normal to the film wil)! he guickly astahlished.

The matrix stresses will increase until they approach the yield stress, at which
point plastic flow will begin, Theresfter, the tamperature dependence of the plastie
strain rate, reflscted in =q. (L), will be overwhelmed by the highly nonlinsar nature
of the streszs dependence of plastic flow [eq. {3}). We expect the temperature-normal-

ized matrix stress ¢/C to remain more or less constant during further cooling.
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Since grain boundary diffusivity decreases with tempersture, however, there will
come a point at which it iz negligible compared to plastic flow., We then have the
case illustrated in Fig. 8(a); plastic deformation continues, but intergranular com-
patibility localizes the material transport. This condition continues until cooling
ceages at cryogenic temperetures,

Upon reheating of the film, the strains introduced are compressive. Initially,
this serves to remove the residval tensile stressegz. (Because of the normel gradient
in the plane stress, during heating the top of the film will go into compression
bafore the region near the interface. This is not important to the preseant discuseion.)
As heating continues, the matrix stresses once 2gain approach the yield stress and
plaztic flow gecurs in compression.

At sufficiently high temperatures, grain boundary diffusien again becomeas a
factor. Transport of material to hillocks will relax the grain boundary stresses and
further plastic deformation will cccur under the conditions shewn in Fig. 8(b}. When
the temperatwre is then stabilized at the original point, further isothermal relaxa-
tion will reduce the final elastic atrains to quite small values.

The behavior described above is shown schematically in Fig. 9. In that figure,
the matrix stress during reheating is shown as having a smeller magnitude than that
during cooling. This iz a manifestation of the well-known Bauschinger effect; a
specimenn deformed .plastically iIEI. tension exhibits axtra strain as a function of stress
vhen subsequently compressed. In the present circumstance, this implies a reduction
in the equilibriwm stress during reheating. The szsential festwres of Fig. 9 ars
gvident in the exeprimental work of Murskami (compare Fig. & of his paperh].

The foregoing deseription exhibits an asymmetry between heating and ecooling which
explaine net long-range material transpeort over a tempsrature cycle. As noted
previously, plastic deformation wndar conditions of rapid grain boundary diffusivity
will contribute to diffusive tranazport, while in the absence of such diffusion galy

local thickness changes result. During the thermal history of Fig. 9, mere plastic
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strain above the minimum temperature for grain boundary diffusion ocecurs in com-
pressién than in tension.

The following arguent should make this elear. The elastis strain introduced
inte the film, in the absence of relexstion, upon a change of temperature is given
by =q. {1). The plastic strain at anytime is given by the difference between the
relaxation-free yvalus and the actuzl velue, which is koown from the stress. On ¢ool-
ing from rocom temperature (Tul te the nininum temperature for diffusion [Tl}, the
accumialated plastic strain is

ﬂsc = ITl {us-urJdT --E%E i (s

%o

10 is the stress at Tl during cooling send M is an approprimte modulus.

Upon reheating, the accumulated plastic strain above T iz of opposite =ign

where g

and is given by
¢

T
] 1H
Bey = ; {us—uf]d’f - G {6)
1l

e neglect the residuval elastic strein at room temperature as it i3 Emall-h The
net plastic strain is then
o + O

' e = ﬂEC + EEH =

net
> . .
Since [dlcl |01HF. Be .. hes the sign of a compressive strain. Thus hillock
volume is expected to incresse over the cowrse of a temperatwre cycle.
This is in good accord with experiment. Hillocks are cbserved to grow and
shripnk with changes in temperatur=, depspding on the tensile or compressive nature

of the plane stress.lg’l3 Repecated cycling between room and cryogenic temper-

atures, howaver, promotes continued hillock grnuth.l‘lu

T. Hillock Nucleation and Grain Boundary S5liding
Beczuse ths stressg levels achieved in thesge films are generally too zmall to

2llov homogensous nuclestion of hillocks,13 it is gemerally agsumed that some stress

concentration process must take place. Grain boundary sliding hasz been invoked as




a likely mechanism, and as previouzly menticoned, such slidipg strongly affects the
deformation rate of bulk leed specimans at room temperature.T On the gther hand,
the model calculations based on matrix plasticity at verious temperatures suggest
that thig is not true in these films.

It seems clear that the role of grain boundary sliding in stress relaxation is
geverely limited by the interface constraint. Substantial deformation by sliding
in the film plane would require ralative motion of the film grains, and as we have
seen good adherence to the substrate will prevent thizs. In sny eavsapnt, the shear
stfesses necessary to drive this type of deformation are nearly zere in the biaxial
strain field imposed by the temparature change.lh

On the othar hand, for grain boundaries not normal to the film plane thare
will be a shear componsnt promoting zliding out of the plane. The displacements
possible by thiz mechanism are limited by elastic accommodstion between the fixed
interface and the film swrface, and should be small. Thus sliding is unlikely to
affect the overall strain relaxation.

It is clear from the geometry of the problem, however, that plastic flow can
provide additional accommodation for this sliding motion. The besic grain boundary
gliding rate, then, will be a function of boundary crientation, matrix aceommodation
processes, and the intrinsic viscosity of the boundary. Additionsl retardation,
and stress concentratien, will result from impurity particle=s and grain bowndary
ledges.

It iz the stresg concentration at ledges which may lead to hillock nuclestion.
Figure 10 depicts an oblique grain boundary with a ledpe making a shallow angle with
the Ffilm surface. £liding in the sense shown will incresse stress at the ledge;
transport out of the ledge by grein boundery diffuesion will relax it. The peak wvalue

of the resulting stress will oecur only after some incubation pericd and will depand

on the relative rates involwved; if the stress concentraticn is sufficient, the tip

of the ladge can extrude to form & hillock nuecleus on the swrface,
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Once formed, the hillock can guickly relax residual plane siresaes by sliding at
the hillock=fllm boundary. This boupdary is free of normal stiresses and will be &
sink for grain boundary diffusion; the hillock cen increase in height by accretion at
the bottom surface, a process which is suggested by the faet that the top surface
structure of hillecks iz generally stable during growvth or shrinkagg.12*13 Lateral
growth of the hilleck will be rasisted by the surface oxide layer, although lecal
wesknesgg of the layar, and slip processes which disturb the film surfaca, cshould
fecilitate such growth. In fast, lateral growth of hilloeks is found to be err&tic.la

If the sliding rete is sufficiently slow, grain boundary diffusion will relax
the stress concentration and nucleation will not cecur. It has been observed that a
3003 layer of Hi at the film-substrate interface prevents the formation of hillocks
in 2y 8n films.lE This was assumed to result from & reduction in interfaciel 4iffu-
sion, elthough retardation of grain boundary sliding was mentioned 2= en alternative
explanation. Since diffusion at the film-substrate interface does hot appesar Lo play
a rele in hillock growth, we prefer fhe second explanation, which effect is probably
due to formation of Ni or Ni-8n compound particles in the grain boundary.

Since the critical balance batwesn 31iding rate and diffusive relaxation will
depend on the specific geometry of the boundary, some sites will be more ravorable
for hillock nucleation than other:z., Tt would be interesting to explore the effect
of intergranular impurity particles, heating rate, and tempersture on hillock density

in a2 controlled meEnner.

8. Conclusions

Model calculations have been carriad out for the contribution of watrix plasti-
city to the slow gecundery relaxation of thermally-streszsed thin films, based on a
state variable approach. The results suggest that plastic flow is the dominant
mechanism and is well represented by the constitutive gquations based on state wari-

ables even at the high yield stresszes involwved.




Coneideretion of the nature of the substrate constraint (condition of good
adherence) zuggests an explaoation for the evident absence of diffusional ereep.

The iniersciion between plastic flow and grain boundery diffusion seems capable of
explaining the cobserved nature of the rapid primary relexation stage s3 well.

The picture that has been developed predicts coptinued accumulation of material
in surface hillocks during cycles hetween room and cryogenic temperatures. Biffusicn
in the film-substrate interface does not appear to pley a role in hillock growtih.
Hillock nuclestion sppears To be the result of concentration of stress at grain
boundary ledges pear the surface by sliding.

The complex nature of the stress system in these films mekes quantitative
predictions difficuit, except In the relatively zimple case of the secondary
relavation. It is hoped that further work based on the lramework presented hers
will allow the caleulatien of the inersmssze in hillock volum=, and the axtent of

other damage processes leading to device failure, dwring various theymal histories.
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Flgure Captions
Simplified picture of 2 portion of a thin polycrystalline film adhering to a

subgtrate. Under a temperature change, a biaxial strain is imposed in the plane
of the film. When the regulting stress is coppressive as shewn, one result of

relaxetion is the formation of hillocks on the film surface.

Results of load relaxation tests on bulk Pb specimens at room temperaturs

{frem Ref. T).

Measured and calculated values of the tensile plane streszs during an izothermal

anneal at 220 K.

Measured and calculzated values of the tensils plane stress during an isotherm=l

anneal at 240 K.

Measurad and calculated valueg of the compressive plane stress during an isother-

mal anneal at 350 K.

Megsured values of the compressive plane stregs during an iscthermal anneal at

350 K, compared with the plasticity model, grain-boundary diffucional (Coble)

aresp, and bulk diffusional {Habarro-Herring) cresp.

Single film grain on a substrate, with reference atomic planes indicated to

illustrate the state of elastic strain, under various conditions of deformation.

Arrows illustrate grain boundary normal streszes.

(a) Undeformed.

{b) After an instantenecus temperature change.

{c) During relaxation due to grain boundary diffusion.

(d) Limiting case of {c}.

(e} Unstrained grain after diffusion, to illustrate nature of meterial transpert.

Hature of material transport due to plastic flow.

{(a] Local transport due to multiple slip in the presence of grain boundary
streszes.

(b} Transport of materisl into the grein boundaries, by slip and by relsxation




1A=

of egudilibriuwm elastic strain, in the absence of grain boundary stresses.
9, Plane stress as a function of temperaturs during cooling, reheating and
subsequent room temperature anneal.
10. Shear stress and resultant sliding at an obligue grain boundery, showing a
grain boundary ledge configuration at which stress concentration and nillock

nucleation may ocour.
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