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STRESS DISTRIBUTIONS AND THIN FILM MECHANICAL PROPERTIES

The physica! origin of the magnitude of the stresses
may be most easily understood by thinking of the cor-
responding strain which generatesthestress. It may be a
distributive process such as thermal expansion or a more
localised process. Differential thermal expansionstres-
ses may be calculated from the thermal expansion
coefficients which are fortunately isotropic for cubic
single crystals and polycrystalline materials. Differential
thermal expansion strains are reversible so long as no
relaxation takes place. Indeed, such a use of tempera-
ture induced stresses may allow the determination of
onset of flow processes as well as the measurement of
elastic constants or temperature coefficients for film
materials.” Anomalous values of thermal expansion
upontheinitial heating of a system generally are evi-
dence for recovery processes in the film rather than
abnormal expansion coefficients. To oversimplify, the
thermally induced stresses are commonly dominant in
the cases of very high temperature depositions having a
thermal mismatch, but can also be overwhelming in the
case of very low melting point materials such as lead
when cycled to low temperaturesas is shown in a very
detailed series of papers by Murakami? andothers. In
these papersthe stress observed in the film is generally
smaller than that calculated from the expansion
coefficients. This difference arises because of the reco-

very processesin the specimens whichin turn are related
to the grain size and microstructure of the lead film. This
work, perhapsthe mostdetailed study of the relaxation
processes in a film substrate system, emphasizes the
importance of orientation effects, dislocation motion,
and diffusion during the recovery.

The so-called intrinsic stresses, which should perhaps
more properly be thought of as growth stresses, arise
from different constraints which occur during film
nucleation and growth. In Fig. 2 primarily those proces-
ses which are active during the deposition processitself
are shown andshould be consideredasillustrative rather

than all inclusive. As long as the atomic process involves
a scale small comparedto thefilm thickness, or perhaps
the technique involved in the stress measurement, a
homogeneous macrostress is observed as long as the
mechanism is constant with film growth. Such a process
is indicated in Fig. 3(a). Of course spatially localized
regions, commonlythe film/substrate interface or the
outermost layers of the film, may harbor additional
contributions. As regards the observed distributions, an
interfacial contribution would appear (Fig. 3(b)]. The
literature often presents the thickness dependence in
three ways: the force per unit width, the averagestress,
and the stress distribution. For a stress generating
mechanism localized at an interface, the average stress
decays somewhat hyperbolically. Note thatit is useful to
carry out a dynamic measurementin whichthestressis
measured as a function of thickness in order to most
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Figure 2. Physical origin of intrinsic stresses during nucleation
and growth of deposited films.
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Figure 3. (a) Volumeand(b)interfacial contributionsto the three
distributions commonly reported in theliterature. (1) Force F; (2)
averagestress, S = F/t; and (3) instantaneousstress, S, = dF/dt. t
is film thickness.

easily identify the physical mechanism involved in the
origin of the stress.

The goal to understandthe physicalorigin of the large
growthstresses is best reached through a knowledgeof
the film microstructure followed by semiquantitative
concepts for the constrained volume change. Kinetics
may be introduced crudely and are consistent with the
observation that the growth stresses are small for
temperaturesat which the film atoms have considerable
mobility (> Tn/3, Tm is melt temperature), As indicated
in Fig. 2, surface and interfacial energies dominate
during discontinuous’ and epitaxial growth while grain
boundary structures are most important for thick poly-
crystalline films.

The largest stresses are about 1%ofthe elastic modu-
lus, and are found in medium to high melting point
metals condensed on substrates held at temperatures
<Tn/4. For 200nm Ni films, the stresses are

~1 GPa tensile® in polycrystalline films with ~40 nm
diameter columnar grains, but larger grain. sizes and
oxygen impurities lowerthe observed stress.° No stress
relaxation is observed near room temperature. The
force-thickness curverises linearly giving confirmation
to the volume generated stress mechanism ofFig. 3. A
close examinationof such data in the island growth stage
shows a dependence on substrate material, presumably
as a result of nucleation differences.

Growthstress tensionis attributed to a film shrinkage
during growth and commonly found for metallic

deposits. Several microstructural models have been
proposedfor the origin of these stresses. ' Ion implan-
tation, gas entrapment during sputtering, or atomic
peening during magnetron sputtering’ are additional
mechanisms which give rise to compressivestresses.It is
suggested that the recentliterature be consulted for the
details for a particular technique or material. However
the growth stresses often exceed those of thermalorigin
andlead to a driving force for mass transport andfailure
if they are not controlled.

Figure 4 indicates the contributionsto stress changes
arising from a post deposition treatment. The foremost
one correspondsto a recovery or recrystallization when
the annealing temperatures are sufficiently high
(>Tm/3). The large grain boundary volume in poly-
crystalline films provides ready paths for mass flow.
Stresses arising from surface oxidation have received
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Figure 4. Typical mechanisms resulting in stress changes after
film deposition.

recentattention as the origin of work softening of b.c.c.
bulk materials.*

Thus the total stress distribution in a film/substrate
package will be the sum of contributions from differen-
tial thermal expansion, growth stresses, and subsequent
processing. The detailed contributions are commonly
not knownfora given system, although a given property
will depend only on the total stress. Our knowledge of
the relaxation processes is so poorthatit is only known
in a few instances’ whether observedstrains are deter-
minedbythe stress production mechanism oressentially
flow stress limited by the relaxation.

The objective of a simple quantitative model for the
total stress in polycrystalline films is partially reached for
the case of relatively pure metals when no relaxation is
found. Therole of impurities and initial growth stages
have a qualitative explanation in terms of the micro-
structure. Dielectric films generally have a porous
structure resulting in a sensitivity to the atmosphere with
both reversible andirreversible stress changes following
exposure to room ambient.

STRESS DISTRIBUTION

In this section the spatial variation of the stress in the
plane of the film is considered, although of necessity the
dimension perpendicular to the plane must also be
examined. The variation of the stress near the edges of
the film or within a particular grain of a continuous
sample is calculated. The importanceof stress gradients
nearthe film edges andits relationship to the ‘adhesion’
has been considered previously.” However, since the
cross-section of individual units in submicrometre

structures are more apt to be square than planar, the
importance of stress distributions in extremely small
samplesis presently of major importance.

For simplicity we consider that the mechanism giving
rise to the stress is uniform. Because no forces are

applied at the edgeof the film, the free edge deforms so
as tosupport the interior forces. We anticipate that there
will be a characteristic distance for which the elastic

distortion takes place, and the one-dimensional cal-
culation showsthat this distance is essentially the film
thickness.

In order to understand the mannerin which a stressed

thin film transmits forces to its substrate, a continuum
elasticity approach is taken. A thin film of thickness ¢ is
deposited on a substrate, and a very narrow cross-
sectional slab is sliced from the coated substrate. The

side view of the slab is one of a rectangular piate of
length LE and height ¢ attached along its long edge to
whatshall be assumed as a semi-infinite, rigid medium.
This last assumption is very reasonable since the sub-
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Figure 5. The boundarytraction problem of a thin film under
uniform intrinsic stress constrained to a rigid substrate.

Strate thickness is usually at least 1000 times thicker
than the film.

Bending plate experiments show that the condensed
thin film possesses a largeintrinsic stress, o;, thatlies in
the plane of the film, isotropic, is nearly uniform
throughout the thickness, and is uniform over most of
the area of the film. Consequently, a slab of thin film
attached to its substrate is undera state of stress nearly
identical to that of a rectangular plate that is clamped
along an edge and that has undergone thermal expan-
sion. Thelatter situation has been treated approximately
by Aleck.’° According to Aleck the problem is first
converted to one of boundarytractions. The film is
detached from the substrate and allowed to relax. To

bring it back into a uniform state of intrinsic stress one
imagines applying a uniform normalstress of magnitude
g; to the endsofthe film as shownin Fig. 5(a). Next, one
imagines attaching the film back to the substrate and
applying a uniform compressive stress o, to the ends,
whichin this case is equal in magnitude to o; because at
the edge of the film there are no net applied normal
boundary tractions. Consequently, one arrives back at
the original situation whichis depicted in Fig. 5(c) where
o;—o,=0. The problem is therefore one of finding the
state of stress for the situation depicted in Fig. 5(b) and
addingtoit the state of stress depicted in Fig. 5(a). Note
that the x direction is parallel to the film plane and the y
direction normalto that plane.

Aleck solved the case for the stresses along the
film/substrate interface for L >t. The curves plotted in
Fig. 6 are based onhis result. The origin is at the edge of
the film. The pertinentfeaturesare (1) o, is just equal to
go; until onegets within a distance ¢ of the edge,(2) alarge
shear (> 2c;) lies within a distance t of the edge, (3) a
concentrated stress normalto the interface of magnitude

Stress,xq; 
o !.OF

Distance along interface

Figure 6. Normal and shear stresses near the free edgeof a film.
a, isin the plane and 7,, the only shear component. The units are
normalized to the intrinsic stress and film thickness.
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Figure 7. The interfacial stresses for a grain whose length equals
its thickness and has a uniform stress applied to its boundaries
normal to the substrate plane.

of about 100; lies at the edge, and (4) there exist no
non-zero shear stresses or stresses normal to the inter-

face once at a distance somewhatlarger than ¢ from the
edge. The value of o, normal to the plane at the film
edge is an estimate since the elastic equations have a
singularity at that point. Recent calculations by I. A,
Blech (personal communication) indicate the solutions'”
are qualitatively correct, but too large by a factor of
~2-5. Practically, plastic deformation or fracture may
take place to limit the stresses. For films that possess a
tension intrinsic stress (co; greater than about 0.1 GPa)
film ‘adhesion failure’ can occur at sharp edges of the
film or defects in the film that are produced byscratching
or fracture. This phenomenon is indeed one that is
observed. Additionally, no such failure is expected to
initiate at locationsinterior to the film that are more than

a few film thicknesses away from any edge. We mayalso
calculate the stress distribution within a single grain of a
continuous polycrystalline film. A boundarystress oj,
produced by the interatomic forces across a grain
boundary during growth, is used to calculate the stress
distribution within the isotropic grain. The boundary
stress o, shownin Fig. 5(b) is equal to —o; and nostress
sources are present within the grain. The curvesplotted
in Fig. 7 are the interfacial stresses calculated from this
geometry. Theorigin is placed at the center of the grain
and L = 1. Large forces are found near the edge of the
grain if o, is appreciable. Since o, is —o; for this case, the
interfacial normal stress co, acts in a direction opposing
film/substrate cleavage. The grain boundary forces lead

a, on boundary
of grain

o, at center
of grainStress,xo, 

0 0.57 1.07

Distance from interface

Figure 8. The distribution of stress parallel to the substrate plane
through the film thickness in a grain whose length equals its
thickness.
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to similar shear stresses localized at the boundaries that

can lead to plastic deformation at the film/substrate
interface.

The variation of the elastic stress o, with the distance
from the substrate is shownin Fig. 8 for the same grain at
the grain boundary and at the center. Theo, distribution
changes continuously from o, =9; at the boundary to
the one shownin thefigure at the centerof the grain. The
figure demonstrates that the stress in the plane of the
film has the largest spatial variation near the substrate.
In planes farther from the interface than half the film
thickness, the planarstress is essentially constant.

Similar strain profiles have been determined on the
basis of an exponential elastic relaxation near the edges”
for isolated grains of different sizes. When the grain
diameter is comparable to the thickness a sizeable
portion of a given crystallite has large stress gradients.
The thickness dependenceof the stress relaxation in Pb
films is related to the crystallite aspect ratio.

Strain gradients in the substrate may also be cal-
culated. Blech and Mieran'’ have calculated that a
region of lattice expansion is followed by lattice
contraction in the surface region of a silicon wafer as one
moves away from an edge of a window etched in the
steam grown oxide layer under compression. The
important point is that the strain gradients are localized
(~ 50 film thicknesses) near the film edge. Lattice rota-
tion, expansion, and contraction aj] occur, and X-ray
scattering is enhanced. This distribution has recently
been confirmed by 0.01 mm spatial resolution lattice
curvature measurements by X-ray topographic tech-
niques.

Chow'® has treated the case of an external traction
applied to an elastic substrate with a brittle film. Similar
conclusions are reached; namely, the stresses are nearly
constant except near the film edges. Since Chow essen-
tially assumes the internal stresses are zero, there are
several differences from the deposited film case, for
which planestress is found, a, is small except near the
edges, and the neutral plane is not at the geometric
center when longitudinal forces are considered in addi-
tion to pure bending.

 

INTERFACIAL FRACTURE

The preceeding elastic calculations confirm what
experience has already taught us: the edge of the film
or a crack resulting from a defect or film fracture forms
an especially favorable spot for the beginningof failure.
The propagation of a crack, either as a result of the
large normal forces for a film under tension or the de-
lamination that may take place because a film under

Plastic zone

 
Figure 9. Stress distribution in front of growing crack for a
material of flow stress ao.
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compression is too large for the substrate, becomes the
province of fracture mechanics.

For brittle materials, the Griffith concept has been
successfully applied by Matthews and Klokholm’’ to
analyze the cracking of magnetic bubble films. For a
given applied stress, one failure mode took place when
the film thickness exceeded the Griffith crack length.
Chow”hassuccessfully applied fracture concepts to the
case of a brittle film on a stretched elastic substrate.

The fracture toughness approach incorporates the
effect of plastic deformation near the tip of the pro-
pagating fracture as indicated in Fig. 9. Briefly, the
approach defines a material constant which can be used
to predict the critical stress which must be applied for a
crack to propagate rapidly. The stress state and failure
mode are important in the quantitative relations. The
critical region is the stress peak near the growing crack
tip, and the onset of plastic flow actually reduces the
stress concentration at that point. If the highest stress
that the material can sustain is the flow stress, a relation
of the form K = Yoa’”” may be used, where K is the
material fracture toughness parameter, Y a propor-
tionality factor which is geometrically dependent, o the
applied stress, and a the half-crack length. When the
elastic energy released by the crack growth exceedsthat
absorbedbythe plastic flow aheadof the crack, a rapid,
and often catastrophic, failure results.

It seems obviousthat this approach should be applied
to thin film failure asit has in adhesion.'*'” However, no
thin film data in which the fracture toughness approach
has been evaluated to give a useful parameterization are
knownto the author. Often it is not known if the crack

propagationis taking place in the film, or substrate,or at
the interface on an atomic scale. Furthermore, the
mechanical properties of the material comprising the
interfacial region are not those of either bulk film or
substrate. Cases of brittle intermetallic compounds and
large stress gradients are known.'® It is suggested that
progress will come when the fracture toughness
approachis extendedto the film geometry. Direct tensile
measurements on micrometre size specimens are now
possible following the development of the nanoten-

silometer’® and applicationsto film materials will follow.
The challenge to produce higher strength materials for
specialized purposes by structure modulation is within
sight.

 

SUMMARY 

Qualitatively, we already have an approach to under-
standingfailure in film structures maintained at modest
temperatures and environments. The total film stress
must be determined first. If it is less than ~0.1 MPa

generally no problemsare anticipated. If it is in the
gigapascal range, especially if brittle intermetallic
compounds are formedatthe film/substrate interface,
failure is rapid whena critical thickness is reached and
the forces can no longer be supported across the inter-
face. Fracture is possible in either the film or substrate
material. High temperatures with dislocation motion or
the diffusion of impurities along the interface, perhaps
driven by the stresses, may lead to a slow failure. Our
predictive capacity is not good here; for a longer time
scale where fatigue and creep are important we have no
literature background to date.

We can summarize the present knowledge of
mechanical properties of thin films as follows:
1. Elastic moduli and thermal expansion coefficients are

the sameasabulk phase of the same composition and
microstructure with the exception of the surface
region.

2. Large intrinsic stresses are developed during film
growth. They are subject to some control by deposi-
tion technique and process variables through the
microstructure. Thermal stresses often dominate at

high temperatures.
3. The stresses and stress gradients serve as a driving

force for relaxation and property inhomogeneities in
addition to the better known catastrophicfailure.
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