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ABSTRACT

. The importance of the mechanicsl properties, snd especially

the stress developed as a result of deposition processes and thermal
treatment, is demonstrated by significant changes in meny proper-
tges, in mess transport, and failure. In this review we first
define the stress system, including non-uniform stress distribu-
tions and interfacial stresses. Different measurement techniques
are compared and the restrictions on the elastic bending equa-
tions developed for the most common geometries.

Aveilable data for elements, compounds, snd glasses is cata-
logued and examined for systematic trends. Growth and crazing
patterns can also supply quelitative information. The concepts
which have been successful in ‘detailing the origin of intrinsic
stress in metels are briefly treated. The additional complications
arising from the sensitivity to stoichometry snd residual gas or -
other conteminstions are discussed before attempting to develop
models for the stress in non-metallic films. Quantitative successes
of stress models are few at present. The relevance of the internal
stress to failure modes is illustrated by three examples: en=-

hanced mass transport; loss of adhesion, and fracture.
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This report was prepared as an account of Government-sponsored work.
Neither the United States, nor the Atomic Energy Commission, nor any
person acting on behalf of the Commission?

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulnese of the
information contained in this veport, or that the use of any
information, apparatus, method, or process disclosed in this
report may not infringe privately owned rights; or

B. Assumes any lisbilities with respect to the use of, or for
damages resulting from the use of, any information, apparatus,
method, or process disclosed in this report.

As used in the above, “person acting on behalf of the Commission"
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such emplovee or contractor of the
Commnission, or emplovee of such contractor prepares, disseminates, oY
provides access to any information pursuant to his employment or con~
tract with the Commission, or his empleoyment with such contractor.



SECTION I. INTRODUCTION

The importence of mechanical properties of thin films hes
been established over the past several decades. In the first
place, many properties esre substantially modified in a condensed
£ilm. The literature contains many examplesl illustrating shifts
in ;band-gap in semiconductors, transition temperature for super-
conducting films, or expected magnetic anisotropy. Any property
which itself is strain sensitive, may well be modified in o de~
posited film. Even a property which is -originally isotropic may
have lower symmetry when the effects of the strein are con-
sidered. The control of the stresses by changing deposition
conditions is one of the goals now partially reached in the search

to develop new prgpertiea.

More recently, mechanical constraints introduced by the sub-
strates have been used to produce or stsbilize new film struc-
tures that are unknown -in the bulk.2 In this way properties or
devices may be comstructed that it special needs and are un-
gvailable by conventional techniques. This design, through the
mechanical constraints in the system, is one of the more excit-
ing new areas.

One of the esrliest evidences of the importance of the
mechanical properties is in the various modes of failure. These
failures may be the more obvious omes of actusl fracture of the

film or buckling as s result of the loss of adhesion to the sub-
strate. Dislocations or cracks may be introduced in the sub-

strate at high stress levels. Somewhat more subtle effects such
as strain-enhanced diffusion or electromigration msy also oceur,?

A complete review would define the stress end strain system,
consider the techniques  for measurement of the internael stress,
as well as present the data and consider the various models for
the origin of the stress. The temsile properties should alsoc be
trested, including the elastic modulus, the tensile strength,
plastic deformation, and the fracture mode. Indeed, the earlier
general reviews by Hoffman,”ss Campbell,597 Buckel,é Kinosita,9
Scheverman,® and books,!! have proceeded along these lines, We
will not attempt to reproduce that which already exists in these
review papers. We shall update them, however, and call atten-
tion to the more sepcialized reviews, especially in those areas
vhere the information is pertinent to non-metallic films.

We slso consider our tesk to discuss the stress and strain
distributions found in a film so thet a given property may, in
turn, be calculated. New experimental techniques and data will,

)

of course, be included.




Although st this time we begin to understand, et Jleast in
principle, the mechanical properties of metallic films, our
state.of knowledge for non-metallic films is much more rudimen-
tary. In the first, place, the properties seem to be not very
reproduceeble from laboratory to laboratory and, indeed, seem to
depend sensitively on the conditions of deposition. In addition,
instabilities or pronounced chenges in the internal strees may
be seen when compound films are exposed to the etmosphere or
other surroundings after removal from the systenm. All of these
meke for a much more difficult problem in understanding the
origin of the internal stress because the gtructure of non-
metallic films is not so well charascterized. We shall see that
stoichiometry and rapid diffusion of ambient gasses are par-:
tially responsible. In spite of these difficulties, a qualita-
tive understending is emerging. ' :

SECTION II. THE ELASTIC PROBLEM
Formuletion of the Elastic Problem

Since, ss we will see, the mechanical properties of a film
on s substrate are primarily & result of constraints introduced
by the substrate, ve wish to understeand both gualitatively and
guantitatively the nature in which the forces are distributed in
the film and substrates and then transmitted across thelr inter-
face. Even though many problems of practical importance can be .
solved in terms of isotropic elasticity, we wish to set up the

problem generally enough that we can consider cases of aniso-
tropic strains. We must also take accousit of single crystal
films and substrates in order to include epitaxiel cases.

Only strains masy be experimentally measured. Hence the
stresses we talk about are calculated on the basis of measuring
deformation, knowing the boundary conditions and assuming that
the sample is in equilibrium. Following Nyel? end Smithl3 we use

& mutually orthogonal coordinate system with the %! and xé axes
in the plane of the film and the xé axis normal to the film plane. -

The coordinate system is defined inm Fig. 1. The first sub-
script refers to the direction of the force on a face perpendicu-
lar to the second index. Thus, 0]y, O)p @re the normal stresses
in the plane and ¢%3 is the normal stress perpendicular to the
film plane. The shear stresses oig, cé . end.qéltogether with
rotational equilibrium, represent force systems attempting to
decrease the angle between the axes indicated. The corresponding
normal strains are eil, eé and €4, end shear stress eig, 353,
€3). We point out that thé tensor shear strsins (e's) are hal?

"the engineering shear strains (y's) since the y's represent the

decrease in angle between two original orthogonal directions.
The primes are used since the orthogonal primed axes are sample
exes and are not the crystal (unprimed) axes.
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Figure 1. Definition of stress system.

Since elasticity is a fourth-rank tensbf'ﬁroperty,v'
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where the s's are the elastic compliances and the c's the stiff-
nesses for the particular sample orientation. Fourth rank ten~
sor properties can be quite complex in the case of low symmetry
erystals, The 81 possible components may be reduced by well-
knowvn equilibrium and symmetry arguments. '

/
Fven in the cubic system three constants are independent and
two are needed for an isotropic specimen. The elastic equations
_are often reduced to the two index notation!2,13 '
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where the subscripts 1, 2 and 3 stand for normal components and
4, 5, and 6 vefer to the shear components for both stresses and
strains. The reader is reminded that the arrays 83 and cij sre
not second rank tensors in this notation.

For the (001) orientation in the cubic system, we may drop
the primes and find the independent constants s;7, 837 and sy,
or cy7, ¢yp-and ¢y, listed in the handbooks. For a general
orientation the primed constants must be caleulated by trans-—
forming from the crystallographic axes where the elastic con-
stants are tabulated to the primed sample axes. Nye, among
others, gives this prescription.

Young's modulus defined as the ratio of the longitudinal
stress to the longitudinal strain, i.e., llsil,is often desired.
For the cubic system13 .

1

§ = 5117208117510
o

where %3%0%3 are the direction cosines of the arbitrary direction

24 referred to the crystallographic directions. As the quantity
(511”512'1/2 Shh) is positive for all cubic metals except molybe.

denum, Young's modulus has a maximum in <111> and a minimum in

<100> directions. Young's modulus is independent of direction

in the plane for (111) orientations. Nye lists expressions for

Young's modulus for crystals of lower symmetry.

1 2,2 2 2,2
= ahh)(zlma R ZUN z3zl) (3)

Vook and Wittl" give expressions for Young's modulus in
several simple directions. Turley and Sines,1 following Thomas,
separate the given stiffness in a constant and orientation~depen~
dent part and then suggest several rotation methods to calcu-
late the transformation. Polar plots are given for several shear
constants for Cu, Mo, and Si.

16

For convenience in our discussion and following equations,
we will drop the primes from thé notation. In order to obtain a
better feeling for the problem, let us consider the simplifica-
tions of an isotropic elastic substrate. Firmly attached to this
substrate is a film which is also elastically isotropic, We shall

-regard the dimensions in the plane as being semi-infinite. If

we now consider a homogeneous stress in the film, and invoke the
usual boundary conditions of no forces at the free surfaces or
edges, we have the situation of Fig. 2, vhere we depict the forces
acting on an interior section of the £ilm. As we shall see later
this corresponds in reality to the situation found in most sys=-
tems except near the edges of the film itself, or perhaps at the
boundaries of crystallites within the films. In this figure we
see that the film is in a state of tensile stress indicated by
the total force per unit width of the fim, F.




Figure 2. Forces acting on sn interior section of the film=-
substrate composite.

We note that this tension is a biaxial one. As one tra-
verses the interface in a direction normel to the plane of the
film, there is a discontinuity in the stress but the strain is
continuous. If the film is in tension we find that the sub-
strate is in compression just below the interface. ' )

B o In fact, if the film is
guite thin compared to the substrate, the neutral plane is a
third of the substrate thickness from its free surface.

Thus our oversimplified picture of a film under the uniform
tensile strain would give us the situation indicated in Fig. 3.
An interior volume element would see the normal stresses, 013 and
Uop but no shear stresses. If we imagine cutting through the
£ilm in the center we see a uniform tensile stress, assuming the
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Figure 3. Idealized stress distributions within a constralned

film.

substrate were rigid. If, on the other hand, the origin-of stress
were concentrated at the interface, we would see decreasing ten~
sile forces as indicated schematically in the figure when ve
moved away from the interface. The free edges of the film can
support no forces. Hence, as seen in the left hand side of the
figure, we would expect shears to exist only near the edges of
the film. , ‘ 1

P

Stress Distribution

Let us consider some of these points in more detail. There
are two problems that need to be attacked. One is the stress dis-
tribution within the interior of the substrate and film, and the
second, the effects near the edges. We will consider the first of
these. As pointed out by Brenner and Senderoff,!7 and treated in
the review by Hoffman, using the case where the elastic constants
of film and substrates are the same, and later extended by Doljaék,ls
the problem is one of longitudinal forces in the film superposed on
bending. It is instructive to look at each of these separately.

If we apply en external force to the composite plate longitudi-
nally., so that all of the fibers strain equally, then the stresses
across the cross section will be thouse indicated in Fig. k for the
case of a biaxial stress system. A discontinuity in the stress
exists at the interface but the stress in each of the substrate
and the film is uniform.

In the case of pure bending, when only an external moment is
'applied to each of the elemental pieces and no external force is.
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applied, the elastic response is only a bending strain. This
produces " the stress distribution as shown in Fig. 5. It is
seen that the bending gives rise to non-uniform stress in the
direction perpendicular to the film, arising from the fact that
the stretching in the longitudinal fibers depends on the distance

from the plane of zero bending strain. If the plate were not z com-

posite one this plane of zero bending stress would just be in the
middle.

We now relate these longltudinal and bending relaxations to the

=3

actual case of depcositing a film on the substrat
z substrate clamped against bending and contracti

. Congsider first
on during the

deposition of the film. In this case the stress distribution in the

film after deposition is the intrinsic stress. This distribution
is indicated schematically in Fig. 6, and of course, the distribu-
tion of the stress need not be constant throughout the thickness
of the film. The total force exerted by the film is the integral
of the stress over the thickness of the film; and is equal to the
product of the average stress and the film thickness

.t;
F=ot=] olt)dt (k)

o}

vhere o(t) represents the stress distribution as a function of the
thickness t.

SUBSTRATE
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o e
FiLM )
\ "t=t
Figure 6.4 Intrinsic stress distribution for deposition with

substrate clamped against bending and contraction.
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If wo now release the clamping preventing contraction, but
still do not allow any bending to take place, the stress distri-
bution throughout the plate is modified as in Fig. 7. The uniform
stress distributions o, and o, are produced by the net contraction
of the tensile stress distriblition. o{t) in the Tilm, The relaxed
stress distribution in the film o'(t) is Just the original distri-
bution reduced by the constant stress o,. EBEgquilibrium is achieved
when the total force on the cross sectiodn depicted in Fig. T, is
Zero.

If the remaining clamps are now removed and the plate is
agllowed to bend, it reaches an equilibriwm radius of curvature.
This bending of the film substrate plate gives rise to a relaxation
of the stress as was indicated in our discussion of pure bending.
In essence, the additional contraction which-results from the
necessity to achieve bending equilibrium decreases the actual
stress in the film even more. And, furthermore, makes it non-uni~-
form as a function of thickness. The radius of curvature mey be
determined by equating the momert of the film to the moment pro-
duced by the stresses resulting from the bending. The plane of
zerc elastic strain, or meutral plane, is now shifted, and may be
determined from the condition that there is mo net external force
exerted across any cross-section and thus the sum of the bending
forces must be zero.

Equations for the radius of curvature and the relieved stress
distribution are given by Brenner and Senderoffl” for the case of
identical elaztic constants of the film and substrate and Dol,jack18
and Klokholmlg for the general case. The stress distribution will
be modified by a bending distribution as depicted in Fig. k. If
o(t) is constant, Klokholm caleculates the relaxation correction M
by which the simplé Stoneyzo average stress S should be multiplied
to obtain the true average stress. \

B3( +1) : (5)
(83+n) (B+n) + 3nR(R+1)2

where B is the substrate to film thickness ratic h/t and n is the
ratio of elastic constants Ef/lwvf and Es/l~vs. E is Young's
modulus and V Poisson's ratio. The subscripts f and s refer to
film and substrate. For b > 1000 and any n or ® > 10 and n < 0.2
N is sufficiently close to 1 to be experimentally negligible.

M =

In practice it is difficult to clamp a substrate sufficiently
well to meet both the conditions of no bending and no expansion
during deposition. A much more common case is that with the sub-
strate completely free during deposition., During deposition an
initially flat plate begins to bend slightly relieving the stress
in the film already deposited. The continuous bending proceeds,
giving rise to a stress relief in the film in addition to the con-
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Figure 7. Relaxed stress distribution upon releasing longi-

tudinal clamps.

traction and bending just discussed. Under these conditions the
relief in each layer is different when the deposition is completed.
If the mechanism giving rise to the stress in the first place were
originally a process uniform with thickness then the result of such
a stress relief would clearly give rise to larger - stresses nesr
the outszide growing edge of the film as indicated in Fig. 8.

' SUBSTRATE
FlLM
Pigure 8. Relaxed stress distribution for free cantilevered
‘ substrate during deposition after Brenner and
Senderoff. 17’



Brenner and Senderoff,
supgusted that this wowld be an explanation for the fact
that many films curl when detached from the substrate in a way to
suggest that the outer layer has the higher stress. TFortunately,
these stress reliefl terms are not lsrge in practical cases since
the Tilm is generally much, much thinner than the substrate. On
the other hand, we must keep in mind that they will give rise to
stress gradients within the film. The stress distributions have
"been calculated by the authors previously referenced, and the errors
are less than the previcus case for the same geometry.

Chaudhari?l gives an approximate treatment of the relaxation
following the thermal stress analysis of Timoshenko. 'The stress
distribution in the film may be written as:

- 3(C~D)'(x3—n) (e
Gy = Oy = oy U= F L IR )

For this treatment €.. is the assumed uniform strain arising from

thermal contraction oF other mechanism, E and v are the usual elas-
tic constants assumed the same for film and substrate, C = t/2,

the Film half-thickness, and D = h+/2, the substrate plus ilm
half thickness. ¥,, the coordinate normal to the film, is O on the
free surface of thé film.

would calculate it considering =z rigid substrate. The second term
represents the contraction or compressional relaxation while the
third term represents the bending relaxation. The stress distri-

|
|
|
The first term in the equation represents the stress as one
|
bution in the substrate is given by

R Fge 3(C-D)(X-D) (7)

11 = 9 = oy p L TR b

The results are presented in Fig. 9 for several values of c/D.

_As the stress in the substrate is reduced by the factor ¢c/b, it is
obvious that in most cases of deposition the film is much, much
thinner than the substrate so that the stress in the substrate is
only 2 very small fraction of the stress in the film. If we con-
sider a Tilm thickness of 1 pm and a substrate thickness of 1 mm,
than the maximum value of the stress in the substrate is less than
1/2% of the stress in the film.

As Chaudhari has pointed out the critical feature of whether
plastic flow will take place in the substrate is the value of
eritical resolved shear stress. I the stress in the film is 1%
of the shear modulus and we consider the case where the ratio of _

e
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Figure 9. Approximate stress distribution for several values
of film~substrate thickness ratio. After Chaud-
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+the film thickness to the substrate thickness is 10"”, the maximum
velue of stress in the substrate would be 107 uy. For comparison,
most bulk single erystals will begin to undergo = plastic deformation

when the shear stress is of the order of 10"5 or .10”)4 times the
shear modulus p. Thus, when the film thickness is very thin, com-
vared to the subsbrate thickness, we can neglect plastic flow by a
dislocetion mechanism in the substrate. When the ratio of the film
thickness to the substrate thickness is larger than 1077 we have to
consider the particular substrate in question to determine whether
or not plastic flow may take place.

There are two cases of practical importance where one has to
be concerned about plastic deformation in the substrate. One of
‘these, of course, is the obvious one vhere the material in the sub-
strate is such that it easily undergoes plastic deformation, alkali
halides for instance. Stress concentrations at propagating
crack tins mav also introduce dislocations in single crystal




substrates. Dislocations and other local defects may also be
introduced in the substrate during growth. The second case
takes place when the substrate is comparable to the film in _
thickness. As one can see by examination of ¥Fig. 9, the relaxa-
tion in the film and substrate is suftficient to cause a non-
uniform stress distribution within the film as well.

Similar distributions have been calculated by Oel and
Frechett?? for both large and small area planar interfaces for
the case of comparable film and substrate thicknesses. Model ex-
periments with thermal strains induced in birefiringent glasses
gave good agreement with the calculations except vhen diffusion
took place during sealing at high temperatures. In this case,
far from merely smoothing the stress gradient, diffusion-caused
stresses had large effects in magnitude and even sign of the
stresses. :

No detailed treatment concerning the sharpness of the inter-
face seems to exist. The large stress gradient in this region may
play a role in interfacial dislocation generation or mass flow and
other effects, and represents an area of needed future study.

Edge Effects

We now consider the second part of the question; namely, the
spatial details of the stress distribution. Of course, if the
mechanizm giving rise to the stress in the first place 1is not uni~
form, then the stress distribution will be non-uniform as well.
Such distributions will be discussed later under origins of the
intrinsic stress. However, we shall consider here the case where
ve initizlly have a large stress oy = g that lies in the plane
of the film, is isotropic, and neaf}y uniform throughout the thick-
ness, and is uniform over most of the area of the film. If we look
at the cross section of the film-substrate composite, we see thal
the film appears to be a rectangular plate attached along its long
edge to what we shall assume to be a semi~infinite rigid substrate.
As a result, a slabt of thin film attached to the substrate is under
a state of stress nearly identical to that of a rectangular plate
clamped zlong an edge and having undergone thermal expansion.

This latter problem has bheen treated aﬁproximatexy by Aleck.?3
We shall consider the guestion of thermal expansion later, but at
the moment, we shall use the results of this treatment to ask the
question as to the stress distridbution near the edges of the film.
According to Aleck, the problem is first converted to one of
boundary tractions. The film is detached from the substrate and
allowed to relax. To bring it back to a uniform state of stress,
one imagines applying s uniform stress of magnitude g normal to
the ends of the film as shown in +he ton of Fig. 10. " Next, the film
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Tigure 10. Boundary traction method applied to a thin film
wnder uniform intrinsic stress constrained to a
rigid substrate. After Aeck?3 modified by

Doljack, 8 ’

is attached to the substrate and a uniform comprassive stress a,
is applied to its ends. O in this case is equal to o, Dbecause
at the edge of the film there are no net applied normal boundary
tractions. The solution’to the problem of the specified surface
traction thus replaces the original stress problem. Doljack has
solved this problem based on the approximate solution of Aleck for
the case of thickness of the film being much thinner than its
length. TFig. 11 shows the results of these calculations. The
pertinent pictures are these: oqq is just egual to the intrinsic
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Figure 11. Interfacial stresses near the free edge of a semi-
infinite film. After Doljack.'®
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traess until one gets within a distance of the order of +pe thick-
ness to the edge. A large shear exists very close to the edge.
In addition, a concentrated stress nermal to the interface lies at
+the attached corner. We point out that there exist no non-zero
stresses or stresses normal to the interface once one gets to a
distance several times the thickness asway from the edge. The
presence of an extremely large normal force near the edge points
out its relationship to failure at scratches or film edges. We
will vreturn to this phencmenon later.

Haruta and Spencerzu have observed the spatial stress distri-
bution by X-ray topography which is sensitive to the strain gradi-
ents, and qualitatively confirmed the rapid change near the £1lm

edge. A substantial decrease in strain was found after annealing.




To summarize then, we conclude by detailed calculations that
a8 long as the substralte remains essentially rigid, and as long as
we are not concerned with the stress distribution very close to the
edges of the film, our simplified point of view which says only the

components 011 and oﬁ? are present, is indeed the correct one.
b [y

SECTION TITI ~ TECHNIQUES FOR STRESS MEASUREMENT

Introduction

Although the literature primsrily quotes values for the stresses
in films, it is actually strains that are measured. Two direct ways
exist. First of all, a measure of the deformation of the substrate
upon which the film has been deposited, or secondly, by diffraction
techniques, a measurement of the elastic strain within the film or
in some cases substrate. These two ways need not yield precisely
the same values because of the distribution of forces across grain
boundaries and within the grains of the fine grain deposit affect
each technigue differently.

b summary of the various methods used prior to 1970 for
neasuring the deformebions has been 'well documented in the re-
views by Scheuerman !V Campbell,7 and earlier by Hoffman.'»9+25,26
We see no point for reproducing that information here. Many

different technigues and their sensitivities were compared. In
the last several years progress in neasurement technigue has been

in several sreas. First, the production of automated systems
for measuring the stress on the routine basis on production
samples.25 The search for a technique of measurement of the
stress on a localized scale on real structures has resulted in
inereased use of x-ray techniques. Holographic methods are not
used commonly, perhaps because of some of the stringent vibra~
tional requirements associated with that technique.

There has been recent progress in the refinement of the calcu~
lations used to relate the observed deflections of the stresses in
the films. As the substrate temperature during deposition is per-
haps the single most important parameter affecting the stress, its
control or the correction for the various temperature factors in the
measurement has also been of extreme importance, and progress has
been made along these lines. We consider each of these arcas in
more detail.



Cantilever Plate Method

~ Perhaps the most common method . for measuring the stress is the
cantilever beam technique. Many have contributed to this type of
measurement; it exists in a wide variety of detection schenmes. Be-
cause good data is needed for further progress in understanding the
origin of the internal stresses, and also because there is still &
lack of appreciation for some of the subtleties in the experiment,
we describe the cantilever method in detail; the information may be
extrapolated to other geometries. '

In the cantilever method the deflection of the free end of a
thin plate is measured, or alternatively a force applied to the
free end to restore the beam position to some fixed point. The
other end of the beam is imagined to he clamped rigidly. This tech-—
nique is often used because the deflection can be monitored con-
tinuously during deposition of the film and thus obtain information
about the stress distribution. If the stress in the film is tension,
as is commonly the case, then the film applies both a compression to
the substrate and a bending moment. The stress is called tensile if
the surface traction compresses the plate. Thig definition comes
about because the plate applies a tensile stress to the thin film
4o prevent it from elastically relaxing. The resultant bending will
be such that the film in tension finds .itself on the concave side.
The commonly used equation relating the deflection at the end of
this cantilever beam to the force/unit width of the film is:'

IS i »
§ =33 h?F (8)

where & is the length of the cantilever beam, E Young's modulus and v

Poisson's ratio for the substrate, and § the deflection of the free end®

Tt should be pointed out, although this is the presently accepted can-

tilever beam relationship, occasionaly the l-vg term, arising from
the biaxial film stress, seems to be still neglected. )

The concern, then, is how well this relationship actually de~
seribes the free end of the beam. The problem is one of properly
describing the curvature in the transverse direction of the beam
when it undergoes a large longitudinal curvature. This problem has
been in the literature for a long time having been discussed as
early as 1632 by Gallileo. St. Venant in 1864 presented the first
mathematical formulation. The more recent treatments by Ashwell
and Greenwood?’ and later by Bellow, et al.,28 have given experi-
mental justification for the treatment put forth by Lamb in 1891. -

The results mey be summarized as. follows:’ Consider a plate
of width b, ;gngth 2, and thickness h, bent to a longitudinal curva-
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Figure 12. Anticlastic bending\of a flat platé. From Bellow.28
ture 1/R by uniform moments applied to the ends. If the deformed
shape is to be truly cylindrical, that is, the tramnsverse strips are
to remain straight, then moments equal to the moment in the longi-

tudinal direction times Poisson's ratio are required along the long
edges. Since such moments are not present the plate tends to assume

‘a curvature v/R in the transverse direction. This case is known as

"anticlastic bending", and is illustrated in Fig. 12, the transverse
distortion results in longitudinal membrane forces. As the curva-
ture becomes larger the effect of these forces must be considered.

It results in a stretching in the neutral plane and the Poisson

effect eventually becomes cancelled leading to the case of cylin-
drical bending. The pertinent parameter in this problem is the

ratio b2/Rh. For values of this ratio from 0 to 1.6, the anti- _
clastic case occurs. If the ratio is larger than 1000, then the sur-
face can be considered cylindrical.27 Under cylindrical conditions,
the deflection of the end of the plate becomes smaller by the

factor of (1~v2). As the transition from anticlastic to syn-
clastic bending is a graduasl one, the appropriate relationship must
be known for the beam of our particular experiment. . At present numeri-
cal calculations have compared favorably with experimental results for
ratios up to 50.%28 By connecting the radius of curvature to the
dimensions of the beam approximstely through the rigidity relation~
ship, one can write the ratio b2/Rh. in the form 2(b/2)2 &/n. It is
seen that for a beam whose length to width ratio is a reasonable 10,
one may apply the anticlastic bending formula to the situation where
the deflection is about 100 times the thickness of the beam itself.

It appears that for practical purposes, unless one is dealing with . .
a beam of rather square geometry, that the anticlastic formula will
meet most practical purposes , and equation (1) or its equivalent

for other geometry will suffice.



For the geometry of the cantilever beam the boundary conditions
require that three edges be free vhile the fourth is clamped. Thus
the deflection and slope of the plate as it emerges from the clamp
are rigidly fixed. In practice, this seems to be a much more 4diffi-
cult condition to meet experimentally than is usually realized.

The problem is often encountered when one uses a concentrated load
at the end in order to determine Young's modulus for the substrate.
Differences of as high as 20% are encountered between the apparent
modulus values for the same bheam measured by a cantilevered loading

“and a free beam loading. Rottmayer and Hoffman?9 pointed out that
it is extremely important that the beam be gripped in the clamps
such that no sliding would take place. Indeed, a rigid glueing is
sometimes necessary. Resonance techniques are sometimes used to
obtain values for E.7»22

Springer3° has calculated the cantilever experimental arrange-
ment on the basis of the linear bending theory of plates. The
basic assumptions are that €33 = 0, that is, there is no strain in
the direction perpendicular to the plane. Secondly, plane sections

.remain plane upon bending which implies that no serious non-uniform
stretching occurs and, thirdly, normal sections remain normal.

This means that the transverse shear deformations are small. With
these assumptions one proceeds as follows. The function for the
shape of the plate is assumed, the stress distribution is given,
and the total work done in forming the plate to a given shape is
calculated and set equal to the strain energy stored in the plate
for this configuration. Numerical calculations were necessary, and
the result shows that the deflection calculated by the usual anti-
clastic relationship was 7% larger than the numerical calculation.
This difference is probably due to the fact that the boundary con-
ditions at the clamp is such that the beam may not have any cross
curvature and the transition from this behavior to the anticlastic
situation probably does not become apparent until about one beam
width away from the clamp. The net result is to reduce the force
necessary to bend the beam at the clamp and thus cause a greater
deflection to appear at the end.

In practice it is probably not worthwhile to go through the
effort of the numerical calculations and one should use the anti-
clastic relationship. It should be pointed out, however, that, in
careful experiments the error of about 7% in the bending equation
may be comparable to other experimental errors. In order to compare
numerical values for stress obtained amongst variocus laboratories
one should make certain that the elastic equations used are described
in the publication.

Detailed calculations of the deflection for another geometry
have also been carried out. A free circular plate was first con-
sidered by Finegan andg Hoffwan3! for the case of determining whether
the stresses were anisotropic. As will become more obvious in the




next section, temperature control demands that any plate be attached
to a thermal sink. Doljack and Hoffman3?2 have solved the deflection
equation for s cicular plate clamped along an inner circumference.
One solves the problem by superposition of the deflection of the
free plate and the deflection corresponding to the forces applied
by the central clamp, under the condition that the intrinsic stress
may be anisotropic. The plate itself wants to bend to the familiar
elliptic paraboloid. The clamp at the inner radius applies those
moments and shears to the plate that are necessary to change the
deflection and give zero slope at the inner radius. The solutions
can get rather complex because one must satisfy a fourth order gif'-
ferential equation, and. enforcing the boundary conditions results
in solving two sets of four simultaneous equations for four un-
knowns in each set. The resulting solutions are shown in Tig. 13,
where it is seen that the centrally clamped circular substrate de-
forms in a manner very similar to the free circular substrate,

with ‘the zero deflection point moved out to the clamp.
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Tt i aleo worthwhile noting the solution to the problem where
the plate is clamped around its outer circumlerence. It iz easy to

‘show that under these conditions the clamp applies opposite bending

moments that precisely cencel those applied by the surface traction. .
Thus, no deflection takes place. I a concentric hole is cut in

the center of the plate, the plate will deflect and the solution
will be the same as the problem previocusly solved with the rolés of
inner snd outer radius interchanged. As one would expect, the
overall bending produced by the same surface traction is less than
obtained with the central clamp configuration.

The last configuration that is worth mentioning is the case of
s free cirvculer plate with a thin film deposited over the central
circular area of the plate. The solution to this problem shows
that as the outer dismeter of the plate becomes very large, the
bending of the plate in the region of the film does not decrease
significantly. Although in practicsl problems the films deposited
are seldom circular, the extrapolation of this statement is import-
ant for the case of many discreet devices on & gingle substrate.

The second ares where a marked improvement has come sbout in
the last few years is in the temperature stabiligzation of the sub-
strate during deposition. Since the early work of Campbell and
his co-workers in measuring the stressés in the early stages of -
deposition, it has been realized that both thermal and momentum
effects are important. More recently, Kinosita? and his coworkers
have shown how to mske corrections to the deflections obtained dur-
ing deposition. In their case Tor depositions of low stress metals
on extramely thin mica substrates, the corrections were substentd~
ally larger than the observed deflections and in some cases of the
opposite sign.

To illustrate the thermsl contributions, let us take the canti-
lever besm of lengkth £, width b, and thickness b, and condense the
film of density p or mass per atom m, at a rate R.

( , S
The momentum effect can be calculated by knowing the tempera-
ture Ty of the source, because thet determines the velocity of the
Maxwellian distribution of stoms as they leave. Assumwing the arrive
ing metal atoms do not rebound from the substrate, one can integrate
the effect along the length of the heam and find the resultant moment.
The result forithe implied force and deflection from momentum conu~
sideration is equal tor¥* '

2,4 ( lt:Tm N 4 ' (0)
o . |2 T L. roraia ] d 9
8p = @ 3¢ Esh3 m )- R

where p 1s the denisty and m the gbtomic MaSs.
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From the point of view of the experiment in which the deflection is
measured as a function of the thickness of the film, this contribu=-
tion would be a constant compression from the time the film starts
to deposit until deposition is completed, assuming the rate of de-
position is held constant, and the source tempersture does not
change.

Before we can say anything about the thermal effects, we have
to establish the temperature history of the substrate, -
Maki and Kinosita35, Yoda,36>37 and Nemba3® have measured the tem-
perature rise of 12 um thick mice substrates during the deposition
of silver films, by measuring the temperature with an iron-nickel
thermocouple on the back side of the substrate. As indicated in
Fig. 1h, the shape of the curve is sensitively dependent upon the
rate of deposition. Indeed, in films such as silver, the in-
crease. in the reflectivity of the thermal radiation may result in
s decrease in the film temperature as the film becomes thicker. Note
that the temperature rise may be quite large, perhaps 59? and satu-
rate st thicknesses corresponding to the order of 1000 A, . - Similar

-
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Figure 14. Temperature history during depositién‘of Ag on
very thin, poorly conducting substrate. After
. Maki and Kinosita. ‘ - :
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Normally, the c ilever beam is clamped at one end with &
largs thermel mass acting as s head gink. AL ro Lemperature we
assume the incident powsr must be conducted awsy from the subsiratbe.
which produces the temperature ?T&uJC?L mlamg the lengbh. Assuming

radiation negligit

ble one may integrate the heat flow equas zbions re-
sulting in the temperature difference &long the length

AT m S (10}

2 2K h

where P is the pover per unit ares incident On’ﬁh@ substrate and K
the thermal conductivity of the substrste. P lucludes the conden-

sation energy as well as the energy radiated fr om the source and
surroumdings. For ‘heot' sourceg the condensation energy is usually
negligible, but the kinetic energy may be considerable in the case
of high hxa sputtering. For the evaporation geometry used by

Springer, 3 p is 20 milliwatte per mé resulting in & calculatad
nperature rise of 33° C. This estimate is perhaps 30% high com-

pated to experimental evidence presumably resulting from the fact
that steady state conditions are not reached and radiztion losses
are neglected,

Elastically, there can be several elfects vesulbing Trom

thermal expansion. First. the effect of dwi ferantial thermal ax-
pansion between the £ilm and substrate if the temperature of the
specimen is uniform, but changed from 1005 the temperature of the
substrate at the beginning of £ilm deposition. Secondly, in a
cantilever experiment., the temperature gradient along the length
of the beam gives rise to a non-uniform bending, and thirdly, there
is a temperature pradient normal to -the ilm plane. A1l of these
contribute, but the Tirst two are interrelated. ’

‘ Rot?mwdﬁrs39 Kinosita and Deljack have trested the first effect,
under the model that the intrinsic stress is temperature independent
and no stress relief takes place as the temperature is changed upcn Tur-
ther deposition. A given layer deposits thermel stress-free, so
there is a thermal stress gradient in the film from meximun at the
interface to gero at the free film surface The thermal strain msy
be calculated from the expansion CCC*LLC1CDth tp and oy of the film

and substrate. The result is, for a rigid substrate, 1u1valenb stress
or end deflection.

‘B,
¢ ol (g ey T T )
5y = gy, (egmag ) (Tt
KX
302 B (1~v_)
8% TR hé (ap “g)(‘s "*s>) )
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£i1m 1t ?Déi the final substrate temperature, assumed egqual to the
i LBMPEY s . = )

CET R Bewe and <Ty> is the thickness averaged substrate tem-

perature.

£ +he aubet s ST T , . ) . A
If the s%bsvrite‘t?mperaﬁuxb is Tinearly related to the thick-
ness, then this net differential therasl ewpaneion contribution

vanishes when cooling to the average substestie temperabure
A A S s )

—Efeems gTter the deposition is completed.

We consider novw the case of a thermal sradient slong the lengsh
of the plate. Elastically, this problem is not the sams as the
differentialfthermal expansion contribution that arises by ahangiﬂg
the tempersture of the substrate and the film by an amount 47,. The
reason for this is, of course, that the temperabure gradidﬂt'gE not
consbant ; giving rise to a non-uniform bending even though the aver-
age shtrain is still the same. -The solukion to this bending problem
has been approximated by'Alexan&er3“ giving wise to the smaller
Stress. T

+
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8, = 7 {12}
o 3

the fres end of the can

lished hefore the Tilm is
deposited. We see that this effsct, too, mey be eliminated spn-
tirely if the film and substrate have idemtical expansion coefficients.
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For our nerimental conditions
millidegree €. Table T summar
te the forcefunit width,for a high stress SR
at a thickness of 1000 A. Unless the substrates are excepblonally
Flexible to obiain high sensitivity, we see that the momentum
effect can be neglected for reasonable rates of deposition. Since
the intrinsic stress is itself a function of the tempsrature
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substrate during deposition, it is then imporsant to msintain the
temperature as ¢snataat as possible. In terms of gocd substrate

design one would then pick a substrate of high thermsl conductive
ity and make the cantilever beam as short and thlck as po osnible,

The limitation to such an spprosch is usually the sensitivity of

the deflection measuyement.

»

Experimental Verification

Dats for a cantilevered besm of the appraximaﬁe-ﬁimenﬂi@ns
uged in our Er&vxaus iilustrations have been obtained by Springer
and Hoffman.*® For the case of & nickel substrate Jlli:m&ll&r

maintained at 32° ¢, the free end rose by $3° ¢. This tempera-

ture rise decreased as the temperature lncre&be&.owxnm to the
contribution of radistion losses. At approximately 150% € the

‘temperature increase vanished and at temperatures above that,

additional power had to be supplied in order that the substrate
temperature did not fall during the deposition. A reproduction
of the actusl dava for the case of a nickel film on a nickel
substrete was shown.®% A swmall compressional effect upon open-
ing the shutter did not have a corresponding feature after the
¢lose of the shubter. Thus we conclude from the lack of & final
transient that the compressional effect st the heginning of the
£ilm formabtion is & real phenomenon. For this experiment

ap ~ ag = O and only & Lemperature gradient normsl to the plade
would produce sn effect. _ .

Even tighter temperature stebilizetion wes achieved im the

gxperiments of Doljack and Hoffman3? with 2 h cm dis., 0.0L5 om
thick (121) 8i substrates. In part this was achies ad by a shorter

distance to the hest sink plus water ccoling of t10 h aah sink.
With this geometry the temperature difference between the inner

Fal

“and outer redius was no meore than 2% C over the tempersture range




“frem 10° € to 200° €. The worst case incresse in the sverags

tvaerature was 10% ¢ over this same bemperature raugs. Thw
sverage ,ug,eAaﬁ¢rﬂ increazed linearly with film thickness

aboyt 100 A end then remained comstant for = deposition rab
20 ffsec. In these experiments, up > gy and ¢ tisl thermal
expansion gives a bending moment that decr L1y to aome
compressive velue before coming constant when gtrate tame

perature resched its equilibrium value. Upon % »ﬁ LR ti
deposition, the force curve would rise tows “d s tepsile value as
fhe substrate temperature cooled bo its original temperature.
‘For the eircumstance vhers the temperature incresse took place up
to roughly half the finsl thickness of the filw the spparent ten-

sile transient at the end4o“ the deposition would be smboub i

times the smunt of the spperent compressive value., Maki and
Kipnosita®® analyzed the more difficult QXpe'f”‘nta; case of sile’
ver films on extremely thin mica substrates. Large transients
with the thermal time co tl

&

f_

¥

netant took place after the close of the
deposition. As was pul*~-d Qu& by the authors, the negative
valles of deflectiocn are ine icabie. Furthermors, the decress-
ing deflection during the Cbﬂ?bp of uhe nepobltzun indincsted that
relexation in the Film was taking place., The silver films used
in these experiments wers probably respongible for the sging
effects at extremely low temperatures.

Tn sddition to the technigues treated in some detail iIn this
gection, we now list sowe of the technigques that have been used ré-
cently for deflection messuprement. Hamy of them have been o~
structed For speclal meas urcnent¢ and it is suggested that the .
references pe consulbted for details. For in Egﬁgnma&suyem&nta
during deposition, the force restorstion i@chp}qaes“ﬁﬁki%agg ggtém

Fd LML N3 U5

cal interferometers,. in some cases using lnger sourcas,”
are the most widely used.

ﬁu}og,mph'v iééﬂzi gue
for nacroscople }eﬂt.~

swold }1 niremambh f fletne
et a1l M7y surface profiled BI

using a ngbtwqecTﬁwﬂ mwbr YECTPE .
mined by inwversion of local radius of <
optical lever method rr po%c& by Axelrs d au& Levwinghe
technigues have been useful in deotermining the principal stress
direction in anisobropice £5dms ., %9

i re developed
3 vtnd*es of mes aﬁisa} prapertie& af meial filmge

@hay thb bz
and dwsev i




using = mogt geometry and later by Lin and Pugscz-Murasziiewice®

who héve developed s technigue to make deflects urements on

a microscale. Their technique uses standard pho ethnds To
h out e e . bar-shaped semple and then free it from the sub-

strate by etching with a second selective solution. If tie Tilm

ey

e

waye inttially wnder ccmpfesgiam, upon being freed from the sub-
strate it expands and deviects giving rise to considerasble stress
relief. The authors have anslyzed the elastic problem in detail
and have developed an expression relating the maximum displacement
of the free oxide #ilm, observed opticaily as indicated in Fig.
15, to the strain in terms of elliptic integrals of second kind.

They have found that approximately 10% of the total siress remains

\

Figure 15. Moat technigue for local stress measurement.
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in the deflected samples. With much less sensitivity this tech-
nigue can zlsc be used for films under initiel tension by measur-
ing the change in length of an wndercut beam after it is raleased

from the substrate. The technigue has Qeen spplied to f£ilms under
compression down to thicknesses of 250 A for the case of 8i0p on |
silicon and the results will be 'reported later.

ct similar free-film techmique is alsc reperted by Wilmsen et
al.5%% who considered the stability of the thermal 5i0p film in
relation to the thickness and width.

We. summarize this section on the most commonly used technigue
for the quantitative measurement of stress in thin #films by re-
marking that with sufficient care, the thermal gifficwities may be
overcome, the boundary conditions used in the eslevlations can be
realized experimentally, andé that interpretative data msy be taken
continvously during the deposition of & film in order to give in-
formation as to the stress distribution. The bending plate tech-

nigques have thus been very useful in studles dealing with the origin
of the internal stresses and have even been used in automat%% B E~ )
tems on production samples through the use of fiver optigs.”” Micro-

technigues have led to localized stress distributions.

Thus we conclude with proper substrate design and choice of
high thermal conductivity substrates, tempersture effects mey be

R

reduced to the pouint where they are pegligivle for high stress dee
posits, éven if thermal expanaioh coetficients are not matched. It
iz still true, however, that for measuring the stress in the esrly
stages of growth or for materials vhich have & very low intrinsgic
stress, these problems have not been completely eliminated.

Xeray Methods ' .

e in stresses through various pro-=
ermine local changes in & shress

In crder
ceasing steps, or in order to det
ss @ function of position in the sample, X-ray technlgues hove been
used. The more familiar one is to measure ithe lattice cons?anﬁ,
veually with a diffractometer srrangement which deterﬁipas,the ‘
spacing between planes lying parallel to the planer suriace. The
stpain in the film is most commonly measured but in s few cases
the pirain in the substrate has actunlly been used to infer the
stress in the f£ilm. As usual, the stresses when calculated Trom
the strain in the appropriate elastic constant, in this cuse the
stress in the film plene in the simplest formulation is given by

3




The elastic strain normal to the film is detawmvnna From bhe diffep-
ence bhetween the me:  tatticed constant of the £ilm and the
bulk lattice para N
) /
Sufficient ¢ . be wakwn in these me ks that chan-
ges in iln@ 5hapes i from stacking faults or home-

geneous strains are the honoganeous eompovurt.

5 T 43 L 3 - b’ e 56
Recent progress in diffractometer metheods follows. Zosidt
measures the strain as the function of the angle from the normal

L e
to the il Using only the position of the line centers, he finds
8 linear atiom between the strain & and sin 2¢. The shress

in the § dimwb on is then determined (%&m

a(

&, 4
B 'l £ 83
p N oz 15}
d{sin 2¢) : Efc ) U@ :

for g bja*iml stress. In this expression ¢ is the polar angle and
¢ the asimubhal angle
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Bush and Read>’ simplify the ewxpressicns

and slso relste the film stress to normal and

tiog sngles upon specimen rotation. These tr
tress gradient normal to the film.

in order to directly measure the elastic strain, and thus

eliminagte the diifieulty uf using tebulabed values for & the film
rpay be detached from the substrate thus relieving the elastic
gtrain and the latitice canst ant measured a second time. Kemins
and Meier&nsg have successively used this technigue for the stress
in silicoa films on sapphire substrates, through variocus process-
inﬁ treatments. The Helson-Riley extrapolstion function has Dbeen

1sed to determine the lattice constant. Microbeam technigues
couplen with scamming motion should sllow the determination of
the loecal elastic strain with a reascnable resolution. No sueh
experinents seem to have been donCQ,

Cullity®? formulates the more general problem to congider,
the importance of line shapes. Foriebls82 considers the effect of
a linear variation of struin through the thickness. McDowell and
Pilkington®? derive & five-parameter nonlinesr distributicn from
the 1line shapes which should be sble to consider differences in
structure st the free and substrate surfsce. In thelr results
with gold films, immense elastic strsins of 2. ? tension exponenti~
ally decaying within 100 A of the glass substrate interface, slowly
shift to compression in the body of the film and a large 2.5%
compreasion near the free surface. The antf"ymmetric strain dis-—
tributions in the thickness are a result of the symmebtric diffrac-

(VY




“tion pesks, but the authors offer no explana ation for'?&rge strains
and the laok of agreement with deflection experiments

Within recent years an understanding of the topological x-ray
contrast of imperfections in crystals has smerged through a study
of both kinemabtical and dynamlcal effects.B% As applied to stresses,
contrast may be cbserved when a film deposited on a single crystal
@ubstr&te provides s sufficient gradient to loecally distort the

rstnl and give rise to intensity fluctuations. As previously de-

cv‘bgd, Haruta and Snencer’“ used the technigue o exapine the
stress distribution at the edge of & deposited film. Meleran gnd
Blecht%:66 ysed Borrmenn contrast to explain the airfraction con-
trast along interfacesn. Schwptike and Hc*av*bT regard the model

as oversimplified and analyze the transmission geomstry using the
seaoning oscillator technique following the treatment of Penning
and Polder.®® Dynamical effects and the la attice curvature result-
ing near the edges of an etched di reusion window give rise to the
observed contrast. The strein gradient 1s & ma aximum at the window
edge. Reference to Fig. 16 indicates that when the vading of
curvature and the diffraction vector g are pointing in the same
direchtion enhanced blackening is found on the fiim.  If the sub-
strate is found to be in tension then the film must be in compres-
sion, as illustrated in the figure. This technigue provides good
spatial resciution for the sign of the stress but guantitative
ipformation as to the magnitude is lacking. The authors also give
itiustrations of kinematical contrast &t the boundaries wvhere the
adhesion is lost. Dynamical images obbtained by either adjusting
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the subsirate thickness or cheosing the appropriste radiati
JOfpr etation of the regions that have Tailed

rise to unambiguous ii
at the ipnterface. It is worthwhile po¢m,1ng cut that
adhesion

1 glve

Ivcalized

4 “wﬂ" were determined m; this technigque when the optical

appearance of the film was mirror like and without any observable
flews. The mumhors alse pointed aut that these technigues make it
poasible to map the stress buildup in planar semiconductor de-

vices. It is then possible to obtain information about the rels-

tive stress magnitudsand the stress di

irection after each processing

step, thus the stresses sssociated thh.the diffusicon processes may

ke determined.

An x-ray double crystel arrangement in which the
topographs show the non-uniform veristions of lattice
. sart

neay the N

resultiant
orientation

face has been developed by seyTfang®? for thin silicon

erystals bonded to glass. The origin of the strain may be in-
ferred frnm the distinction between a uniformly distorted surface

or one which has non-uniform distordtions.

£ WGGllxiﬁ scanning x-ray topog
developed by Rozgonyi and Ciesielka’?
to matntain a water orientation while the hean traver

radiug of curvabure may be determined with

resolubion of mm with sim J”L4wwo x=-ray topographs.
' ‘ thic films {~ 100 A) and substrate are cale
well as effects of diffusion and ion implanbtation.

™
X

.
1

Because of the availability of xersy topographic

systems caused by deposited films, aii
expected. Both lattice parsmeter and

uslon,

Gther Technigues

A new technioue by WerMi sse’ls72 yas been develo

simuitanecus measurement of stress and mass cnznge

topological n
destructive, have goud spatial resolution and sensitivi
not convenient nor rapid encugh to be used during deposi-

aphic arrangement has bean
which uses g feedback system
ses the speci-

g spatial

Stresges in
~ulsted; as

al hechnigues

il conductor defect studies, their increased application to

or implants-
sethods

pa 1 A
guartz crystal resonator technigue uses AT cut and BT C“T QYVE -~

tals suech that

the sum of the frequency shifits is proportional to

the mass change and the differsnce in the frequency shifts is pro-

portional to the change in the thin fiim stress. The
ig guoted at 125 dyne/cm for & 10 Hg Ireguency shift.
nigue is suited best for stress gtudies when the mass

gsensitivity
The tech~
change iz

guite small, and has been used in connection with implantation

studies on silicon samples.



Any rhysical properiy mey he used to deis
examples are begiming to appesy . Hobe thai this
of the usual case in which the 'unusual® properties
being explained in terms of the stress, and
sophisticated point of view. Oel and Freche ,
for macroscopic glass discs using birefringence te
strein. ~ Reinhart snd Logan’? ealculsted the rhase difference and
elastic constants from the crystal piezmo-optical tensor coeffici-
ents; and compsre with data to determine the interfsmce siress
of thick epitaxial layer structures. Fig. 17 gives the str

T
distribution near the interface for Al , Ga, , As on {111) Ga As.
3o vaF .

done this
syre the

Anlincreaged nge of such ‘indirect’ measures of the strain is

spticipated.
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SECTION IV. THERMAY, STRESS

Intreduction

175},

The techniques for measurements that we have discussed in the
"

Preceeding sections havm allowed +the determlmatzon of & stra
the caleulation of an associated stress. We now turn to the gues-
tions of the origin aﬂé the various mechanisms that can oo

to ftheze gtna’ As & matter of definition the toial stre :
the film )rep&rded as bel ade up of two possible ﬁcnwr;bhtieﬂ

These are detfined as the differential thermal expansion stress whwae

origin is uuderotuudy and whose value is generally amienable to
calculation, and, the intrinsic stress which is nh? manifestation
of all other contributions. We may wri p oy
ipbtrinsic stress, o,, may be composed af seve r&l germ
¢, iz measured and & property responds Lo the total st
eSntributions from either term may be hevsian OF COmp
the resultant total stress in the film bheing determine
relative magnibudes. .
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Figure 18, Thermal and intrinsic stress comtribubions.
L

te g = + ¢, . where the

Y

&



In Fig. 18, we consider in an idealized way the csse of &
Pili deposited on a substrate et temperature T gnd cooled to the
final btempersbure T . IT the thersslk axp&&ﬁi@ﬁ coefficient u, of
the {ilm is larger Pran the expansion coefficient of the subsirate
o shen the contribubion to the stress from differemtial thermal
eXpension incresses lineerly as the substrate temperature g
creases. On the other hand, the intrinsic stress is often a de-
sreasing function of the temperature, so that the totel stress in
the £ilm may, in faet, have & minimum at some inbermedinte tem-
parwhure. ‘ o

Bven today the litersture far too commonly considers gl Cfer-
ential expansion as the only contribution o the stress. For the
higher melting point metals, For exsmple, intripsic stresses &re
guite large up to substrate deposition temperatures of several
hundred degrees. . In other systems the diffusion of impurities
inte or out of the film at elevated temperctures glve rlse to
subntantial stress effects. Bven in the casge of thermally grown
810, on 51 at high temper&ﬁwf&35 the intringic strepses have an
impSroant role.

On the basis of our carlier sections we pee thet the funda-
membal crigin of all of the strains in £films lies in the conme-
gtraint that the £ilw is being tightly bonded to the subsirate
and efter this bonding hus taken place there is & svhseguent volume
change in the film (or strictly s plensr distortion). Thus, in
addition to the name sssumptions mede in solving the elugtic probe
lem, we must evalumte the strain itself. Normelly this Is sim-
plified by assuming the substrate is rigid snd that neither com-
tesction nor bending bakes plsce in the film substrate. Under
this essuiption the change in lengths of the substrate resulting
from the stresses on. it is negligible, but If the film snd sub-
strate were of comparsble thickness, then both of these relaxatlion
aeftects most bBe talken into sccount. ‘

1

CThermsl Expsasion Strens

Normally, the thermal expansion strain Is gongidevred to be
isotropic. In general, the coefficient of thermal expsnsion ralate
the abrain bensor to & smull uniform tempersture change. Thua,
the thermal expansion tensor ls symmetrical since the strain teni-
sor is.'2 It is worth noting thet sinee the thermal expangion of
a crystal must possess the symmetzy of the ervatal, it cennot dew
stroy asy symmetry elements and this is why the class of & crystal
doss not depend on the temperature. The thermsl expansicn tensor
way be referred to primcipal axes aed thus reduve the numbeyr of
Cepefficients to 3. For most substances the principal thermal
sxpansion coefficients are all positive. But in s few cryatals,




Por intence caleite, or silver iodide, some coefficients are nega-
Glve.

We may write the nine thermal strain components in terms o
the thermal expansion tensor. :

By gy BT - (16)

where the identicel subscripbs refer to the normel cowponents and
the mixed indices 4o the shesrs. The thermal expansion tensor is
often reduced to & columm mstrix to be consistently used with the
sizx single index straius gy -

H

e @ o : {173
€, &i-be , | L1732

If we consider the restricticns of eryat&l‘gymmaﬁryilg'amhy
in the trieiiniec snd monoclinic systems are the shear coelficients
other then zero. The orthorhombic system hes three Independent
nornal expunsion coefficients, the telragonal, trigonal, and hexs-
gonal systems heve two, and the cublc system hes an fsotropie
thermal expsnsicn. We must point out however, that even thovgh
the thermal sxpunslion msy be lsotropie, because the elestic con-
stants. are fourth rank tensor propertiss, snisotrople stresses
will Be obtained even in a cubic ervstal. Only if the sample may
be considered to be elastically isotropic, that is in prectice
& polyerystelline swmple with random grafns, - will the resultant
thermel evpangion shresses be isotyepde. ge the thermel sirains
are determined, the stresses ave cmlouleted from-the sppropriate
elagtic comstanis. The eguation ' '

E, 8.,

3T - 18)

& R S Cox

TR 1~y ®11 7 FE

ig . mpoper . for the rigid isotropic cuse end takes gacount of
the biaxial stress generated by the Lineer straln Ell F gy '

The sign i such thet the tensile atress is positive. UOb-
vidus extensions are needed when the tewpersture renge consideved
f& so wide thst the a's are no longsr constent. Vook end Witgi%s?%
carried out eslevlations of the strain norsml to the planme of the
£ilm for arbitrary orientations of cublc cerystals. In thess cale
cwlantions which were slso extended to include the sirain energy

4% was sgsuvmed that the shesy strains in the filsm were zers. For

copper and silver, the metale conuidered, the strain energias

were Pound to be in the same relative ranking sa Youug's modulus.
Vook. and Witt point out that the cbserved line shifts in an x-rey
diffractometer experiment when the temperature iz chenged correm-

_pond directly to the caleulated thermel strain, even though other
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Figure 1%. Thermelly g&m@f&ﬁe@‘mmﬂm&l gtrens &b a free edge so
& function of distence fyom the free surface. :
After fleck.?? Coordinate xy = 10 coprresponds to
the intertaes. \ - “

ehntrivutions te the line positions as a result of fauliing mey
be present. '

To this point we have considered the specimens to be semi-
intinite in size snd edge effects have not besn ipporbant.
Aleck?? hes converted the thermel stress problem in & rectangulay
plate clusped along sn edge to one of boundery stress conditions.

b
3




b

‘Wie twe ddmessionsl solutions indicabe there sre large shet

gtresten present in the f1im within sbout twe film thlcknesses of
the adge, ané o stress normal to the plens of the film concemn-
trated at the intersection of the sdge of the Film with the film
subatrate interface. The distributions along the imﬁarfgge‘ )
{elamped edge}-are gualitatively similer to the data in ?igh 1L

3£ pevmalized to the one-dimensionsl thermal stress E bo AT. The
largegwariaxicn of the noraml stress o 3 85 & fggmﬁina o? tﬁ&n&iﬁ“
vance Prom the free surface st the &@gé‘@f the. fiim is given in
Big. 19.

Fartang’S hun exbesded Alsek's approxvimste solution to plates
of srbitrory lesgbhs . rather than the semi~infinits plate used
By Aleck. He slso gives deteiled stress, strain and diaplacenent
dintributions for plates with length to thickness ratlos of 2, %,
snd 15. Compared to the sead-infinite case where there are edge
affects only, when the length of the film hecomes short enough,
novund form stress distributions are found throughout the volume
of the film. The meximm stress in the plane of the film de-
creases as the samle lengih decremges and actuslly reverses sign
on the free stxfece of the Film for seuples thet are only twice
ny Long as thelr thickness. The meximom shesr stress decreases
with incressing plate lengths snd the stress wormal to the plene
in the conter of the interface increases with decreasing plate
length. Zeyfang points out that for plates whose lengtl o thick-
ness ratic is grester than 1S, it is possible to think of the dig~
tribubions ss being composed of s uniform part for the central
part of the semple sud edge terms, but such e treatment is not
veiid for shorter samples. The shape of a half film under the
exsgperated thermal exponsion condition is shown in Pig. 20, Be-
cause of the singulsrity of o_., in lincar elasticity theory at the
interface edge, & mylinﬁric@l38aviﬁy‘wmﬁ cut out and the dig- '
placements spprovimsted by surface displacements. Por auch short
gomples It follows that the upper surface ne longer remainsg plane
under & thermal expansion strain.

In carrying out the celeulstions of thermal expension coi=
tribublions the questions arises as to the valuss of the thermnl
expansion cosfficient to be used. There seems to be no evidence
for shnormel expansion coefficients in deposited films. There
sre cases where the total stress effects do not seem to coincide
with calewlations of the thermal conbribubions , but these are
Bttributed Lo irreversible intrinsic strese changes in the Film
upon heating. Hence, tabulated veluesy of the expansion coefficient
seen guite switeble in prectice. TFeder end Ligﬁt76 have reported
an spparstus. for directly measuring the differential thermal ex-
peosion between a film deposited on the substrate by observing
the optical fringe shifts corresponding to hending the sampe. For

. the cese Oe/Cs As film couple the difference between the thermal
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exg&ngion cuefficients is &éﬁ@hﬁfféﬁé&uﬁo he less than 1 part in
v,

One pf the gosls of ithe calculstion of thermsl stresses is
the prediction or explanation of properties from data on bulk,.
straln-free samples. Sehltbterer’! determined the resistivity
change in epitaxisl 8i on spinel in terms of the pleszo-resisntance
coefficients for isotropic thermal stress. A second example is
the snisotropic Hall wmobility foumd im silicon ou sapphire films
by Hughez zsd Thorsen. o379  After caloulating the thermal eXe
pansion stresses srising from the anisctropic thermal c@ﬁtraﬁﬁguﬁE
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Figore 20. Thermel expemsion distortions of short £ilwms
according to zgyfan@.fg



of Aig O in cooling from the deposition temperature, they also
uge the pleso-resistance effect %o relste to the Hall mobility.
The spproximete 10% snisotropy of the Hall mobility in two ortho-
gonal directions seems adequately deseribed in terms of thermal
gtrains. Hughes 8¢ carried out detailed caleulations of the
effect of stress on resistivity for gepersl orientations in
gseveral crystal systems. -

Thus it eppesrs as though both isotropit and anisotrople
thermal expsnsion strains, end their effect on tr&nap@rt PrOLay-
ties are amenable to caicul&tiﬁn, '

SECTION IV. ORIGINS CF THE INTRINSIC STRESSES

The review articles by Hoffm&nsmssﬁ& Campbellt 7 Buckel,® mnd
Kinmaiﬁa,*a.all have the goal of tryinmg to ssgimilate the massgive
experimental literature on messurements of the stress and attempt~
ing to interpret them in a few sinple concepts. In addition to
the thermel stress, Buckel liste six other processes which mey
produce stresg in the following way.

L. Kmacrpmration of atoms, for example, residual gases or
chemical resctions.

a2
.

Differences of the lattice spacing of monocrystal. and
subptrates and the film duwring epliaxial growih.

3. Varistion of the interatomic spacing with crystal size.

k., Recrystellization processes.

a. wigre aapic voids and epecial srrangenents of dislocations.

50 Phase tr&n%fcrmaticns,

I3 . .
In aﬁ&it;aﬁ, 211 of these processes may occur both during

condensation snd growth of the f£ilm and under annealing sonditlions
safterwvards. A search of the literature also’ indicates that most
of these models have been developed to explain the stress in
wetsllic 3 *lnam pure metals or some simple slloys. EﬁpwolaLty
with nommetallic filmsz, where the stolchiometry and the shyucture

- is atill f&r'from being well esteblished, the understanding of thg

origin of the stress is now wnsatisfactory. For these reasong
we review the models for the intrinsic stress very briefly, call-
ing attention te thoae cases where there is some confirmation in
the litersture for non-metallic Pilms. More importantly, the
discussion may give a physical basie for the application of these
concepts to non~metallic systems. Meny of the models find it

4o




relatively easy to explain shrinksges and hence, tensile stresses
in the film, bub can oxplain compressive behavior only with diffi-
eulty. T '

Several different kinds of processes mey operate in the first
classification. Nakajsma end Kincsitad} Lkave measured the stress’
in silver films deposited at 10" 3-and 10°0 Pascal and find the
folloving behavior. The dependence upon the thickness lg not
greatly influenced by the deposition perameters bhefore the film
hecomes continuous. The residusl gas pressure during the deposi-
tion has no sppreciable influence on the atress behavior. How-
ever, after the deposition the stress will remain at ifs constant
tensile value if the gample ig kept in & vacuum of 1077 Pascal
but if kept im a l&“3 Pascsl surroundings, & compressive relaxe~ .
tion to & smaller value of temsion in the filwm is found. Fur-
thermore, this compressive contribution will recover with a time
congtant of -the order of hours if the pressure in the system is
reduced to 1079 Pascal. The avthors suggest the reason is the
abaorption of repidual gas in the film, end the stress effects
correlate with changes in the electricel resistivity.

Aetually. the presence of residual gag, oxygen and water
vapor in psriicular, has long been suspected in the cagse of those
metallic films showing compression when deposited in poor vacuum,
or when asnnealed in air after depogition. A more dlrect quentite-
tive confirmation of the effect of gas incorporated in the film
during the deposition process has been fortheoming in the work
with bias spubtering which we shsll trest in some detall In &
lster section. Ton implantation which clesrly gives rige to
diletion also falle in this category. '

Becsuse of their techmological importance, the growth stresses

in thermel snd anodic oxide Piims must be included. A recent

review Ly Sﬁrin@argz coneiders the stress generstion and relief in
grown oxide Lilms on metsls. The sign of the stress in the oxide
layer may be predicted by the ratio of the volume per metzl ion

in the oxide to the volume of metal stom in the metal or the )
Pilling-Bedworth ratic. Mogt grown oxides leyers are compressive

but MZO is correctly predicted to be tensile although sctual _
E%atraaaaa are much less then calculsted by this ratio. These dif-

ferences may arise from ion motion, particuler snisctropie
growths, or, perhaps more likely, plastic flow taking pluce dur-

' ing the oxidetion process. A second mechenism includes the oxygen

migration down grain boundsries in the metal oxide in order to
resct with metsl fons aiffusing through the bulk. This mechan-
ism, illustrated in FPig. 21, also leads to a compressive growth
gtress in the oxide according to Rhines and Wolf.?3 The similar
impurity migration dowm grein bounderies has been suggested as
the origin of the compressive stress in metallic films.3% &
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Fhines &nd Wolf®? and Stringer.

“aimilar situstion is found in the growbh of anodic oxide £ilms, .
which have recently been reviewed by Dell'Ces et al.,” following
Cegrlier asrticles by Yuungﬁﬁ g Vermiliyes. @&« %ha, vonrth -of inter-
metallic phases following dif“ummmn hus . been émnfirmad Bl 6 o
gtress mechanism.

. One of the best documented origine of internal stresa occurs
@uring eg*ta&ial growth as a regult of the efforts of Vaen der
Meywed? Matthews, 20.9) Jesser snd Kﬁhim&nmmW5lqdorzﬁqa 23
Hornjo3"* and others. An imt@rfaﬁjaj energy, 2-%% 1g caleuleted
which depends on the &ifferences of the lattice speciugs of the
gubstrate snd £ilm, as well as the elastic constants of each
materisl. For smell mismatches or thin filme, the totel energy



in the system will be minimus if the film‘d@veza§eﬁ & wniform
elastic strain. Bowever, if the film becomes thicker or 1f the
mxsma@vh is more severe, the energy of the system may be lowered
by the ereation of an afr&y of interfacisl dislocations which wmay
relieve & lerge fraction of the sirein in the £ilm. & totsl or
partizl eliminstion of misfit dislocations mey toke place as
achemsticelly indicated in Fig. 22, vhere the energy gain is AE
and the criticel misfit is seen. It is worth noting thet forces
normal to the interface contribute only sbout 108 of the intere
facial cn@rgy. Recently the misfit dislocation energy is cal-
enlated®® from s periodic Interfacisl potentisl which is & ‘
generalization of a Pierls-Fabarrs model rather thean the alaer
pair-wige or elastic models.

Jesser and Kublmenn-Wilsdor£¥2:%3 nave shown that a similar
formulation holds for films in the isolated island stage of '
growth., The interfacial dislecstion mechanism for the origin of
intrinsic siress is etirective becsuse it may be formulated
quantitatively and compared with experiment. Az a general
mechanism, however, 1t must be criticized on two grounds. Firaet,
the obvious one that it is not essy to see how much & mechenism
would operate for growth of polycrystalline fiime and, secondly,
in this wodel the strain is localized and decays erp&menti&ﬂly
from the interfece and thus does mot project the congtapt stress
often experiment vally found. Neverthelessa, date for 50 A& poly-
uxyat&xlvne alkali helide filme on glass seem to follow this
mm&el

" gugmey
ENERGY

| FRPTT

1 eligi-

Figure 22. Energy gain AE srising from total or pertia

& antion of interfecisl dislocstions. Curve A is
the homogensous elastic strain energy, sud B tha&
misfit interfacisl emergy. After Var dar Morwe.
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A stress model for hetercepitaxial £1lms combining thermal
stress and sasuming the film lattice constant is eanstwasnad to
matceh the substrate has heen developed by Resser ot sl.

" They have sxamined many [s1155]
megnetic oxides and developed o physicel model in whiech the film
stregs is entirely determined by wniform misfit at room Lemperse
ture independent of the deposition” temy@rmtur@,ﬁp,ﬁo a critical
value and entirely by thermal expeanshen.for lergerimisfits. UThis
idealized model works well whben the thermal expmnsion coelfficlents
of £ilm end substrate are nearly the same. It takes account of '
the thermal expsusion in region I by using the room tempersture
lattice constants bubt sssumes the complete relsxation of the mig-
mabteh stress in reglon IT.

, .Figm 23iinﬁiﬁﬁtea these two regions, where
E -t X na
g = et (aﬁ uf) end g, = “Ef“ (& i )AT .
X Lomrp £ 4 £ T Ty .
& oy _
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Figure 23. szﬁ&xial misfit-thermal strain mgﬁel cf Hessey
et al.? :
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Cerruthers?’ proposed a similar model including the effects of
plestic deformation occuring at strains lurger than 0.005. He .

.fits.ﬁhg'théfmallywaﬁﬁi¢ate@ glide relstion ﬁariva&.by Matthews

et al.,% in which the misfit strain is %he driving force to the
date of Beaser et al. Carruthers® expression for the plenar
strain ig

T T

a -

- T SRY T v ST Y
ey = () (1e6) ¢ (aga )2 7 ) (22)

where .

the fractional strain recovery and is a meastre of the actual
strained film lstbtice constent a)l snd the lattice parsmeter of
the £ilm material a, both evalusted at the deposition tempersture
T . Braginski et al.,%® gives sdditional data for the magnetic
aiides.

In the thivrd csbegory, one finds o number of experiments
relating the lattice constant with the crystallite size and inter
preting the results in terms of a surface energy. Cobrerad? fop.
nulated the thermodynamics following the classical peper by -
Herring.10¢ ILinford end Mitcbelll®! introduce the concept of
interplanar potertisls which relate the surface work to BACYrQ-
seople parsmeters of elastic constants aud thermal expansion co-
efficients. Wessermen and Vermssk'?? give recent date snd refer~
ences for the swiace stress as cheerved by electron diffvaction.
The surface energy provides a recognized contribution generally ~
giving & compressive stress in the isclated islend stage of
growth,¥% however, unlese the growth of & deposit cap be Por-

wulabed in terms of a continual nucleation and growth fremework -

it is difPicult to see how this category can contribute to the
stresges in thick films. It remaine then a difficuwli ezperimental
area because of the vedtum emviromment, but in need of fubure work.

The surfsce stresses in Ge, InSbh ond GeSh have bLeen messured
uging the bending of thin samples by Taloni end Benemen.?  The -
ef'fectn of surface stress as correlated with bending plate messure-
mente have been discussged hy Hoffwmen.

Classificstion b, recrystallizetion procemses, contains &
nusber of different models that differ in their detalls. Klok-.



holm and Berry,'¥® suzgest that the stresses ave generated by
the snnealing and constrained skrinkage of disordered material
buried behind the advancing sorfece of the growing £ilm." The
magnitude of the stress is determined in this model by bthe emount
of disorder at the time the stoms become annﬁtﬁain@& and the

subsequent anealing during condemsation process. The temperature
dependence of the intrinsic stress is determined by the kineties
and it is held that no stress would be Tound in films deposited at
extremely low temperature substrates, and st substrate tempers-—
tures during deposition higher than sbout 1/h of the melting
temperature. This form is spproximately followed for metals. Ib
this model, films deposited on cold substrates would .have no
gstress since the atomic rearvsngement is no longer possible.

' The helium temperature experiments of Buckel® indicate that
simple metals growing in the normsl crystalline phase, even though
thaey have very small crystals and have & high degree of dizorder,
do develop large stresses when deposited at these vexy low teme
perstures. It iz often stated that amorphous films have low
gtress. Gallium and bismuth may be frozen in smorphous pheses
if the substrate tempersture is below sbout 20 K. These data as
reproduced in Fig. 24, show that for low substrate temperatures
a spall stress is developed when the islands join at an average
thicknesz of shout 60 £ but no additional stress is produced on
further growth. For higher substraste temperatures the uguak
tepslile stress 1z Found. The amorphous Bi filme are guite un-
steble, snd with increasing film thickness & spontanecus crystale
lization often takes place which yields lerge compressive
gtresses, These experiments, as well ss caleulatlons, convineingly
exclude the presusption that the surfece temperature of the film
ig substentisntly higher then the substrate tLemperature. B
cuuse of the present imporbance of smorphous films, snd the
general behsvior that even alloys seem to grow without intrinsie
stress, 98 e peport Buckel's result thet Sb films condensed on
low temperabure substrates exhibit rether high tenslile stresses.
Pecause the b vepor from which the film is bullt up consista
almout completely of 8b) molecules, Buckel hes reformulated the
 general hypothesis sbout amorphous films to read "amarplious
phases with a short renge order similer to that of & Liguld
{frozen Lliquids} grow without internel stress,” and imterprets
the statement on & microscople void model. ‘

Chaudherill? has considered the effect of grain growth on the
stresges in films when depsification occurs by the elimination of
8 grain boundary. I the initial grainm size is very zmall &
tenmile stress is generated snd the final grain size is deter-
mined by the winimization of the sum of the strain energy and
gurssce enevgy. When the initisl grein size s above this critical

4&
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Pigure 2k. Stresses in low-temperature depositiony as measuvred
by Buckel.® . ,

size, perhaps 20 K, no energy minimum is found snd mrein growth

is not resbricted. In this wmodel an initial elagtic compressive
strain aids recrystallization, whereus the experimentally found
initisl tensile strain is not favorsble for grain growth.

Wilcock et al.,l0® have determined the stress in the early
growth stage for Ag and 4 They alsc consider the gtress to
arise from the elimination of graein boundaries and suggest only

10% of its boundary need be eliminated to sccount for the

chaerved atress. :

Tn & series of papers Hoffman3®:32.%0 gnd his coworkers have
developed o different concept of & grein boundary wmodel. In this
model this strain is genereted as the adjacent surfseces of two
graing come intc contact during growth. The problem mey be for-
maisted in terms of a grain boundery potential but this is formally
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equivalent to relating the strain energy to the difference be-
tween the swwfece energy of the two crystallites snd the energy
of the resultent grain boundary. In sddition to values of elasgtic
constents and energies this model needs only & value of the final
grain size of the £ilm f@p & guantitaztive calculation.

The grain boundary potential. 16 demonstrated in Fig. 25. The

depth of the potential is given by 2v -~y . -where Yﬂv_iﬁ the sur-
face free energy and vy b the grain boﬁﬁd@%@ EnerEy. As an avere
age grain barely hes ag‘ener@y w vy /3, the depth of the
potential is 5/3 v__ at the nesres? neighbor distance a. An

Carriving stom mey ﬁgpulaﬁe any position where the potential Is

negative if it lies between r and & then the stom relaxes out-
wards; if it arrives at e position between & and 28, then & con-

braction will take place st the boundery. In both ceses a

strain energy is produced, snd the minimum produced bebween the
strain energy and potential energy defines the net streim. As
the potentlial is ssymmetric a tension in the film is oroduceds -
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Figure 25. Grain bowdsry potential. After Doljack, Springer.
end Hoffmen.
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where the average d:aplacwmﬁnt <h>» iz obtsined by integrating
over the range of the potentisl. Good agreement has been obtained
in bath the temperature dependence and the musgnitude for the case
of nickey. %0 . - :

Clagsification %, voids and special dislocation arrays, be-
comes a convenient catch-sll. Voids I8 Pilme have been POGL Ui
leted to explain magnetic anisotropy &uﬁ low vaines of dﬁﬁ&&hﬁal&q 119
even though the x-rey density is typicel of bulk msterial. Witk
dielectric films evaporated abt angles of incidence, voids are
populear in order to explain the so-called porousity of the film.
Revertheless, detailed experiments to show the size and shape of
such voids have usually falled. The same kind of geners) remark
way be made about dislocations because there is e well-defined
stress field sround a given dislocation. ¥We may postulate a
special dislocabion asrrey in order to give rise to any stress
distribution that we desire. "However, with the exception of the
interfacial dislocations memtioned earliex, the dislocation lines
found in films by electron diffraction are generally normel o
the plane of the film. Thus, generalized statements relative to
voids and dislocations, ave generslly of little use in detailed
enalysis of the stress problem. Exceptions to this may be found
in the case of gtacking faults, and other such dowumant@ﬁ defects
in s particuler £ilm in question. Abrshams et &Lg, ! phave PG
posed an oriented arvay of inclined dislocations to explain the

-

shress gradient that curls & film upon removal From the sub-
ghtrate. Saito et al. 2 nsve postulated o periodie distrie-
bution of acrew and.e&ga dislocations ebliquely plercing the film
plus gdded terms to have a btraction-free gsurface. The moximun
gtress does not oceur at the boundary of the &islcc&ﬁicn.

Category 6, containe the expected first-order phose Lrans-
formation with its attended volume chenge that must teke plmc@
- after the film is Tormed for a atress to be generated. Buekel?
uging the Oswald step rule ©f crystal growth, suggests the film
mey pass through metasteble liquid phase during condensetion, and
the internal stresses thus erise from s different in density from
the liguid itself. Thus, one would expect that a frozen in liguid
as the first phase formed exhibites no internsl stress, consistend.
with many results alresdy presented for amorphous metals. As -
most metals melt with & decressed density, normslly s tensile
stress will be cobserved, and this iz alsc experimentally found.
fmorphous slloy films elso show & very low strees.i06 This model
has had some success in predicting the sign of the stress but aa
vyet haes not been formulated in & ocusntitative Pashion.

Lo
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_th@ epitexial situetion. In examining even the recemt papevs it iz
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Without specifically steting, our discuseion s¢ fexr has led
one to believe that the intrinsic stresses would be isotropic in
the plane of “the £ilm for randomly oriented polyecrystéiline .
ssmples where the elastic coinstants are isotropic. The experience
with metals has indicabed that this is true when the fllme are '
deposited st normal inciderce. Stress differences of perbeps
20% are found for metals. when the evaporated beam is incident ab
k5% with respect to the substrete normsl.}!? These early experi-

- wents with magnetic metsls were concerned with the apisotroples .

resulting from the anistropic stress. Smith et al.,!l? suggested
that the anisotropy erises during the film growth from & rendom
nucleation in combination with some shadowing effects. This
mechanism very likely operates for specimens deposited nesr grazing
incidence but Hoffmsn end coworkers suggested that emisctropie '
nucleation snd growth would allow the grain boundary mechaniem to
operate st smaller angles of imcidence. Dielectric films have

mach lerger sulsotropy effects ae we shall see in a following
section. '

SECTIOE V¥ SUMMARY OF THE DATA
Jntroduction |

In view of the fact thet the importance of the stresses has
been known for such s long time, it is surprising thet so few papers
giving dats exist in the literature. BEven today the ploneering
work of Turner and Truby,ll“ He&ven3$X15 and Smith, Blackiburn, Campe
bell, 18 mnos,%2 Carpenter and Canpbell,?® Kinosita ggkggf,sz and
Schewerman'¥ contain perhaps 3/4 of the films studied if we exclude

atill true that improper expressions bhave heen used to yelate the
stress to the observed parameters, and sufficient information ism
seldom given teo geparate the thermel stregs from the intrinsie
stresy., Ag it iz the tobtal stress which affects s given propaxiy,
this practice mey be exonsed if one is interested in a parﬁidulwr
processing treatment, but certainly sn undereﬁénding of the origin

- of the intrinsic stresses is not aided by such experiments.

In order to focus owr abttention let us classify meterislis as
optical £ilms, alkali bhalides, epitaxial Mims, snd films wihich
perform & passivation, isolation or dielectric funetion. It will
Be realized, of course, this is not an all inclusive way of clasgi-
fying non-wetallic films, and furthermore, o nusber of redundsncies
will cccur when we look et an sctual materiasl. ‘The purpose in
thiy classification is to see if there are generslizetione we can
meke within each category which prove useful in trying to inter-
pret the deta. Tsble IT contalns an up&&;eﬁ list fallawin% the
earlier tabulations of Hoffman,* Cempbell’ snd Scheuermsn.'® When
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only one author made measurements Tor a particuler materisl, it
weg simple to quote a value for the stress. Now that geveral
authors have reported for the same material, but often carrying out
the depogition at different temperatures or differenmt techniquesn,
there mway be considerable dlsugreement ss to the magnitude of the
stresy and, in scme cases, even the sign. Thus, the individual
bapers must be consulted to see if the conditions of the reader's
interest mutch with those of the litersture. We wigh to sgain
caution thet the intrinsic stress is indeed a stiucture sensitive
property, snd seidom is the complete characterization of the Pilm
carried out with sufficient detail that such & cause snd effect
relationship con be found. It is well inewn that there are signi-
ficant effects from the amblient atmosphere when a film is token
from vacuum surroundings and thet there are longer time effects
agsocieted with 2iffusion of impurities along grain boundaries or
through the lattice. Although a few recrystallization studies

- have been reported, in genersl stress datas is not available for
post-deposition treatmentsy.

We have also eliminated consideration in Table IT stresses
induced in materisls as the result of fon implentation sg thesge
sre not inherently a thin film effect, although measured by the
same techniques. There is no question thet the incorporation of
fmpurity atoms during sputtering or ion beam deposition can lead
to the same kind of behavior. and some of these date are included
and will be discussed. We have algso elimirated from consideration
the growih stresses in whet sre commonly called "oxide scales on
metals”. These predominatly thermally-grown oxides, a subfield in
themselvey, bave been reviewed in considereble detall by‘ﬁtring@rnga
Likewise we have excluded enodic oxides.

After this rather lengthy introduction we turn now to the data
for optical films. & genersl review of optical films by Ritteril3
will.vggear soon end leser window costi¥ms; have been reviewed by
Toung.Y% fThe aversge stress is generally’ displayed es o

funetion of thickness, in some cases. the force per unit width or
its, Gerivative is plotted. The averag@,atreas.usually.increagea
‘ r&pi&iy; reaching a maximum value at a thickness of a few hundred
- angtromg, and then becomes sz slowly decreasing functlon of the _
thickness sz indicated in Flg. 26 for geverasl msterisls. For films
deposited in a 1iqmi&mﬁitrogen trmppe? diffusion punp system at
pressures of about 107" Paseal, Fonos™? finds a mignificantAinw-"
cresge in tensile stress with a time constant of sbout 100 secconds
&fter the deposition is stopped. This transient very likely ra- :
sults from thermal relaxation of the subsirate although the author
experimentally found no initiel transienmt. Significent trensients
are also found when the film iz exposed to air over e period of
perhaps. 30 minutes. - . S
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TABLE IT

Index to Stress Literature

Substrate Reference |
Glass . o 11h

Glass 11k

Glass 11k

Glass 116 _
Olasg 11k .
AL 159 '
Si ' 54, 163, 16h
Silicsa e

Glass 116

Glass 11k

Glass : 116

(lusgs 133

Glass . 1ik, 116
Mica 115

Silice o

Glass ‘ _ 116

Mica : }65

Silieca ' 30, he
Glass - , 116

Bilica Lo

Glass iih

Silica b2

Glass 4 11k
Silics ' L2

Glass 11k, 119, 132
Silica ' Lo

Glass 11k, 157

Fe . 162

Silics 10, k2
Glass 56

Mica 166

Glassa : o5

#Ph = phthalooyanine’



Film
KCL
KF
KX
Lir

%
MgPh
MOOB
NaBr
Nall
HaP

Phel,,

VPhFE

Pole

RbI
SbZOS
Sb283
31

+

513Nh

510

Glass

TARLE II {con't)

Substrate
Glass
Glass
Glasg
Carbon on glass
Cellulose
Glass
Mica
Glass
Mica
Silica

Silica
Glasy
Glass
Glass
Glass
Glass

Glass
Bilica

Glass

.-
Glass

Mice

Glasgs
Glass
Glass

Sapphire
Quaxtz
8i

Epinel
33
Glass
¥ickel

Silica
Al

W

*Ph -~ phthalocyanine

Reference

95, 11k, 116, 131,
132, 134

115 _
11k, 116, 132, 136 143
115, 117, 137

ko, 151

10

116

11k

]

95

A

11k

59, T8, 123, 12k
T3

>g

33, 77

48, 128, 129, 158

116,122,134,139,140, -
1h1,1b2, Thl,1hs
146

10, b2

161

C 133
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810 N
Xy

Sn02

SX'SO&

Tal
*

Ta205

Te

TiC
TiCe
T
ThFh
{ThoF, )
ThO
ZnS
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Silices

bi
Ge

oy
[aEN

Glass
8i

Glass
Gless
Ta

Ta .
Glass

Silica
fless

Silica
Silica
gilica
Silieca
Silica

Glass
Mica
Silica

Siliecs

Refergﬁgg
6T, 1u8, 160
55, 67, 1h8, 149
16k

153
10, 152

149
1k

10, 51, 52, 53, 54,
67, 127, 1h8, 149
153 '

11k

11k

154
155, 156
156
10.
153
52

L2

10, k2, 152

1h7

10

11k, 116

115, 117 A
10, b2, 1k, 152 f
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Figure 26. Representative data for the stress in optical
films. From Banos.”? '

Of the common optical materials an1¥ ZnS iz deposited under
compression, although Kinosita<§§ E;5,11 indicate that a tensile
stress may be found for low deposition rates. Fig. 27 summarizes
some of these results for ZnS and it is interesting to point out
that for the ssme deposition rate, data from different laboram
tories can be obtained which are most & negative of each other.
Blackburn &nd.Campbell“ﬁ have found a linesr incresse in the
compressive stress in ZnS films,with the increesing rste of depo=-
sition in the renge of 5 to 30 A/sec. The intrinsic stress in

7nS is also a repidly decreasing function as ’'a subsirate tempers-
ture ig raised from 80 to 150° C. '

These differences point cut the subtleties in the dependence of
the stress on the deposition conditions. It is kuown!l!® that the
evsporation geometry, especially as related to the self~gettering

is important for determining the worphology. ED, SIMS, index of
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Figure 27. Stress in ZnS films. Tensile date Pfrom Kinosits
et al.!'? Cowpression from Ennos.%?

refraction, and density measurements have recently been made for
7nS by Preisinger and Pulker.ll¥ The columnaer crystesllites have
6 Aismeter which slowly increases with thickness sabove 500 A. The
non-gtoichiometric excess of 5 was found to be due to Sg bound to
the surfaces of the crystallite columns. :

Pulker end Junglzﬁ have gsuggested a cylindricel column model
for the structure of ZndS and other optical films based on electron
microscopy and water vspor shsorption data. The obgervations
suggest that 88 explanation for the stress might be sought in
the impurity-grain boundary model.
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Hill and G. R. Hoffmanl?? pave made on extensive evaluation of
silicon monoxide. In the first place, they find a linear force-
thickness .curve for constant evaporation conditions, suggesting
that some of the behavior for thin films Lless than 1000A thick may
result in the d&ifficolty inm establishing stesdy-state conditions.
Furthermore, they establish that the stress %3 a sensitive Tunction
of the residusl gasses when the arriving siilcon monoxide flux is
compareble in magnitude. Thet the wtress wes indeed a function of
the atmosphere during deposition, was strikingly demonstrated by
changing the atmosphere during deposition with the resultant change
in the sign of the stress in the material being deposited. Their
dats iz gummarized in Fig. 28 where the stress is plotted sgainst
the logarithm of the ratio, R, of the arrivel rate of silicon
monoxide to residual gas molecules at the substrate. Dieleckric
constant measurements suggest that the tensile stress ceourring
when - the ratic N > 1 may be thought of s the intrinsic stress of
silicon monoxide, whereas increasing the pressure of oxygen re-
Aults in a silicon dioxide devosit. The earlier source tempers-
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Pigure 28, Stress in Si0 films as s function of Si0 to O
arrivel rete. After Hill and Hoffman.}?22
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Figure 29. Angle of incidence effects in Si0. After Hill and
Hoffmen. 122 -
ture dependence found by Novice and Priest and his co-workers may .
novw be understood in terms of the ratio N. Furthermore, these '
results confirm the earlier rate and residusl gas pressure measure~ |
ments of Blackburn and C&mpbell.xls-

. Hill and Hoffmen slso report that the film stress remsins

stable as long as the specimen is under vacuum, but on the readmis-
gion of atmosphere the stress becomes more compressive, indepen—
dent of its initial value. The increase in compression upon
exposure to amblent mey be several times the inftisl compressive
gbress, and to explain this fact they suggest that such films have
& low density which mekes them more susceptible to oxidation.

Hill and Hoffman have investigsted angle of incidence effects
where there is a dramatic increase in the tendency to form films
in tension near 45 incidence even under oxidizing conditions
(Fig. 29}. At the same time an ephanced compressive change re-
sulls upon exposure to the atmosphere. These results asre in
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general agreement with the earlier ones of Priest ot g1.,*"® in which
the stress anlsoiropy waes messured using two orthmgcnal pubatrat»m,
end again emphesize the sizesble morphologlcal Ch&nﬁﬂb at modest
angles of incidence.

Hodgkinson end Walker?!0 have irradisted $10 films with ultre-
violet and found that prolonged jrradiation in vacuum will change the
initisl compression to tension, but the stress reverts back to com-
pression when air ls admitted. Pllms {rradiated in air slsc hed &
substential reduction in the compressive stress, and related changes
in retractive index and UV opticsl absorption. The stress changes
under irradiation are assoclsted with the resrrangement of oxygen al-
ready get?ere& during the deposition with & regultant tensile contri-
bution which partly counteracts the existing compression.

&xhough the date for other optiesl films is less complete, we
sugegest that the purer the film the grester the tendency Tor tension,
and oxygen or other impuriﬁiea tend to give compressive contributions.

The intrinsic stress in alkel) halide filme has been investigated
by Cerpenter and Campbell. %5 pegta in the form of force and average
gtregs as & function of thickness are presented for meny of the alkali
helides. Lithium salts show tension and potasegium salts compression
throughout the thickness renge coveged. Sodium selts have s large com-
pression below & Thickness of 1000 4 end a tension sbove. The common
features exhibited by ell the curven are a stress maximun which is
wsually compressive and occurs at e thickness of about 250 ang & |
constant gtress region for thicknesses grester than asbout 1000 A, with |
& relative insensitivity to depesition rate. L1F has been studied by
s number of investligators as sumearized in Teble II. Carpenter aend
Campbell point out that there sppesr to be two different stress pro-
ducing mechanisms snd suggest a misfit model for the first stage, even ‘
though the substrates were sode—~lime glaze. The aversge gtress &g o i
function of lattice constent es plotted Iin Fig. 30 goes through zero |
st the oxygen nesregt-neighbor distance in the glass. Although sur- \

face tension contributions may contribute to the stress in this iso-

lated island stage of growth it ie not possible to explain the syste-
matic behavior shown in the figure on this basiz. No satlisfactory
explenation has been made for the intrinsic stress in bhiexer £ilmg .

epitariel films, we consider s few illustretive exsmples. When the
film ig very thin or consists of smell nuclei, a uniform elestic strain
iz predicted and has been observed for metals. The introduction of mls-
fit dislocations to reduce the total energy localizes the sirain at the
interface. This problem has been treated in variocus formulstions by
Van der Merwe and his colleapues and discussed sarlier. HowsVer, the
fact that meny epitaxial £ilms are deposited ab high temperatures and
then observed ot room lLempersture means that the thermal stresses are
algo often very large even though cere is ususlly tsken to minimize the
stress gradient nesr the interface wmay be especislly iwportent in deter-
wining properties which are sensitive to that region it is often

not the mejor contribvution to the total stress in & thicker film.

Une should really ask the question, “are there asny data for the

\
|
Ruther than to try to review the entire literature relative to
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Figure 30. Aversge stress in very thin alkali halide films cor-
.relates with epitaxial effect on glass substrates.
After Carpenter and Campball.’S

stress in epitmrially grown films that require the presence of' &
volume intrinsic stress®. This is e difficult experimental
question. to snswer. First of ally, the intrinsic stress is gener-
ally o decressing funcbion of the substrate temperature and is
1fkely to be very small at elevated temperstures. And, secondly,
relaxation processes undoubtedly operate which msy prevent an
intrinsic stress, if generated, from being observed. Dumin,!?3
in the csse of silicon on sapphire, was not able to cbiain the

' necessary precigion. Other workers,l?%:59:78 peve slso found

large compressive stresses (v 1010 dynes/cm?) for the 8i/A3,0.
gystem. Kamins snd Meieran find if the epitaxinl films are elec~
trolytically stripped from the substrates the constraint isg

lifted and the strain iz reduced to & level equal to the resolu-
tion limit of the diffractometer technicue. In every case, thermal




expangion iz sufficient to sccount for the compression. Dumin
does not mention agy etress anisotropy, Kaming and Meiersm, using
o diffractometer t%chnique, mention but camot megsyre an anisc-
tropy ., andyﬁugh@a_an& Thorsen calenlate the stress anisotropy
resulting from the anisctropic thermsl expansion and confirm it
by mobility measurements.

Tn the case of silivon on spihcl, larger compressive stresses

were observed. SchiStterer’’ found isotropic stresses vhile
Robinson and Dumin3®” notice anisotropic deformations, agsin

with the megnitude cliose to that expected from a thermal origin.

e recent stress birefringence measurements of Rinehart and
Logen’3? on Aly Ga,,_,y/Caks structures also indicate that the
thermal expansion strzss dominates the room temperature stress
situation. ‘

The epitaxial garnet {ilms also represent & well-studied
system becouse of thelr use in bubble devices. Zeyf&ng,lzs nging
a double crystal diffractomeber concluded the thermel stress
operated in YIG on YAG. )

Many examples arve presented by Besser et al.,%® clearing up previcus

inconsistencies in understanding the crazing associated with
these films. Broginski gﬁagﬁf,ga conclude the mismsteh streszes
are of prime importance for YIG films on G4 Dy  Ge O,, sub~

sbrates as & result of m&gneticagiaotrcpy”f§5§ﬂ mbesuferients . They

propose a balance bebween the thermal expansion stresses and the
misfit dislocations to explain the almost zerc stress at large
values of x. As deseribed esrlier Carvuthers®? has extended these
concepts to a partisl relaxation.

Tn summary, thermal end misfit contributions seem sufficlent

to explain epitaxial stresses for the cases in the present litersture.

In order to smccount for the bending thet deposited eplitaxial
£ilms undergo after separation from the substrate, Abrehams et
g%,,iil had suggested an ocriented array of inclined dislocations.
For films for CGuds,_. on Gals, they found a correlation between
the number of inclined dislocations, the lattice mismatch, avd the
smount of bending. An alternstive explanation of"%hiS‘wellnknGWn'
bending phenomenon was attributed to the misfit dislocations near
the interfece. As a stress graiient through the thickness of the
film is needed to sccount for the curling, the criticism of Abrg-
hams gt al., that misfit dislocations should apply only to 100 A
%ayers is not valid. _

We consider now the last category, namely., films used for
insuwlating, psssavating, or jsolation purposes. This ares 1is,
of course, of extreme importance to the technology of thin films.
We regard the electrical effects of such. fiims beyond the seope

of this article and content ourselves with scme general considera-
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tions concerning the mechanical properties. There is a review by

Pligkin et al., %% on thin gless films,

mnd Dell'oca et ak.,®*

. consider snodic layers. As the glsss films are generally
applied on heated substrates, wud siass i & material is stronger
under compreasion, one desires the totsl stzess in the film to Dbe
compressive at the opersting temperature. Thermelly grown 510
has perhaps received the mosh attention. Bubt here the subatrate

ig st high temperatures during the formation of the film and there

is only modest coni;rcxl over the resultant compressive stress
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Figure 31, Aversge stress in silicon oxynitride films as &
funetion of nitride composition. From Rand and
Roberts, 130
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(o3 x 109 dyrie/cm# ) as the temperature range to form the oxide is
Linited, and wet oy dry oxids Lion makes only @ smaell difference. 51,127
Most suthors report no thickness dependence in the range of

P B M s N . .
0.5 = 2 pm. However, s rapidly increasing compression ab
@mail,thiﬁknwawam Jis found by Lin and Pugsoz-Moraszkie-

wiez? i iy the ragge 0.1 - 0.3 um. Thermsal mismabch is recog-
vized as khe origin for thermajly grown oxides, but intrinsic
mechanismg are repnrted for OVD | iDo fiime deposited at somewhat

lover temper&fures € when the total stress is sbout 2 x 10 ﬁyne/um

tension. ' Pogt deposition heat treaiments change the stress back .
to compression. A tensile intrinsic stress is also found in the

cage of thermal &ecempasition of tatraethylorathasilicates01%9

More r@aentiy 814N 128,128 hea been used as a wassavatlon
layer for 8i. Im thiq case’ an axtremely large intrinsic stress of
> 1 x 1010 dyne/em tension is found coupled with thermal stresses
of perhaps 10% of the ﬁutal. The stress does nct chenge with
time. Rand and Roberts! repert amorphous silicen éuynitride
fiims that renge in walue  from almost that of the thermal oxide
compression to the large tension of SigN) as the nitride concen-
tration increases ss shown inm Fig. 3L.  These large stresses in
both 510, and SigN) cen demsge the @vbatrate as we -8hdll seeiin
the next sechions.

Although the intrinsiec stress rapidly decreases with in-
creasing substrate temperature in metals, we see that substantial
xutrimsxc stresses are present for CVD 1nsulatlon £ilms.

_ We try to summarize the literature for nanmmﬁtallic £1lms
as Tollows:

1. Although thermel contributions mey be large, intrinsie
stresses are well documented in both polycrystslline and epi-
taxial films. :

2. Real stress contributions have been seen during the iso-
iated island stage of growth, but these contributions should no

. longer dominste at average film thicknesses of perhaps ‘two hundred

angstroms and are often masked by poor thermal control in the
sxperiment.

3. There is a tendency for stress values to be tensile in .
polyerystalline films independent of thickness when the depcsitian
pearameters arve well defined. This suggests that the major contrz»
bution to the intrinsic stress in thick films is s volume effect
and not an interfacisl one. Further, for pure films the stress
should be copsble of an explanation by similar mcdels as those
developed for metals.




e

L, Compressigual contributions are associated with impuri-
ties, often 0xygenﬁ?incorpcrate& in the structure by design or
default. These may take place during deposition, or sfterward
by diffusion. Ron-stiochiometric films mey also show cOMpressiot.

5, fThe decrease in the average stress as the thickness in-
eresges may result Ffrom & relief process or & change in the ine
tringic stress mechanism. The present messurements are gob
suffticlently complete to generslize, but on energetic grounds a
relief mechanism must ultimately operate. Cracking in film or
dJamoge Lo the substrate may result.

6. Both thermel and misfit contributlons operate in epi~
taxial films. The intrinsic contributions are smenshle to calcula-
tion, and mey be either a uniform elastic strain or localized ot
the substrate interface. '

SECTION VI. CONTROL OF STRESSES, INCLUDING
RELAXATION BFFECTS

One of the objectives of understanding the intrinsic
sbtresses in Pilhs is to be able to control the slresses and
hence the properties for a given application. As we have seen,
considersble progress has been made in the case of epitaxial
sysbems. Recently for the case of metals stress control has
come about by the use of biae  sputtering. Blachman,150s151
in the case of molybdenum snd sluminum, has Tound a correlation
between the siress resistivity snd trapped ergon content. With
increasing negative bianz substantial amounts of gas are entrap-
ped which reduce the tension.in the film or may even change it
to compression. On the other hand, Sun gﬁ_g&,$le7 for the cuase
of sputiered tungsten, find a sizeable compression which is
nat correlated with the argon coqcentration&-” In & Pollowing

paper2®® they find a strong correlstion with finsl grain size

in the W films. ' . fhe structure end .
atress medifications by ion bomsrdment during deposition have
peen studied by Maddox snd his co~workers.168,18 170 gtuprt S
hes used the cantilever method to measure the stress jin & nunmbey
of metals deposited by low pressure tricde sputtering. Data for
the non-metals is not so common, but 1t sppears that one can
change the bias to substantially modify the stress even in these -
systemg., We mlso call attentlon %o the UV irradistion effects men-
tioned ecarlier.?19

The use of elevated ubstrate temperstures to reduce the intrin-

aie ghtress smong other things, has been done for & long time. In
addition it is sometimes possible to provide a thermal countribu-~
tion which gives cancellation with intrinsic stress mechenisms
by the proper cholce of substrate. -
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. Pogt~deposition treatments mey reduce the stress, as it has
been known for & ' gome in films of metals deposited at lower
substrate temperstures that stress relief mechanisms erate
upon hesting the substrate to elevabed kemperatmres,17 Regig~
tivity and streas changes have been correlated and asctivation
energy measurements ma&el7z which indicate that very likely a
simple defect motion at lower temperatures is followed by re-
crystalligation Buch irreversihble changes upon
jnitial heating are usually followed by reversible behavior upon
tenperatures cycling at lower temperatures. Chaudhari?! has con-
sidered the mechanisms of stress relief in polycrystalline films.
Dislocation seurces within a grain st e grein boundary or at sur-
. faces are not likely mechanisms because the stress required to
operate such dislocation sources is larger than the ususl intrin-
sic stresses within a film. To a first approximetion the stress
~ necessary to operate sources varies inversely with the diemeter
of the grain as shown in Fig. 32. A similar result is cobserved

it
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for sourcesat a grain boundsry ledge, but since the intrinsic
stresses are the prder of 10™° of the shesr modulus., these pro-
cesses are not normally Favored. Kinetic equations for the
exponentisl relaxation of the stress on a grain noundary slid-
ing model were also derived by Chaudhari. As most grain boundsr-
ies in a film are perpendicular to a free surface under a planar
biaxial stress the shear stress acting on the boundary is small
and hence the plastic strain contribution from grain bounderies
aliding is expected to be small. The annealing kinetics have
been derived for diffusional creep for the csses of volume di-
fusion and grain boundary diffusion predomineting. In this case
the thickness of the fiim matters and of course the activation
energies for the two hypotheses are different. Although thess
equations were derived for the case of a uniform stress, it is
pointed out thet stress gradients slso provide ap additional
driving force. If & stressed film is covered by & diffusion
barrier containing a hole, the film relieves its elagtic strainsg
by a flow of matter between the surface and interior of the film.
Mass flows out of the film under a compressive streas and into e
£ilm under tensile stress, leaving & hillock or depresaion.
Pennabacker?’? has also considered that gompressive stresses -
lead to hillock growth. Chaudheril7% has recently calculsted the
nillock density and growth kinetics on the basis of a local ree
lexsbion of & compressive stress. ‘

For the case of growing oxide films, Stringer®? has counsidered

sdditional mechanisms for plastic flow. The effect of stoi-
chiometry on the oxide plasticity and the reasons for suggesting
plastic flow takes place during oxidation are discussed. In
addition, vacaney injection and dislocation generstion

at the metal substrate are exsmined. A more direct messurement

of stress enhanced diffusion in thin films was given by G&ngule&l
in which Be stoms diffuse slong grain boundaries of AL Pilms end
plong the interface between the film and oxidized silicon sub-~
strate at a conziderably enhanced rate when a tensile stress is
applied to the plane of the film., '

Diffusion mey alsc be a source of strain. Takai and Fran-
conbel?6 have measured a cantilevered deflection during the
interdiffusion of gold and aluminum both an increase in stresg
corresponding to the growth of intermetallic compound faces snd
stress relief were noted. Tu et al.,'3” have studied the Ni~G5i

system and Lau and Sunl’?’ the interdiffusion of Ti-Pd-Au films.

Similar ceses of enhanced migration are commonly found in
the recrystallizetion of amorphous layers of silicon which are
produced by ion bombardment of sn aluminum costed gilicon aub~-
strote. Silicon is transported to the surface of the thin ald-

minum surfsce eccording to Hart, et al.17%:179 Additional low



* temperature rapid migrations have also been found, and this

subject has been treated in a recent‘cunferenceylﬁﬂ in which
both review pspers and research reports will be found.

Helium implanted erbium films examined by Blewer and
Maurinl®! have shown dimensional expansion at the surface and
microscopic bubbles formed at the surface by the release of
heliws by the films. Additional dilation deta is found in the
gemiconductor literature.

, Stress annesling data for non-metsllic films is not common.
In the case of silicon monoxide Priest and Caswelll®® showed that
uo stress change took place with a low temperabture snneal in
vacuum. But as soon as the pressures of oxygen or waber vapor ex-
ceaded gbout 103 Pogeal , rapid compressive changes took place.
This ias, of course, related to the degree of oxidation es was
digscussed esrlier and we would anticipate that the changes often
found when optical films sre exposed to the atmosphere, have s
related origin. Mattox end Kominiek!$®gmenled blas sputtered
Corning 1720 glass films at low temperatures. The initisal com-
pressive stress became larger, and at temperstures asbove ahouk
350° the films showed a total temsion. This irreversible be-
havior was sgain traced to an oxygen deficiency.

At the present time, it is well documented thet grain bound-
ary diffusion pleys an almost dominant role in small-grained
films, even though bolth lattice and diffusion down dislaocation
pipes mey teke place in specigl circumstances of large grain
‘size, or exbrame dislocebion éoncentrations. Nevertheless, the
detailed kinetics, especislly in the case of impurity diffusion, .
are the subject of present investigations. The resultant stress
yelaxations ere less well understood, snd even the detailed
mechanisme are still in doubt for metals,? and almost unknown for
non-metals . '

VII. MODULL, FATLURE MODES AND ADRESION

We should comment on the values of elsstic modulii for
deposited £ilms. Although occcasionally low values are found, as
reviewved hy Hoffmen," most films when carefully messured show the
expected values of the modulii. In addition to direct deflection
messurement, rescnsnce techniquesl98:182,183uave been used.
Spinnerig“&ias used & dynamic technique to measure the moduli
of many glesses ss a function.of temperature. Uozumi g§~@£,,136
have used the pulse-scho technigue and sound velocity to deler-
mine the wodulii. In view of the present intérest In emorphous
golids we call abtenbion to the work by Chen and Wang, and em-
phasized by Berry and Pritchetl®? there is a growing body of
evidence thet Young's modulus for materials in the smorphous

atate may be ahar&cteri&ticall{»?& - B0% below the value in the
crystalline state. Merz gt al.4}! found & 45% decresse in the shear

constant of Smy Cgyr sputtered alloy, but only a T% decrease in the
bulk modulus compared to the crystalline phege. These meagurements.
gupport the ideas of Weaire et al.?!? that microscopic internal movements.
¢ake place in amorphous mebteriels under shear. ‘



We would expect gimiler changes in the'amarphausjmmm‘w‘mw‘ ‘
layer induced in silicon by jon implantetion.!®% Internal )
riction measurements have given informaetion as to loss mechan-
jpme snd thermel constantel®?,186, :

Bunshalt, 152 has previewed the properties of evaporsted thick
fiims and correlated the mechanical properties of thick, primsrily
metallic, films were reported in the Conferences on Structure/
Property relationships in Thick Films and Bulk Coatings .} 9% '

Kinosita? has reported unexpected micrchardness mespurenente
for LiF thin filme with & Vicker-type indenter, and Wintert9! has
developed apparatus for similar measurements using both an ihden-
ter snd impact from sphericel projectiles. .

We consider riow an outline of the failure nodes , which may
range from a mechanical distortion of an optical surface, 5?2
through dragtically changed properties, especially near the
interface a3 indicated in several examples. We concentrate here
on the obvious mechanicel failures of crecking in the £iim or
substrete and buckling if the film has = large compregsive stress,

The importance of the adhesion in preventing failure is well
known, a&thou%h guentitative treatments are difficult to find.
Hunt and Gulel®? suggested a model of the adherence to stresses
in plagtic film, in which the lift-off stress normal to the plane
of the film is proportional to the gradient of the tension in the
£11m substrate interfsce. The importance of the edges of the £ilm,
or other defects which mey be present, is well known snd can be
explained by the non-uniform stresses near the edges of the film
ss we mentioned earlier. Plages, 66 hes alsgo studled the elagtic
instability of germenium films as they buckle from & mice sub-
abtrote. Random wrinkles are found with an jasotropic intrinsic
gtress although oriented wrinkles were found earlier by Yelon
and Voegelil?® in the case of epitaxial films and a suggestion
for the sinusoidal wrinkle pattern in terms of a column i~
stability has been made by Plassa and thpralz, Ag the stress
is generally & volume effect, the total force that mush be

- supporbed across the interface increases es the film heconmes

thicker. This leads to & critical failure thickoess which is &
function of the stress in the f£ilm and the adhesion to the pube
strate. The buckling, of course, results from & £ilm under high
compression whereas & cracking will be found for films under
sufficiently high tension that the fracture stress is exceeded.

Angle of incidence effects may also produce oriented bucke-
led patterns observed in ZnS by Behrndt!®%.hich were wlimi-
nated by rotating substrates, end we &iscussed earlier the '
extreme dependence in the $10 system. Recent emphasis on depo~
gition bechnigues other than evaporation have eliminated many of

[

these problems.
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Diglocation g@neratian and even cracking as a result of the
residual elagtic straing in epitaxial films is well =
dociliienteq. In the galium arsenlde photodiocde heteroepitaxy

the lattice perameter mismatch had to be graded st & slow rate
1o avold excessive dislocetion generation. We referrved earlier
to the streas by refringence and cracking in the magnetic bubble
materials. Carruthers?? has treated the deformation and creep as
well as estimating the property changes. It wes known that thin
dielectric films of the order of 1 pm may accommodate the high
stresses normally found, but thicker films are found to crack.
Matthews and Klokholm!$® have considered the fracture of these
brittile films under the influence of the misfit stress. The,
cracks that form in the garnet films are perpendicular to the
£ilm plsne. If such cracks sre to propegate through the film,
which is rigidly bounded to ita substrabte and strained in tension,
then the film thickness must exceed the Griffith crack length.

If the stress exceeds the fracture strength of the crystal then.
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Figure 33. Crack generstion in bri‘btle fil:m. as a functidn cf
miafit and thickness. fbove B film spontaneocusly .
eracks, below ¢ it is elastically strained and above
A erocks will p?cpagame, After Matthews and Klok-
histm, L96




a spontaneous fracture will take place, whereas, for a low stress
the film may strein elastically and be stable. These results are
summarized in Fig. 33 as a function of the misfit. Indeed, the
presence of cracks in d film indicates that the density of mis-
fit dislocations lies below the optimum value and indicates

there are difficulties associated with the generation of these
dislocations.

$10p or SisN; films are known to develop dislocations or
cracks in the underlying silicon substrates. Kato et al., West-
dorp and Schwuttke,12§ and Temura snd Sunamil2® have considered
this problem in detail. The internal stresses were measured,
isothermal annealing treatments were carried.out, and the den-
sity of dislocations introduced during the high temperature annesl
were measured. Dislocations in the garent system have been
studied in a series of papers by Matthews and Klokholm, %7

. We finally consider adhesion. Much has been said about ad-
hesion in a qualitative way, but to date, the field still suffers
from good measurement techniques. Campbe117 has reviewed this
aree well and ennual conferences of the subject have been pub-
Tishedl®8 in Aspects of adhesion. Techniques in cleaning, de=-
positing thin reactive metal layers to aid bonding to glass,
interdiffusion, and grading the composition all have been used

to enhence the adhesion. Nevertheless, a detalled understanding
of even the origin of the forces is obscure, although Van de Vaals
coupling is suggested as the most important contributor with band
structure effects being important in clean metal surfaces. 199,200

The stress distributions in an adhesive layer have been
calculated by Harrison and Harrison.20!

e leave the discussion of the most recent measurement
techniques to the recent reviews by Chapnan?0? and Kendal12¢3
and the fortheoming review by Weaver2®* and mention here only
deposition techniques which should prove useful as well as a
brief report of the surface analysis techniques that may provide
some of the quantitative information needed for an understanding.

Tt has long been known that sputtered films generally have
better sherence to = substrate than to evaporated ones, The
higher energy of the srriving atoms allows a small penetration
and/or a cleaning of the surface. The ion plating technique as
pioneered by Mattox carries this process even further by sub-
jecting the substrate to a flux of high energy jon before and
during the film deposition. From the point of view of adhesion,
several benefits may be obtained. The surface will be sputter
clesned and maintain clean until the film begins to form. The
high energy flux to the substrate surface provides a high effec—
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tive surfece temperature, enhancing diffusion and chemical reac-
tion. The high defect concentration alsc provides a physical
admixing of the film and substrate material. According to
Mattox205 thig process gives rise to sizeable gas incorporation.
As the negative bias is increased, the gas entrapment decreases
again at biases above a few 100 volts, presumably because the .
high temperature of the deposit allows the gas to diffuse away.
Densities of as much as a factor of 2 lower than bulk densities
are observed, and the growth morthology is decidedly influenced.
As far as the stress is concerned an increase in intrinsic come
pressive film stress is generslly found Wlth increasing negative
bias for metal films.

More recently experimental techniques of AES have been
applied to. the adhesion question. Shoddart ggvgi,,zoa have
studied the effect of the glow discharge on adhesion. Although
no surface electrical or topographical effects were seen, gross
contamination as well as gas sorption were felt to be important.
Houston and Bland207 found that the discharge current could act
ag process contrel variable to 1ndlcate clean cathode surface,
if proper care was taken. Westwood and Bennewvt22L8 in re-
actively sputtered PTO films noted +that the presencL of oxygen
was necessary for good adhesion.

It is premature to generalize from the results but it appears

83 though certain impurities in small concentrations at the
interface are beneficial and, in fact, even needed for good
adhesion. Sundahl!93 found the presence of Cu and 81 on the sur-
face of high purity AJaOa as well as a small grain size in the
substrate were !mporuant iac.orn. With the increased availability
of surface analysis technigues we axpect significant progress in
unaersuandlng adhesion.
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