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Introduction

It is now well-known that thin film materials are much stronger than their bulk counterparts. The high
strengths can be caused, in part, by the fine grain sizes commonly found in thin films. However, single
crystal thin films are also much stronger than bulk materials [1]. Venkatraman and Bravman [2], for
example, have shown that both film thickness and grain size make important contributions to flow
strength of Al films on Si substrates. They showed that the film strength varies inversely with the film
thickness, both for very coarse grained samples, in which the grain size makes no contribution to the
strength, and for fine grained samples. In the present paper we focus our attention on the dislocatior
processes responsible for these film thickness strengthening effects.

Figure 1 shows the type of experiment commonly used to study plastic deformation and strain
hardening in thin metal films. The figure shows how the biaxial stresses in Al and Cu films on Si
substrates change during thermal cycling. Because of differences in thermal expansion, the metal film:
are forced to deform in biaxial compression and tension, respectively, as the bilayer structures are
heated and cooled. The tension stresses at room temperature reach several hundred MPa, much higt
stresses than could be sustained by these pure metals in bulk. Even at very high temperatures, tt
compressive stresses are about 100 MPa, at least an order of magnitude higher than the flow stress
for bulk pure metals. The figure also shows the very high strain hardening rates exhibited by thin metal
films on substrates. On cooling from the highest temperatures, the films first deform elastically and
then, at about 300°C, begin to yield in tension at about 100 MPa. On cooling to room temperature the
flow stress increases very significantly, up to 200—300 MPa, in spite of the very small plastic strains
involved. This amounts to a very high rate of strain hardening, very much higher than the Stage Il rate
of work hardening for these metals, for example. Our treatment of the strength of thin metal films on
substrates will include a discussion of these high rates of strain hardening.

To understand dislocation strengthening in thin films on substrates it is instructive to consider how
a single dislocation might move on its slip plane within the film. Figure 2 shows the motion of a
dislocation in a single crystal film subjected to a simple in-plane biaxial loading. Because the
dislocation is confined to move in the film and not in the substrate, a “misfit” dislocation will be
deposited near the film/substrate interface as the dislocation glides on its slip plane. This situation is like
the process of strain relaxation in heteroepitaxial thin films, except that the metal film considered here
need not be epitaxial with the substrate. Matthews et al. [3] were the first to show that a critical stress
is needed to create misfit dislocations by the process shown in Fig. 2. Freund [4-5] later analyzed the
stability of such dislocation structures and derived a rigorous relationship for the critical stress needed
to cause dislocation motion in thin films. For the coordinate system shown in Fig. 2, and using the
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Figure 1. Stress-temperature plots for Al and Cu thin films on a Si substrate. High strengths and high strain hardening rates are
indicated. (Data provided by R.P. Vinci, Stanford University.)

RH/SF convention for the Burgers vector and the sense vector shown, the critical stress for dislocatior
motion in the film was shown by Freund [5] to be

P 2 2 2 2h 2
_417hb1(1—1/){[b1+ b + (1 — V)b3]LOg<b) ——(b + b)} (1)

whereb; are the components of the Burgers vectnyri§ negative for the dislocation shown in Fig. 2),

w andv are the elastic shear modulus and Poisson’s ratio, respectively, of both film and substrate anc
his the film thickness. A dislocation core cut-off radiuskois taken in this relation. A relation similar

to this was given by Embury and Hirth [6], based on earlier work of Ashby [7].

For the case of an unpassivated (111) oriented film (typical for FCC metal films) with slip on the
<011>{111} slip system, Freund’s formula can be used to determine the critical biaxial stress needed
to move the dislocation against the drag force associated with the misfit dislocation. kjsig
—b/i2V/3, b, = bV2/\V/3 andb; = —b/2, the result is
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Figure 2. Motion of a threading dislocation segment in a thin film leaving a misfit dislocation in its wake.
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Figure 3. Screw dislocation model for dislocation motion and interaction in thin films on substrates.

We see immediately that the film strength depends strongly on the film thickness, varying approxi-
mately inversely with the film thicknes$ *. Indeed, this dependence on film thickness is in close
agreement with the experiments of Venkatraman and Bravman [2]. This equation predicts a biaxial
strength of 23 MPa for a um thick Al film. As discussed below, this prediction increases by about

a factor of two when the effect of the £D; scale on the surface of Al is taken into account, because

a dislocation dipole is created in the film as the dislocation moves and because the dislocations are
repelled from the substrate and the,®} scale. The higher strengths shown in Fig. 1 are caused both
by dislocation interactions and grain size effects. In the present paper we study the effects of passivatiol
and dislocation interactions on the strength of metal films on substrates. We also consider the effect:
of elastic rigidity of the substrate and passivation on the strength. As discussed below, we make use o
a very simple dislocation model to study these effects.

Screw Dislocation Model

Here we consider a very simple model for plasticity of thin films, wherein the threading dislocation
segment is imagined to be a pure edge dislocation on a slip plane perpendicular to the plane of the filrr
and the misfit dislocation deposited in its wake is a pure screw. This is shown in Fig. 3 where the
threading segment is beginning to interact with an orthogonal screw dislocation already present at the
film/substrate interface. We note immediately that the vertical plane is not an actual slip plane and these
dislocations would not respond to biaxial stresses present in real films. Instead, a shear stress, as shov
in the figure, is assumed to be present. We use this model in an effort to simplify the interactions and
to study the effects of substrate and passivation rigidity on the strengthening processes. This simple
geometry is convenient because it permits an analysis of the elastic fields of the obstacles in terms o
image dislocations [8—9]. The model captures the essential features of dislocation motion in a thin film
on a substrate. We first evaluate the effects of the substrate and passivation moduli on the film strength
Then we use the model to estimate the strengthening effects of single and multiple dislocation obstacles
These results permit us to estimate the rate of strain hardening expected for thin metal films on
substrates.

First consider the case of a bare thin film on a substrate having the same shear modulus as the film
Figure 4 depicts the process of dislocation motion and misfit formation at the film/substrate interface.
For this process to occur spontaneously, the shear stress must be sufficiently large to supply the worl
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Figure 4. Dislocation motion in an unpassivated thin film on a substrate showing both the real dislocation and its image.

needed to form a unit length of misfit dislocation as the threading segment advances a unit distance
Equating the work available to the work required, we find

h h
2

= W= [ fas= [ "2 gs= "2 Log("
Tchanneb — VWmisfit — S= Tﬂ,s S= E LOg B , (3)
which leads to the following expression for the film strength,

h
To = m LOg(b) (4)

Here the energy of the misfit dislocation is found using the method of images and is determined by
calculating the work needed to move the real dislocation from very near the surface (a corelradius,
from the surface) to the film/substrate interface. This calculation involves the interaction fprce,
between the real dislocation and its image, as shown in the figure. We call this a channeling proces:
because the threading dislocation is forced to move in the narrow channel defined by the slip plane anc
the two surfaces of the film. The resulting expression for the film strength is similar in form to [2] and
provides a useful reference for the strengthening effects to be described below. In all of the subsequer
calculations described below we express the film strength as a multipig of

Elastic Modulus Effects

Unpassivated Film—Single Misfit Dislocation

Consider a dislocation moving in a thin film with shear modylg®n a more rigid substrate with shear
modulus u,, as shown in Fig. 5. As the threading segment moves, the misfit dislocation will be
deposited some distance away from the film/substrate interface, because of the elastic repulsion of th
more rigid substrate. The most important images needed to describe the elastic field of the misfit
dislocation are shown in the figure in their approximate positions; they are used to determine both the
position of the misfit dislocation and its energy. A real dislocation of unit strength is shown in the film
and the strengths of the images needed to satisfy the traction and displacement boundary conditions
the free surface and at the film/substrate interface are also shown. The image strend#fined as

K = (s — me)l(us + ). Using the image fields, the stress needed to hold the misfit dislocation at a
positionsis found to be
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Figure 5. Motion of a dislocation in a thin film on a substrate with a higher shear modulus, showing the most important image
dislocations.

be[ K 1 K ]’ )

e = 4 [(h—s) s (h+s)

and the corresponding shear stress needed to drive the threading dislocation in its channel at that san

misfit position is
_ mb s h—b h+s 5
Tename = 4. | LO9| ] + kLog( {—5 ) = «kLod| ¢ |- (6)

As the threading segment moves through the film, the equilibrium position of the misfit disloition,

is set by the condition that these two stresses be the sam@(s™) = TchannefS™). Once the
equilibrium position of the misfit is found, the corresponding stress can be found using either (5) or (6).
A moderate effect of substrate modulus on the film strength is found by this analysis, the reference
stressr, being exceeded by only about 30% for very rigid substrates.

Passivated Film—Misfit Dislocation Dipole

We now consider the case of a thin metal film covered by a non-shearable passivation, such as silicor
nitride, as shown in Fig. 6. In this case, dislocation motion in the film causes a misfit dislocation dipole

to be deposited. One of the misfit dislocations is deposited near the film/substrate interface while the
other is deposited near the film/passivation interface. Elastic interactions between the dislocations an

Figure 6. Dislocation dipole formation in a passivated film.
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their images determines their equilibrium positions. Space does not permit the image solution for these
misfit dislocations to be to be given here; it will be presented elsewhere. We simply state that two
equilibrium positionss;9 ands39, need to be determined to find the channeling stresj(df,s,) and

fo(s;,s,) are the forces (per unit length) needed to hold the dislocations at poskioasd s,
respectively, then the energy (per unit length) of the dipole is

£q

s1=8 =%
Wiaipole = f fi(s,=0) ds, + f f)(s; = s ds,, (7)
s1=h $=0

considering that the two dislocations start out at the center of the film a small distaraqgart. The
corresponding channeling stress is then

_ Wdipole (8)
Tchannel = b(STq ¥+ qu):
and the two interaction stresses are
= fi(sT $59/b and 75 = f(s SY/b. ©)

The equilibrium positions are found by solving
Tenannef ST S3) = 7IM(sT, 859 = 75(sf, 839). (10)

The strength of the film can then be found by computing the channeling stress. We find that when the
substrate modulus is three times the film modulus (typical for Al on Si), the effect of a passivation of
thickness 1B is to increase the film strength up to about 23 For the case in which the elastic
properties of both the substrate and passivation are about the same as the film, the strength of the filr
is 1.54 , for a passivation thickness of h0Thus the elastic rigidity effects of the substrate and
passivation amount to a strength enhancement of about 1.5 times the strength for the elastically
homogeneous case.

An upper bound calculation of the effects of substrate and passivation rigidity can be made by
considering that both the substrate and passivation are elastically rigid. A particularly simple image
solution can be constructed for this case involving an infinite array of unit image dislocations of
alternating sign. When this analysis is made an upper bound strength of is abotg 2Mnost
independent of the film thickness is found. For comparison, the strength of a film bounded on both sides
by semi-infinite substrates with the same shear modulus as the film ig,.2.0

Dislocation Interaction Effects

We consider now the effects of obstacle dislocations on the strength of thin metal films on substrates.
Here the substrate and passivation, when present, are assumed to have the same elastic properties as
film. The strengthening effects to be described here are in addition to those that arise from elastic
rigidity effects.

Unpassivated Film - Single Misfit Obstacle

A propagating dislocation may be repelled from a misfit dislocation already present at the film/substrate
interface, provided the two dislocations have the right signs. In the present treatment we follow the
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Figure 7. Dislocation interaction with a single misfit obstacle dislocation already present at the film/substrate interface.

approach of Freund [10] in estimating the blocking effect of such obstacle dislocations. The elastic field
of the obstacle forces the moving dislocation to pass through the film at some distance away from the
interface, as shown in Fig. 7. We will assume that the critical point in the passing process occurs just
above the obstacle. At that point the stress needed to hold the misfit segment in equilibrium at a positior
sis given

_pb[ 2 2 1
TequiS) = g [(hs) + (h+s + s]’ (11)

and the corresponding stress needed to drive the threading segment through the channel is

S

ub 1 4 4 1
1-r:hanne(s) = 4775[ [(h _ S) + (h 4 S) + S:| ds. (12)

b

We have used the method of images to describe the elastic fields of both the misfit segment and the
obstacle dislocation in deriving these relations. We have assumed that the misfit segment is infinitely
long and thus have ignored the contributions of the curved parts of the threading segment on the passin
process. As before, the equilibrium passing position of the misfit segment, just above the obstacle, is
set by the conditiongqi(S°) = TchanneS™. Solving this equation fos®@ and using the result to find

the strength of the film, we find a film strength of about 2&for a 1 um thin film. This strength
enhancement depends only very weakly on the film thickness.

Passivated Film—Misfit Dipole Obstacle

For the case of a passivated film, a moving dislocation will interact with dislocation dipoles already
present in the film. As shown in Fig. 8, for certain Burgers vectors, the moving dislocation will be

Figure 8. Dislocation interaction with a pre-existing misfit dislocation dipole obstacle.
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Figure 9. Dislocation interaction with an array of misfit obstacle dislocations in an unpassivated film.

forced to squeeze in between the two dislocations that comprise the misfit dipole obstacle. For this
problem two equilibrium positionss;9 and s3% need to be determined to find the channeling stress.
Again using the image method to solve this problem, we find a film strength of aboug foda 1 um
film with a passivation thickness of 1@ This enhancement depends only weakly on the thickness of
the film and passivation.

This result, together with the effect of elastic rigidity discussed above, suggests that the strength of
a passivated thin film might be enhanced by a factor of abeitd X 1.5 = 6.6 over the reference
strength. For the um film discussed in the introduction, these combined strengthening effects would
lead to a predicted film strength of abowt6.6 X 23 MPa ~ 150MPa, a result which is in good
agreement with experiment.

Multiple Obstacle Dislocations and Strain Hardening

As noted in the introduction, plastic deformation of thin metal films on substrates is characterized by
very high rates of strain hardening. This hardening is caused by the storage of misfit dislocations neat
the film/substrate interface. To model this situation we consider the interaction of a moving dislocation
with an array obstacle dislocation already present at the film/substrate interface, as shown in Fig. 9. Fol
certain Burgers vectors, the misfit dislocation will be repelled from the obstacles, as shown, and this
will increase the strength of the film in the manner already discussed. Again treating the misfit segment
just above the obstacle as an infinitely long misfit dislocation and computing the elastic field of an
infinite array of misfit dislocation obstacles using the method of images, we find

i Bl () 2 e

S

Tehannel ) = f—:s J {tf [mm((hw_s) w> + Coth((h:\—ls> w” + i} ds, (14)

b

and

wherew is the spacing between uniformly spaced obstacle dislocations. These equations can be solve:
simultaneously to determine the strength of a film. Recognizing that the spacing between obstacle
dislocations is directly related to the plastic strain in the film throygh.. ~ b/w, we may express

the resulting strengths in terms of the total straig, = Yelastic + Yplastic = (/1) + (b/w), as shown
graphically in Fig. 10. There we see that a very high rate of strain hardening is predicted for this
situation, with the strain hardening rate being a significant fraction of the shear modulus. The estimate
made here is probably an upper bound, as all of the obstacles considered repel the moving dislocatior
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Figure 10. Predicted stress-strain curve using the model of Fig. 9 to describe the dislocation structure in the film.

In a real film, the obstacle dislocations would be of various signs and this would thus lessen the
predicted strain hardening. Nevertheless, the very high strain hardening rates predicted are consistel
with experiment. The stress-temperatures hysteresis curves shown in Fig. 11 for a thin single crysta
film of Al on Si show extremely high rates of strain hardening on cooling. After the yield stress is
exceeded, the biaxial stress in the film rises very steeply, as the film is deformed in biaxial tension on
cooling. The association of this hardening with the storage of dislocations in the film is supported by
both TEM and x-ray line broadening experiments [2].

Concluding Remarks

We have shown that the very high strengths and high strain hardening rates exhibited by thin metal films
on substrates can be understood by considering the effects of confinement on the motion of dislocations
Both the substrate and passivation and the obstacle dislocations already present in the film narrow th
channels through which dislocations can move and this leads to very significant strengthening and strait
hardening.

I T T T T T T
g - .!% I. Yamada, Kyoto University A
- ;l ", J. Turlo, Stanford University
E i a % . h=0.2 microns
= " -
b ] 0 <
=~ r P "y yield stress
2 r =} n .
£t o] [} 1
(z o] | |
et o 8:: Heating © ‘! i
5 |L® 8 " Cooling ] |
S 1 9:: Heating ofoapngl ]
[~ ¢ 9 Cooaling, , . , .
0 100 200 300 400 500

Temperature (°C)

Figure 11. Stress-temperature hysteresis curves for a thin single crystal film of Al on Si, showing very high rates of strain
hardening on cooling.
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