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The influence of finely dispersed, stable particles on the mechanical strength and
microstructure of Al films on Si substrates has been studied. Aluminum oxide particles
were produced in Al films by oxygen ion implantation, and the grain size was increased
by a laser reflow treatment. Transmission electron microscopy (TEM) was employed to
observe the oxide particles and the grain structure in the films after subsequent annealing,
and the wafer curvature technique was used to study the deformation properties of the
films as a function of temperature. Significant particle strengthening was obtained in

the coarse-grained films in tension as well as in compression, In the as-deposited and
ion-implanted films a very fine grain size of only 0.35 wm is stabilized after annealing
which causes considerable softening of the film in compression at higher temperature
because of the enhancement of grain boundary and volume diffusion controlled relaxation

mechanisms. However, in tension at low temperature these films show high stresses
comparable to those of the laser reflowed and ion-implanted films. The results are

discussed in the light of TEM observations.

. INTRODUCTION

Aluminum is widely used as an interconnect material
in microelectronic devices. Failure of the interconnect
lines in these devices can severely limit reliability. In
some cases these failures can be caused by insufficient
mechanical strength of the materials involved. Ther-
mal stresses arise in interconnect lines during device
fabrication and in service at elevated temperatures be-
cause of large differences in thermal expansion between
aluminum and the silicon substrate. These stresses can
relax by dislocation glide and diffusional deformation
processes,! which, in turn, can cause hillock or void
formation to occur and may result in short or open
circuits.

Electromigration is another important failure mecha-
nism for conductor lines. The discovery that electro-
migration causes stresses to develop in conductor lines
has led to the suggestion that mechanical strength may
be an important factor in determining electromigration
failure resistance.™® Recent theories suggest that mate-
rials which can sustain higher hydrostatic stresses will
show better resistance to electromigration failure. Thus,
the development of interconnect materials (especially
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aluminum alloys) with higher mechanical strength may
be a promising way to improve reliability.

A well-established method for strengthening bulk
materials involves the formation of ordered precipitates
or dispersoid particles, which act as obstacles to dis-
location motion.* In such materials plastic flow can occur
only if the dislocations are able to cut through, bow
between, or climb over the particles. These processes all
require higher stresses and/or longer times and thus lead
to strengthening effects.

Because of their higher electromigration resistance,
Al(Si)—Cu and Al(S1)-Ti alloys are used as interconnec-
tions in microelectronic devices. These alloys contain
precipitate phases that could be used for strengthen-
ing. However, in both systems the precipitates tend to
coarsen and to segregate at grain boundaries and triple
points.” Also, the precipitates in the Al(Si})—Cu system
dissolve with increasing temperature and impart full
strengthening only at lower temperatures (T < 200 °C).’
To overcome these limitations we have attempted to
strengthen aluminum by creating a fine dispersion of
Al O3 particles; the aim of this effort was to achieve

.a strengthening effect at all temperatures,

1994 Materials Research Society

deg
Be:
(1€
Al;
dis
eni
ari

mc
seq
By
flo
bo

pr¢

in
las
of

thi

fil

o= S 6 T e SR s

— o e Y By M e T




S. Bader et al.: Mechanical strength and microstructure of oxygen ion-implanted Al films

Aluminum oxide particles were created in sputter
deposited aluminum films by oxygen ion implantation.
Because the heat of formation of Al,O; is very high
(1676 kJ/mol),” the activation barrier for nucleation of
AL, O, dispersoids is easily overcome and fine Al,O;
dispersoids are formed. In order to separate the strength-
ening effects of dispersoids from those of grain bound-
aries, some of the aluminum films were subjected to
a “laser reflow treatment”. Here the aluminum film is
momentarily melted by a laser beam, and after sub-
sequent solidification® a large grain size is produced.
By combining oxygen ion implantation with laser re-
flow treatments, it was possible to study the effects of
both Al,O, dispersoids and grain size on the strength
properties of aluminum films.

In this paper we report on the microstructure created
in aluminum films by oxygen ion implantation and/or the
laser reflow treatment. We also report on the strength
of these films, as determined by substrate curvature
measurements during thermal cycling, and we discuss
the results in terms of the observed microstructures.

Il. EXPERIMENTAL PROCEDURES

Pure aluminum films, 0.5 pm in thickness, were
magnetron sputtered onto unheated, thermally oxidized,
(100) oriented silicon wafers, 100 mm in diameter. The
sputter system base pressure was 4.0 X 1077 Torr. The
deposition rate was 1.8 nm/s at an Ar pressure of 3.0 X
103 Torr. The grain size of the as-deposited aluminum
film was found to be 0.6 pm using transmission electron
microscopy (TEM). We refer to these films as “standard”
aluminum films.

Some of the films were subjected to a laser reflow
treatment using an XMR 7100 system with an XeCl laser
operating at 308 nm. The base pressure for this system
was 3.6 X 107% Torr. The wafers were heated to 400 °C,
and a laser beam with a spot size of 3.6 X 3.6 mm* was
rastered over the wafer. An energy dose of 3.2 J/cm? was
used and the laser pulse duration was of the order of tens
of nanoseconds. The resulting grain size was found to be
5.6 wm using light microscopy (LM) and the intercept
method. We use for these films the designation LR.

The oxygen ion implantation was done, using a
Varian DF-4 ion implanter, in five partial implants,
ranging in energy from 10 keV to 190 keV and in dose
from 5.0 X 10" ions/cm? to 4.5 X 10'® ions/cm?; this
implantation profile was used to achieve a relatively
uniform oxygen concentration through the thickness

of the film. The final oxygen concentration was

approximately 3.0 at. %, corresponding to a maximum of
3 vol. % Al,0s3. The oxygen ion implantation treatment
had no effect on the grain size before annealing. We
refer to films that received the oxygen ion implantation
treatment as OII. For those films that were laser reflowed

prior to oxygen ion implantation we use the designation
LR + OIL

The strength properties of these films were studied
by measuring the biaxial stress in the film as a function of
temperature using the substrate curvature method.® This
technique is based on the fact that stressed thin films
bend the substrate elastically. The curvature of the wafer
was measured using a laser-based optical lever device.
The relation between the curvature, 1/R,, induced by
the biaxial stress in the film, o is given by

2
o= _g"t-‘— _1_ (1)
6(1 - V_;)ff Rg

where E;, v;, and ¢, are, respectively, Young’s modulus,
Poisson’s ratio, and the thickness of the substrate, and
t; is the thickness of the film. To determine 1/R,, the
curvature of the bare wafer must be subtracted from
the measured curvature of the film-substrate composite.
Using this method, the stress in the film was measured
as a function of temperature through several heating and
cooling cycles with a constant heating and cooling rate
of 6 °C per minute.

Transmission electron microscopy was done to study
the microstructure of the films. Plan-view TEM samples
were prepared by drilling a disk, 3 mm in diameter, out
of the wafer and grinding it down to 100 pm. After
dimpling to a thickness of 10 pm in the center of the
sample, ion milling was used to remove the rest of the
Si and to thin the Al film to an appropriate thickness.
Cross-section TEM specimen preparation was done as
described in Ref. 10.

lll. RESULTS
A. Strength properties

Figures 1 and 2 show stress-temperature curves for
all of the different process conditions. In Fig. 1 the
stress temperature response is shown for the second
thermal cycle for both the standard film and oxygen ion
implanted film (OII). Figure 2 shows the same kind of
results for a laser reflowed film (LR) and for a laser
reflowed film that had also been subjected to oxygen
ion implantation (LR + OII). All of these curves have
a similar shape, indicative of the elastic and plastic
processes that occur during thermal cycling.

As the sample is heated above room temperature,
the film deforms first elastically and the stress decreases
linearly. The slope of the elastic line is given by

dg, _

= 2
ar 1=t @

where E; and »; are, respectively, Young’s modulus
and Poisson’s ratio of the film, and Ae is the dif-
ference between the thermal expansion coefficients of
the substrate and the film. Eventually the stress in the
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FIG. 1. Variation of stress with temperature for the second cycle of
a standard Al film (No. 1.1) and an ion-implanted film without the
laser reflow treatment (OII) (No. 2.1).

film becomes compressive, and the stress-temperature
curve starts to deviate from the elastic line, indicative
of plastic yielding. The same elastic-plastic sequence
occurs on cooling. To confirm the results, two films of
each kind were tested. In Table I, four prominent stresses
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FIG. 2. Variation of stress with temperature of the second cycle of a
laser reflowed film (No. 3.1) and a laser reflowed film that had also
been ion implanted (LR + OII) (No. 4.1).

are tabulated for the first three cycles of each film. Here
O max 15 the maximum compressive stress in the cycle and
Oend is the compressive stress at the highest temperature
(before cooling back to room temperature). Also, o piateau
is the average tensile stress in the temperature interval
where the stress is nearly constant, usually between 180
and 220 °C. This plateau appeared in most of the stress-
temperature curves. Finally, oy °c is the tensile stress at
40 °C, at the end of the cycle (maximum tensile stress).

The laser reflowed films are about 20 MPa stronger
in compression and about 50 MPa stronger in tension
than the standard aluminum films. The laser reflowed
films that were also ion implanted (LR + OII) show,
in both compression and tension, the highest strengths
of all four kinds of films. By comparison, the ion-
implanted films (OII) show very low yield stresses
in compression, and the flow stress decreases rapidly
between the temperature corresponding t0 O'max (Tmax)
and that corresponding t0 Oenda (Tena). In one film the
stress was observed to decrease to near zero. However,
in tension these films show strengths that are equivalent
to those of the ion-implanted films that had been laser
reflowed (LR + OII). Further, the strengthening effect
observed in these films (OII) on cooling from the plateau
regime to room temperature is quite pronounced. In
this part of the curve the rate at which the tensile
stress increases with decreasing temperature indicates
that plastic flow is not occurring and that the film is
deforming only elastically.

B. Grain structures

In order to be able to understand the mechanical
properties of these films, it is necessary to examine their
microstructures. Light microscopy, scanning electron mi-
croscopy (SEM), and transmission electron microscopy
were used to evaluate the grain size and microstructure
of the films. The grain sizes, both before and after the
first thermal cycle, are shown in Table II for each of
the different process treatments. In subsequent thermal
cycles the grain size remained almost constant. The grain
size of the laser reflowed films was stable and did not
change during the first thermal cycle. By contrast, the
standard aluminum films exhibit grain growth from the
as-deposited grain size of 0.6 sm to a stable grain size
of 1.4 pm. This increase in grain size is accompanied by
a decrease in the compressive flow strength of the film,
as expected. Both kinds of films that were ion implanted
(OIl and LR + OII) show a decrease in grain size during
the first thermal cycle, indicating recrystallization, most
likely driven by the high density of defects created by ion
implantation. As will be discussed later, the microstruc-
tures of these films indicate that recrystallization was
not complete.
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TABLE L. Characteristic stresses for the first three thermal cycles for each of the four different process conditions.

Compression (MPa) Tension (MPa)

Process conditions Sample no. Thermal cycle no. Cmax Cend Oplateau T4 °c

Standard aluminum films 1.1 1 148 100 147 271
2 80 80 135 265

3 105 105 138 267

1.2 1 99 83" 145 258

2 126 85 145 245

3 135 97 140 233

Oxygen ion-implanted films 2.1 1 140 45 220 410
2 98 43 240 425

3 98 45 220 385

22 1 118 20 186 343

2 58 13 195 368

3 65 17 184 358

Laser reflowed films 3.1 1 wes ces cer ee
2 138 137" 301

3 142 142" vee 307

3.2 1 137 104 190 362

2 123 104 197 337

3 120 97 175 302

Laser reflowed films with oxygen 4.1 1 277 230° 440

ion implantation

2 233 205" 425

3 246 225" - 407

4.2 1 206 177 220 357

2 183 152 192 349

3 172 149 200 354

Omax corresponds to the maximum compressive stress observed in the thermal cycle. @enq is the compressive stress at the highest temperature
reached during the thermal cycle which was 480 °C, except for the cycles indicated by *, which were taken to 440 °C. Tplateau 1S the “plateau”
stress observed in tension, usually between 180 °C and 220 °C. g4 °c is the tensile stress at 40 °C, at the end of the cooling part of the cycle.

C. Dispersoids

Figure 3 shows a bright-field (BF) TEM micrograph
of the microstructure after the first thermal cycle of a
laser reflowed film that had been subjected to oxygen

TABLE II. Grain sizes for different process treatments.

Process conditions Grain size  Technique used

Standard aluminum film

As-deposited 0.6 pm TEM

After first annealing cycle 1.4 pm TEM
Oxygen ion-implanted film

As-deposited 0.6 pm TEM

After first annealing cycle 0.35 um TEM
Laser reflowed film

As-deposited 5.6 pm LM, SEM

After first annealing cycle 5.6 pm LM, SEM
Laser reflowed film with oxygen ion
implantation

As-deposited 5.6 pm LM, SEM

After first annealing cycle 3.5 pm LM, SEM

ion implantation (LR + OII). Many so-called “coffee
bean” contrasts and moiré patterns are visible in the
micrograph. These “coffee bean” contrasts are caused by
the strain field of small particles and not by dislocation
loops (which may be formed by irradiation damage due
to ion milling!!), because they did not appear in TEM
samples of laser reflowed films prepared in the same
way. In addition, it was noted that particles also form at
grain boundaries and grow preferentially there. Figure 4
shows a dark-field (DF) micrograph of the same film
(LR + OII) after four thermal cycles. The density of
particles is higher than after the first cycle (Fig. 3).
Some of the particles have grown and changed their
contrast from the “coffee bean” type to small moiré
patterns, visible as 2—3 parallel black and white stripes.
Particles could also be found in the ion-implanted films
that had not been laser reflowed (OII). Figures 5 and
6 show BF TEM micrographs of those films after the
fourth cycle. The grain boundaries are densely decorated
with particles and surrounded by particle-denuded zones
(Fig. 5). The particles at grain boundaries are mostly

J. Mater. Res., Vol. 9, No. 2, Feb 1994 a1
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FIG. 3. BF plan-view TEM photograph of a laser reflowed and FIG. 5. BF plan-view TEM photograph of an ion-implanted film with-
ion-implanted film (LR + OII) (No. 4.1) after the first cycle. out the laser reflow treatment (OII) (No. 2.1) after the fourth cycle.

visible as black dots. Under suitable reflection conditions  appearing much like the particles inside the grains of ion-
2-3 black and white stripes are visible inside the dots,  implanted films that had been laser reflowed (LR + OII).

FIG. 4. DF plan-view TEM photograph of a laser reflowed and FIG. 6. BF plan-view TEM photograph of an ion-implanted film with-
ion-implanted film (LR + OII) (No. 4.1) after the fourth cycle. - out the laser reflow treatment (OII) (No. 2.1) after the fourth cycle.
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Inside the grains one sees primarily small particles
visible as “coffee bean” contrasts. The stable grain size
of only 0.35 pm in these films suggests that the grain
boundaries are pinned by the oxide particles, especially
if the particles are small and numerous. This pinning
effect results in small recrystallized grains in the films
with ion implantation (OII).

The moiré patterns in the plan-view TEM samples
of the ion-implanted films (OII) suggest that the grain
structure of these films is no longer columnar. Figure 7
shows a cross-section micrograph of an ion-implanted
film (a), together with the corresponding convergent
beam diffraction pattern (DP) of the indicated colum-
nar grain (b). Columnar grains are still present, but
inside smaller grains are visible. The diffraction pat-
tern shows that the normally sharp refiections are spread
out or are replaced by some weaker, but distinct, re-
flections, which all lie within a narrow angular range
on the Debye—Scherrer rings. This indicates clearly that
subgrains and subgrain boundaries have formed within
the columnar grains. The fact that the grain size de-
creased in both kinds of the ion-implanted films (OII
and LR + OII) by a factor of one half suggests that re-
crystallization occurred. However, the presence of these
subgrains indicates that recrystallization was not com-
plete. The lattice may have recovered from the lattice
damage produced by the ion implantation treatment by
forming subgrain boundaries, because the columnar grain
boundaries were pinned early by the oxide particles.

There is additional evidence for particles in
the diffraction pattern. In almost all of the ion-
implanted films (OIl and LR + OII), some weak
extra Debye—Scherrer rings could be found. A rin
corresponding to a lattice d-spacing of about 1.415
was seen in all of the films with the ion implantation
treatment. The d-spacing of 1.4 A corresponds to
a variety of Al,O; modifications such as a—Al,0;
(corundum)'? or 1—AlL,0;,"* for which this is the
strongest reflection. In the ion-implanted films that had
been laser reflowed (LR + OII), additional rings with
d-spacings of 1.97 A and 1.136 A, which correspond
to 7—Al O3, were present. However, the ion-implanted
films (OII) showed an additional reflection near 1.6 A,
which corresponds very well to a—Al0O;.

After an anneal for one week between temperatures
of 180 and 380 °C, all rings corresponding to 7—Al>03
appear in the ion-implanted films as well as in the films
that had received no ion implantation. This suggests
that the surface oxide layer, which is amorphous at

short annealing times, starts to crystallize during longer

anneals at elevated temperatures.

D. Hillocks

SEM and surface profile measurements with a
Dektak TIA stylus profilometer were used to investigate

(b)

FIG. 7. (a) BF cross section TEM photograph of an ion-implanted
film without the laser reflow treatment (OIT) (No. 2.1) after the first
cycle; (b) DP of the columnar grain indicated in (a).

the surface morphology and especially the hillocking
behavior of the films. The hillocking behavior of both
kinds of films with the ion implantation treatment is

J. Mater. Res., Vol. 9, No. 2, Feb 1994 323
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significantly different from that of the films without
the ion implantation treatment. After the first cycle the
ion-implanted films (OIl and LR + OII) already show
more and much larger hillocks than their counterparts
without the ion implantation treatment. In films without
ion implantation the number of hillocks increases with
an increasing number of cycles. In the films with ion
implantation treatment (OII and LR + OII), the number
of hillocks seems to remain constant after the first cycle,
though they grow in size with each successive thermal
cycle. After four cycles the hillocks have a height
between 1 and 2 pm and a lateral dimension of about
3 pm (Figs. 8 and 9). The height of the hillocks in the
films without ion implantation is at most 1 wm and the
lateral dimension is about the same. The laser reflowed
films show the least hillocking of all four kinds of films,
an observation already reported by Venkatraman et al.™
After the first cycle there are almost no hillocks visible,
and after the fourth cycle only a few can be seen. While
the hillocks in ion-implanted films (OII and LR + OII)
grow exclusively by diffusion out of grain boundaries,
about 50% of the hillocks in the films without ion
implantation seem to be whole grains which grow or
deform out of the film. As a result, the surface of the
ion-implanted films, in between the hillocks, seems to
be smoother overall than the surface of the films without
the ion implantation treatment. Grain boundary grooving
develops in the laser reflowed films during laser reflow
processing and increases with further annealing. This
grooving is especially pronounced in laser reflowed
films that were also ion implanted (LR + OII); in these
films cavities form at triple points and small cracks
develop along some grain boundaries. These damage
processes are probably driven by the relatively high
stresses in these films.

On the surface of the ion-implanted films (OII),
loop-like grooves with a diameter of about 0.8 pm are
formed. These loops may indicate specially oriented
grain boundaries which tend to show grooving.

IV. DISCUSSION

For most films, the first thermal cycle showed a
higher maximum compressive stress, o'my, and a higher
COMPpIESSIiVe SITESS, Teng, than the following cycles. For
the standard aluminum films this is probably caused by
the grain growth that occurs during the first thermal
cycle. TEM observations showed that the grain size
changes from 0.6 um in the as-deposited condition to
1.4 pum after the first thermal cycle. The correspond-
ing change in the stress-temperature behavior follows
the Hall-Petch relation, whereby the flow stress de-
creases with increasing grain size. For both kinds of
ion-implanted films (OIl and LR + OII), the decrease
in compressive strength that occurs between the first

FIG. 8. SEM photograph of an ion-implanted film without the laser
reflow treatment (OII) (No. 2.1) after the fourth cycle.

and second thermal cycles is most likely due to the
annealing-out of ion-induced point defects during the
first thermal cycle as well as due to the change in grain
size. For the only laser reflowed films, no significant
changes in strength occur between the first and second
cycles, because the laser reflow process produces a sta-
ble microstructure. Subsequent thermal cycles for each
particular film produce very similar stress-temperature
curves. However, different films with the same special
treatments often show quite different stress temperature
curves, suggesting that the laser reflow and the ion
implantation treatments are not very reproducible.

FIG. 9. SEM photograph of a laser reflowed and ion-implanted film
(LR + OII) (No. 4.2) after the first cycle.
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Our finding that the laser reflowed films are stronger
than the standard aluminum films both in compression
and tension is in disagreement with previous results
of Venkatraman et al.'* This discrepancy can be ratio-
nalized by considering the different process and ex-
perimental conditions. The laser reflow parameters for
Venkatraman’s films were slightly different and resulted
in a much larger grain size of 22 um for 0.48 pm thick
films; this compares with a grain size of only about
5.6 pm for our films. Following the Hall—Petch relation,
our films should be stronger due to grain boundary inhi-
bition of dislocation motion. Furthermore, we performed
our wafer curvature experiments in an N, atmosphere
rather than in air. This may have led to a thinner oxide
layer on the films, which allows grain boundary-diffusion
controlled relaxation mechanisms to take place more
easily. These mechanisms would decrease the stresses
more in the films without the laser reflow treatment
because of the smaller grain size in these films.

The films with the oxygen ion implantation treat-
ment (OIl and LR + OII) show very high stresses in
tension (Figs. 1 and 2). The slopes of the curves during
cooling at low temperatures are almost equal to the
elastic slope. This means that at low temperatures the
yield strength is not reached. Especially in the ion-
implanted films that were not laser reflowed (OII), the
transition from the “plateau” to the steep slope is very
pronounced. The laser reflowed films with ion implanta-
tion (LR + OII) show very high stresses in compression
as well, In these films, dispersion strengthening occurs
in tension as well as in compression. Grain boundary
diffusion related softening processes are not dominant
because of the large grain size. Figure 10 shows a weak
beam (111, 333) TEM micrograph of one of these films.
Dislocations pinned at particles are visible.

The ion-implanted films that were not laser reflowed
(OII) are very weak in compression, especially at higher
temperatures between T, and T.,q, where they show
a considerable amount of softening, and, in tension,
above 300 °C they show stresses below those of the
standard aluminum films. The presence of stable par-
ticles in these films does not ensure high compressive
strengths at elevated temperatures. The small grain size
of only 0.35 pm allows the stresses to be relaxed by
diffusion controlled processes, in spite of the presence
of the particles. The high density of large hillocks
supports this view. By contrast, dispersion strengthening
is evident in tension below 150 °C, most likely caused
both directly by particle-dislocation interactions and in-

directly by stabilizing a small grain size (Hall-Petch

strengthening).

In an effort to understand the effects of diffu-
sional relaxation on the deformation properties of these
films, stress-temperature curves were calculated for the
case in which only grain boundary (Coble) and volume

FIG. 10. Weak beam plan-view TEM photograph of a laser reflowed
and jon-implanted film (LR + OII) (No. 4.1) after the first cycle.

(Nabarro—Herring) diffusion controlled creep were al-
lowed to occur. The differential equation to be solved is

do _ &

aT 1 - vy

. 1
— ,I,d, h)—|, 3
(Aa élo )T) (3)

where T is the heating/cooling rate and € is the diffusion
controlled biaxial strain rate (negative in compression)
defined by

é = égb -+ éu, (4)

where €,, and €, are the grain boundary and volume
controlled diffusional creep rates, respectively. We used
the equations derived first by Gibbs'" for the case of
diffusional creep in thin films:

. 6D, ()
€p = 12 dh;,lb(T o 6D, = 6ng exp(—Qg,,/kT)
(5)
D,Q
s, =T D, =p° -Q,/kT),
€, TSdhkTg ) exp(—Q.,/kT)

()

where h is the film thickness, d is the in-plane grain
size, and all of the other terms have their usual meanings
for diffusional analysis. Because these equations do not
account for the adherence of the film to the substrate
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(they assume that the grains are free to slide easily
with respect to the substrate), they greatly overpredict
the amount of stress relaxation that can occur at high
temperatures. Nevertheless, the simple analysis of Gibbs
can be used to provide some insight into the tem-
perature at which the diffusional relaxation begins to
occur. Mathematica 2.0'% was used to solve Eq. (3) in
conjunction with Egs. (4)~(6). The calculations were
made for a lateral prain size of 0.35 pm, a film thickness
of 0.5 um, and a heating/cooling rate of 6 °C/min,
using the properties of pure aluminum given by Frost
and Ashby."

For the case that the total strain rate is the sum of
the grain boundary and volume diffusional strain rates,
on cooling from high temperatures, the stress in the
film remains near zero down to 120 °C, where it begins
to increase rapidly with decreasing temperature. The
abrupt rise in stress below 120 °C occurs because the
diffusional processes are too slow to relax the stress at
these temperatures. We note that the experimental curve
(Fig. 1) also rises abruptly at 120 °C, indicating that all
relaxation processes are inhibited below that tempera-
ture. Thus, the diffusional model correctly predicts the
temperature at which relaxation processes are effectively
stopped. For heating, the stress decreases rapidly and
is zero above 100 °C. The model predictions do not
compare well with experiment at high temperatures
because, as mentioned before, the equations do not
account for the adherence of the grains in the film to the
substrate.'® Further, the texture may reduce the effective
diffusion coefficient of the grain boundaries and the
number of grain boundaries that can act as sources and
sinks for vacancies and in this way inhibit the amount
of diffusional relaxation that can occur. For the case
that the total strain rate is only the volume diffusional
strain rate, on cooling, the stress rises already around
230 °C. This, together with the agreement cited above,
clearly indicates that grain boundary diffusion plays an
important role in the relaxation. However, a quantitative
model describing the shape and the asymmetry of the
measured stress/temperature curves is still lacking. Work
along this line is currently in progress.

Hillocks are believed to be formed by grain bound-
ary diffusion. The high density of large hillocks ob-
served in these films (OII) supports the conclusion that
grain boundary diffusion processes are involved in the
relaxation. That grain boundary diffusion contributes
significantly to the relaxation also helps to explain the
tension-compression strength asymmetry. This can be
partly explained by considering that the material which
diffuses out of the film and forms the hillocks on
heating cannot easily diffuse back into the film on
cooling. An oxide layer may form on the hillocks,
thereby preventing diffusion along the surface to supply
grain boundary diffusion back into the film. This would
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cause the kind of strength asymmetry observed in the
experiment.

A comparison of the hillocking behavior of the
ion-implanted films with and without laser reflowing
indicates that high stresses do not necessarily lead to
extensive hillocking. The ion-implanted films with laser
reflowing (LR + OII) show very high compressive
stresses upon heating, but only a few hillocks. In
contrast, the ion-implanted films without laser reflowing
(OII) show very low compressive stresses, but a high
hillock density. The low stresses that are observed
may be related to a high hillock density. Figure 9
shows that, despite the high stresses present in the
laser reflowed films, hillocks grow at only a few of the
grain boundaries. This suggests that special sites, such
as specially oriented grain boundaries or grains, are
necessary to form hillocks.!® In the ion-implanted films
without laser reflowing (OII), the grain size is smaller
and the grain boundary density higher, resulting in a
high density of specially oriented grain boundaries that
can support hillock growth.

V. SUMMARY AND CONCLUSION

Oxygen ion implantation changes the microstruc-
ture and the stress/temperature deformation behavior of
aluminum films considerably. Precipitation of very fine

203 particles was detected after the first thermal cycle.
The particles continue to grow in the following cycles,
preferentially at the grain boundaries. The corresponding
evolution of the grain structure in the ion-implanted films
can be described as follows. The high defect density
created in the films by ion implantation causes recrys-
tallization to occur on thermal cycling. Grain growth,
which follows recrystallization, slows down very quickly
due to the drag on grain boundaries caused by particles.
In this way a stable grain size of only 0.35 wm devel-
oped in the ion-implanted films that had not received the
grain coarsening laser reflow treatment (OII). A stable
grain size of 3.5 um was formed in the ion-implanted
films that had been laser reflowed (LR + OII). Further
recovery of the high defect density probably occurs by
the formation of subgrains within the columnar grains.

The high tensile and compressive stresses in the laser
reflowed and ion implanted films can be attributed to
dispersion strengthening by dislocation-dispersoid inter-
actions. By contrast, the very low stresses in compression
and the extensive softening at higher temperatures in
the ion-implanted films without laser reflowing (OII)
can be attributed to diffusion-controlled stress relaxation
mechanisms, which are enhanced because of the small
grain size. The high tensile stresses in these films at
low temperatures are probably caused by both direct
(dislocation-dispersoid interactions) and indirect (stabi-
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lized fine grains) particle strengthening. A quantitative
model for these effects is still lacking.

For the laser reflowed and ion-implanted films
(LR + OII), we expect improved electromigration resis-
tance because of the larger grain size and better
mechanical properties. For the ion-implanted films
without laser reflowing (OIl), initial tests did not show
an improved electromigration resistance,” probably
because of the very small grain size which enhances
the electromigration flux along grain boundaries.
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