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In this paper, we report a systematic study of low frequency 1/f“ resistance fluctuation in thin metal films
(Ag on Si) at different stages of damage process when the film is subjected to high current stressing. The
resistance fluctuation (noise) measurement was carried out in sifu using a small ac bias that has been mixed
with the dc stressing current. The experiment has been carried out as a function of temperature in the range of
150-350 K. The experiment establishes that the current stressed film, as it undergoes damage due to various
migration forces, develops an additional low-frequency noise spectral power that does not have the usual 1/f
spectral shape. The magnitude of extra term has an activated temperature dependence (activation energy of
~0.1 eV) and has a 1/ spectral dependence. The activation energy is the same as seen from the temperature
dependence of the lifetime of the film. The extra 1/f!-> spectral power changes the spectral shape of the noise
power as the damage process progress. The extra term likely arising from diffusion starts in the early stage of
the migration process during current stressing and is noticeable much before any change can be detected in
simultaneous resistance measurements. The experiment carried out over a large temperature range establish a
strong correlation between the evolution of the migration process in a current stressed film and the low-

frequency noise component that is not a 1/f noise.
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I. INTRODUCTION

Metallic thin films when subjected to a dc current of
high density for long time get substantially damaged. This
happens due to migration of atom under the influence of
combined effect of temperature, mechanical stress, and elec-
tromigration. This phenomena attracts tremendous techno-
logical interest since the time it was observed to be one of
the major causes of failure of thin metallic film intercon-
nects. It has become one of the most important issues related
to the reliability of very large scale integration (VLSI) or
ultra large scale integration (ULSI) circuits as the dimensions
of the interconnects used there have been substantially re-
duced with the continuing advances in microelectronic tech-
nology. The phenomena have been reviewed extensively.!™
Over the last two decades, resistance fluctuation (noise) as-
sociated with metal films has been investigated as a tool to
study such phenomena.>™'* In a current carrying metal film,
in addition to equilibrium white thermal noise (popularly
known as the Nyquist noise), dominant contribution comes
from the low-frequency 1/f noise [spectral power S(f)
o 1/f]. The magnitude of the first kind of noise can be esti-
mated from the spectral power S,,~4kgTR for a film of re-
sistance R at a temperature 7. It depends only on the resis-
tance R and the temperature 7 of the film and it does not
depend on the quality of the material that makes the film. On
the other hand, the 1/f noise cannot be predicted a priori. It
depends on the material that makes the film. It is generally
believed to arise from smeared out activated dynamics of
two-level-type defects in the films and its spectral shape can
be explained by such model as the Dutta-Horn model."> In
this model, the 1/f noise resulted from the superposition of
uncorrelated noise sources with a distributed relaxation
time.'>1¢ The spectral power of noise of many metallic films
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often follow an empirical formula (often referred to as the
Hooge’s formula),!”

')’HV2
Nf*’

where « has a value between 0.8 and 1.2, N is the number of
electrons in the sample, V is the bias for measurements, and
vy is an empirical constant (known as Hooge’s parameter)
which takes a value in the range of =1073—107° in films of
conventional metals.

In earlier studies, many investigators tried to correlate
lifetime of metal film against electromigration to the magni-
tude of 1/f* noise at some particular frequency.>”*!! They
found that, in general, samples with larger low-frequency
noise spectra had smaller electromigration lifetime, although
a clean correlation could not be obtained because Sy(f) in
metal film depends on different material parameters. Some
investigators were interested in the study of spectral form of
1/f* of electromigrated film.'>!3 Most of these investiga-
tions, however, were done either by less sensitive dc four-
probe method for noise measurement or by ex sifu ac method
and these experiments reports an frequency exponent « to
have values ranging from 1 to 2. The noise power spectra
were attempted to explain using Dutta-Horn model. None of
these investigations were made to correlate the noise spectra
with the evolution of the damage process by measuring the
noise spectra in situ at different stages of damage in the
current carrying film. These experiments were often carried
out in accelerated condition, commonly at temperature close
to the half of the material’s melting temperature.

In practice, the damage process in a metal film subjected
to high current stressing is due to atomic migration which is
a result of the combined effects of stress migration, thermo-

Sw(f) = (1)

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.77.075423

ACHYUT BORA AND A. K. RAYCHAUDHURI

migration, and electromigration. The details of the damage
process closely depend on the mechanisms of atomic migra-
tion involved under influence of these driving forces. These
migration leads to formation of hillocks and voids and lead
to gross change in its topography. The presence of defects (in
particular, extended defects and internal interfaces) play an
important role in this process by providing low activation
energy path ways for diffusion. The hypothesis that there
may be a relation between the migration process leading to
damage and the 1/f type noise power depends on the central
role of “defects.” This is because a broad spectrum of defects
in principle can contribute to both these phenomena. How-
ever, there is no reason to believe that the defects that facili-
tate atomic diffusion and those which contribute to electrical
noise (particularly 1/f noise) need be the same. There is no
reason to assume that those defects that take part in atomic
migration would also lead to the same noise spectra as that
would result from the “localized” motion between equilib-
rium two-level-type defect states as envisaged in the Dutta-
Horn model for 1/f noise. The migration process may or
may not be initiated from these localized defects and there is
no reason that these processes will be correlated. The ob-
served absence of a tight correlation between the damage
process and the magnitude of the 1/f noise probably owes its
origin to this fundamental cause.

On the contrary, one can expect that since the process of
damage involves mass migration and the diffusion of defects,
this will lead to noise spectra which are very distinct from
generic 1/f noise spectra and the spectral dependence will
carry signature of long range diffusion.'®!” In an earlier in-
vestigation from our group, we had shown that there indeed
appears an additional noise component which has an 1/
dependence in case of films which are electromigrated prior
to the noise measurement.’’ We have also shown in a pre-
liminary report that in a current stressed film at room tem-
perature, as the damage process evolves the spectral power
of Sy(f) acquire an increasing component of 1/f!- term.?!
These observations indicate that the noise spectra arising due
to diffusion have a close correlation with the entire damage
process. The effect of the observed extra term is not to affect
the 1/f part of the spectral power but to add a frequency
dependent part to the spectral power and thus change the
spectral shape of the noise power.

Diffusion, and hence the damage process, is a thermally
activated process. Thus, the temperature dependence of noise
associated with damage of film during current stressing
should have a close correlation to that of the damage process.
We realize that this particular aspect has not been investi-
gated experimentally. Being motivated by this, we have car-
ried out an in situ noise measurements in thin metal films
stressed with high current at different temperatures in the
temperature range of 150—350 K. For T<150 K, the dam-
age process is very slow. We observed that the magnitude as
well as the spectral shape of noise clearly carry the signature
of onset of damage process and the various stages as it
progresses. Since these experiments were done as a function
of temperature, we could follow the temperature dependence
of the relevant parameters. We note that while the tempera-
ture dependence of noise in metal film have been studied for
decades, however, study of resistance noise during current
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FIG. 1. (Color online) AFM image of a typical film used in this
study.

stressing of film as a function of temperature has not been
done before. We follow up the experimental result with a
simple simulation procedure that captures the essential as-
pects of observation.

II. EXPERIMENTAL TECHNIQUES
A. Sample preparation and characterization

The experiments on current stressing and in situ noise
measurements were carried out in silver (Ag) films grown on
silicon. While different metals will have details which are
specific to them, it is reasonable to expect that the observa-
tions made here on Ag films will be sufficiently general to
capture the basic phenomena and the underlying physics. We
realize that Ag film is not used in any VLSI circuits. How-
ever, the purpose of this paper is to investigate the basic
phenomena in a single component system as a model system.

Films were grown on silicon(100) in an ultrahigh vacuum
(UHV) chamber using an effusion cell at vacuum better than
5% 1078 torr during deposition. The substrate were kept at
150 °C during deposition and the films were subsequently
annealed at 200 °C for 6 h in the same vacuum. The purity
of the Ag granules used for deposition was 99.9999%. Prior
to deposition of the film the substrate was first cleaned with
the well-known RCA cleaning method?? and then was placed
inside the load-lock chamber of the UHV deposition unit.
There, it was cleaned by 5 keV ion beam of Ar at 1.5
X 107 torr and 40 uA of ion current for 10 min. A mask
was used during deposition of the film to get a five probe
linear pattern. The film thicknesses were typically around
0.155 um. The dimension of the film between voltage
probes was 12 um X 12 um?. (Note that we used somewhat
wider size because it allowed us to do in sifu scanning ther-
mal microscopy which allowed us to investigate the tempera-
ture inhomogeneity during current stressing. The result of
this will be reported separately.”?)

For characterization of the films we studied them with
x-Ray diffraction (XRD), scanning electron microscopy, and
atomic force microscopy (AFM). The XRD of the films
shows that the films were well textured and strongly oriented
along the (111) direction. The average grain size for the films
were found to be 0.250 um from the AFM image (Fig. 1).
We have measured resistance of the Ag films using a four-
probe technique down to liquid He temperature. The tem-
perature dependent resistivity of a typical film used for cur-
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FIG. 2. Temperature dependence of the resistivity of a typical
Ag film used.

rent stressing is shown in Fig. 2. The room temperature
resistivity (psog), residual resistivity ratio (RRR=p3q0/p42),
electronic mean free path at 4.2 K (\,,), and temperature
coefficient of resistivity at room temperature (TCR) for five
different films used in this investigation are shown in Table 1.
The bulk values of RRR and TCR for pure Ag are
1.6 1 cm and 3.81 X 1073 K~!, respectively.?* The resistiv-
ity measurement shows that the films are of good quality
with mean free path of electrons comparable to that of bulk
value at room temperature. Reproducibility of the room tem-
perature resistivity value within 5% also shows a good con-
trol on the growth process. An important quantity that can be
used as quality of a metal film is the magnitude of 1/f noise
at room temperature. We have measured the 1/f noise of the
films used in the experiments (to be described later on). The
room temperature values of yy calculated from the noise
using Eq. (1) lie in the range of 4 X 10-35X 107>, This is a
low value signifying good quality of the films. In the same
table, we give the values of yy for each film. These films
were used in stressing at different temperature, as indicated
in the last column of Table I.

B. Measurement of noise in presence of an applied dc
stressing current

To perform the in sifu noise measurement during current
stressing process, we used a circuit which mixes a dc current
with ac excitation through the sample. The dc serves the
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purpose of current stressing, while the noise measurement
has been done using the ac excitation. The details are given
elsewhere.?! Here, we give a brief description. In our circuit,
the dc source was decoupled from the ac with an inductor
and the ac source was decoupled from the dc with a capacitor
so that in this circuit, both of the signals can be controlled
independently. The applied dc we used had a typical current
density J,,=2X 10" A/cm?, whereas the amplitude of the ac
excitation was chosen so that the current density J,. was
always lower than 1X 10* A/cm?. This, being less than J,,
by more than three orders, does not contribute to stressing.
We used a five-probe ac technique for noise measurement
that allows for much higher sensitivity.”> We recorded resis-
tance of the film at regular time intervals until the film got
damaged. The evolution of the damage process of the films
was detected by the observation of change in resistance of
the films. The experiments were carried out in liquid nitrogen
cryostat, and throughout the experiment, the temperature of
the sample was stabilized at some particular temperature
with a stability better than 150 K with a digital temperature
controller.

To carry out the noise measurement, we used a digital
signal processing based ac technique using a lock-in ampli-
fier (model SR830) which allows simultaneous measurement
of the background noise (bias independent) as well as the
bias dependent noise from the sample.”> The sample was ac
coupled to the lock-in amplifier with a transformer preamp-
lifier (model SR554). Thus, dc stressing current does not
affect the process of noise measurement. The bridge was
balanced to better than 10 nV. With an applied bias of 1 mV,
this would imply a resistance balance of one part in 10°. The
resistance noise from the sample shows up as the out-of-
balance signal of the bridge. This was recorded as a time
series from the output of the lock-in amplifier. The noise
signal appears as a side band on the main carrier frequency
of the lock-in amplifier. The output of the lock-in amplifier
was recorded by a 16 bit analog-to-digital card and stored in
the computer. We recorded the time series at a sampling rate
of 1024 data points/s for a fixed time slab (long enough to
collect nearly 2 X 10° data points) at a regular time interval
until the film got damaged. Every data set collected at vari-
ous stages of damage process was decimated to about 0.1
X 10° points before the spectral power Sy(f) is determined
numerically. The lower-frequency limit of 1 mHz is deter-
mined by the quality of the temperature control which is
within =0.5 ppm. The output low-pass filter of the lock-in
amplifier was set at 3 ms with a roll-off of 24 dB/octave
which has a flat response for f= 10 Hz. This determines the

TABLE 1. Samples used in this work and their electrical properties.

P300 N4o TCR vy at 300 K Temperature
Film (€2 cm) RRR (nm) (1073 K1 (1075) during stressing
AgO1115 1.61 8.30 435 3.353 4 150
Ag07016 1.67 5.63 285 3.055 35 200
Ag210206B 1.66 5.88 299 3.136 8 250
Agl3016 1.61 9.34 490 3.512 4 300
Ag20056 1.61 9.91 519 3.621 4 350
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FIG. 3. (Color online) Resistance history of five different films
subjected to the same high stressing current at different tempera-
tures. Inset shows zoomed plot for the film stressed at 200 K as an
example. The arrow indicates the sequence of curves with the in-
creasing temperature. The lifetime increases significantly as tem-
perature is decreased.

upper limit of our spectral range. To minimize the contribu-
tion of the transformer noise to the background noise, the
carrier frequency was chosen to lie in the eye of the noise
figure of the transformer preamplifier. Except the lock-in am-
plifier, all other instruments were kept inside a Faraday cage
to shield them from any external electromagnetic noise. The
apparatus can measure a spectral power down to
1072° V2 Hz™!. The measured background noise was white
and was contributed mainly by the 4kzTR Nyquist noise.
Before the actual measurement, we made it confirm that
there were no cross coupling from the dc bias on the noise.
Improved noise measurement procedure as well as tempera-
ture control during measurement allowed us to obtain reli-
able data from which we can derive definitive conclusion on
the frequency dependence of the spectral power. [We note
that if the resistance drifts during measurement, it can intro-
duce a low-frequency component in the spectral power, gen-
erally resulting a 1/f? dependence of the spectral power. We
subtract a least square mean line from the time series to take
care of this before we calculate S\(f)].

III. RESULTS

The time evolutions of damage process at five different
temperatures from 150 to 350 K are shown in Fig. 3 as evo-
lution of resistance. It can be seen that as the stressing is
done at lower temperature, there is a significant enhancement
of the lifetime. At 150 K, the lifetime is enhanced to more
than 1000 h from 20 h at 350 K. The evolution of resistance
of the film as a function of time occurs in a nonmonotonous
manner. There is distinct time when the resistance of the film
rapidly increases with time as the onset of damage process.
Such a stage is marked as 7, (=265h) in the inset of Fig. 3.
The resistance follows a clear dependence on time like
In R=mt with different values of m before and after the
point ,. At t,, there is a substantial change in m. This can be
seen in Fig. 3. We call m for t<t, as m, and for t>1, as m,.
We also observed that the values of m are higher for the films
which were stressed at higher temperature. This is expected
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FIG. 4. Values of m before and after the onset of damage for the
films stressed at different temperatures.

because the damage process is expected to become faster at
high 7. In Fig. 4, we show the dependence of m; and m, on
the temperature at which the film was stressed at.

Noise measurement shows that the noise magnitude as
well as the spectral power Sy(f) change as the damage pro-
cess proceeds. In Fig. 5, the noise magnitude at different
stages are plotted in the form of relative resistance fluctua-
tion ((AR)%)/(R?) [=$ ffé":;ij‘SV(f)df, where f,,;, and f,,,, are
the minimum and maximum frequencies of the bandwidth
and (V) is the mean ac bias across the sample] at various
stages of the damage process for the film stressed at 200 K.
The spectral power density in a scaled form Sy(f)/{V)?
[since Sy(f) varies as (V)?] at some selected stages of the
damage are plotted in Fig. 6. The data obtained for the films
stressed at other temperatures also show similar behavior;
hence, they are not shown to avoid repetition.

From Fig. 5, it can be clearly seen that the noise remains
almost same for a long period of stressing until some time,
marked as 7,(=165h), after which it starts increasing. We
find that not only the magnitude but also the spectral shape
changes at this point. These changes were seen to take place
at much earlier time than any significant change in resistance
occured. (The measured resistance is shown in the same fig-
ure.) The resistance starts changing significantly at 7,
~?265h, whereas the noise starts changing at #;. Thus, the
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FIG. 5. Relative resistance fluctuation for the same film as the
damage process progress. The resistance of the film also shown
(right Y axis). #; is the time when the relative resistance fluctuation
starts to increase, f, is the time when the rate of change in the
resistance increases, and t; is the time when the resistance of the
film increases by 10%.
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FIG. 6. (Color online) Scaled noise Sy(f)/{V)?> at different
stages of the damage process for the film stressed at 200 K. The
arrow shows the increase of stressing time.

onset of rapid change in noise, both in magnitude and spec-
tral shape, is a clear precursor to the failure process. Superior
sensitivity of the noise measurement allows the changes to
be picked up much before the average resistance shows
change. The spectral power dependence in Fig. 6 shows a
very important observation that the damage process affects
the spectral power and it enhances the low-frequency com-
ponent significantly. A way to quantify the low-frequency
component is to express spectral power as Sy(f) o 1/f% We
observe that the frequency exponent « evolves as a function
of time during the stressing process. This is shown in Fig. 7
as a function of time for the same film. This is a representa-
tive data and is qualitatively similar for the all films stressed
at other temperatures. We find that the unstressed film has «
close to 1. However, « starts to change, although slowly,
from the initial period of stressing. Significant rapid change
starts to happen at time 7, when R changes rapidly.

The enhancement of the low-frequency component during
current stressing is an important feature because in metal
film without current stressing such enhancement is not ob-
served, at least within the temperature range, at which the
films were stressed. It was observed based on large number
of sample studied that for the films stressed with high cur-
rent, the value of & enhances to values higher than 1 with the
progress of the damage process, whereas for unstressed film,
it was usually in between 0.8 and 1.2. In Fig. 8, we show «

200K

1.4

3 1.2

1.0
0

FIG. 7. Evolution of the frequency exponent « as a function of
time during the damage process for the film stressed at 200 K.
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FIG. 8. (a) a and (b) yy of the same film without any current
stressing for wide range of temperature. a was obtained from the
slop of linear fits to a In[Sy(f)] vs In f plot (not shown here). The
error bars are the fit errors. apy was calculated at f=0.5 Hz using
Eq. (2). yy was obtained at 0.5 Hz.

and yy as a function of temperature for an unstressed film.
The dashed line in Fig. 8(a) shows « as calculated from Eq.
(2) for Dutta-Horn model,'?

(2)

o £T) =1 1 (amsgjj_l>

CIn(fify)\ dInT

where f,=10'* the attempt frequency. We observed that for
T<350 K, a roughly follows the values as obtained from
Eq. (2), but above 350 K, a deviation from it can be seen. To
accentuate deviation of « from 1 with the progress of the
damage process, we plot the noise spectra of the stressed film
in the form fSy(f)/(V)? at different times in Fig. 9.

From the comparison of noise spectral information for the
film at stressed and unstressed condition, it is very clear that
in the stressed film, we have additional noise sources which
result in an additional noise component with a spectral power
that varies more rapidly than 1/f. The observed enhancement
of noise occurs at low-frequency regime. It is also noted that
this increase of the low-frequency component distinctly de-
pends on the temperature at which it is stressed. To quantify
these changes, we follow the procedure elaborated below.

5| 200K
10 >4 + 310h
% 292h
¢ 275h
v 233h
o A 186h
é e 93h
l . = 0Oh
€10
- T
@ -,
., T
10-17 3 '-2 '1 j
10 10 10 1

f (Hz)

FIG. 9. (Color online) £Sy(f)/{V)? of the film stressed at 200 K
at different stages of damage process.
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FIG. 10. (Color online) Values of A and B for the films stressed
at (a) 200 K, (b) 300 K, and (c) 350 K, as obtained from the fits to
Eq. (3) as the damage process proceeds. The evolution of resistance
is also shown.

We argue that since the damage process involves diffusion
and resistance noise due to diffusion has a spectral depen-
dence like 1/f!,19 it is likely that this additional component
would have spectral shape varying as 1/f'. This particular
aspect has been reported in previous publication from us
where we addressed to the problem at room temperature
only.?! We fitted the noise spectra of the stressed film to the
following equation:

S 4 B 3)

- ff
In this equation, the first term in the right hand side associ-
ates noise component for the normal 1/f component,
whereas the second term is for the additional component. As
the damage process evolves the change in spectral weight
will be denoted mainly by change of A and B. In Fig. 9, we
show the typical fitting as solid lines. We observe that this
equation fits very well to the noise spectra taken at various
stages of the damage process. The values of A and B ob-
tained from the fits are plotted in Fig. 10 along with the
resistance evolution as a function of stressing time for the
films stressed at three different temperatures. From this plot,
it can be clearly seen that for all the films, B (which mea-
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FIG. 11. Values of A and B at 3 for each film as a function of
temperature at which they were stressed to show the activation
behavior.

sures the additional noise component) increases as the dam-
age process progresses, whereas component A (which mea-
sures the 7 component) remains almost the same throughout
the damage process at lower temperature and it even de-
creases for higher stressing temperature. The increment of B
become more significant after point #; and it enhances further
and more rapidly after point #, when the resistance changes.
This is a very important observation. Since B is associated
with process involving diffusion, the strong change in B
would mean that the principal changes are controlled by dif-
fusion which shows strong temperature dependence. To in-
vestigate the nature of temperature dependence, we take the
values of A and B when there are significant damage for the
films stressed at all the stressing temperatures and plotted
them as a function of stressing temperature. In Fig. 11, we
plot the values of A and B for each film when its resistance
increases by 10% of the resistance at unstressed conditions
(we mark this point as #; in Fig. 10) as a function of tem-
perature at which the film was stressed. (This choice of 75 is
justified because for all the films, this has been taken as a
defined point of damage of ~10%.) While A shows a very
shallow change with stressing temperature, B shows a strong
temperature dependence. From the plot of logB vs
1/ Tyyegsing (Fig. 11), activation behavior of B can be clearly
observed with an activation energy of 0.09 £0.01 eV. Defin-
ing t5 as the lifetime of the film, we also plot lifetimes of the
films as a function of temperature at which they were
stressed in Fig. 12. The lifetime of the film follows Arrhenius
behavior with an activation energy of 0.1 +=0.01 eV. The ac-
tivation behavior seen in the noise parameter B (which is
interpreted as a measure of the diffusive component) is thus
similar to that seen for the lifetime. The two experiments
though done simultaneously are distinct. It is indeed gratify-
ing that they show activated behavior with the same activa-
tion energy. We note that this is a very important observation
because we could clearly establish a close connection be-
tween the activation process of migration and that associated
with the excess low-frequency components of noise by two
separate measurements.

IV. DISCUSSION

The experiments carried out in this paper established that
due to the presence of an additional low-frequency compo-
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FIG. 12. Lifetime of the films stressed at different

temperatures.

nent, the spectral shape of the noise power spectrum changes
on current stressing. The current stressing leads to eventual
damage of the film. We have also shown that the likely
source of this extra noise component is diffusion which con-
tributes 1/f!° to the spectral power. The results presented
here establish a strong correlation between the damage pro-
cess and the extra noise spectral power that is distinct from
conventional 1/f noise. Our experiment also shows that the
1/f noise component may not have any correlation to the
damage process. We mention here that the resistance drift as
a function of time can modify the power spectra'® and, in
particular, contribute a 1/ f2 contribution as stated before. We
have checked this particular issue with care. First, we note
that the resistance drift that we observe is a slow monoto-
nous drift over long times. This allows us to subtract a back-
ground drift without really affecting the power spectrum.
One can calculate the contribution of the resistance drift to
the noise power following Koch.!® We find that such a con-
tribution (calculated from the experimentally observed resis-
tance drift) is much larger by orders of magnitude than the
noise power we observe. This ensures that the drift has been
properly subtracted form the time series. We also find that
the noise power within the bandwidth of our experiment does
not depend on the length of the data set. If the drift has a
contribution to the power spectrum, one would observe de-
pendence of the calculated noise power on the length of the
data set. Finally, we have checked the power spectrum by
stopping the stressing current and find that the power spec-
trum does not depend on whether the stressing current is on
or it is turned off during the collection of the time series (for
power spectrum calculation).

To explain the spectral signature of damage process, we
argue that the noise of the film under current stressing arises
from two independent different processes. This is repre-
sented in Eq. (3). One of these involves the localized motion
of defects between equilibrium defect states with a distribu-
tion of relaxation time and it results 1/f component of noise,
observed even without any current stressing. On the other
hand, a parallel process also exists which involves long
range diffusion resulting an excess 1/f!° dependent compo-
nent of noise. The diffusion is the process which is associ-
ated with actual damage process. This can be supported from
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the observation that the activation energy of lifetime of the
films (as calculated from Fig. 12) matches closely with that
associated with long range diffusion resulted noise (calcu-
lated from Fig. 11).

The change in noise magnitude during current stressing
should be attributed to the both components. So, the total
noise magnitude can be written as

<(AR)2>:(<(AR)2>) +<<(AR)2>> @
(R R /. \ Ry )y
where

<(AR)2>) _ (4

( @ 7)Y )
and

<(AR)2>) (/= B

( ®) g )y, e ©

We interpret the enhancement of relative contribution of
1/£3% component (with weightage B) during damage process
as a result of the increase in the number of such defects
which take part in long range diffusion. From the experimen-
tal results (refer to Fig. 11), we can conclude that the en-
hancement of total noise magnitude is almost entirely due to
the increase in number of mobile defects which moves by
long range diffusion.

One interesting observation to be noted here is that for the
films stressed at higher temperature, the first component of
noise (1/f component) decreases also by some amount after
long time of stressing. This observation suggests a decrease
of number of localized defects that give rise to the 1/f noise.
These defects existed in the films before the current stressing
but get annealed out. Alternatively, they can be arrested in
voids or take part in long range diffusion in later course of
time as the damage process progresses. This is a very repro-
ducible observation and shows clearly that such defects as
localized two-level defects that give rise to the 1/f noise has
an anticorrelation with the damage process if any. We note
that in the earlier investigationsj’“ which were carried out
ex situ, the noise in current stressed film, were explained
under the frame work of Dutta-Horn model (which applies to
~1/f type of spectral behavior only), even though frequency
exponent « was observed to lie in 2-2.5. We would like to
point out that a clean distinction between these two types be
made.

The temperature dependent study carried out in this ex-
periment shows an interesting observation that strengthens
the claim of using the low-frequency spectral component as
an early indicator of atomic migration underlying the dam-
age process. In Fig. 13, we plot the ratios #,/¢; and #;3/t, as a
function of stressing temperature. While ¢, is obtained from
the noise data, ¢, and t; are obtained from the time dependent
resistance data and are related to the lifetimes of the film.
Interestingly, irrespective of the actual values of #, and #;
which change significantly as a function of stressing tem-
perature, the ratio t3/t, remains more or less constant at
~1.1-1.2. However, the ratio #,/¢; increases significantly as
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the stressing temperature increases. Both #; and ¢, decrease
as the stressing temperature increases; however, the enhance-
ment of the ratio of the two occurs due to the shift of 7, to
smaller values. This signifies that as the films is stressed at
higher temperature, the onset of diffusion related noise com-
ponent occurs at earlier stage of the stressing.

The significance of the onset of the long range diffusion
and the role of temperature associated with this process can
be connected to the damage mechanism as follows. It is
known that when a metal film is subjected to high current, in
course of time the average temperature increases and there
also develops temperature inhomogeneity over the film
which results in development of spatial variation of mechani-
cal stress over it. The mechanical stress field in combination
of thermal gradient and electromigration force (due to the
high dc current) acts as a net driving force for atomic migra-
tion in the film via some energetically favorable defect dif-
fusion pathways. A simulation based on this scenario shows
that this can lead to enhancement of resistance as well as
eventual damage of the film.?® The basic underlying process
is atomic diffusion which has significant temperature depen-
dence arising from the activated process described by an
Arrhenius term. The highest temperature at which we carried
out our current stressing experiments is less than one-third of
the melting temperature of Ag. At this temperature, the acti-
vation energy will be decided by the low activation pathways
such as surface, grain boundaries, and the presence of ex-
tended defects. In the case of polycrystalline Ag film, defect
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diffusion over surface has an activation energy very close to
0.1 eV for (111) surface.?*~28 The vacancy migration in grain
boundary also has a wide range of activation energy depend-
ing on the structure and the mechanical stress inside it. The
presence of mechanical stress field inside the grain boundary
increases number of defects inside it as well as makes some
sites unstable to accommodate defect which results in mul-
tiple jumps of migrating atom.?”3 We observe that much
before a significant change occurs in resistivity at an early
stage of the damage process, the low-frequency spectral
power (the 1/f! component) starts to rise after time 7,. We
interpret this as onset of diffusion through very low activa-
tion energy pathways. As the time proceeds, due to the en-
hanced in mechanical stress and thermal gradient field (both
of which will rise as the time progress), more and more
defects becomes mobile and diffuses over the film resulting
in nucleation of void or hillock (at time 7,). At this point, the
resistance of the film also starts increasing significantly. On
further stressing, due to growth of voids or hillocks and en-
hanced defects diffusion, the film got damaged. Throughout
the complete damage process, the changing spectral shape of
the noise power carries signature of it.

V. CONCLUSION

In this investigation, we have carried out a systematic
study of evolution of damage process in metal films stressed
by high dc current at different temperatures using in situ
resistance fluctuation measurement as a tool. We observed
that both noise magnitude as well as spectral shape carry
signature of the damage process. Besides the increase in the
noise magnitude, we could clearly observe an existence of an
additional noise component with 1/f! spectral dependence,
arising due to long range diffusion of defects, which are
closely involved with the damage mechanism of the film. We
could observed also that the lifetime of the films against the
damage has a very close connection to this additional noise
component.
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