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The breakdown current /. of a percolating system is measured on real materials. We find I, <B ™% B
is the weakly nonlinear response determined by third-harmonic generation. A new criterion for /. is sug-
gested, defined as the current at which a hot spot reaches the melting temperature of the metallic grains,
Twm. This criterion remains valid in the presence of nonlinear effects. It is also consistent with the exper-
imental observations: At /. the resistance either increases to infinity or decreases, i.e., the local geometry
is changed at T,,. Modeling the breakdown by hot spots yields the above power law with 0.5 = x = 0.36,
in excellent agreement with the measured data: x =0.48 and 0.41 for Ag and Au films.

PACS numbers: 73.50.Fq, 64.60.Ak, 71.30.+h, 73.60.Aq

The breakdown behavior of inhomogeneous or compos-
ite materials is of great fundamental as well as practical
interest. The physical properties of composites are usual-
ly characterized by universal power laws, where the criti-
cal exponents depend only on the dimensionality. Howev-
er, some properties show highly nonuniversal behavior,
where the critical exponents are extremely sensitive to
fine details of the microgeometry (1/f noise for example).
This is true in the case of breakdown processes, such as
mechanical, dielectric, or electrical breakdown. In ran-
dom (or disordered) superconductor-dielectric mixtures
[1,2], the critical current I, is found to vanish above the
metallic percolation threshold p. as I. « (p —p.)”, where
p is the volume fraction (probability) of the superconduc-
tor. Since the sheet resistance R follows a different
power law, R (p—p.) ', with a fairly universal ex-
ponent t>p=1.3, I, R”/'. Estimation of y by the nodes,
links, and blobs (NLB) model [1,2] yields y =v (in two
dimensions), where v is the critical exponent of the per-
colation correlation length & (vop=%). This prediction
is in agreement with experiments on superconductor-
dielectric mixtures [1]. Computer simulations on the ran-
dom fuse model, where each bond is either an insulator or
a fuse (with a certain burning current i, above which it
becomes insulating), yielded y =0.82+0.1 [3]. Within
the numerical uncertainty, this result agrees with the cal-
culation below the percolation threshold: The critical
electric field E, follows a power law with y=1.1 0.2
[4], and from the duality theorem /. (the breakdown
current) should vanish with the same critical exponent (in
2D). Higher values of y are expected in the case of con-
tinuum percolation [2]. It should be noted that the
breakdown of an actual realization of a percolative net-
work depends essentially on the weakest link, not the
average one, leading to a lower breakdown current than
the NLB estimation. This is in contrast with the
superconductor-dielectric case where the current is distri-
buted according to the number of links regardless of their
strength. Moreover, the probability of an extremely weak
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link increases with system size, and the breakdown
current should vanish logarithmically with its linear size
L [5]. The above arguments lead to y = v, in contrast
with the finite-size numerical simulations quoted above
[3,4]. In particular, the breakdown voltage V.« (p
—pc)? "' vanishes at p, if y >t and diverges if y <t. As
the NLB model predicts that V. vanishes at p., we con-
clude that it should also vanish in the more extreme case,
and hence y should be larger than ¢.

We report here, for the first time, an actual measure-
ment of the breakdown current I. in real materials:
semicontinuous Ag and Au films. We find that y is ap-
preciably larger than v for both Ag and Au films, and is
not the preferred exponent for characterizing the break-
down. We find that a better characterization is provided
by the scaling relation I. «c B ~*, where B is the normal-
ized third harmonic generated by the film (B=V5/I°),
resulting from local Joule heating [6,7]. Both the break-
down current /. and the third-harmonic coefficient B are
modeled by a hot-spot description, where B measures the
local temperature rise at the hot spots. Breakdown
occurs whenever a hot spot reaches the melting tempera-
ture of the metallic grains, T,,. In that case an irreversi-
ble change occurs and the film resistance is modified.
The resulting resistance may be either larger or smaller
than the original value. In the first process, a weak link is
disconnected, like a fuse, while in the latter case a very
thin channel becomes wider, resulting in a decrease of the
film resistance. In both cases the local power dissipation
is reduced (the experimental setup regulates the current
up to a certain voltage limit). The description is some-
what different, and more general, than the usual ap-
proach to breakdown phenomena because (1) the critical
exponent x is almost insensitive to the microgeometry and
(2) the above power law holds even in the regime where
hopping conductivity is not negligible, in contrast to the
scaling of 1. versus the film resistance R.

We have measured the breakdown current and the
third-harmonic generation of thin semicontinuous Ag and
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Au percolating films. The films were evaporated under a
vacuum of 10 " torr at a rate of 0.1 nm/sec onto room-
temperature glass substrates. Several samples with
different values of surface coverage were prepared simul-
taneously in each run. The size of each sample was 4 by
1 mm2 The samples were then removed from the vacu-
um system and measured at room temperature. Mea-
surements of the third harmonic generated by the sam-
ples were done using a resistive balance bridge connected
directly to an HP35660A dynamic signal analyzer, as de-
scribed elsewhere [7]. The I-V characteristic was mea-
sured by the four-probe method, using a dc current
source with a programmable voltage limit. At low
currents the film shows Ohmic behavior (R constant). At
higher currents, the resistance increases due to Joule
heating, i.e., dR/dI > 0. When the current is further in-
creased, dR/dI exhibits several discontinuities and finally
the sample becomes insulating or undergoes a significant
resistance change (see Fig. 1). The breakdown current /.
was defined as the current at which the first irreversible
change was measured, i.e., the first discontinuity in
dR/dI, and not as the final breakdown achieved at yet
higher currents. This final breakdown process depends
upon the details of the breakdown of the first links and
we find that it does not obey any simple scaling law.
During the later stage of the breakdown process several
samples suffered rapid resistance changes: Under con-
stant current and fixed voltage limit their resistance
showed large fluctuations in time, between finite and
infinite resistance states. A detailed description of the
phenomena that occur during the approach to the final
breakdown will be published separately.

The scaling of I, as a function of the film resistance R
is shown in Fig. 2. The measurements provide a wide
span of resistances and critical currents: 3 decades of R
and 4 decades of I.. For the Ag films I, <R % «a
=1.75%0.3, which is higher than the numerical-
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FIG. 1. The breakdown process of one of the Au films.

Discontinuities in dR/dI appear at 8 and 10 mA, while the film
becomes insulating at 20 mA. The breakdown current in this
case occurs at 8 mA. Inset: A similar picture for an Ag film
(logarithmic current scale). In this case the resistance is re-
duced at 30 mA and the film becomes disconnected at 40 mA.
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simulation value a=y/r=0.85 for lattice percolation
[3,4]. In particular, y > v as expected for both the large
system size (L>>¢&) and its continuum nature. For the
Au films a linear fit does not seem to describe the data
properly. (A single straight line has systematic devia-
tions; the experimental points are above such a line at low
and high resistances and below it at the intermediate
zone.) Instead, one can identify two critical exponents:
a=175+04 for R<2kQ and a=0.85%0.2 for R>2
k€. Separating the Au samples into two regimes, ac-
cording to the film resistance, is consistent with the be-
havior of the third harmonic [7] which is exhibited in the
inset of Fig. 3(b). For the high-resistance Au films, a is
consistent with the numerical-simulation value for the
random fuse model. This result is misleading, however,
as in these films a hopping conductivity at the hot spots is
initiated by the local temperature rise (see Ref. [7]).
Such an effect is not included in the random fuse model;
hence we take this agreement to be a coincidence. Plot-
ting the critical current as a function of the third-
harmonic coefficient B, rather than R, yields /. o« B ~* for
both the Ag and the Au films, as shown in Fig. 3. Note
that for the Au films, a single power law describes the en-
tire range of film resistances, unlike the plot of /. vs R.
The experimental data discussed above show a clear
correlation between the third-harmonic coefficient B and
the breakdown current /.. The physical origin of the
third harmonic is known to be the local temperature in-
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FIG. 2. Scaling of I. as a function of the film resistance R.
Inset: Several breakdown cycles of a high-resistance film (resis-
tance in kQ and current in mA). (a) Ag films. (b) Au films.
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FIG. 3. Scaling of I. as a function of the normalized third-
harmonic coefficient B. The straight lines describe the power
law I o< B ~* with x =0.48 and x =0.41 for the Ag and the Au
films, respectively. Dashed lines are for the lower and upper
bounds of x (0.36 and 0.5). Inset: The scaling of B with R (in

k), where the corresponding critical exponents are taken from
Ref. [7]. (a) Ag films. (b) Au films.

crease [6]; we propose that local heating is also at the ori-
gin of an irreversible geometrical change in the case of /..
Assuming that this change is due to local melting, we
now show that I, scales as B ™%, where 0.36 < x <0.5.
For clarity we first derive B in terms of the local tempera-
ture rise AT and then calculate the breakdown current /..
The temperature rise due to a weak link with resistance
ro and current i is AT =i%rohyus, where hys is the ratio
between the temperature rise and the power dissipated in
the hot spot. The local resistance change is given by
8r=rofAT, where B=(1/r)dr/dT. Applying an ac
current /=Igcos(wt) results in the generation of a third-
harmonic voltage component V3, =1(1/41¢)Xi%5r, where
the sum is over all the hot spots. Assuming that both rg
and hys are the same for all links, the normalized
third-harmonic component B=V3f/13 is given by B
=(1/418)BhusréXi®. For an L XL resistor network the
current in each resistor is //L (L is measured in units of
the lattice constant); hence

B =% Bhyusré/L? (1)

and the temperature change is AT = ¥ rohus(lo/L)?[1
+cos(2wt)]. For a diluted network the current in some

resistors is much larger and the third harmonic scales as
(p—pc) "+ where « is defined through Xi%/(Xi2)?
a (p—p.) ~*. A lower bound for B (and x) is obtained
by taking into account only the singly connected (SC)
bonds [8]. For a large two-dimensional system of linear
size L> &, the number of SC bonds is Nsc=(L/&)?
x(p —p.) ! (ignoring a constant of order unity) and the
average current through each SC bond is I'sc =(&/L)1o;
hence B is given by

B= (1/413 )ﬁh Hsr(%Nscl‘s‘C . 2)

The average ac component of the temperature rise in
each of the SC bonds is ATsc = + husroléc; thus

B= (1/213)ATscBrolp —p.) ~". (3)

Let AT,, be the temperature rise required to reach the
melting temperature of the metallic grains. The break-
down current /. may be defined as the current at which
the melting temperature is reached:

I.= (ATmBro/2) 2(p —p.) ~12g =12 4)

Using Bo= % Bhusr/L?, I.o=LQAT,/rohus) 2, which
are the values of B,I. appropriate for an undiluted uni-
form network, and noting that (p—p.) ~"2=(B/
BO) l/2(21+x)’ one finds

1(‘—>-ICO(B/BO)]/2(21+K)—]/2- (5)

Substituting the lower bound of k¥ (x=2v+1—2¢, as cal-
culated by the singly connected bonds [8]) yields
I.<(p—p.)’ in agreement with the NLB calculation
[1,2]. In the case of continuum percolation, x may be
much larger due to the high current densities in some
very thin channels. Typically, only a fraction of the sing-
ly connected bonds will control the sum X i%; hence I, is
expected to scale as B ~* where ¥+ =x>= 5 —1/2(2¢
+x). The upper bound is for the case where a single hot
spot controls both B and /.. In two dimensions t==1.3
and «=1.1 [9]; hence 0.36=<x =<0.5. Substituting
AT»=10° K, ro=1 @, and p=10"2 K~ [7] yields
AT,,Bro/2=0.5; hence I. =1.9(B/By) ~* with I.oB§=0.7
(the prefactor is not sensitive to the exact value of x), in
excellent agreement with the measured power law for
both the Ag (x =0.48 +0.05, I.oB§=0.4) and the Au
(x=0.41%0.01, I.B§=0.6) samples (see Fig. 3).
Moreover, all the experimental points (except for one Ag
film) are bounded by the lower and upper values of x, i.e.,
1.0(B/Bo) "3 = I.= I.0(B/Bo) ~°°.

In the case of high-resistance Au films (R > 10 kQ), it
is shown in Ref. [7] that weak links are short circuited by
a hopping process initiated by the temperature rise at the
hot spots. The current densities at the weak links are
thus decreased and the breakdown current increases [Fig.
2(b)]. This effect is detected by third-harmonic measure-
ments, where B increases more slowly with increasing
resistance at the high-resistance regime [see the inset of
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Fig. 3(b)]. We take the validity of (5) for these high-
resistance Au films as an experimental verification to our
approach for the breakdown process.

We turn now to a brief discussion of the possible mi-
croscopic processes involved in the breakdown of such
films. In the case of the low-resistance samples, the
breakdown usually resulted in an insulating film; thus a//
the links that carried high current densities were burned.
Applying a high voltage, protected by a very low current
limit, caused the sample to be reconnected. The resulting
film had a high resistance and an extremely low break-
down current, showing that only a few links were estab-
lished. The new film is now dominated by red links (sing-
ly connected links) and the backbone statistics is totally
different. We call these films *“‘unstable.” The break-
down of the high-resistance films (R > 10 kQ) resulted in
higher, lower, or infinite resistance, as shown in the inset
of Fig. 2(b), where several breakdown cycles of the same
sample are shown. This picture means that a few red
bonds were either burned out (fuselike), established
(dielectric breakdown), or improved (channel width in-
crease). The resistance of the “new” film, after each
breakdown cycle, was always larger than 10 kQ, and its
breakdown current and third-harmonic coefficient were
consistent with the new resistance. This picture indicates
that the electrical current path was changed after each
breakdown process while the backbone statistics was un-
changed (i.e., the topologies before and after the break-
down are the same). We call these films “stable.” A
high-resistance film could suffer several “stable” break-
down cycles until it became “unstable” in the sense men-
tioned above. The so-called stable and unstable break-
down processes are thus dependent on the statistics of the
new backbone.

Another interesting aspect of the microscopic break-
down process is the decrease in the film resistance, which
was the normal behavior of the high-resistance Ag films
[see the inset of Fig. 2(a)l. Such a behavior seems to jus-
tify the hot-spot picture and the melting-temperature cri-
terion. Whenever a hot spot reaches the melting temper-
ature, the actual geometrical change depends mainly on
surface tension effects: A weak link may be either
disconnected (like a fuse) or improved (become wider).
In both cases the local power dissipation is reduced (in
the latter case the current is kept constant). Considering
such effects, preparation of films with uniform properties
is possible using a training process, i.e., eliminating weak
links by successive breakdown processes.

In summary, we have measured the breakdown current
I, of thin semicontinuous Ag and Au films and found that
I. vanishes as B ~*, with x =0.48 = 0.05 and 0.41 =0.01
for the Ag and Au films, respectively. Modeling the
breakdown process in terms of hot spots yields such a be-
havior with 0.36 < x < 0.5. Excellent agreement is found
between the calculated and measured data, not only for
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the critical exponent x but also for the prefactor /.0B3.
In this approach, the breakdown current is defined as the
current at which a hot spot reaches the melting tempera-
ture of the metallic grains, in contrast to the usual
definition (as in the fuse model): The critical exponent x
is almost insensitive to fine details of the microgeometry
while y is extremely sensitive to such details, and the
power law I.ac B~ * holds in the presence of nonlinear
effects (like the hopping process) unlike the scaling of /.
with p —p.. The breakdown current, within this descrip-
tion, is sensitive to several physical conditions which are
absent in the usual breakdown picture: (1) the existence
of extremely narrow necks carrying a high current densi-
ty, (2) interaction between hot spots, resulting in a higher
local temperature, (3) excitation of other local conduc-
tance processes such as hopping due to the high tempera-
ture at the hot spot, and (4) the heat transfer efficiency of
the coolant and the substrate, i.e., the critical current /.
of a film depends on the external conditions. We con-
clude that measurements of third-harmonic generation
can be used as a tool for nondestructive study and predic-
tion of breakdown. Higher moments of the current distri-
bution (determined by higher harmonics) should be even
more sensitive to crucial details of the microgeometry and
could thus be an even more sensitive tool, as discussed by
Bergman [10]. This technique is not limited to electrical
measurements, and can be applied to mechanical proper-
ties as well.
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