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Evidence of anomalous hopping and tunneling effects on the conductivity of a fractal Pt-film system
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The temperature dependence of the conductance and the nonlinear electrical response of a Pt-film per-
colation system, deposited on fracture surfaces of a-Al,0; ceramics, have been measured over three de-
cades of sheet resistance. We find that in the temperature interval of T=77-300 K, the resistance tem-
perature coefficient 8=(1/R)dR /dT is not a constant, which is different from that for flat films. A dc
I-V characteristic which strongly depends on the thickness of the film is found and it can be interpreted
as a competition among the local Joule heating, hopping, and tunneling effects. The third-harmonic mea-
surement suggests that the critical exponent comes from 1/f noise, which obeys the power-law depen-
dences Sg <(p—p.)" ", R<(p—p.)" ", and then Sy < R* with w=x/t, where Sy is the mean square of
resistance fluctuations, p the surface coverage fraction, and p, its percolation critical value. We find that
w =0.4510.06, which is lower than the flat-film exponent. This result indicates that the tunneling and
hopping effects in the fractal samples are much stronger than that of flat films.

I. INTRODUCTION

There is a very sensitive and complex dependence of
thin-film microstructure on growth conditions. The mi-
crostructure at or below submicron length scales fre-
quently has a profound effect on all physical properties
(magnetic, electrical, mechanical, optical, etc.) of the
thin-film system.l_" In fact, the self-affine fractal struc-
tures of films are also essential to various multilayered
films, quantum wells, and superlattices, although its
physical origins are less studied so far.

Usually, roughness thin films are made by the ion-
bombardment method and the nonequilibrium growth
technique. These films have been proven to have the
self-affine fractal surfaces and can be well described by
scaling theory.">® On the other hand, a type of rough-
ness thin films, in which both the up and down surfaces
are uneven, can be made by using the roughness sub-
strates, and many interesting phenomena have been
found.*”~® These films, particularly ultrathin films, also
have the self-affine fractal structures. The experimental
results indicate that, just as the flat substrates, the self-
affine fractal substrates may also be very useful for both
fundamental and practical purposes.*

In this paper, we report our measurements of the tem-
perature dependence of resistivity and the nonlinear dc
I-V behavior of the Pt-film percolation system deposited
on fracture surfaces of a-Al,0; ceramics. We find that,
over three decades of sheet resistance, the films have a
positive temperature coefficient of resistance in the inter-
val T=77-300 K. The nonlinear electrical response is
much different from that of the flat-metal films. The
third-harmonic generator B is found to scale as R2"Y
with critical exponent w =0.451+0.06, which indicates
that the hopping and tunneling effects in this system are
much stronger than those of the flat films.
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II. SUMMARY OF THE THEORY
AND ITS APPLICATION TO DC MEASUREMENT

The microgeometry of a percolative film can be probed
by the 1/f noise measurement, in which the fourth mo-
ment of the current distribution is measured.’”'* The
film system can be considered as a random resistor net-
work with total sheet resistance R, carrying a current I,
made up of elements of resistance 7, carrying currents i,.
By the conservation of energy, we have

I’R=3r,i2 . (1)

Using Tellegen’s theorem,!® the relative resistance
noise Sy is given by

Sx=((8R?))/R>= [i4(8r2) ]/ [zigrar, @)

which probes the fourth-current distribution moment.
Rammal et al.!* have introduced a nonuniversal ex-
ponent « that describes the divergence of the noise power

Spx(p—P,)"", (3)

where p is the surface coverage fraction and p, is its per-
colation critical value. The film resistance obeys another
power law

R<(p—p)". 4)
Combining Eq. (3) with Eq. (4) yields

SRO:Rw’ (5)

where w=k/t.

Consider a resistor network carrying an ac current
I =I)cos(wt) with each element a carrying a current
i,cos(wt). Assuming the resistors have a positive tem-
perature coefficient of resistance and the amplitude of the
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local temperature oscillation is proportional to the ampli-
tude of the Joule power generated, then Joule heating
would cause the sample’s resistance to oscillate at 2w:'2

R=R,+AR cos(2wt +¢) , (6)

the amplitude of the resistance is proportional to the
fourth moment of the current distribution

AR =Bh(w)/(I))Sitr? , (7)

where B=(1/R)dR /dT),h(w) is a function of frequency
but not of a, and ¢ is the phase shift between the heat
production and the local temperature.
across the sample is given by

The voltage

V=IR =IyRcos(wt)+ (1) (AR cos(3wt +¢) . (8)
The third-harmonic coefficient is
Vi <IyAR “(1/10)2i2ri , 9)

which is related to the fourth-current distribution mo-
ment. Hence, using Eq. (2), the quantity Sz can be writ-
ten

Sg < V3, /UI5°R?), (10)

where, as usual, we take r, =r for all a.'> Therefore, V3,
should scale as

B=V; /Ig<R*™. (1
Now, let  approach zero, then Eq. (8) becomes
R=R,+BI?, (12)

where R is the sheet resistance when I approaches zero.
Then, the coefficient B can be obtained by the dc mea-
surement. It has been proved that, if ®—0, the value of
B obtained by the ac measurement will approach the dc
result and, furthermore, the critical exponent w is in-
dependent on frequency w although the coefficient B de-
pends on the frequency.'?>!* Therefore, using Eq. (12) to
measure the critical exponent w is an ideal method for its
simplicity and accuracy. The third-harmonic-generation
method described above can be used for measuring sam-
ples with lower sheet resistance.'® !>

III. EXPERIMENT

The sample preparation method has been described in
our previous work.*”® The fractal dimension of the sub-
strates was D;=2.20£0.06. The films were deposited by
the dc-magnetron-sputtering method among four gold-
film electrodes. The size of each sample was 6.0X2.0
mm?. The dc sheet resistance R as a function of the tem-
perature T and the dc current I was measured with the
four-probe method.

IV. RESULTS AND DISCUSSION

A. The temperature dependence of the resistance

Figure 1 contains the conductance o vs 1/T curves for
five Pt fractal films from 77 to 300 K. In a wide span of
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FIG. 1. Conductance vs reciprocal temperature for platinum
fractal films of different thicknesses.

resistances (about 200-200 000 (1), a good linearity of the
log conductance vs 1/7 plot is found, and the films have
a positive temperature coefficient of resistance, indicating
that, at low current (I =10 pA), the conductivities are
metallic. Such behavior is similar to that of flat-metal
films although the substrates are totally different.!® How-
ever, the coefficient 8 is not a constant, which is contrary
to that of the flat system.!* The results of twelve samples
have been fitted by o=owexp(—T/T,). Where
To=@/k, k is the Boltzmann’s constant, and ¢ is the ac-
tivation energy. The optimal values for T, are listed in
Table I. It is found that the samples could be divided
into two groups. The films belonging to the lower resis-
tance group have larger values of T, and those belonging
to the higher group have smaller values of T,. The ac-
tivation energies of the higher resistance samples show no
trend with the sheet resistance R, providing evidence for

TABLE 1. Parameter T, obtained by fitting the experimental

temperature  dependence of the dc  conductance
o T)=erxp( - TQ/T).
Sample R(Q) T, (K)
1 272 37
2 350 35
3 2168 12
4 2684 14
5 3198 16
6 3350 18
7 4753 13
8 4926 13
9 6072 11
10 10595 14
11 31110 10
12 188 000 13
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the importance of the hopping and tunneling conductivi-
ties in this resistance span (see Table I). This is contrary
to the results of flat-metal films.'%!” We propose that the
sharp drop (compared with the flat-metal films) of T, is
because of the fractal structures in the films. For the
lower resistance samples, i.e., R <1 kQ, the films are rela-
tively thicker and the fractal structures on the substrates
are then submerged. However, when the film resistance
is beyond 1 kQ,’ the self-affine fractal microstructure will
begin to appear on the films and, will apparently change
the dependence of conductance on temperature.

For ultrathin fractal films, i.e., R >1 M, the resis-
tances showed large fluctuations in time (the current used
is 10 uA). The amplitudes of the fluctuations are seem-
ingly not strongly dependent on the temperature. A de-
tailed description of the phenomenon that occurs during
the approach to zero conductance will be published sepa-
rately.

B. I-V behavior measurements

The I-V characteristic was measured and three distinct
regimes of the sheet resistance R, were found. For the
thick film, i.e., R <10 kQ, the R-I behavior is similar to
that of the flat film, although their substrates are quite
different.!*'> As shown in Fig. 2, at low currents the
film shows Ohmic behavior. At higher currents, howev-
er, the resistance increases with the current, i.e.,
dR /dI >0. This reversible R -I relation can be well fitted
by Eq. (12). If the current is further increased and
beyond the breakdown current I,,'> then an irreversible
and discontinuous change will occur (in Fig. 2, I, =10
mA). The nonlinear response described above has been
well studied and is generally interpreted in terms of a
heating and melting process of the hot spots (or links) due
to the local Joule heating.'?

It is very reasonable that the thick fractal film has the
quadratic R-I behavior, just as the flat film does. In fact,
when the film thickness increases, the fractal structure of
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FIG. 2. R-I characteristic of one of the platinum fractal
films. This behavior is similar to that of flat-metal films and can
be interpreted in terms of the Joule-heating effect. Dots are the
experimental data and the solid line represents the fit
R =R,+BI?, B=2.0X10°(V/A%.
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the substrate will be covered and then the microstructure
in the film will disappear gradually. Finally, the sample
becomes a thicker and smoother film. Thus, all the
characteristics of the thick fractal films should be similar
to those of the flat films. Our previous work has verified
this expectation.* "8

It has been proven that the power-law behaviors, exist-
ing in the lattice-percolation and continuum-percolation
systems, would not be affected apparently by the fractal
geometries of the substrates. Fitting the experimental
data in Fig. 2 by the Eq. (12), one finds B =2.0X 10°
(V/A%). Using this method, the coefficient B of different
samples with different sheet resistances are obtained and
the scaling of B as a function of the sheet resistance R, is
shown in Fig. 3. Again, a power law with the critical ex-
ponent w =0.45+0.06 is well defined up to Ry=10 k.
This value of w is much smaller than the flat-film ex-
ponent'®!* and the theoretical predictions in two-
dimensional system.!18~20

The R-I behavior of samples with resistances higher
than 10 kQ cannot be fitted by Eq. (12), as shown in Fig.
4. At low current, the sheet resistance drops with the in-
crease of I, when the current further increases and
reaches a critical value, however, the resistance starts to
increase. From Fig. 4, one can see that R (as well as R))
will be increased after the first R-I measurement. There-
fore, this R-I relation corresponds to an irreversible
behavior. The relative change of the resistance
t=AR /R in Fig. 4 is about 8%.

For films with resistances higher than 30 kQ (see Fig.
5), within our measurement range, the resistance will sim-
ply decrease with the current, i.e., dR /dI <0 and, for a
fixed current, the value of dR /dI (absolute value) would
increase when R, becomes larger. This conclusion is also
true for the flat metallic films.!* However, in Fig. 5,
dR /dI will approach zero and seems to be unchanged
with further increasing of the current, which is contrary
to the situation of the flat films.!> Again, the R-I
behavior described in Fig. 5 cannot be well repeated and
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FIG. 3. The scaling of B for platinum fractal films,

2+w =2.45+0.06.
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FIG. 4. R-I characteristics of platinum fractal films with
Ry >10 k. Dots and plus signs represent the first and the
second R-I measurement results, respectively; the solid lines are
a guide to the eye.

the sheet resistance R will increase greatly after the first
R -I measurement (see Fig. 6). The relative change of the
resistance is much larger than that of the low resistance
samples (in Fig. 6, ¢t is around 15%), which means that,
for a certain current, the microstructure of the high resis-
tance films changes much more than that of the low resis-
tance samples.

That the nonlinear I-V characteristics in Figs. 4 and 5
correspond to irreversible behavior indicates that the
hot-spot melting process due to Joule heating occurs in
these cases. Therefore, the coefficient B cannot be ob-
tained by the third-harmonic method since, in these
cases, the conductivity of the samples is not purely metal-
lic due to the stronger hopping, tunneling, and the ir-
reversible melting process, and the third-harmonic signal
is weaker. In fact, such a phenomenon also exists in the
samples with resistance R;<10 kQ although the
influence on that R-I characteristic is relatively weaker
and can be omitted (see Fig. 2). To the best of our
knowledge, the electrical breakdown behavior of thin-
metal films with resistance R, > 10 k€ has not been well
studied for both smooth and roughness films. It is obvi-
ous that the phenomenon described in Figs. 4 and 5 can-
not be simply explained by the Joule-heating effect!* and
the two-dimensional theoretical models.! 1820

We proprose that the lower critical exponent w and the
anomalous R -I behavior is caused by the rough surface of
the substrate. Since the substrate has the self-affine struc-
ture, a huge number of defects and fractal structures
would exist in the film. Therefore, many weak links, just
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as various metal-insulator-metal (MIM) tunneling junc-
tions, are constructed in the films. When a high current
passes through a weak link, the local temperature change
is sufficient to excite local hopping and breakdown of the
MIM tunneling junction. Both the hopping and tunnel-
ing effects would reduce the current density of the link
and the sheet resistance. The higher the current is, the
more the amount of the resistance will be reduced, which
causes a weaker third-harmonic component [see Eq. (12)],
and hence the critical exponent w becomes smaller. Ac-
cording to this analysis, the measured value of w, which
is smaller than all the results of flat-film systems,'* indi-
cates that the hopping and tunneling effects in fractal
films are much stronger than those of the flat films. This
conclusion is very reasonable since the weak links (or tun-
neling junctions) in the self-affine films are much more
plentiful than that in the flat systems and the film micro-
geometries are different from each other. We also pro-
pose that the phenomenon of dR /dI <0 (see Figs. 4 and
5) is mainly caused by the short circuit due to the tunnel-
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FIG. 5. R-I characteristics of ultrathin platinum fractal films
due to hopping and tunneling effects. Dots represent the experi-
mental results and the solid lines are a guide to the eye.
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are found (Figs. 2, 4, and 5). In different regimes, the I-V
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FIG. 6. R-I characteristics of the Pt films with R, > 30 kQ.
Dots and plus signs represent the first and the second R-I mea-
surement results, respectively; the solid lines are a guide to the
eye.

ing and melting processes at the hot spots. This effect
will become more serious in measuring the samples with
higher sheet resistance. Therefore, the higher the sheet
resistance, the bigger the value of dR /dI will be (within
our measurement span). When all the weaker MIM junc-
tions have been broken down, then the value of dR /dI
will decrease, as shown in Figs. 4 and 5. This result is
quite different from that of the flat films, in which the
value of dR /dI will increase with the current.'®

V. CONCLUSION

In summary, we have measured systematically the
dependence of conductance on temperature and the I-V
behavior on a Pt-film percolation system deposited on the
fractal surfaces of a-Al,0; ceramics. The measurements
provide a wide span of resistance and current: three de-

omitted. Therefore, the current interval, in which dR /dI
is a negative value, appears obviously. The above results
can be interpreted under the assumption that all the Joule
heating, hopping, and tunneling effects would make con-
tributions to the R-I characteristics of the films simul-
taneously. However, a flexible theoretical model, includ-
ing all the aspects of Joule heating, hopping, and tunnel-
ing, is still lacking.

The results above show us that the fractal substrates
have various influences on the electrical properties of the
metal films. We have found that these influences are
strongly dependent on the film thickness. Further
research on the physical origins of these effects is still
needed.
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