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Current-voltage measurements including first- and second-derivative measurements have been ob-
tained from gold island films for temperatures between 10 and 300 K. The experimental results and
an empirical analysis of the steady-state current as a function of bias voltage and temperature
[I=f(V,T)] yield a parabolic current-voltage law and a linear conductance-temperature depen-
dence. These results are unusual, but by using a numerical approximation they may be interpreted
as arising from a network of nonlinear tunnel junctions. The observation of large oscillations in the
second-derivative current-voltage spectra near zero bias voltage suggests a resonant tunneling pro-
cess between localized states a few meV below the insulator conduction-band edge.

I. INTRODUCTION

Charge transport in discontinuous metal films (gold is-
land films) has been an active area of study for more than
two decades.! More recently, the subject has been stimu-
lated by the interest in localization? and the increasing in-
terest in the unique properties of submicrometer particles.’
This has led to the notion of a different state of matter,
viz., the granular state,* which on a phase diagram resides
somewhere between the amorphous phase and a polycrys-
talline phase. Such films are easily prepared experimen-
tally by condensation from the vapor phase on to a suit-
able substrate. The most widely studied granular or island
film has been gold because of its chemical stability and
freedom from multilayer oxidation. Some of the earliest
work on nucleation and growth used such films, and basic
studies of charge transport in discontinuous structures
used gold island films. However, the electronic structure
of submicrometer grains has yet to be fully established,
hence the proliferation of work in this area.

Since the pioneering studies of Neugebauer and Webb,
and Hill,® the charge-transport mechanism in gold island
films has been accepted to be thermally activated electron
tunneling between islands which are separated by a few
nanometers. Deviations from this theory have been con-
sidered in terms of traps present in the isolating gap be-
tween the islands’ and high-field effects.® However, the
tunnel currents for a simple metal-insulator-metal (MIM)
structure is critically dependent on the gap width. This
and other dependent parameters such as the insulator per-
mittivity, chemical state of the oxide, and electrode struc-
ture are usually not known very precisely. It follows that
the comparison between theory and experiment, even for
the simplest of tunnel junctions, has never been very reli-
able.

A particular source of difficulty in the study of gold is-
land films originates from the statistical distribution of is-
land sizes and interisland gaps. In the tunneling theory
applied to such films only one or two potential barriers
are considered and these are assumed to be identical. This
is clearly not the case in practice, since the island density
may be as large as 10'> cm~2 and the islands have a sta-
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tistical size distribution. For these reasons a different ap-
proach has been considered based on percolation theory.!
The current state of this approach is limited to consider-
ing a distribution of linear resistors or diodes which
predict a power-law dependence of conductivity with po-
tential.” The fundamental charge-transport mechanisms
may therefore be varied and hidden by the statistical dis-
tributions of islands. Indeed, experimental results are
found to vary considerably and several different models
may be chosen to fit experimental data.

One method employed to identify tunneling as a trans-
port mechanism in superconducting MIM junctions is to
look for the sharp rise in current which occurs at the criti-
cal gap potential or to look for resonant peaks due to pho-
non vibrations or inelastic tunneling with impurities.!
Such effects have not previously been investigated in order
to validate the theory of tunneling in gold island films.

In this paper, current-voltage and small signal
conductance-voltage measurements have been obtained
from gold island films at the liquid-helium temperature
and above. An empirical analysis of these results yields a
parabolic current-voltage law. The assumption of non-
linear transport between islands leads to a very interesting
nonlinear network analog, which unfortunately is virtually
impossible to solve analytically. Numerical solutions may
be available, and in this work we briefly consider the case
of a random two-dimensional distribution of highly non-
linear tunneling junctions. This leads to a parabolic I-V
characteristic which is nearly independent of the exponen-
tial tunneling terms.

Second-derivative current-voltage measurements were
also obtained at low temperatures. These results show
large oscillations close to zero bias which are considered
to arise from resonant tunneling with localized states a
few meV below the insulator conduction-band edge.

II. EXPERIMENTAL

A. Specimen preparation

The techniques employed in the preparation of
submicrometer-gap gold island films has been described

6218 ©1984 The American Physical Society



29 CHARGE TRANSPORT AND CONDUCTANCE OSCILLATIONS IN . ..

elsewhere.!"!1? Briefly, the specimens were prepared in
technical vacuum (~10~% Torr) by the thermal evapora-
tion of gold on to previously cleaned silica substrates. Im-
purity effects were analyzed by inelastic electron tunneling
spectroscopy (IETS) as discussed below. A semicontinu-
ous gold film was first produced between two gold elec-
trodes spaced 0.5 mm apart on the silica substrate. A nar-
row gap was then formed in the semicontinuous film by
voltage-controlled electromagnetism. This technique pro-
duced a narrow gap (less than 1 um wide) running parallel
to the gold electrodes containing a gold island density of
about 8 10° m—2  After preparation the samples were
transported in air to a liquid-helium Dewar. Three sam-
ples were analyzed during each run. The adsorbed impur-
ity layer was investigated by fabricating a separate Al-Pb
tunnel junction and obtaining inelastic tunneling spectra
using the same equipment as for the gold island speci-
mens. We observed the broad resonances due to hydrocar-
bon impurity adsorption.’® We would expect similar im-
purity adsorption on the gold island samples. However,
the results of interest in this work were located close to
zero bias well below the hydrocarbon resonances.

B. Electrical measurements

The electrical measurements were performed using har-
monic detection and lock-in techniques similar to those
used in (IETS).! In our method the current was measured
directly using a current-to-voltage converter (I-¥) in Fig.
1. In this case the nonlinear current through the junction
may be expanded as a Taylor series,

dl
I(V)—I(V0)+(V—Vo)dV v,
1 dia
—(V—V, 2 cee, (1
+5; 0’ - )

where I(V,) is the steady-state dc component and V— V),
is the modulation voltage. Experimentally, V' —V, is a
pure sine wave expressed by

V —Vy=0medCOSOL . (2)

In this work, Vy=Vj is the bias potential derived from a

ramp generator. The output from the oscillator is mixed

with the ramp and the resultant signal applied to the test

specimens. The amplitude (v,,,q) Was fixed as 9 mV un-

less otherwise stated and the signal frequency was 800 Hz

selected to give the optimum signal-to-noise ratio.
Substituting Eq. (2) into (1) yields

dr

I(V)=Iy+vcos(wt+¢) v

Yo

d*r
dv?

+..., (3)
Vb

+ v 14cos2(wt+¢)]

where ¢ is a phase shift due to the junction capacitance.
The experiment consisted of tuning to the first and second
harmonics of the detected current signal using lock-in am-
plifiers (LIA1 and LIA2) in Fig. 1. The outputs from
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FIG. 1. A schematic diagram of the experimental arrange-
ment for obtaining the first and second derivative (I' and I",
respectively) of the current through the specimen (I). The
modulating source is V=V coswt, where Vp,q=9 mV and
w=2 wf, where f=800 Hz. The bias potential (V) is mixed
with ¥ and applied to the specimen contained in the Dewar (D).
The current through the specimen is converted to a voltage (I-¥)
and applied to two lock-in amplifiers, LIA1 and LIA2. These
yield dc levels proportional to the first and second derivatives,
respectively, which are applied directly to an X-Y recorder where
the X axis is proportional to the dc bias level.

these lock-in amplifiers consisted of dc levels directly pro-
portional to the first and second derivatives of the junc-
tion current as expressed by Eq. (3). The small signal con-
ductance and its derivative are then defined by

and g'— d1
Ve av?

’
VO

&= ay

respectively. Absolute values of g in siemens were ob-
tained by substituting the junction test specimens for resis-
tances of known values. This procedure also ensured that
the lock-in amplifiers were tuned to the purely resistive
component of the junction impedance.

III. EXPERIMENTAL RESULTS

A. Current-voltage characteristics

A typical current-voltage family of characteristics is
shown in Fig. 2. This is raw data traced directly from
chart recordings. The noise in the curves increased slight-
ly with increasing temperature. This noise was removed
during tracing of the curves. The measurements were ob-
tained by repeated recording of the I-V characteristics
while the temperature increased from 10 K to room tem-
perature. The temperature was controlled by means of a
heater mounted inside the Dewar. The curves were cali-
brated with 1% external resistors and the recording of
100-kQ} resistance is shown appended to Fig. 2.
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FIG. 2. Typical family of I-V characteristics obtained over a
temperature range of 10—80 K. The straight line was obtained
from a resistor used for calibration purposes. Details of the
temperature results are shown in Fig. 3(a).

B. Current-temperature characteristics

Figures 3(a) and (b) show current-versus-temperature
plots for two different specimens. At low temperatures
this shows a linear current-temperature relationship, but
with the slope increasing with increasing bias voltage.

C. Conductance-voltage characteristics

The small signal conductance-valtage curves shown in
Fig. 4 were obtained simultaneously with the current
curves in Fig. 1. These two sets of data have been separat-
ed for clarity. The small signal conductance was obtained
by the harmonic detection methods described previously.
Calibration in microsiemens was achieved by the use of
1% tolerance resistors, and the dashed line in Fig. 4 shows
a value of 1 MQ. All other calibration points also yielded
straight lines for standard resistors showing that the non-
linear effects were due entirely to the devices under test.
The curvature in these g-V plots on a nearly linear back-
ground is the subject of further analysis by means of
second-derivative current-voltage measurements (subsec-
tion F).

D. Conductance-temperature characteristics

The variation of conductance with temperature is
shown in Figs. 5(a) and (b) for two different specimens.
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FIG. 3. Current-temperature characteristics for constant bias
potentials. (a) Results obtained from positive quadrant of Fig. 2.
(b) Results obtained from a second specimen over an extended
temperature range.
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FIG. 4. Small signal conductance-voltage characteristics of the I-V curves of Fig. 2. The dashed line corresponds to a 1.0-us cali-
bration point. The curves were obtained over the same temperature range as Fig. 2 (10—80 K).

This shows that for the mid-temperature range of the
analysis the relationship is linear. Deviations from linear-
ity occur for nonzero-bias potentials and temperatures
below about 30 K. At higher temperatures, 220°C in Fig.
5(a) and 30 K in Fig. 5(b), there appears to be some peaks
in the g-T characteristic. An empirical analysis is con-
sidered in the following section.

E. Empirical considerations

Assuming that there are no structural or chemical
changes in the discontinuous film, the steady-state current
I may be expressed as a function of bias potential ¥ and
temperature T only,

I=f(V,T). 4)

The total derivative is

al dI
[ =— —_ .
d. v TdV—i— aT VdT (5)
The term
_or
=%v |,

is the small signal conductance at constant temperature.
In the preceding work the following linear relationships
occurred.

From Figs. 3 and 4, for constant bias potentials,

I]V==m1T+Io , (6)

gly=myT+go - @)
From Figs. 4 and 7, for constant temperature,
glr=m3V+gor, (8)

where m,, m,, ms, Iy, 8oy, and gor are constants. Substi-
tuting in Eq. (5) yields

Hence,
I= [ (myV+gor)dV+ [ mdT . (10)

Assuming gor originates from a leakage conductance,
then after setting gor=0,

I=m3(V2/2)+m [T(V)—T(0)] . 11

This equation would be expected to hold over the linear
regions of the above results. However, it would not be ex-
pected to hold for bias potentials approaching 0 V, and for
higher temperatures.

A plot of I vs V2 is shown in Fig. 6, and the square law
is shown to be valid for this linear region. Figure 7 shows
the I-V and g-V results obtained from another specimen
recorded over a larger voltage range. The conductance is
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FIG. 5. (a) Conductance-temperature characteristics obtained from positive quadrant of Fig. 4 including higher-temperature mea-

surements. (b) Results obtained from another specimen.

seen to be approximately linear above 0.1 V, and the
current shows an excellent parabolic voltage dependence.

F. Conductance oscillations

Small-signal-conductance measurements and their
derivative obtained from a discontinuous gold island film
are shown in Fig. 8. The conductance increases in linear
stages for plus and minus bias potentials but the plots are

not perfectly symmetrical around zero bias. The deriva-
tive shows peaks on a steplike background for both bias
polarities. This cyclic behavior was confined to a bias re-
gion of about +100 mV and the signal noise increased
rapidly above this potential. Peak width and peak separa-
tion were found to depend sensitively on the temperature
and magnitude of the applied bias. It was found to be
possible to ‘“‘anneal” the specimens by current heating.
This was performed by applying progressively increasing
bias voltages to the specimens, in a procedure similar to
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FIG. 6. Plots of I vs V2 for constant temperatures.
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that used by Konkin and Adler.!* The results of such a
procedure are shown in Fig. 9. After annealing, several of
the peaks were absent. However, the peak close to zero
bias increased in magnitude, the background increased,
and there remains a significant shoulder on the high-
energy side of the zero-bias peak.
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FIG. 7. Plots of g vs ¥, I vs V, and computed values of I'/?
vs V.

IV. DISCUSSION

The current-voltage characteristics obtained in this
work yield a power-law dependence over a wide tempera-
ture range. These observations are found to be in agree-
ment with previous work for specimens prepared under
slightly different conditions with the specimens held in
vacuum during measurement and the temperature range
limited to a maximum of 77 K. In the previous work,
however, the temperature results were interpreted in terms
of an Arrhenius temperature dependence.'* In the more
extensive low-temperature measurements reported here,
both the current and the conductance have a nearly linear
temperature dependence. This is found to be consistent

FIG. 8. First- and second-derivative current-voltage spectra (g and g’, respectively) obtained at 10 K. Linear regions occur in the g
characteristics and peaks are observed in the g’ scans. Curve 4 is the first scan and curve B is a repeat scan.
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FIG. 9. Effects of “annealing” on peaks in the g’ and ¥ spec-
tra. The annealing was achieved by increasing the power dissi-
pated by the specimen (indicated on each scan by the maximum
applied potential during annealing). The annealing process leads
to a change in the spectra, except for the peak close to zero bias
which remains at a fixed energy for constant temperature. This
peak was found to shift to a higher energy and to broaden for
increasing temperatures. The bottom two scans show repeat
traces indicating the repeatability after annealing.

with the empirical analysis given in Sec. IIIE. Such ob-
servations do not appear to be consistent with tunneling
theories proposed for charge transport in gold island
films. However, for small values of bias applied to asym-
metric MIM tunnel junctions the conductance has been
observed to vary nearly linearly with bias voltage. This
was considered to be due to impurity excitation effects,
which “fill in” the conductance minimum.'’ In the discus-
sion which follows, it is suggested that the results ob-
tained from gold island films are consistent with a tunnel-
ing model. The new measurements obtained in this work
which show oscillations in the second-derivative current-
voltage characteristics further support a tunneling model.

A. Parabolic law

Consider first the high-field tunneling situation where
the current is described by the Fowler-Nordheim equation,

vl (12)

I=a,V%xp

where a; and a contain parameters concerning the barrier
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height and geometrical factors. For high potentials V the
current-voltage law would be expected to tend toward a
square-law form and the conductance-voltage curve would
become linear. However, this approximation applies only
for high potentials and a single junction. For the gold is-
land films a square-law behavior is observed at relatively
low bias values. The actual potential difference between
islands would be expected to be several times less than the
bias voltage. The above considerations, however, would
apply if a single gap dominated the conduction process.
The problem becomes one of considering a two-
dimensional matrix of nonlinear resistors, and such a
problem can only be approached numerically or by fabri-
cating a physical model consisting of an array of tunnel
junctions. The numerical approach is briefly considered
below. A more detailed account of both techniques is to
be published later.

B. Numerical approximation

This approach uses a two-dimensional network of non-
linear resistors to solve for the nodal current vector,

J,=Vot,, (13)

where ¥, is an n X n nodal admittance matrix which con-
tains information about the topology and impedances of
the network; U, is a column vector with n elements for
which u,; is the potential at the jth node. In the gold is-
land problem the nodes are situated at the islands and the
model consists of deciding on the island distribution and
spacing, and solving the matrix equations. For a small
number of islands (about nine) and spacings which vary by
only a few percent, it is found that, for an interisland non-
linearity given by Eq. (12), the total current obeys a simi-
lar law. However, for a larger density of islands and
larger variation on spacings the total current varies as
I < V" where n =2.

C. Temperature dependence

Experimentally it is found that gold island films have a
negative temperature coefficient of resistance and an Ar-
rhenius plot yields a small activation energy. This energy
is thought to be the average energy required to charge an
island and is equivalent to the Coulomb energy +qV.
Zeller and Giaver'® also found a linear conductance-
temperature dependence for small Sn particles embedded
in an oxide-MIM tunnel junction. These authors con-
sidered the zero-bias conductivity to be given by

o0, 7)o [7e™ " av, (14)

for single-electron-charging of the islands, so that
0(0,T) « T, which is the type of behavior observed experi-
mentally for gold island films. If the bias voltage is not
zero there is a distribution of potentials and a numerical
analysis is necessary.

D. Conductivity oscillations

Further evidence to support a tunneling model is the oc-
currence of oscillations in the second-derivative current
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spectra. Two forms of oscillatory behavior were observed.
The first kind appeared at a few mV from zero bias in
both forward and reverse current directions. The shift of
this peak to higher energies, and the peak-broadening ef-
fect as the temperature increased, are essentially similar to
those observed for trap-assisted resonant tunneling in
MIM junctions.!”~!° However, the peak width was found
to be several times the value of 5.4kT expected for
resonant tunneling. This large width may be due to the
relatively large modulation voltage of 9 mV peak used in
this measurement.

The other kind of oscillations, observed in Fig. 9, could
be suppressed by an annealing process. This suggests that
the traps giving rise to these oscillations were removed,
while the oscillation close to zero bias was due to a per-
manent trap located close to the insulator conduction-
band edge.

V. CONCLUSIONS

The parabolic current law and linear conductance-
temperature behavior are rather surprising results which
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differ from other observations on gold island films. How-
ever, the linear conductance-temperature behavior has
been observed for MIM superconducting tunnel junctions,
and we show in this work that on gold islands the results
are consistent with a tunneling model. The precise nature
of the tunneling path is still uncertain, but the oscillatory
behavior observed in the second-derivative current spectra
suggests that the tunneling path is via fixed states and
mobile states located a few meV below the conduction-
band edge.
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