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Experimental results concerning the electrical conductance, the conductance noise, and the effects of ion
migration and diffusion on discontinuous gold films, in a wide range of temperatures, are reported. These
results are compared with the theoretical ones obtained by a theory developed in the preceding paper. It is
shown that this theory well explains the conductance behavior of the films in a wider temperature range than
previous theories and gives the right shape and the correct magnitude for the conductance noise power
spectrum. A discussion about some discrepancies between theory and experiments, probably due to the fact
that the actual structure of the film has not been properly taken into account, is also given in the text.

I. INTRODUCTION

In the preceding paper (known hereafter as I) a
theoretical model of electrical conduction and
noise formation in ultrathin metal films (30-100 A
thick) was developed. The aim of this paper is to
present a picture of the experimental situation
showing that most of the results can be well ac-
counted for by the theory.

The reported experimental results were obtained
in our laboratory and cover a temperature range
larger than in the current literature. They con-
cern discontinuous gold films evaporated in ultra-
high vacuum on different types of substrates (sap-
phire, fused silica, quartz, mica) and deal with
several properties as electrical conductivity ver-
sus temperature, current noise related to conduc-
tivity fluctuations in different physical conditions,
and field effect due to ion migration in the sub-
strate. It will be shown that the theory proposed
in I well explains the behavior of the conductivity
versus temperature in an extended range of tem-
peratures for films having different thicknesses.
It should be noted that for all the films the
Arrhenius plot for the conductivity is far from
being a straight line, as generally assumed by
many authors, who try to fit the data with an acti-
vated type of conduction process. Actually, that
fit can be done in a rather restricted temperature
range.!"® For what concerns the noise, the theory
gives the correct order of magnitude for its inten-
sity as well as the correct shape of the power
spectrum. Theories on the conductivity in discon-
tinuous films, based on simple tunneling, or trap-
assisted tunneling or hopping, without assuming the
modulation effect on the potential barrier due to
the fluctuating surface charge described by Eq.
(7-1)* would yield a noise many orders of magni-
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tude smaller. Owing to the simplifying assump-
tions made, the theoretical expressions do not re-
produce all the experimentally observed features
of the spectra as, for instance, the change in the
slope of the power spectrum consistently observed
at the highest temperatures. These discrepancies
are, however, qualitatively well understood and
discussed in Sec. V, where the main lines of an
improved theory are also shown.

II. ELECTRICAL CONDUCTIVITY
A. Experimental techniques

The experimental results reported here refer
to discontinuous gold films obtained by electron-
beam evaporation of gold in ultrahigh vacuum
(107° mbar). Different types of insulating sub-
strates were used: sapphire, fused silica, quartz,
and mica. The typical structure of the films,
after annealing at 500 °C, is represented in Figs.
1(a) and 1(b). It is characterized by large islands
separated by gaps which are also generally large,
but become very small in critical points where
electrical conduction from one island to another
takes place. As shown in the following, the small-
est distance of the islands must be of the order of
few tens of Angstroms, to account for observed
conductivity of these films by tunneling. The
evaporation rate and electrical conductance of the
films have been controlled during the deposition
on the substrate, which was kept at about 250 °C to
ensure a good adherence of the gold on the sub-
strate. All the results were obtained directly on
the films within the vacuum system after annealing
at 500 °C for several hours to avoid structural
changes on the subsequent measurements. All the
reported experimental results refer to films hav-
ing the following dimensions: length=2.5 mm,
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FIG. 1. Electron micrograph of discontinuous Au film structure on fused silica substrate after annealing at 500 °C in
vacuum (1072 mbar): (a) film with islands metallically connected and very low surface resistance (1.5 Q/0); @) film
with islands separated by very large gaps and practically infinite surface resistance.

width=1.5 mm. Average thickness of the films ferent types of substrates are reported in Fig. 2.
was between 30 and 100 A. They are representative of a long series of mea-
surements, all showing the same behavior. The
temperature range was in most cases from liquid-
Typical results on the electrical conductivity nitrogen temperature up to 725 °K. In the case of
versus temperature of gold films deposited on dif- sapphire one series of measurements was extended

B. Conductivity versus temperature
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FIG. 2. Logarithmic plot of surface conductance G4 vs reciprocal temperature for discontinuous Au films evaporated
on different substrates after annealing at 500 °C in vacuum (10~% mbar). As in all the following figures, film dimensions
are L1.5%x103 m, L’=2.5x10"% m.
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down to liquid-helium temperature.

It is worth pointing out that in the whole range of
temperature covered by the experiments, the be-
havior of the conductivity versus 1/7 plotted on
logarithmic scale is far from being a straight line,
as assumed by many authors!® on the basis of a
thermal-activated tunneling or a thermionic pro-
cess, because their temperature intervals of mea-
surements were too small. It is also interesting to
note that films having about the same conductivity
show a very different resistivity—thermal-coeffi-
cient plot (TCR) when deposited on different sub-
strates: the data reported in Fig. 2 show that gold
on fused silica has a conductivity change which is
about one order of magnitude larger than gold on
sapphire for the same temperature interval of
600 °K. This is attributed mainly to the different
structure of the film.

Another important point, which will be clearly
interpreted by the proposed theory, is the reduc-
tion in the TCR which is consistently shown by
films deposited on the same substrate when the
gaps between gold islands are decreased by sub-
sequent stages of gold evaporation (see Fig. 12).

This effect has been reported in previous papers
also.% 10

C. Impurity migration effect

In the case of SiO, substrates having a back elec-
trode, as shown in Fig. 3, an interesting effect
was observed when a voltage drop of a few volts
was applied between the film and the back elec-
trode at a temperature above 300°C: reversible
changes of conductivity occur as shown in Fig. 4.
These changes can be frozen-in by simply cooling
the substrate down to 180 °C and can be interpreted
in terms of impurity ion diffusion within the sub-
strate.!? Films deposited on a pure crystalline
substrate, like sapphire, do not show any field ef-
fect. In Sec. IV these experimental results will be

qualitatively explained in terms of the proposed
theory.

fused silica substrate metal island

R R L L

Na mobile ion

\ field electrode

FIG. 3. Schematic picture of metal island on SiO, sub-
strate with a back electrode for electrical field effect
experiments (Na-ion impurities are indicated).
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FIG. 4. Reversible change of the surface conductance
G¢ vs time for a discontinuous Au film at 623°K. V is

the bias voltage of the film with respect to the back
electrode.

D. Gas absorption

Experiments made on discontinuous gold films
evaporated onto sapphire and silica substrates ex-
posed to an oxygen atmosphere show that a marked
reversible change of conductivity occurs upon gas
diffusion within the substrate. Typical results ob-
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FIG. 5. Reversible changes of the surface conductance
G4 vs time during exposure of the Au film to an oxygen
atmosphere and after annealing in vacuum.
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tained in our laboratory on gold films, having a
structure as in Fig. 1, are shown in Fig. 5.2°

It is seen that the conductivity variation is a
rather slow process, which proves that it is as-
sociated with gas diffusion within the substrate.
When the specimen is heated in vacuum, outgassing
occurs and the reversible process takes place,
which proves that the conductivity change is not
related to structural changes of the film or to
chemical reactions. As will be seen in Sec. IV
this effect can be accounted for by the theory as a
consequence of a reduction of the donor states
density associated with oxygen diffusion.

II. CURRENT NOISE

One of the most interesting features of the elec-
trical conduction of discontinuous metal films is
the existence of a current noise, due to the pres-
ence of spontaneous conductivity fluctuations.
These fluctuations are directly related to the in-
trinsic conduction mechanism of discontinuous
films, and become undetectable when a metallic
film becomes continuous'* except when current
density is above an extremely high critical value.!®

As stressed in I, the study of the current noise
thus gives complementary information on the con-

duction mechanism of discontinuous films and can
give support or rule out a given proposed model.
Conductivity measurements were associated with
current-noise detection and analysis. The results
reported below thus refer to the same films de-
scribed above. The noise measurements were
made by detecting the corresponding voltage fluc-
tuation when a constant current flows through the
film. A conductivity noise, (AG?), can be conven-
iently defined from the voltage noise (AV?), as
follows:

(AG® ={GYXAVA)/V )?, (1)
AG=G =~ <G> ’ (2)
AV=V-(V), (3)

where (G) and (V') are, respectively, the average
of the conductivity and of the voltage across the
film.

In the following, we shall report the results on
current noise in terms of the dimensionless quan-
tity (AG?/{G)?, which is independent of the current
intensity flowing in the film, owing to the fact that
the voltage noise is proportional to the square of
the current.

Besides the total noise intensity in a given fre-
quency bandwidth, results on the power spectrum
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FIG. 6. Relative conductance noise (AG?)/(G)? vs temperature in a frequency band 10-3x10% Hz of Au film evapo-
rated onto sapphire substrate after annealing at 500 °C in vacuum (10~° mbar). The points are experimental, the broken
line is computed from Eq. (9) with D=1=3%10""T m, ¢g(T) has been obtained by Eq. (7) with =109 states/m?, ¢,=0.2

eV, and d=1.6x10"% m (see also Figs. 3 and 4 of paper I).
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FIG. 7. Experimental power spectra of relative con-
ductance noise J(f) at different temperatures in Au
film evaporated onto sapphire substrate.
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of the noise and its behavior with temperature will
be reported. Noise spectra have been detected by
using conventional techniques. In particular most
of the results have been obtained with a model No.
3721A Hewlett Packard correlator equipped with a
model No. 3720A Hewlett Packard spectrum dis-
play.

A. Current noise versus temperature

The general behavior of the integral noise in a
fixed bandwidth (10-3 x 10* Hz) versus temperature
is represented in Fig. 6, in the case of sapphire
substrate. A similar behavior is shown by films
deposited on other substrates, such as fused silica
and mica. A well-reproducible feature is the max-
imum of the noise near 400 °K, which corresponds
to a change in the slope of the power spectrum as
shown in Fig. 7, where the power spectrum of the
noise at a temperature of 653 °K is reported. From
the same figure it is seen that over a rather large
range of temperature the noise spectra are nearly
of the 1/f type. Also, the change in the spectrum
slope, above 500°K, is a well-reproducible char-
acteristic, observed without exception in all the in-
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FIG. 8. Relative conductance noise power spectrum
Yp(f) of Au film on SiO, substrate after annealing at 623
°K under a bias field. V is the potential of the film with
respect to the back electrode (see Fig. 3).
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FIG. 9. Reversible change of the relative conductance
noise power spectrum ¢ p(f) of Au film on SiO, substrate

after inversion of the opposite bias field at 623°K. vV

is the potential of the film with respect to the back elec-
trode (see Fig. 3).
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FIG. 10. Relative conductance noise (AG?)/(G)?vs
time of Au film on sapphire substrate during the ex-
posure to an oxygen atmosphere and annealed at 393 °K.

vestigated films. Both the 1/fbehavior and the
slope reduction of the spectrum can be explained in
terms of the proposed electrical conduction mech-
anism as shown in Sec. IV.

B. Effect on noise of impurity migration and of gas absorption

The effect on the conductivity due to impurity
migration or gas absorption, discussed in Secs.
II C and IID are associated with a corresponding
change in the noise intensity, as shown in Figs. 8,
9, and 10. In both cases the noise intensity in-
creases when the electrical conductivity decreases.
The shape of the spectrum remains of the 1/f type,
except at the highest temperatures, as shown in
Fig. 9.

IV. DISCUSSION

As is seen from the experimental results, the
conductivity of the films versus temperature can-
not be described by a simple activated process, as
generally assumed,**"% 16 when a sufficiently large
temperature range is explored. Our well-annealed
films showed a well-reproducible and reversible
behavior from liquid-helium temperatures up to
more than 700°K. The most remarkable effect is
that the negative temperature coefficient of resis-
tance proper of these discontinuous films tends to
decrease and to become positive in the highest tem-
perature range, the resistance value still remain-
ing well above that pertaining to a continuous film
of the same average thickness.

From Egs. (9-I) and (34-I) the surface conduc-
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tance G, of the whole film becomes

G,=G,+G,, (4)
where
G, =1(2m)" *(e/n) ¢}/ *(T)
x exp{-[4n(2m)'/*/n)d¢y *(T)} (5)

is the tunneling conductance, and

%k 2
4ﬂ”;lsesze-w&(T)/kT (6)

G,=dl
is the thermionic conductance between two metal
islands. All the symbols used above are the same
as defined in I. With the value of ¢4(T) calculated
at each temperature through the equation

- e’d m¥T\? ., (rvnr
¢B(T)“Xm_xs+12€0€:[2d< S e ) e’s

_ée-[q-wB(T)l/kT] (7

(obtained in Sec. IIA of the paper I), the experi-
mental results as seen in Figs. 11 and 12 are rath-
er accurately described.

The values of the parameters involved in these
equations have been discussed in paper I, where in
particular, the function ¢4(7T) versus temperature
is shown, for both sapphire and silica substrates.
The effective mass at the bottom of the conduction
band of the insulator m* has been assumed equal
to the electron mass m. The values of ¢, for sap-
phire and silica were taken at each temperature
from Von Hippel'” and MIT*® reports. In the same
figures, the contributions to the conductivity due
to the tunneling and thermionic plus tunneling cur-
rents are shown separately. Similar results have
been obtained for the case of quartz and mica sub-
strates. The fit of the experimental results seems
much better without taking into account the ther-
mionic current, which would give a very rapid in-
crease to the conductivity at the highest tempera-
tures, a fact which has never been observed ex-
perimentally.

Another result which points in the same direc-
tion is the following one: during gold deposition by
evaporation, the resistivity of the film drops very
rapidly from infinity to extremely low values (few
ohms), a fact which is well understood by taking
into account the dependence of tunneling from the
width of the gap between metal islands. This has
been experimentally observed also at the highest
temperatures, contrary to what one should expect
if the thermionic effect would prevail. Indeed, the
dependence of this effect on the width barrier gap
is rather negligible. The results reported in Fig.
12 which refer to two films having about identical
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Sapphire suhstrate

FIG. 11. Logarithmic
plot of surface conductance
G¢ vs reciprocal tempera-
ture for an Au film evapo-
rated onto a sapphire sub-

strate. The points are ex-
perimental. Curve 1 is the-
oretical and is computed

Surface Conductance g (0 'o)

by Eq. (5) which takes into
account only the tunneling
current. When the thermi-
onic current is added (curve

2) the fitting of the experi-

structures [of the type shown in the micrographs
(a) and (b) of Fig. 1] but different gap widths,
match very well the conductance Eq. (4) disre-
garding the term G, relative to the thermionic
conductance, provided the two values of the gap
width d reported in the same Fig. 12 are used. If
at high temperature the thermionic current would
prevail, one should expect that the conductivities
of the two films would become nearly equal, as
shown by broken lines. As pointed out in the Sec.
IV of paper I, the fact that the thermionic current
is negligible, can be explained by considering that
the electron mean-free path in the conduction band
of the insulator is smaller than the gap width, a
fact which renders Eq. (6) invalid.

A final point about conductivity, which is well
explained by the theory developed in paper I, is the
fact that in general the average temperature coef-
ficient of the resistivity is larger for films having
higher electrical resistance owing to a larger av-
erage gap width between metal islands.®*!° The re-
sults displayed in Fig. 12 clearly show this fact.

Concerning the current noise, the results re-
ported in Fig. 7 clearly confirm what was antici-
pated in Sec. IV of paper I: the conductance noise
spectra are of 1/f type from helium temperature
up to about 400 °K. Above this temperature a re-
duction of the spectral density in the low-frequency
range occurs and the power spectrum changes from
1/fto 1/f%, with @ =0.7. A theoretical expression
of the power spectrum of the relative conductance
fluctuation has been obtained in paper I.

Equations (33-I) and (35-I) yield

40 3 48
I mental points becomes
y ! - very bad at high tempera-
ture. The best fit parame-
ters are: 1=3x10""m; d
=1.6x10"° m; @g(T) is cal-
culated from Eq. (7) with
1 2 8=10" states/m? ¢;=0.2
ev.
o
T
kTez(p;}(T)(417(2m)‘/2d wapry
= - Q5 T
AL i )
1/ 7,\! - D’L
xl (m_ﬂ,t) [tan}(wr]) —tan™ (7)) | 2L,
w\ T, L
(8)
where the meaning of the symbols is given in pa-
per 1.

Equation (8) well describes the 1/fbehavior of
the relative conductance fluctuation spectrum of
the film. In Fig. 13 the power spectrum given by
Eq. (8) (multiplied by 2 x 27 in order to take into
account that the experimental spectra refer to the
frequency f and are defined only for f >0) is com-
pared with the experimental spectrum relative to
sapphire at room temperature. The values of the
parameters involved in this equation have been
taken equal to those used to fit the conductivity
versus temperature curve of the film, and are re-
ported in the figure captions. The value of D has
been taken equal to I, as if the films were a struc-
ture of square islands of side I, in order to eval-
uate the order of magnitude of the noise intensity.

For the same purpose the logarithmic term in
Eq. (8) (which represents the number of decades
covered by the 1/f noise along the frequency axis
multiplied by 2.3) has been estimated to be of the
order of 16, corresponding to seven decades.
Actually, the most extended frequency range cov-
ered by experiments in which a 1/f behavior of the
spectrum has been found is about six decades wide
(see Fig. 8). The result shows that not only the
shape of the spectrum but also at least the order
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FIG. 12. Logarithmic plot of the surface conductance
G¢ vs reciprocal temperature for two Au films having
different gap width d evaporated onto SiO, substrates.
The points are experimental. Curves 1 are theoretical
and are computed by Eq. (5) which takes into account
only the tunneling current. When the thermionic cur-
rent is added (curves 2) the fitting of the experimental
points becomes very bad at high temperatures. The
best fit parameters are:7=3.8x10" m; ¢z(T) from Eq.
(7) with =10 states/m?; ¢,=0.25 eV.

of magnitude of the noise intensity is correct.
Previous theories,'*2° which do not assume any
barrier modulation effect, would give a noise esti-
mate which is about 12 orders of magnitude lower
(see Appendix). The change from the 1/f behavior
of the spectrum at high temperature, clearly
shown in Fig. 7, is due to the change of the dis-
tribution function given by Eq. (26-I) as discussed
in Sec. IIC of the paper I. The more complicated
expression of the power spectrum coming out if
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this change in the distribution function is taken in-
to account has not been worked out in this paper,
even if its behavior is qualitatively well under-
stood and is in agreement with the experimental
results of a “whitening” of the spectrum and a
lowering of its intensity.

The temperature behavior of the total noise
power intensity can be obtained by integrating Eq.
(8) with respect to w from —w to «:

_ 1 eo(T)kT
TAB T epetl
4 :p’L
X(%(zm)uzd— ‘PL”Z(T)) A 9)

A plot of this quantity versus temperature is
given in Fig. 6. Again, the drop experimentally
observed at temperatures higher than 400 °K is
due to the same reasons pointed out above and not
taken into account by Eq. (9). Even the increase
of the noise intensity at temperatures below 250 °K
is not accounted for by Eq. (9). This effect is
taking place because D is actually not independent
of temperature, but should increase when temper-
ature decreases. This apparently strange effect
is due to the strongly different behavior of the
conductivity versus temperature of metal islands
separated by gaps having different widths: when
the temperature decreases the conductivity be-
tween islands separated by larger gaps decreases
much more rapidly (see Fig. 12). This fact in-
creases the value of D, and thus also the value of
the noise intensity. Actually, a more refined the-
ory should take into account the real structure of

the film by treating the gap widths as random var-
iables, and defining D and ! as suitable averages
of quantities related to the potential drops of the
applied voltage.

Finally, for what concerns the effects of gas dif-
fusion and ion migration on the films conductance
and noise, a quantitative description of the experi-
mental results by the proposed theory has not been
attempted yet. It may be noted, however, that the
presence of impurity ions at the surface of the in-
sulator can strongly change the energy and the
density of the surface states, producing important
shifts in the tunneling barrier height.

V. CONCLUSIONS

In the preceding paper, a model which associates
with a direct tunneling of the electrons a potential
barrier modulation created by the surface states
ionization is presented. The theoretical results
obtained from this model, compared with the ex-
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perimental data here reported, lead to the follow-
ing conclusions:

(a) The electrical conductance behavior versus
temperature predicted by the present theory finds
an experimental confirmation over a very large
range of temperatures, provided that the contri-
bution of the thermionic current given by Eq. (6)
is neglected. This fact is explained by observing
that the mean free path of the electrons within the
substrate and near its surface is probably smaller
than the gap width between metal islands.

(b) When the electrical resistance of the film is
changed by varying the average gap width between
metal islands, the temperature coefficient of the
resistance changes according to the previsions of
the theory.

(c) For what concerns electrical noise, the the-
ory gives the correct order of magnitude of the
noise power spectrum, as against the small in-
tensity of electrical noise found by the previous
theory. The correct shape of the power spectrum

Frequency , Hz

versus frequency is also obtained. Regarding the
total noise dependence of the temperature in a
fixed-frequency band, the theoretical model must
be improved. The main difficulties in applying
this model arise from the evaluation not only of
the quantities related to a single gap, but also of
those associated with the overall film structure.
The hypothesis that the gaps are equal is quite
crude. For this reason it may be expected that
some theoretical results, like the absolute value
of the total noise intensity, which are strongly in-
fluenced by the film structure, are not in good
agreement with the experiments (Fig. 6). Actually,
with high temperatures the distribution function for
the ionization time is no longer 1/7, since the
electron transfer from the donor states to the met-
al may take place also through the electron excita-
tion from the conduction band. With small tem-
peratures, owing to a great variation of the elec-
trical conduction, the parameters like D and [/ are
no longer constant. An improved theory in this
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direction must consider the gaps distribution and
must take into account the relative stochastic vari-
ables. These considerations should be the subject
of a theory that supplies a better picture of the
film structure.
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APPENDIX

In the following it will be shown that in a conduc-
tion mechanism where barrier-modulation effects
are absent (simple tunneling, trap-assisted tun-
neling, thermionic effect), the current noise rela-
ted to the conductivity fluctuation is many orders
of magnitude smaller than the observed one.

Let us first calculate the conductance fluctuation
spectrum for a pair of metal islands in the limit
w=0. This will be an upper limit for the noise
power density. In all the three cases considered
above, the conductance between the two islands
can be written in the form

G=aSJ,, (A1)

where J, is the tunneling (or thermionic) current
density crossing the gap between the islands in
both opposite directions when zero potential differ-
ence is applied to the gap in thermal equilibrium,
S is the gap cross section, and « is a proportional-
ity factor which is actually very little dependent on
the gap width and on the potential barrier height.
The physical meaning of ¢ is that it represents
the inverse of the potential difference which should
be applied to the islands pair to create a drift cur-
rent density equal to J,. Within an order of mag-
nitude the value of a can thus be taken as the in-
verse of the potential barrier height, and turns
out in practical cases to be of the order of 10 V1.
For instance, in the case of simple tunneling,?*
with the symbols used in the text,

a=e[(d/r)@m) ?¢2'? — g3t]. (A2)

For barrier heights between 0.1 and 1 eV and d
=16 A the value of @ ranges between 16and7V™".

According to Eq. (A1), the fluctuation spectrum
¢.(w) of G is simply proportional to the fluctuation
spectrum ¢ {w) of the current SJ,:

do(w)=a’d(w). (A3)

Taking into account that electron emission from
metal islands is a Poisson process, the power
spectrum ¢,(w) in the limit w -0 simply becomes

¢r (0)= eSd, , (A4)

which corresponds to Schottky relation for the sat-
urated diode. The relative conductance fluctuation
spectrum for an island pair in the limit w -0 thus
yields

4,(0)=¢_(02=fﬁz 10£. (A5)

The last quantity in Eq. (A5) contains only the
electron charge e and the conductance G, which is
equal to the surface conductance of the film Gg,
and it is an easily measurable quantity.

Finally, for the whole film, according to Eq.
(35-1):

50 =30 TE=10E ZL. (46)

For the gold films used in experiments reported
in this paper Gg~2x 10" Q, D?L/L"*~ 108,
From Eq. (A6) the value $.(0)= 102 is obtained.
This value is at least 12 orders of magnitude
lower than the observed one, as seen from the
data reported in Fig. 8.

It should be noted that the only quantity which is
not directly measurable in Eq. (A6) is D. How-
ever, the factor D?°L/L’3, when L~ L’, represents
the inverse of the number of metal islands in the
whole film, so that the value of this quantity can
be estimated within one or two orders of magni-
tude by direct observation of the film structure.

*Permanent address: Istituto di Fisica Generale, Uni-
versitd di Torino, Italy.

fPermanent address: Istituto di Fisica Sperimentale,
Politecnico di Torino, Kaly.
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FIG. 1. Electron micrograph of discontinuous Au film structure on fused silica substrate after annealing at 500°C in
vacuum (107% mbar): (a) film with islands metallically connected and very low surface resistance (1.5 @/0); (b) film
with islands separated by very large gaps and practically infinite surface resistance.



