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Abstract. Tiny spatial fluctuations of tunnel barrier parameters are shown to have dramatic consequences
on the statistical properties of quantum tunneling. A direct experimental evidence is provided that the
tunnel current through metal-oxide junctions, imaged at a nanometric scale, exhibits broad statistical
distributions extending over more than 4 orders of magnitude. Striking effects of broad current distributions
are shown: the total tunnel transmission is dominated by few highly transmitting sites and the typical
current density varies strongly with the size of the junction. Moreover, self-averaging of the tunnel current
fluctuations occurs only for unexpectedly large junction areas.

PACS. 05.40.-a Fluctuation phenomena, random processes, noise, and Brownian motion — 73.40.Gk Tun-

neling — 73.40.Rw Metal-insulator-metal structures

A profound theory of broad statistical distributions was
developed by the statistician Paul Lévy in the 30’s [1].
However, it is only recently that broad distributions have
attracted for themselves much interest in physics [2]. Al-
though this is often ignored, such distributions are ex-
pected to be a ubiquitous feature. They are indeed identi-
fied in more and more processes from turbulent flows and
dynamical chaos to laser cooling of atomic gases. Their
striking features among which the statistical domination
by rare events and specific scaling behaviors are becom-
ing key ideas of modern statistical physics. While the basic
properties of quantum tunneling are known since the early
days of quantum mechanics, important and non-trivial
features arise when introducing ingredients such as dissi-
pation [3], Coulomb blockade [4] or disorder. The effects of
disorder on quantum tunneling were first considered when
inspiring theoretical studies [5] predicted that some low
temperature properties of glasses were to be attributed
to hypothetical broad distributions of the tunneling prob-
ability of atoms resulting from the topological disorder.
Relaxation measurements subsequently provided ample
support to these predictions [6]. More recently, broad dis-
tributions of tunneling rates showed up in amorphous
polymers [7,8] and in the transport properties of 1D dis-
ordered semiconductors [9].

While these studies were confined to low temperatures,
broad distributions are likely to show up more generally
in any process combining tunneling and disorder, such as
electron transfer in proteins [10], nuclear fusion in inho-
mogeneous plasmas and electron transport through thin
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oxide films. Thin oxide films are relatively simple 2D sys-
tems, of practical importance as they are frequently used
to make tunnel junctions. They are becoming a key tech-
nological issue as the sizes of the CMOS transistors shrink.
Moreover, the field of tunnel junctions has recently been
enriched by the discovery that devices consisting of two
ferromagnetic metal films separated by an oxide insulat-
ing layer exhibit giant magnetoresistance effects at room
temperature [11].

In this paper, we show that thin metal-oxide films
offer a unique opportunity to measure directly and at
room temperature the spatial fluctuations of the tun-
nel current at a nanometric scale. The current distribu-
tions, attributed to rather small spatial fluctuations of
tunnel barrier parameters (such as thickness or barrier
height), are shown to be extremely broad, as predicted in
reference [12]. This is in marked contrast with the narrow
distributions of ohmic currents collected from oxide free
metal films. We point out some striking consequences of
the occurrence of broad current distributions. The total
conductance is dominated by tunneling through very few
localized sites, rare events which are reminiscent of Lévy
flights, and the typical current density varies dramatically
with the size of the junction.

The tunnel currents through metal-oxide junctions
were successfully imaged with a nanometric resolution by
combining Atomic Force Microscopy (AFM) with simulta-
neous local current measurements [13]. By scanning a con-
ducting tip placed in contact with the sample, we simul-
taneously recorded a topographical image and a current
image. The topography was obtained by standard AFM
carried out in contact and constant force (a few nIN) mode.
Concurrently, a bias voltage of typically 1 V was applied
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between the bottom metal layer and the conducting tip to
generate a current flow from the sample to the probe. This
produced a cartography of the electrical features of the
sample surface, which proved to be highly reproducible.
The probes used in this study are common SizNy insulat-
ing cantilevers with integrated pyramidal tips, which were
coated with 30 nm thick ultrahard TiN, conducting films.

Three kinds of samples were studied, all of them hav-
ing been prepared in conditions which allowed to ob-
tain smooth top surfaces. The first type of samples con-
sisted of 25 nm thick epitaxial hcp (0001) Ru films
deposited on mica substrates by ultrahigh vacuum e-beam
evaporation. When studied shortly after deposition, these
films proved to have oxide free top surfaces. The sec-
ond type of samples consisted of superficially oxidized,
10 nm thick hep (0001) Co films grown on single crys-
tal Ru buffer layers. The oxidation of the top Co surface
was accomplished by leaving the films under atmospheric
conditions. Finally, the third type of samples consisted
of sputtered (2 nm)Co/AlO, junctions. To minimise the
roughness of the oxide films, these junctions were grown
on (2 nm)Cr/(3 nm)Fe/(30 nm)Cu buffer layers previ-
ously deposited on (111) Si substrates. The top metal-
lic Al layer, 1 nm in nominal thickness, was oxidized in
situ in an oxygen glow discharge plasma for 60 s. The
Al oxide layer, mainly made of Al;O3, was characterized
using X-ray Photoemission Spectroscopy (XPS). This al-
lowed to adjust the oxidation conditions so as to avoid
the formation of Co oxide and/or the presence of residual
metallic Al

Figure 1 shows typical topographical and current
images recorded simultaneously while scanning an ox-
ide free Ru surface (Figs. la and 1b, 500 x 500 nm?,
256 x 256 pixels, 1 V), a Co oxide surface (Figs. 1c and 1d,
150 x 150 nm?, 512 x 512 pixels, 1 V) and an Al oxide sur-
face (Figs. le and 1f, 150 x 150 nm?, 512 x 512 pixels,
1.3 V). The topographical images of Figures lc and le
reveal that both plasma oxidation and natural oxidation
lead to rather smooth top surfaces with height standard
deviations of 0.1 nm for Al oxide and 0.5 nm for Co oxide.
The red (respectively blue) zones in the current images of
Figures 1d and 1f correspond to high (respectively low)
tunneling currents and hence to sites where the thickness
or the height of the tunnel barrier might be locally smaller
(respectively larger) than the average value. Note that no
obvious correlation exist between the topographical and
electrical data, as can be clearly seen from a comparison
of the height and current profiles of Figure 1.

To firmly establish the physical nature of the collected
currents, local current-voltage measurements were per-
formed using the same setup with the tip at rest. The fact
that the current carriers were actually tunneling through
continuous, pinhole free, Co and Al oxide overlayers was
ascertained as we measured strongly non-linear i~V char-
acteristics (Figs. 2c and 2e) at different sites of the samples
surface including the sites with the highest currents where
the tunnel transmission approaches 1075 [14]. The same
experiments carried out on oxide free Ru films revealed
linear i~V curves (Fig. 2a) that, beyond the metallic
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character of the Ru films, clearly demonstrate the ohmic
behavior of the probe conductivity and hence the ab-
sence of significant oxide contamination on the tip apex.
Also, these linear i—V curves indicate that the water film
that possibly covers the samples is locally removed in the
probe/sample contact region due to the pressure exerted
by the tip.

From the current images, we calculated the statistical
distribution of local currents P; (7). As a general trend, cur-
rent maps recorded on superficially oxidized metal films
and oxide free metal films show drastic quantitative as
well as qualitative differences. This is illustrated in Fig-
ures 2b, 2d and 2f showing the current distributions com-
puted from the current images displayed in Figure 1. The
current distribution associated with the metallic Ru sur-
face (Fig. 2b) exhibits a narrow Gaussian shape with an
average value of 11.4 pyA and a small standard deviation
of only 1.6 A: the current thus flows in a rather homoge-
neous way through the Ru layer. In contrast, the distribu-
tions of tunnel current obtained for the Co and Al oxide
surfaces (Figs. 2d and 2f) are extremely broad. They show
strongly asymmetric shapes with pronounced maxima (at
12 pA and 270 pA respectively) and very slow decreases
for large currents. From these distributions which extend
from very small or undetectable values (< 1 pA) to about
100 nA, it appears that the tunnel current can vary from
place to place by more than 4 orders of magnitude and
that relatively high currents are only transmitted through
very few sites. The spatial fluctuations of tunnel currents
are also clearly evidenced in the current profiles of Fig-
ures 1d and 1f.

The occurrence of broad distributions for the current
tunneling through imperfect potential barriers was antic-
ipated by a recent statistical analysis [12] briefly recalled
here. One considers the effect of the spatial fluctuations of
barrier thickness that unavoidably exist in real junctions.
The distribution of barrier thickness [ is assumed to be
Gaussian with an average value (I) and a small standard
deviation o; < (I). The probability ¢ for a particle of mass
M and kinetic energy E to tunnel through a rectangular
potential barrier of height V{ and thickness [ > X is given
by t = 4Aexp(—1l/\) where A = ii/(2/2M (Vp — E)) is the
attenuation length in the barrier and A = 4E(V,—E)/VZ.
This leads to a log-normal distribution P;(t) of the trans-
mission ¢

11 1 )
P(t)= —=-exp |—z= (In(t) — « 1
1) = < =g exp |~ () —a)’| ()
where @ = In(4A4) — (I)/\ is a scale parameter and

0 = o1/ is a fluctuation parameter. Since we measured lo-
cal currents 7 and not local transmissions ¢, we introduce a
proportionality factor n such that ¢ = ni. This linear trans-
formation leads to a current distribution P;(i) = nP:(ni)
which writes as equation (1) with a new scale parameter
o' = a —In(n) but the same fluctuation parameter 3.
Depending on [ which is proportional to the bar-
rier fluctuations, P;(i) presents qualitatively very differ-
ent behaviors. For small 3, P;(i¢) is close to a usual
narrow (Gaussian) distribution, whereas for large p,
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Fig. 1. (a, c, e) Topographical and (b, d, ) current images of the surface of an oxide free Ru film (a, b), a naturally oxidized Co
film (c, d) and a plasma oxidized Al film (e, f). Also displayed are height and current profiles along lines shown in the images.
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Fig. 2. (a, c, e) Examples of local current-voltage characteristics (O) measured on an oxide free Ru film (a), a Co oxide film
(c) and an Al oxide film (e). The solid lines are fits according to (a) a linear law and (c) the model of reference [16]. (b, d, f)
Distributions of local currents P;(z). (0) Experimental data calculated from the current images obtained on the Ru surface (b),
the Co oxide surface (d) and the Al oxide surface (f) displayed in Figure 1. Solid lines: (b) Gaussian fit, (d) fit to equation (1).
Notice that the typical local current isyp and the average local current (i) are equal to each other for the oxide free Ru film (b),
whereas they differs by two orders of magnitude for the CoO./metal junctions (d). (d) 4, is the local current corresponding to

the average Co oxide thickness.

P;(i) is a broad distribution with a long tail extending
over several decades, which allows for enormous relative
fluctuations of current. These large fluctuations are a nat-
ural consequence of the exponential dependence of the
tunnel transmission ¢ with the barrier parameters. The
type of current distribution is well described by a param-
eter B that gives a measure of the extension of the dis-
tribution P;(i): B = ({i) — ityp)/ityp = exp(38%/2) — 1,
where (i) = exp(a’/ + [3%/2) is the average local current
and iy, = exp(a’ — 3?) is the most probable local cur-
rent also called typical current. Importantly, the fluctua-
tion parameter 3 divides the thickness fluctuation o; by
the tunneling length scale A\, and not by the average bar-
rier thickness (I). Thus, barriers which are smooth accord-

ing to usual criterion (small o;/(l)) may nevertheless ex-
hibit considerable current fluctuations if A is small. No-
tice finally that a broad log-normal current distribution
can be conveniently expressed as a power law of the form
Pi(i) ~ C/i***(") with a slowly (logarithmically) varying
exponent (7). As a consequence, the statistical proper-
ties of the local current i are effectively connected to the
generalized central limit theorem of Lévy, with deviations
due to the i-dependence of p(i) [12].

The experimental current distribution of Figure 2d
(cobalt oxide) is well fit using the equation (1) for P;(i),
which contains only two adjustable parameters o’ and 8,
despite slight deviations, invisible in the figure, for high
current values. In comparison, the distribution of tunnel
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current through Al oxide (Fig. 2f) gives a poorer fit to
the log-normal law, which is not unexpected since the lat-
ter derives from fairly crude approximations (rectangu-
lar barrier, Gaussian fluctuations of barrier thickness). As
the log-normal parameterization is very convenient for dis-
cussing statistical properties, we will focus in the following
on results from the Co/CoQO, sample. Notice however that
all of the qualitative conclusions drawn for CoO, apply
also to AlO,.

The fit of the current distribution of the Co/CoO,
junction (Fig. 2d) gives o’ = 5.84 and 5 = 1.84. As shown
next, these parameters can be related to the statistical
properties of the Co oxide barrier. Local current-voltage
curves (Fig. 2¢) recorded at different sites were fit using
Simmons’ theory [15]. Assuming an effective contact area
between the tip and the sample of 10 nm? (size of the
smallest current features), we obtained an effective bar-
rier height ¢ = Vy — E ~ 2.5 €V and a barrier thickness
(1) ~ 0.9 nm. The latter value agrees with the expected
average Co oxide thickness (1.0£0.5 nm as estimated from
XPS). As for the barrier height value, it agrees with the
2.6 eV reported earlier [16]. It corresponds to an attenu-
ation length A = 0.06 nm. By combining this value with
the parameter 3 = o;/\ deduced from the fit of P;(i), we
estimate the standard deviation of the barrier thickness
distribution to be o; = 0.1 nm. The topographical rough-
ness (0.5 nm), significantly larger than o;, may be mostly
due to the underlying Co metal film, which would be cov-
ered by an oxide layer of almost constant thickness. This
is supported by the absence of clear correlation between
the topographical and current features.

Thus, we have demonstrated that relatively small spa-
tial fluctuations of tunnel barrier thickness (o; = 0.1 nm)
can account for the broad distributions of tunnel current
observed in metal-oxide junctions. However, as we verified
by calculating numerically the P;(i) distributions gener-
ated by Gaussian fluctuations of Vj, such broad distribu-
tions may also result from tiny spatial fluctuations of bar-
rier height due to a chemical non-uniformity of the oxide
films, related to the existence of several Al or Co oxidation
states. Moreover, localized electronic states in the barrier
due to impurities or defects, which would produce reso-
nant electron tunneling, might also induce large spatial
fluctuations of conductance [17,18]. Nevertheless, given
the very small size of the barrier thickness fluctuations
needed to reproduce the observed tunnel current distribu-
tions, thickness fluctuations are inevitably an important
source of randomness in tunnel junctions with A < 0.1 nm.

Whatever their physical origin, the broad current dis-
tributions evidenced here have important consequences on
the transport properties of metal-oxide junctions. First,
from the parameters of the distribution P;(i) determined
experimentally for Co oxide (Fig. 2d), we calculate that
half of the current tunneling through the barrier is trans-
mitted by only 3% of the sample surface area. In other
words, the tunnel current flows in such an inhomogeneous
manner through the oxide barrier that the total conduc-
tance of the junction is dominated by contributions from
very few sites with relatively high transmissions. This
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domination of the tunnel transport by a few tunneling
paths is likely to play a role in other tunneling prob-
lems [9]. For instance, it is compatible with the striking
efficiency of the “pathway strategy” to calculate how elec-
trons tunnel between redox groups in complex proteins by
taking into account only the most direct coupling route,
among thousands, between donors and acceptors [10].

Second, the usual macroscopic measurements per-
formed on tunnel junctions which yield only average val-
ues must be handled very cautiously in the presence of
broad distributions. For instance, a capacitance measure-
ment usually gives the average barrier thickness (I). From
this, one may be tempted to deduce that the local tun-
nel current is iy = 4An~'exp(—(I)/A) = exp(a’). This
value is however neither close to the typical current value
ityp = Q) exp(—3?) nor to the average current value
(i) = igyexp(B?/2) (Fig. 2d). Concomitantly, a macro-
scopic measurement of the tunnel current, yielding only
(i) = exp(a’ + 3%/2), fails to fully characterize the tunnel
barrier if one is not able to determine separately o’ or (.
In particular, (I) cannot be readily deduced from such a
measurement.

Finally, broad distributions of local current imply an
unusual variation of the typical current density with the
surface area of the junction. In usual cases, the total cur-
rent flowing through a conductor is proportional to the
surface area S of the conductor. Hence, the current density
is independent of S. This intuitive result may appear as
general. However, it assumes implicitly that the local cur-
rent distributions are narrow. Interestingly, in the case of
broad current distributions, this result does not hold any
more and the statistical properties of the current density
depend strongly on the scale at which the current density
is evaluated.

Indeed, let us consider the current density J(S) aver-
aged over a surface area S. Theoretically, the probabil-
ity distribution of J(S) can be deduced from successive
convolutions of P;() with itself [12]. The most probable
value of J(S) is called the typical current density Jiyp(.S).
For small S, broad distributions of local current give rise
to broad distributions of J(S). This implies non repro-
ducible transport properties for small tunnel junctions.
Moreover, as the distribution of J(S) strongly changes
with increasing S (insert of Fig. 3), Jiyp(S) varies signifi-
cantly with S. However, for sufficiently large .S, the fluctu-
ations of local current eventually average out so that the
distributions of J(S) become narrow (quasi-Gaussian),
as seen in the insert of Figure 3. Then, the transport
properties of the junctions get reproducible and, simulta-
neously, Jiyp(S) becomes independent of S. The quantity
Jiyp(S) should be proportional to ity for small samples
and proportional to (i) for large enough ones [12]. There-
fore, Jiyp(S) is expected to increase with increasing S by
a factor of (i)/iyyp = (1 + B) = exp(33%/2).

To check if this unusual increase really occurs, we have
extracted from the large 150x 150 nm? current image of
Figure 1d, made of 512x 512 pixels, sets of smaller im-
ages of sizes N = n x n pixels, with n ranging from 1 to
128, and determined the typical current density Jyyp(S)
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Fig. 3. Variation of the typical current density Jiyp(S) with
the surface area S for a metal-insulator Co/CoQ, junction (®)
and a metallic Ru film (M), as deduced from the current im-
ages of Figure 1. The solid lines are guides for the eye. In-
sert: probability distributions P(J) of current density J(S)
calculated from the log-normal model of the current distri-
bution P;(i) (Fig. 2d), for three different sample surface ar-
eas, (1) S = 0.3 x 0.3 nm?, (2) S = 1.2 x 1.2 nm? and (3)
S =53 x 53 nm?.

for each of the corresponding S. Remarkably, we find in-
deed that Jiyp(S) increases by a significant factor of 90 [19]
as S varies from 10! to 2 x 10* nm?. This experimen-
tal variation shown in Figure 3 agrees with the theoret-
ical expectations [12], with small quantitative differences
due to spatial correlations [20] of the tunnel currents and
truncation effects. Notice that the same treatment applied
to the current data measured on the Ru film (Fig. 1b),
which presents a narrow current distribution, leads, as
expected, to an utterly size-independent typical current
density (Fig. 3).

An important outcome of Figure 3 is that it takes sur-
prisingly large surface areas for the spatial fluctuations of
tunnel current to fully average out, as Jiyp(S) becomes
almost independent of S only for surface areas larger than
Sx ~ 103-10* nm?. For S > Sy, one gets a normal scal-
ing of the resistance of tunnel junctions (R o 1/5), in
agreement with measurements made so far with S in the
pm? and high sub-um? ranges [21]. For S < Sy, since
the current density varies with S, a deviation from this
normal scaling is observed. The constancy of Jiyp,(S) for
S > Sx further indicates that well-prepared tunnel junc-
tions (o; < 0.1 nm) with surface areas larger than typically
100 x 100 nm? can show reproducible macroscopic prop-
erties and, even so, exhibit very large spatial fluctuations
of tunnel current at scales smaller than /Sy [22]. On the
other hand, the transport properties of tunnel junctions
with small barrier attenuation length (A < 1 nm) and sur-
face areas significantly smaller than 100 x 100 nm? can
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be predicted as hardly reproducible, unless barrier fluctu-
ations can be further reduced.

Notice finally that a related self-averaging of the cur-
rent fluctuations is also likely to occur at low tempera-
tures. Indeed, as the quantum delocalization of the elec-
trons (A = hy/2m/\/MkgT) can easily be much larger
than +/Sx, the transmission of each electron may also av-
erage out the spatial fluctuations of local tunnel trans-
mission described here. Hence, the reproducibility, some-
times achieved, of the transport properties of large or low
temperature junctions may well hide the exotic statisti-
cal properties of the tunnel current at small scales that
are revealed by our high resolution current cartography
experiments performed at room temperature.
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nity Brite Euram project “Hot Spin Electronics Amplifiers for
Magnetic Sensors” (BE96-3407). We thank J. Hommet for ex-
perimental contributions and M. Devoret for fruitful discus-
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