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Tunneling in multilayer fullerene/Al 2O3 and fullerene/Ge systems

S. Nolen and S. T. Ruggiero
University of Notre Dame, Notre Dame, Indiana 46556

~Received 27 January 1998; revised manuscript received 19 June 1998!

We discuss results on tunneling in barriers consisting of both pure fullerene films and layered composites of
fullerenes and dielectric materials. This work focuses on C60 films, which ranged from 50 to 600 Å in thickness
and were layered with both Al2O3 and Ge films 10 to 40 Å in thickness. These studies reveal that for the
deposition conditions used here, incomplete C60 coverage occurred for film thicknesses less than;400 Å. For
composites of C60 with Al2O3 or Ge, we observed isolated clusters of C60 molecules and Coulomb blockade
behavior consistent with the size scale of the clusters. Interesting dynamical effects were also observed in
conductance characteristics that were both dramatic and in some cases entirely reproducible.
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I. INTRODUCTION

Fullerenes have certainly captured the imagination of
scientific community because of their truly unique charac
istics. New electronic and materials properties, as well as
exciting potential for a variety of applications, continue
fuel broad investigations in this new field of research. Go
reviews1,2 and an abstract list3 are available on the subject

In this paper we discuss electron tunneling in pu
fullerene thin films and in layered composites of fullere
and dielectric films. In the present work we focus on t
basic tunneling properties of these systems which have b
found to reveal much about the nature of the fullerenes.
work stems from the process of optimizing the characte
tics of these C60 and C70 systems for inelastic electron tun
neling spectroscopy~IETS! work, which will be the topic of
a future publication.

The general approach to junction fabrication follows t
ditional lines in terms of the creation of metal/barrier/me
(M /B/M ) type systems where each element is a thin-fi
layer. In this work, the barrier layer is either pure C60 or a
layered composite of C60 with either Al2O3 or Ge. The use of
composite barriers arose from the as-deposited nature o
C60 films, which scanning transmission electron microsco
~STEM! and atomic force microscopy~AFM! show to be
composed of islandlike clusters with largest size scales
the order of;100 nm. For pure C60, it was found that com-
plete coverage did not occur until average film thickne
reached;400 Å. A ubiquitous Coulomb blockade was als
present, consistent with the presence of isolated clus
These multilayer tunnel systems also tended to exhibit in
esting dynamical effects clearly manifest in both the tunn
ing resistance and the magnitude of the Coulomb blocka
which in some cases were entirely repeatable.

These and other results have stemmed from the succe
creating viable tunnel barriers of fullerene molecules by l
ering the material with an artificial dielectric barrier materi
Surprisingly, the best results have come with the use of g
manium. Even though each material—Ge and
fullerenes—individually tends to form films full of pinholes
we find that layered together they form a useful medium
tunneling studies.
PRB 580163-1829/98/58~16!/10942~6!/$15.00
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Artificial barriers were originally considered for this wor
because of the successful historical precedent of their
Noteworthy is their application to superconducting materi
which have inadequate native oxides. A good example is
whose native tunneling oxide can be successfully repla
by depositing and then oxidizing a thin surface layer o
metal that forms a good oxide. Such materials include Al,4–6

Ta,7 Mg, Y, or Er.8 For a variety of reasons, Al has emerge
as the material of choice for this application.

Another approach to forming a barrier has been to direc
deposit oxides such as Al2O3, MgO, and SiO2 , fluorides
such as AlF3 and ZrF4 , and other systems including Ti-S
and AlN. Semiconductors, of course, are also a logi
choice for barriers. Some materials explored include Si,
and Te. Si has emerged as the semiconductor barrier mat
of choice, especially in hydrated form. Indeed, Si barrie
have also proved to be a rich system for fundamental tun
ing studies.9 The topic of artificial barriers has been reviewe
at length.10

In light of the above, Al2O3 and Ge were chosen for thi
work because of their known barrier characteristics and th
compatibility with thermal evaporation, which was also us
for fullerene deposition and for the deposition of the ba
and counterelectrodes. We also note that amorphous ca
has been used as a barrier material,11,12 suggesting the basic
feasibility of using fullerene thin films themselves as bar
ers. Furthermore, subsequent to the completion of this w
we found that superimposed thin layers of amorphous car
and amorphous germanium had previously been used
make successful junctions.12 In those junctions, the indi-
vidual germanium and carbon layers were always found
be discontinuous at the thicknesses used, but when supe
posed, pinholes were filled.

As discussed by Lieber and Chen,13 C60 can be readily
evaporated~or sublimed! like other thin-film materials.14–16

In this work, fullerene films were thermally evaporated fro
purified powder with rates in the 1–3 Å/s range.

The samples prepared for our studies fell into two ba
classes. Those of the formM/fullerene/M and M/fullerene–
dielectric/M, i.e., tunnel junctions with pure C60 barriers and
junctions with composite barriers of fullerene thin films la
ered with either Al2O3 ~an oxidized thin film of Al! or Ge.
10 942 © 1998 The American Physical Society
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II. RESULTS ON PURE C60 LAYERS

Our initial approach was to simply prepareM/C60/M sys-
tems. This could, in principle, give an immediate picture
the barrier properties of C60 films, including phonon struc-
ture. The latter is suggested by tunneling studies of Ge fil
which clearly show expected phonon peaks in tunnel
conductance.17 We verified this inM/Ge/M structures with
very thick Ge layers and in Ge/C60 multilayers where the
11-meV mode~transverse acoustic! was observed and th
34-meV mode~transverse optic! may have been present b
was usually obscured by C60 molecular vibrations.

The use of pure C60 barriers was only marginally succes
ful, however, due to the intrinsic nature of the films. T
issue is clearly illustrated by a plot of the success rate
creating viable junctions versus the thickness of the dep
ited C60 ~Fig. 1!. Viable junctions were arbitrarily defined a
those which had measurable resistances—i.e., over abo
V for a junction area of 9.331023 cm2. Very low junction
resistances were suspected of being associated with pinh
in the C60, allowing for direct metal to metal contact. How
ever, attempts to create superconducting shorts using P
both the base and counterelectrodes were not succes
Some ‘‘successful’’ junctions showed the characteristic pa
boliclike increase in conductance with increasing bias as
ciated with tunneling while others in this category show
only Ohmic behavior. In any case, by this measure ther
clearly a ‘‘turn on’’ in the production of successful junction
in the vicinity of 400 Å where it apparently becomes stat
tically likely for complete film coverage to occur.

We modeled this behavior by treating film growth as t
accumulation of randomly deposited C60 molecules, with a
nearest-neighbor distance of 10 Å. We assumed that the
ecules were incident on a set of cells that made up a squ
two-dimensional lattice. The molecules were assumed to
domly hit the lattice and stick in whichever cell they lande
Complete coverage of the surface, and thus ‘‘success’’
curred when every cell in the lattice contained at least
molecule. This approach had worked successfully in the
scription of metal droplets on a surface.18 Here the model

FIG. 1. Junction yield as a function of thickness for met
C60/metal tunnel junctions Experimental results are represente
closed circles (d). Successful junctions were those that exhibit
nonshorted behavior. We also show results for a model of the
tem (n) that assumes the C60 molecules randomly hit the lattice
and stick wherever they land. In the model, a successful junctio
created when every cell in the lattice contains at least one molec
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shows a turn on in the success rate for C60 layers in the
vicinity of 400 Å and thus a good correlation of theory wi
observed results. Notwithstanding the success of this
proach, film structure was found to be far more complex th
this simple model would suggest. This is apparent from s
face studies of the films.

AFM studies of the films show that the C60 molecules
coalesce to form isolated clusters analogous to the way s
metal atoms form small islands.19 Figure 2 is a typical~tap-
ping mode! AFM image of a 101-Å C60 film on Cu, prepared
in the same manner as that used inM/C60/M tunnel junction
formation. The figure clearly shows the presence of C60 clus-
ters. The inset in Fig. 2 was an AFM image~at the same
magnification! of the Cu base electrode on which the C60
film was deposited. On this scale, the film appears to
featureless. AFM images of thicker C60 films show an in-
crease in average cluster diameter that scales approxim
with film thickness~see Fig. 3!.

In any case, because of various technical impracticali
associated with tunneling in films 400 Å or more in thickne
and the overall relatively low success rate of making jun
tions with such thick films—raising the question of junctio
uniformity—another tact was taken in the exploration
these films. The basic philosophy was to use relatively t
C60 films—which are assumed to have pinholes—and fill
the pinholes with a dielectric material. Our various a
proaches and results follow.

III. COMPOSITE C 60/DIELECTRIC SYSTEMS

A. Al 2O3 /C60 systems

These junctions~samples 1–7 in Table I! were made by
depositing a thin layer of Al~11–12 Å! on top of a thermally
evaporated Cu base electrode, without breaking vacuum

/
by

s-

is
le. FIG. 2. Tapping mode AFM image of a 101-Å-thick C60 film
thermally evaporated onto a Cu base electrode. The C60 molecules
are seen to coalesce to form clusters. The dimensions of the
imaged are 5.0mm35.0 mm. Inset is the image of the Cu bas
electrode at the same magnification. The Cu layer is featureles
this scale and appears not to contribute to the clustering of the60

film.
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positing a fullerene film~100–600 Å!, oxidizing the Al/C60
bilayer, and finally depositing a counterelectrode of silver
lead to form a Cu/Al2O3/CE sample. The philosophy aga
was to attempt to fill in pinholes in the C60 film with Al 2O3.
We note that this approach has been generally succe
with Si barriers on Nb.20,21 We verified that the Al formed a
continuous layer, and thus a good Al2O3 barrier, by prepar-
ing Cu/Al2O3/Pb junctions. The Al2O3 in the Cu/Al2O3/Pb
junctions was formed by the deposition of 12 Å of Al
exactly the same manner as with the other samples stud
These Cu/Al2O3/Pb junctions exhibited good tunnelin

FIG. 3. Mean C60 cluster diameter as a function of deposit
film thickness. Cluster diameter was determined by the examina
of AFM images. Also shown is the effective cluster size based
the magnitude of the Coulomb blockade for individual junctions

TABLE I. Listed below are the measured and calculated tun
barrier parameters for composite C60/dielectric systems. Sample
are generally comprised as metal/C60–dielectric/metal. The depos
ited thicknesses are those of the individual Al2O3, Ge, or C60 layers
in the Al2O3/C60and C60/Ge multilayer barriers. For junctions ex
hibiting dynamical effects~see Sec. III C!, the results are those fo
the state in which the junction remained the longest.

Sample
number

Deposited
dielectric
thickness

~Å!

Deposited
fullerene
thickness

~Å!
RA

(V cm2)

Barrier
height

f
~eV!

Barrier
width

d
~Å!

1 15.4a 100 0.138 0.384 28.7
2 15.4a 100 0.107 1.17 17.2
3 14.1a 150 0.070 0.768 20.6
4 14.1a 200 0.330 0.705 22.9
5 14.1a 252 0.167 0.357 30.4
6 14.1a 302 1.350 0.883 22.2
7 14.1a 600 0.126 0.580 23.9
8 26.0b 100 0.0163 0.609 20.0
9 26.0b 100 0.247 0.893 19.6

10 26.0b 100 0.115 0.358 28.5
11 20.0b 50 0.0558 0.930 17.4
12 20.0b 50 0.0425 0.495 22.7
13 35.0b 120 0.320 0.251 35.2
14 35.0b 120 0.0791 0.317 31.4
15 35.0b 120 0.247 0.392 26.6

aAl2O3 .
bGe.
r

ful

d.

characteristics—low leakage, calculated barrier heights22 of
1–2 eV, and barrier widths of;12 Å.

Shown in Fig. 4 is a typical current versus voltage plot f
these systems~sample 1!. On a gross scale, the first thing t
notice is the strong Coulomb blockade near zero bias.
cause of the fact that the C60 molecules tend to form cluster
with a mean diameter on the order of the deposited fi
thickness~Sec. II!, this behavior is not unexpected. Indee
the presence of a blockade was observed in all Al2O3/C60 and
Ge/C60 multilayer samples although was generally cleares
Al2O3/C60 systems. We took the standard approach in m
eling these data, using the semiclassical double-junc
model.23,24The model is for a M/B/C/B/M structure where M
represents metal base and counterelectrodes, and where
are two tunnel barrier layersB sandwiched betweenC, which
is an ultrasmall capacitance element. One factor in the m
eling of our junctions was the ubiquitous presence of so
‘‘leakage’’ or nontunneling conductance, which is evident
zero bias. This leakage was in excess of the expected t
mally activated conductance at 4.2 K with or without a Co
lomb blockade. This was accommodated in the fit by int
ducing a simple, voltage-independent parallel sh
resistance.25 For our Al2O3/C60 samples, this resistance wa
typically three times the tunneling resistance.

The second issue is the absence of a Coulomb stairca
series of steps of voltage widthe/C, which can follow the
Coulomb blockade at zero bias.26 The absence of a staircas
can arise from a number of circumstances. Here, good fit
our data were consistently obtained with the simple assu
tion that the junctions were symmetric. That is, the prod
of resistance and capacitanceR1C1 associated with tunneling
onto the central capacitive element was equal toR2C2 , the
parameters associated with tunneling off the central elem
These results were also generally consistent with
Giaever-Zeller model,27 which inherently assumes junctio
symmetry. Other possibilities that would also tend to elim
nate the manifestation of a staircase include a broad di
bution of particle sizes.25 However, for all of our samples
the observed distributions of C60 cluster sizes had half
widths s of ;25– 40 % of the average cluster diamete

n
n

l

FIG. 4. Tunneling current vs junction bias for a typic
BE/Al 2O3-C60/CE system~sample 1!. Here we note the Coulomb
blockade near zero bias. The theoretical fit is for the semiclass
double-junction model~Refs. 23 and 24! with R1R2510 V and
C1 ,C256.5310218 F. A nonlinear background term (}V3) is
added to the tunneling rate, and a shunt resistance of 67V is added
in parallel to the entire junction.
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However, it has been shown that a staircase is not comple
washed out even for half-widths of 50%.25 Thus the observed
distribution width of particle size for our samples is not su
ficient to describe the absence of staircase behavior. Ano
possibility for the absence of a staircase is the presence
series array of junctions.28,29 However, because of the wid
array of C60/dielectric systems examined, it seems unlike
that we could consistently achieve the physical configura
required in this case.

Assuming that the capacitance of the clusters is gi
simply byC52peoed, whered is the cluster diameter ande
is the dielectric constant for aluminum or germanium as
propriate, we have also extracted the effective cluster
from fits to the tunneling conductance, as presented in Fig
We see that there is a general increase in calculated clu
size, coincident with an observed increase in cluster size w
increased deposited C60 thickness. However, there also a
pears to be considerable variability in the physical const
tion of junctions with the same nominal C60 thickness.

As discussed in the next section, the results of C60/Ge
multilayer systems analyzed in this same manner are
noteworthy. In this case, data are available only for relativ
thin C60 layers, but the majority of these systems can also
described well by the semiclassical double-junction mod

We have also analyzed the basic barrier properties
these systems. The basic approach was to simply accoun
the Coulomb blockade by a voltage offset and fit to the S
mons result for a simple trapezoidal barrier.30 The results of
this procedure are shown in Fig. 5.~The parallel resistance
discussed above, was not incorporated into these calcula
and its presence does not substantially change these res!
The data are consistent with the idea of a systematic dep
sion of the intrinsic barrier height of pure Al2O3 as we have
previously discussed in connection with Bi particles
Al2O3

31 and has been noted in connection with other artific
barrier systems.7 In general, thicker C60 layers produced bar
riers with progressively lower effective heights and larg
widths.

Another perspective on these systems can be gained
plot of resistance times area,RA, versus thickness~Fig. 6!.
We expect that

RA53.17310211S t

Af
D e1.025tAf, ~1!

FIG. 5. Effective barrier height vs effective tunnel barrier wid
as calculated from conductance data taken at 4.2 K. Results for
Al2O3 are included for comparison.
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~where f is the effective barrier height andt the barrier
width!, which can be expressed more simply as

RA}et/a ~2!

wherea is the characteristic tunneling length.
In Fig. 6 we have plottedRA as a function of the tota

barrier thickness, which includes both the deposited60
thickness and the estimated thickness for the Al2O3 layer.
Our results show thata586 Å, which is large compared to
the tunneling length for either Al2O3 or even typical artificial
semiconductor barriers and implies a barrier height of l
than 1 meV. Since it is observed~Fig. 5! that individual
junctions exhibit relatively large barrier heights, we interp
the RA behavior as simply showing that increasing the C60
thickness has only a weak effect on the more dominant
derlying Al2O3 barrier. We note that similar systematic
were observed in the metal fluoride systems.32

Interestingly, junctions made with different areas,
though exhibiting the same slope, did not fall on the sa
RA line as expected. However, there is again a preceden
such behavior in other artificial-barrier systems.33 We note
that for our work, the area was changed by edge protec
with germanium, and this may have affected the barr
properties through an unanticipated interaction of the60
layers and the germanium.

B. Multilayer Ge/C 60 systems

In these systems, a fullerene layer is deposited on
thermally evaporated base electrode, followed by a Ge la
This process is repeated two~samples 8–10 and 13–15! to
three~samples 11 and 12! times, and the barrier is topped o
with another fullerene layer before the counterelectrode
deposited. For a given junction, individual Ge layers we
the same thickness, as were the individual C60 layers. The
junctions generally had C60 to Ge total thickness ratios of 5
to 1. It was found that the total thickness of Ge had to be
excess of about 50 Å or else the junctions would be shor
Individual Ge layer thicknesses ranged from 20 to 35
Shown in Fig. 7 is a typical current versus voltage plot f
these systems~sample 14!. The fit is from the aforemen-
tioned double-junction model with a shunt resistor added
parallel.

re
FIG. 6. Resistance times area as a function of deposited th

ness forBE/Al 2O3– C60/CE junctions. The individual trends are
associated with somewhat different fabrication techniques.
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10 946 PRB 58S. NOLEN AND S. T. RUGGIERO
Barrier heights and widths were calculated by fitting t
I -V data to the Simmons model as discussed above. Her
found that barrier heights ranged from 0.4 to 0.9 eV for
layer thickness less than 30 Å and were much smaller
thicker films. These results are shown in Fig. 5 and inclu
some preliminary results on C70-based systems as well. A
systems show a systematic correlation of generally decr
ing effective barrier height with increasing effective barr
width.

Remarkable in regard to Ge/C60 results was the ability to
make a one-to-one correlation between the deposited th
ness of individual Ge layers and the effective barrier wid
as shown in Fig. 8. The barrier width calculated from t
Simmons model and the actual deposited Ge thickness w
quite consistent over a relatively wide range of Ge thickne
lending confidence to the procedure used to extract ba
parameters. This was not the case for the Al barriers wh
calculated barrier thickness was consistently greater than
deposited thickness~taking into account the oxidation of th
Al layer!. Thus, we conclude that because the calculated
rier width of the Ge/C60 multilayers is clearly associated wit
the deposited thickness of theindividual germanium layers,
it appears as though the~much thicker! C60 layers are acting

FIG. 7. Tunneling current vs junction bias for a typic
BE/C60-Ge multilayer/CE junction ~sample 14!. The theoretical fit
is for the semiclassical double-junction model withR1 ,R2529 V
andC1 ,C257.0310218 F. A nonlinear background term (}V3) is
added to the tunneling rate, and a shunt resistance of 77V is added
in parallel to the entire junction.

FIG. 8. Calculated barrier width as a function of the deposi
barrier thickness.
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effectively as equipotential layers. This is consistent with
observed charging effects elucidated above.

C. Dynamical effects

Interesting dynamical effects were also observed in
multilayer Ge/C60 systems. In many junctions, the tunnelin
resistance and the size of the Coulomb blockade was
served to change drastically over the course of some m
surements. In some cases the resistance would increase~e.g.,
sample 12 in Table II!, and in others, the resistance wou
decrease~e.g., sample 10!. Regardless of whether the resi
tance increased or decreased, in all of the cases but
~sample 9!, the system continued to exhibit tunneling beha
ior after the change. For the most interesting case~sample
11!, the resistance of the junction first increased and th
returned to close to its initial value~see Fig. 9!, continuing to
exhibit tunneling behavior after each change. These chan
were apparently due to physical changes in the C60 layers.
~This dynamical behavior has also been observed in our

d

TABLE II. Listed are the resistances of Ge/C60 multilayer junc-
tions. A number of the junctions exhibited interesting dynami
effects, changes clearly seen in the tunneling resistance. Ex
where noted, the systems continued to exhibit tunneling beha
after a change. Sample numbers are from Table I.

Sample
number

Initial
tunneling
resistance

~V!

Resistance
after first
change

~V!

Resistance
after second

change
~V!

8 6
9 201 38a

10 93 78
11 22 122 20
12 5 35
13 240
14 31
15 97

aNo longer exhibited tunneling behavior after change.

FIG. 9. An example of switching behavior in a junction whe
tunneling conductance significantly changes and then return
close to its initial value.~a! The current vs voltage plot for the
junction in its initial state.~b! The I -Vcurve after the junction un-
dergoes its first change.~c! The I -Vcurve after the junction change
a second time.
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PRB 58 10 947TUNNELING IN MULTILAYER FULLERENE/Al 2O3 AND . . .
liminary work on multilayer Ge/C70 systems.! We note that
reversible changes in tunneling conductance have been
ported in other disordered systems as well.34

IV. CONCLUSIONS

In conclusion, we have successfully prepared tunnel ju
tions composed of fullerene/dielectric bilayers a
multilayer thin films. The thermally evaporated C60 and C70
films employed in these studies formed molecular cluster
a manner akin to the formation of droplets in thin me
films, demonstrating a systematic increase in cluster
with increasing film thickness. Our fullerene-based junctio
also exhibited Coulomb blockade structure generally con
tent with the size scale of the fullerene clusters a
showed—at least as regards their behavior in these tu
systems—that C60 clusters can act as ultrasmall capacitan
systems.

Tunneling studies showed that C60 films less than;400
Å thick were discontinuous. However, layered C60/Ge com-
posites showed good tunneling behavior even though the
at
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tal composite thickness,;250 Å, was in the range wher
both the Ge and C60 individually show ‘‘pinhole’’-type char-
acteristics. Furthermore, a remarkably good corresponde
between deposited Ge film thickness and calculated ba
width was found in C60 multilayer systems.

Finally, we note that these fullerene/dielectric tunneli
systems have also exhibited interesting dynamical effe
This behavior was manifest as distinct changes—as muc
an order of magnitude—in tunneling conductance. Switch
behavior was also observed where junction conducta
changed twice, returning to close to its original value.
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