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Tunneling in multilayer fullerene/Al ,05 and fullerene/Ge systems
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We discuss results on tunneling in barriers consisting of both pure fullerene films and layered composites of
fullerenes and dielectric materials. This work focuses ggffiins, which ranged from 50 to 600 A in thickness
and were layered with both AD; and Ge films 10 to 40 A in thickness. These studies reveal that for the
deposition conditions used here, incompletg @verage occurred for film thicknesses less that00 A. For
composites of g, with Al,O3 or Ge, we observed isolated clusters gf @olecules 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.
[S0163-182698)02440-0

I. INTRODUCTION Artificial barriers were originally considered for this work

Fullerenes have certainly captured the imagination of th because of the successful historical precedent of their use.
y cap 9 (T\Ioteworthy is their application to superconducting materials

scientific community because of their truly unique characterwhich have inadequate native oxides. A good example is Nb,

iStiC,S,' New eleqtronic and materials prqper_ties, as W?" as thﬁ/hose native tunneling oxide can be successfully replaced
exciting potential for a variety of applications, continue 10, qenositing and then oxidizing a thin surface layer of a
fue! broazd investigations in this new.ﬁeld of research_. Go0dpetal that forms a good oxide. Such materials includéAl,
rewewsl: and an abstragt lidare available on thg supject. Ta/ Mg, Y, or Er8 For a variety of reasons, Al has emerged
In this paper we discuss electron tunneling in pureas the material of choice for this application.
fullerene thin films and in |ayer8d CompOSiteS of fullerene Another approach to forming a barrier has been to direcﬂy
and dielectric films. In the present work we focus on thedeposit oxides such as &; MgO, and SiQ, fluorides
basic tunneling properties of these systems which have begfuch as Alg and ZrF, and other systems including Ti-Si
found to reveal much about the nature of the fullerenes. Theand AIN. Semiconductors, of course, are also a logical
work stems from the process of optimizing the characterisehoice for barriers. Some materials explored include Si, Ge,
tics of these g, and G, systems for inelastic electron tun- and Te. Si has emerged as the semiconductor barrier material
neling spectroscopflETS) work, which will be the topic of of choice, especially in hydrated form. Indeed, Si barriers
a future publication. have also proved to be a rich system for fundamental tunnel-
The general approach to junction fabrication follows tra-ing studies’ The topic of artificial barriers has been reviewed
ditional lines in terms of the creation of metal/barrier/metalat length*®
(M/B/M) type systems where each element is a thin-film In light of the above, AlO; and Ge were chosen for this
layer. In this work, the barrier layer is either purgo®@r a  work because of their known barrier characteristics and their
layered composite of &g with either ALO; or Ge. The use of compatibility with thermal evaporation, which was also used
composite barriers arose from the as-deposited nature of tHer fullerene deposition and for the deposition of the base
Cqo films, which scanning transmission electron microscopyand counterelectrodes. We also note that amorphous carbon
(STEM) and atomic force microscopyAFM) show to be has been used as a barrier matéridf, suggesting the basic
composed of islandlike clusters with largest size scales ofeasibility of using fullerene thin films themselves as barri-
the order of~100 nm. For pure f, it was found that com- ers. Furthermore, subsequent to the completion of this work,
plete coverage did not occur until average film thicknesswve found that superimposed thin layers of amorphous carbon
reached~400 A. A ubiquitous Coulomb blockade was also and amorphous germanium had previously been used to
present, consistent with the presence of isolated clustergiake successful junctiort$.In those junctions, the indi-
These multilayer tunnel systems also tended to exhibit intervidual germanium and carbon layers were always found to
esting dynamical effects clearly manifest in both the tunnelbe discontinuous at the thicknesses used, but when superim-
ing resistance and the magnitude of the Coulomb blockadggosed, pinholes were filled.
which in some cases were entirely repeatable. As discussed by Lieber and ChEhCg, can be readily
These and other results have stemmed from the success @faporatedor sublimed like other thin-film material$*-1°
creating viable tunnel barriers of fullerene molecules by lay-n this work, fullerene films were thermally evaporated from
ering the material with an artificial dielectric barrier material. purified powder with rates in the 1-3 A/s range.
Surprisingly, the best results have come with the use of ger- The samples prepared for our studies fell into two basic
manium. Even though each materia—Ge and theclasses. Those of the forii/fullereneM and M/fullerene—
fullerenes—individually tends to form films full of pinholes, dielectricM, i.e., tunnel junctions with puredgbarriers and
we find that layered together they form a useful medium forjunctions with composite barriers of fullerene thin films lay-
tunneling studies. ered with either AJO; (an oxidized thin film of A) or Ge.
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FIG. 1. Junction yield as a function of thickness for metal/
Ceo/metal tunnel junctions Experimental results are represented by
closed circles @). Successful junctions were those that exhibited
nonshorted behavior. We also show results for a model of the sys-
tem (A) that assumes theggmolecules randomly hit the lattice
and stick wherever they land. In the model, a successful junction is
created when every cell in the lattice contains at least one molecule. FIG. 2. Tapping mode AFM image of a 101-A-thickgJilm

thermally evaporated onto a Cu base electrode. Ther®@lecules
are seen to coalesce to form clusters. The dimensions of the area
Il RESULTS ON PURE Ceo LAYERS imaged are 5.umx5.0 um. Inset is the image of the Cu base

Our initial approach was to simply prepa#/Cg/M sys-  electrode at the same magnification. The Cu layer is featureless on
tems. This could, in principle, give an immediate picture Ofthis scale and appears not to contribute to the clustering of §pe C
the barrier properties of ¢ films, including phonon struc- film.
ture. The latter is suggested by tunneling studies of Ge films, ) )
which clearly show expected phonon peaks in tunnelingghows a turn on in the success rate fop @yers in the
conductancd’ We verified this inM/GeM structures with  Vicinity of 400 A and thus a good correlation of theory with
very thick Ge layers and in Ge{gmultilayers where the observed_ results. Notwithstanding the success of this ap-
11-meV mode(transverse acousjiavas observed and the pr'oac'h, film structure was found to be_ fa}r more complex than
34-meV mode(transverse opticmay have been present but this simple model would suggest. This is apparent from sur-
was usually obscured byggmolecular vibrations. face studies of the films.

The use of pure § barriers was only marginally success- AFM studies of the films show that thegmolecules
ful, however, due to the intrinsic nature of the films. The coalesce to form isolated clusters analogous to the way some
issue is clearly illustrated by a plot of the success rate ofnetal atoms form small island8 Figure 2 is a typicaltap-
creating viable junctions versus the thickness of the depog?ing mode AFM image of a 101-A G film on Cu, prepared
ited Ggo (Fig. 1). Viable junctions were arbitrarily defined as in the same manner as that usedMfCey/M tunnel junction
those which had measurable resistances—i.e., over aboutf@rmation. The figure clearly shows the presence gfdlus-

Q for a junction area of 9.8 10 3cn?. Very low junction ters. The inset in Fig. 2 was an AFM imagat the same
resistances were suspected of being associated with pinholB¥gnification of the Cu base electrode on which thg,C

in the Gso, allowing for direct metal to metal contact. How- film was deposited. On this scale, the film appears to be
ever, attempts to create superconducting shorts using Pb fgatureless. AFM images of thickersCfilms show an in-
both the base and counterelectrodes were not successf@€ase in average cluster diameter that scales approximately
Some “successful” junctions showed the characteristic paraWith film thickness(see Fig. 3. o o
boliclike increase in conductance with increasing bias asso- In any case, because of various technical impracticalities
ciated with tunneling while others in this category showed@ssociated with tunneling in films 400 A or more in thickness
only Ohmic behavior. In any case, by this measure there ignd the overall relatively low success rate of making junc-
clearly a “turn on” in the production of successful junctions tions with such thick films—raising the question of junction
in the vicinity of 400 A where it apparently becomes statis-Uniformity—another tact was taken in the exploration of
tically likely for complete film coverage to occur. these films. The basic philosophy was to use relatively thin

We modeled this behavior by treating film growth as theCeo films—which are assumed to have pinholes—and fill in
accumulation of randomly depositecidnolecules, with a the pinholes with a dielectric material. Our various ap-
nearest-neighbor distance of 10 A. We assumed that the moRroaches and results follow.
ecules were incident on a set of cells that made up a square,
two-dimensional lattice. The molecules were assumed to ran- Ill. COMPOSITE C ¢/DIELECTRIC SYSTEMS
domly hit the lattice and stick in whichever cell they landed.
Complete coverage of the surface, and thus *“success” oc-
curred when every cell in the lattice contained at least one These junctiongsamples 1-7 in Table) lwere made by
molecule. This approach had worked successfully in the dedepositing a thin layer of Al11-12 A on top of a thermally
scription of metal droplets on a surfateHere the model evaporated Cu base electrode, without breaking vacuum de-

A. Al,O3/Cg Systems
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FIG. 3. Mean G cluster diameter as a function of deposited ~ FIG. 4. Tunneling current vs junction bias for a typical
film thickness. Cluster diameter was determined by the examinatioR E/Al20s-Ceo/ CE system(sample 1. Here we note the Coulomb
of AFM images. Also shown is the effective cluster size based orPlockade near zero bias. The theoretical fit is for the semiclassical

the magnitude of the Coulomb blockade for individual junctions. double-junction mode(Refs. 23 and 24with R;R,=10 Q and
C;,C,=6.5x10"8 F. A nonlinear background term«={%) is

positing a fullerene film(100-600 A, oxidizing the Al/G added to the tunneling rate, and a shunt resistance 6f &7added

bilayer, and finally depositing a counterelectrode of silver o parallel to the entire junction.

lead to form a CU/.AQ,O3/(.:E SamP'e- The 'philo'sophy again characteristics—low leakage, calculated barrier hefghis
was to attempt to fill in pinholes in theggfilm with Al ,05. 1—2 eV. and barrier widths of 12 A
We note that this approach has been generally successful g in Fig. 4 is a typical current versus voltage plot for

. . . 0,21 v
with Si barnlers on Ng' h We Ve”f('jed tf;)at the 'Ak‘)l formed a 050 systemgample 1. On a gross scale, the first thing to
continuous layer, and thus a good,@% barrier, by prepar- e js the strong Coulomb blockade near zero bias. Be-

ing Cu/Al,O5/Pb junctions. The ADs in the CU/ALO/Pb 5156 of the fact that thesgmolecules tend to form clusters
junctions was formed by the deposition of 12 A of Alin it 2 mean diameter on the order of the deposited film
exactly the same manner as with the other samples studie ickness(Sec. 1), this behavior is not unexpected. Indeed,

These Cu/AJO3/Pb junctions exhibited good tunneling o presence of a blockade was observed in atDACq, and
Ge/Go multilayer samples although was generally clearest in

e e a0 Ul 0CopSystems. We ook the iancird approach n mod-
P posite, Y : P eling these data, using the semiclassical double-junction

are generally comprised as metgl{€dielectric/metal. The depos- model224The model is for a MB/C/B/M structure where M

ited thicknesses are those of the individuaj@J, Ge, or G layers
A Go 2y represents metal base and counterelectrodes, and where there

in the ALOL/Cspand G/Ge multilayer barriers. For junctions ex- . . .
hibiting dynamical effectgsee Sec. Il ¢ the results are those for are two tunnel barrier laye sandwiched betwee, which

the state in which the junction remained the longest. is an ultrasmall capacitance element. One factor in the mod-
eling of our junctions was the ubiquitous presence of some
Deposited Deposited Barrier Barrier “leakage” or nontunneling conductance, which is evident at
dielectric  fullerene height  width zero bias. This leakage was in excess of the expected ther-
Sample thickness thickness RA & d mally activated conductance at 4.2 K with or without a Cou-
number R (A) Qcmd  (eV) (R) lomb blockade. This was accommodated in the fit by intro-

ducing a simple, voltage-independent parallel shunt

1 15.4 100 0138 0384  28.7  yagistancé® For our ALO4/Cgy Samples, this resistance was
2 15.4 100 0.107 117 17.2 typically three times the tunneling resistance.
3 4.8 150 0070  0.768  20.6 The second issue is the absence of a Coulomb staircase, a
4 14.7 200 0330 0705 229  geries of steps of voltage wid#f/C, which can follow the
5 14.F 252 0.167  0.357 304  Coulomb blockade at zero bi&The absence of a staircase
6 14.2 302 1.350 0.883 222  can arise from a number of circumstances. Here, good fits to
7 14.F 600 0.126 0.580  23.9  our data were consistently obtained with the simple assump-
8 26.¢° 100 0.0163 0.609 20.0 tion that the junctions were symmetric. That is, the product
9 26.0° 100 0.247 0.893 19.6  of resistance and capacitariReC, associated with tunneling
10 26.0 100 0.115 0.358 28.5 onto the central capacitive element was equaRi€,, the
11 20.0 50 0.0558  0.930 17.4  parameters associated with tunneling off the central element.
12 20.¢¢ 50 0.0425  0.495 227 These results were also generally consistent with the
13 35.¢ 120 0320 0251 352 Giaever-Zeller modél! which inherently assumes junction
14 35.8 120 00791 0317 31.4 Symmetry. Other possibilities that would also tend to elimi-
15 35.0 120 0.247 0392 26.6 hate the manifestation of a staircase include a broad distri-
bution of particle size&®> However, for all of our samples,
#Al,05. the observed distributions of g& cluster sizes had half-

bGe. widths o of ~25-40% of the average cluster diameter.
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FIG. 5. Effective barrier height vs effective tunnel barrier width  FIG. 6. Resistance times area as a function of deposited thick-
as calculated from conductance data taken at 4.2 K. Results for purgess forBE/Al,O;—Cso/CE junctions. The individual trends are
Al,O; are included for comparison. associated with somewhat different fabrication techniques.

Washed out even for half-widths of S Thus the observed _ Where @ is the efective barier height antthe barrier
distribution width of particle size for our samples is not suf- Width), which can be expressed more simply as

ficient to describe the absence of staircase behavior. Another e

possibility for the absence of a staircase is the presence of a RAxe 2

series array of junction®:?® However, because of the wide

array of Ggdielectric systems examined, it seems unlikely
that we could consistently achieve the physical configuratio
required in this case.

where« is the characteristic tunneling length.

n In Fig. 6 we have plottedRA as a function of the total
barrier thickness, which includes both the depositeg C
Assuming that the capacitance of the clusters is give hlcknessltan?] thetht'-zazt[r]gﬁte’(&j thﬁkﬂgssl for thgoe\llayedr.t
simply by C=2me,ed, whered is the cluster diameter ard thurtresu I'S slow th f B ith » WhICh 1S ar?e _corlnp?_;_e_ IO
is the dielectric constant for aluminum or germanium as ap- € tunneling length for either AD; or even typical artificia

: : . semiconductor barriers and implies a barrier height of less
propriate, we have also extracted the effective cluster Slzj-\an 1 meV. Since it is observe@ig. 5 that individual

from fits to the tunneling conductance, as presented in Fig. 3.

We see that there is a general increase in calculated clust ctions exhi_bit relatiyely large b_arrier he_ights, we interpret
size, coincident with an observed increase in cluster size wit e RA behavior as simply showing that increasing thg C

increased depositedggthickness. However, there also ap- ;;flk?:ss Aklladc, O[?gr%rwev?/l; e;f;(: ?t?aih(sairr:i?;f gosr?elzrr]r?;tticin_
pears to be considerable variability in the physical constitu- ying Albs : y

tion of junctions with the same nominakgthickness. Welrr?té)rbess(taiweld Inutrr:cetigqr?sfalnjgjggdv?/itshysttj??z?ént areas. al-
As discussed in the next section, the results g§fGe gy. | '

multilayer systems analyzed in this same manner are alfﬁ\ough exhibiting the same slope, did not fall on the same

. ; : Aline as expected. However, there is again a precedent for
noteworthy. In this case, data are available only for relativel uch behavior in other artificial-barrier systefd\e note

thin Cgq layers, but the majority of these systems can also b .
described well by the semiclassical double-junction model.%i?rt] f;;?ﬁ;r\:\iﬁrﬁ’ t:: datrﬁg Vg:asycuicgegfftgtzﬂgfhre)rot;[gtr:rtilgrn

We have also analyzed the basic barrier properties of : L i )
these systems. The basic approach was to simply account f aFocleoresrg(;?j m;oug?me;r:“bj;antlmpated interaction of thg C
the Coulomb blockade by a voltage offset and fit to the Sim- y 9 '
mons result for a simple trapezoidal barri@The results of _
this procedure are shown in Fig. &he parallel resistance, B. Multilayer Ge/C g, systems
discussed above, was not incorporated into these calculations |, these systems, a fullerene layer is deposited on the

and its presence does not substantially change these r)ssultﬁr,erma”y evaporated base electrode, followed by a Ge layer.
The data are consistent with the idea of a systematic depregs process is repeated twsamples 8—10 and 13-
sion of the intrinsic barrier height of pure A); as we have  three(samples 11 and 32imes, and the barrier is topped off
prewc;lfsly discussed in connection with Bi particles onyjth another fullerene layer before the counterelectrode is
Al,05™ and has been noted in connection with other artificialjeposited. For a given junction, individual Ge layers were
barrier systems.In general, thicker € layers produced bar- the same thickness, as were the individugh Byers. The
riers with progressively lower effective heights and 'argerjunctions generally had g to Ge total thickness ratios of 5

widths. _ _ to 1. It was found that the total thickness of Ge had to be in
Another perspective on these systems can be gained bygycess of about 50 A or else the junctions would be shorted.

plot of resistance times areRA, versus thickneséFig. 6).  |ngdividual Ge layer thicknesses ranged from 20 to 35 A.

We expect that Shown in Fig. 7 is a typical current versus voltage plot for

¢ these systemsgsample 14 The fit is from the aforemen-
RA=3.17X 10" 11( _) el028V% (1) tione|<|j Idouble-junction model with a shunt resistor added in
parallel.
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0008 Fr—r——T T T T T ] TABLE II. Listed are the resistances of Gg{@nultilayer junc-
0.006 F Experiment 3 tions. A number of the junctions exhibited interesting dynamical
. B ] effects, changes clearly seen in the tunneling resistance. Except
0-004 7 where noted, the systems continued to exhibit tunneling behavior
g 0.002 | ] after a change. Sample numbers are from Table 1.
= ]
g o 3 E Initial Resistance Resistance
O w0002k 7 tunneling after first after second
-0.004 | 3 Sample resistance change change
E ] number Q) Q) Q)
-0.006 |- 1
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FIG. 7. Tunneling current vs junction bias for a typical 11 22 122 20
BE/Cgy-Ge multilayerCE junction (sample 14 The theoretical fit 12 5 35
is for the semiclassical double-junction model with,R,=29 Q) 13 240
andC,,C,=7.0x10 '8 F. A nonlinear background ternw({/3) is 14 31
added to the tunneling rate, and a shunt resistance 6¥ &7added 15 97

in parallel to the entire junction. — - -
4o longer exhibited tunneling behavior after change.

Barrier heights and widths were calculated by fitting theeffectively as equipotential layers. This is consistent with the
|-V data to the Simmons model as discussed above. Here Whserved charging effects elucidated above.

found that barrier heights ranged from 0.4 to 0.9 eV for Ge
layer thickness less than 30 A and were much smaller for
thicker films. These results are shown in Fig. 5 and include
some preliminary results on,gbased systems as well. All Interesting dynamical effects were also observed in our
systems show a systematic correlation of generally decreagaultilayer Ge/Gq systems. In many junctions, the tunneling
ing effective barrier height with increasing effective barrier resistance and the size of the Coulomb blockade was ob-
width. served to change drastically over the course of some mea-
Remarkable in regard to Gedgresults was the ability to  surements. In some cases the resistance would inctease
make a one-to-one correlation between the deposited thickkample 12 in Table )] and in others, the resistance would
ness of individual Ge layers and the effective barrier width, decreasée.g., sample 10 Regardless of whether the resis-
as shown in Fig. 8. The barrier width calculated from thetance increased or decreased, in all of the cases but one
Simmons model and the actual deposited Ge thickness weféample 9, the system continued to exhibit tunneling behav-
quite consistent over a relatively wide range of Ge thicknesdor after the change. For the most interesting céssemple
lending confidence to the procedure used to extract barriekl), the resistance of the junction first increased and then
parameters. This was not the case for the Al barriers wheregturned to close to its initial valugee Fig. 9, continuing to
calculated barrier thickness was consistently greater than trexhibit tunneling behavior after each change. These changes
deposited thicknesgaking into account the oxidation of the were apparently due to physical changes in thg l&yers.
Al layer). Thus, we conclude that because the calculated bafThis dynamical behavior has also been observed in our pre-
rier width of the Ge/G, multilayers is clearly associated with

C. Dynamical effects

the deposited thickness of tliredividual germanium layers, 001 T
it appears as though tHenuch thickey Cq, layers are acting r
0.005 )>
50 L L LA — I
O  ALO4Cyy o7 <
=3 swl| ® Ce/Ge mulilayers P 1 3 0
= [ 4 ] 3
ke L ©
i 30 | o e« ° . 0.005 |
8 ), . i
8 - 8 o.” ]
9 20 |- s ® . |
£ X o _”e 1 -0.01 o L
g - E -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
3 or Pd g 7 Bias (V)
. [~ . . . . ] FIG. 9. An example of switching behavior in a junction where
0 10 20 30 40 50 tunneling conductance significantly changes and then returns to
Deposited Dielectric Thickness (A) 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-
FIG. 8. Calculated barrier width as a function of the depositeddergoes its first changéc) Thel-Vcurve after the junction changed
barrier thickness. a second time.
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liminary work on multilayer Ge/g, systems. We note that tal composite thickness-250 A, was in the range where
reversible changes in tunneling conductance have been rboth the Ge and £ individually show “pinhole”-type char-
ported in other disordered systems as well. acteristics. Furthermore, a remarkably good correspondence
between deposited Ge film thickness and calculated barrier
width was found in Gy multilayer systems.

) i Finally, we note that these fullerene/dielectric tunneling

~ Inconclusion, we have successfully prepared tunnel juncsystems have also exhibited interesting dynamical effects.
tions composed of fullerene/dielectric bilayers andThjs hehavior was manifest as distinct changes—as much as
multilayer thin films. The thermally evaporatedd@and Go  an order of magnitude—in tunneling conductance. Switching
f|ImS employed in these Studies formed m0|ecu|al’ CIUSterS i%eha\/ior was alSO Observed Where junction Conductance

a manner akin to the formation of droplets in thin metalchanged twice, returning to close to its original value.
films, demonstrating a systematic increase in cluster size

with increasing film thickness. Our fullerene-based junctions
also exhibited Coulomb blockade structure generally consis-
tent with the size scale of the fullerene clusters and
showed—at least as regards their behavior in these tunnel The authors wish to thank T. L. Peterson for the AFM
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