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An evaporated nanometer scale granular film provides a simple system for studying Coulomb
blockade effects. This technique has often been used during the last few decades. However with
respect to potential devices, specific problems continue to obstruct broader application. It is virtually
impossible to observe Coulomb blockade in one—dimensional structures, and even for wide two—
dimensional systems the yield is frustratingly low. We study these problems using a comprehensive
theoretical framework that enables us to model both the growth aspects, and the electrical
characteristics. In particular, we study how the morphology of the islands influences their electrical
properties. Explanations for the observed behavior are put forwardl999 American Institute of
Physics[S0003-695099)02137-3

The electronic conduction of nanometer scale granulacover different material systems if the parameters are
films has been studied for a long tirhén fact, discussion of adapted accordingly.

Coulomb blockadestarted with these systemét was soon A computer simulation package has been developed and
realized that the basic requirement of the observation of thes used to model all relevant aspects of granular structures,
Coulomb blockade phenomenon is a double junction systerfrom the actual growth of the samples to the computation of
of sufficiently high resistancesR&>h/e?) with an island of  the capacitances and tunneling resistances between the grains
sufficiently low capacitanceC<e?/(kgT)] in between. Un-  and, finally, the full current—voltagd €V) curves. Electrical

til the development of two-angle shadow evapordtion characterization can be performed while the growth process
granular systems dominated this field. More recently, howtakes place thus giving situ control of the deposition.

ever, interest has turned from exploration to application, and  The simulation package consists of two fundamental
from stochastic granular structures to lithographically de-parts: the simulation of the deposition, island formation, and
fined devices. This includes a combination of both, such asland growth, and the program used to calculate Ith¥/
lithographically defined one-dimensionallD) granular  characteristics of granular devices of given geometry. Both
films® and the postprocessing of nanometer size clusters WitBarts employ Monte Carlo algorithms, however in very dif-
high accuracy. ferent contexts.

One reason for this change of approach is the fabrication  As for the first aspect, the growth process is simulated
yield problem of granular structures. 1D systems of nanomyith a deposition—diffusion algorithfh. It includes the
eter size clusters have been achieVdxit Coulomb block-  atomic deposition at random positions, 2D diffusion on the
ade has not yet been observed in these systems. The situati§ipstrate, island formation by congregation of free atoms,
is more optimistic for two-dimensiondRD) structures, but  the growth of existing islands, and the coalescence of is-
low yield poses a problem here as well. Postprocessing offelignds. The three-dimensional nature of the films is accounted
a solution, but, unfortunately, to date it is not feasible forfor hy assuming a hemispherical shape of all the islands. The

large scale applications. _ ~ presence of metallic contacts prior to the deposition can also
In this letter we study yield problems from a simulation pe gccounted for.

point of view. We concentrate on two aspects: namely the  The growth model has proved to reproduce well the
lack of Coulomb blockade in 1D films and the growth con-morphology of the experimental structufe. Additional
ditions in 2D systems. For simplicity, we restrict this consid- processes such as diffusion of deposited atoms into the sub-
eration to the case of gold films on a silicon dioxide sub-girate and(subsequentOstwald ripening of islands turned
strate. However, the framework used is generic and is able gt to pe not relevant and therefore they are neglected. More-
over, surface tension of the forming islands is found to be
dElectronic mail: hom@phy.cam.ac.uk considerablé, thus favoring the gold dimer as a stable ar-
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FIG. 1. Snapshots of a 1D granular film during deposition for coveradges:
20%, (b) 30%, (c) 40%, (d) 50%, and(e) 60%. Note that periodic boundary
conditions apply in the vertical direction.

rangement of two gold atoms, leading to hemispherical shape
of larger islands, and preventing reevaporation of atoms once
they are captured by an island as well as migration of whole
islands.

The amorphous silicon oxide surface is simulated by a
square lattice of lattice constant 2.57 A for the diffusion
process! Another parameter that influences the growth pro-
cess is the diffusion/deposition ratio, i.e., the number of dif-
fusion steps that one atom is allowed to perform on the grid
before a new atom is deposited. It influences the size distri-
bution of the generated film. In gccordance with eXperimenI:IG 3. Snapshots of a 2D granular film during deposition for coverdges:
tal resultS we use 1.8 10° for this parame_ter. . . 60%,(5) 64%, (c) 70%. The evolution of a double junction is visible in thé

The outcome from the growth simulation is the position yicinity of the lead contacts. Note that periodic boundary conditions apply in
and size of the individual islands. These purely geometrighe vertical direction.
data are forwarded to the electrical characterization. This
second part of the simulation is described extensivel
elsewheré? Eventually, it produces the—V characteristics
according to the “orthodox theory*® from the geometric
input data.

Xarged results in a surprisingly high probability of finding
wide tunneling gaps. At 60% coverage, for instance, where
coalescence is predominant, the probability of finding a pro-

We have applied the modeling procedure both to 1D an(#ﬂbitive tunneling gap of 3 nm or more is still 10%. It fol-

2D arrays. Both these types of structures can be fabricate@"V> that 1D chains containing more than ten islands have an

experimentally’. As for the 1D systems, a series of snapshots_exneme'y low chance of being conducting, and correspond-

at different surface coverages of the growth process aridl even lower chance of showing the particular condition
shown in Figs. 1a)—1(e). Notice that most of the islands are for _CO‘_J'Omﬁb blockade. This corresponds well to experimen-
formed within the very early stages of the growth proces§a| findings: Therefor_e, Whlle_the fab_ncatlon of_ 1D granular
after which the growth is dominated by the enlargement ofystems remains an impressive ach|evemept in techn-olog|cal
the existing islands rather than by the formation of new onesl€'™Ms, there is doubt that such systems will be feasible for
In Fig. 2 we evaluate the growth data of Fig. 1 with MaKing single electron devices.

respect to the interdot distanck This is a very sensitve ~ Our analysis has also been extended to 2D systems. In
quantity since tunneling has been observed via gaps less th&WS case, two electrical contacts are placed on the grid prior
2 nm only, even under favorable, tunnel-barrier-height ref0 the deposition process. The growth process is altered in
ducing dielectric films:*°In Fig. 2 the probability density is the vicinity of the contacts. In particular, the contacts act as
shown for different values of the substrate coverage. Negasinks for the deposited atoms, and the region around the
tive d indicates coalesced islands. Remarkably, the width ofontacts remains depleted of islands. This feature is apparent

the distribution hardly changes and the long tail towardgn experiments? In order to obtain a Coulomb blockade
system, it is necessary that a tunneling path between the two

contacts is established. This might involve several islands

2(5) . Coverage but it is necessary that all the inter-island separatipns are
_ 40 h 10% — small enough so that tunneling can occur. In practice this
L 35 | g means that the islands must be separated by less than®2 nm.
£ gg 40 cyz ..... We have performed numerous simulations of the growth
8 20 28 Zo - process and we have found that the conditions for Coulomb
2 15 . blockade devices are relatively unlikely to occur. The yield
12 — is about 10%. In Figs. @)—3(c) we show a system that
0 - complies with the above requirements. The various figures
0 2 4 6 8 are snapshots taken during the growth process at coverages
d [nm] ranging from 60% to 70% of the surface. As can be seen in

FIG. 2. Change of the interdot separation distribution with increasing (:ov-thIS case there is an |slar[6|g. S(a)] that is placed in be-

erage for a 1D system. The histograms are shown for coverage from 10% f3VE€€N the contacts and separated by a small distance from

60%. Negatived means coalesced islands. the electrodes. In this case tunneling from the contacts to the
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0.5 posed. In 2D systems it has been found that the probability

04 | of obtaining a device operating in the Coulomb blockade
s ’ regime is rather low, about 10%. This is due to the fact that
~ 03¢ a tunneling path between the electrodes must be available
o with all the islands separated by a distance of no more than 2
o< 0.2 nm. Even lower is the probability of finding a symmetric

double junction, displaying Coulomb blockade, but no Cou-
lomb staircase. We attribute to this the fact that the staircase
is widely observed as a signature of charging effects in ex-
perimental double junctions.
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FIG. 4. 1-V characteristics of the 2D system shown in Fig. 3 for coverages .ThIS work was per'forr'ned within the. ESPRIT MEI'_—ARI

from 60%(bottom to 70%(top). The curves are scaled and offset by 50 mv project FASEM (Fabrication and Architecture of Single—

per curve for comparison and clarity. Electron Memories The authors thank David A. Williams
for many valuable discussions.
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lomb blockade effects can be observed.
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