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Self-organized one-atom thick fractal nanoclusters via field-induced atomic
transport
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JOURNAL OF APPLIED PHYSICS 114, 064304 (2013)

We report on the growth of a monolayer thick fractal nanostructures of Ag on flat-top Ag islands,
grown on Si(111). Upon application of a voltage pulse at an edge of the flat-top Ag island from a
scanning tunneling microscope tip, Ag atoms climb from the edge onto the top of the island. These
atoms aggregate to form precisely one-atom thick nanostructures of fractal nature. The fractal
(Hausdorff) dimension, Dy = 1.75 = 0.05, of this nanostructure has been determined by analyzing
the morphology of the growing nanocluster, imaged by scanning tunneling microscopy, following
the application of the voltage pulse. This value of the fractal dimension is consistent with the
diffusion limited aggregation (DLA) model. We also determined two other fractal dimensions
based on perimeter-radius-of-gyration (Dp) and perimeter-area (D'p) relationship. Simulations of
the DLA process, with varying sticking probability, lead to different cluster morphologies
[P. Meakin, Phys. Rev. A 27, 1495 (1983)]; however, the value of Dy is insensitive to this
difference in morphology. We suggest that the morphology can be characterized by additional
fractal dimension(s) Dp and/or D’ p, besides Dj;. We also show that within the DLA process Dp = Dy,
[C. Amitrano et al., Phys. Rev. A 40, 1713 (1989)] is only a special case; in general, Dp and Dy can
be unequal. Characterization of fractal morphology is important for fractals in nanoelectronics, as
fractal morphology would determine the electron transport behavior. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4817520]

. INTRODUCTION In this paper, we report on a novel mechanism in the
STM tip-pulse voltage induced atomic migration and forma-
tion of one-atom thick fractal nanostructures. In contrast to
the mechanism in Ref. 3, here, diffusion limited aggregation
(DLA) appears to be responsible for the formation of fractal
nanostructures. As the nanostructure grows, its shape keeps
changing. We have carried out tip-pulse induced mass trans-
port experiment on flat-top Ag islands on Si(111). The elec-
tric field associated with the voltage pulse causes the
climbing of Ag atoms onto the top of the flat-top Ag island.
Diffusion and aggregation of these Ag atoms on the flat-top
island surface have led to a fractal structure partially cover-
ing the flat-top island. We have determined the fractal
(Hausdorff) dimension of this structure. The observed value
of the fractal dimension is consistent with the DLA model.
To our knowledge, this is the first example of fabrication of

Controlled fabrication of nanoclusters on surfaces and
their stability are important aspects in the development of
nanoelectronic devices. The scanning tunneling microscope
(STM) has played an important role to fabricate atomic or
nanoscale structures by manipulating single atoms or mole-
cules.! Field-induced nanometer- to atomic-scale manipula-
tion on silicon surfaces has been achieved by applying
voltage pulses to the STM tip.? The electric field from the tip
causes a mass transfer (single atom or cluster) from the sur-
face to the tip. The tip can then be moved to a predetermined
surface site where the atom or the cluster can be redeposited
by applying a second voltage pulse of opposite polarity.?
Another kind of tip-pulse voltage induced mass transport has
recently been observed, where the STM tip does not actually

carry the mass from one point to another. One single voltage
pulse at one location causes mass transport to other loca-
tions. This has been observed for Pb islands on silicon surfa-
ces and the phenomenon has been used for building Pb
nanomesas with atomic-layer precision.” In this case, the
mass transport mechanism initially causes the formation of a
monolayer (ML) thick annular ring on top of the island in a
fast process and then in a slower process, apparently via va-
cancy diffusion from the enclosed vacancy island within the
annular ring, the monolayer thick island is completed. The
outer shape of the island remains unchanged during the
whole process.

YEmail: msbnd@iacs.res.in

0021-8979/2013/114(6)/064304/7/$30.00

114, 064304-1

a self-organized fractal structure using a STM. These results
assume importance also for the fact that fractal structures®
are not only of academic interest but also are useful in tech-
nological applications. “Fractal electronics” involves elec-
tronic devices fabricated using fractal structures. Fractal
capacitors with submicron features, with a few times
increase in the capacitance per unit area compared to stand-
ard parallel plate capacitors, have been fabricated. For these
fractal capacitors, capacitance boost factors in excess of ten
may be possible as the technology reaches nanoscale.’
Antennas with fractal structures have found extensive appli-
cations in mobile telecommunications and the device size
has reached mesoscale.®® Applications of fractal structures
in nanoelectronic devices are already being explored.”

© 2013 AIP Publishing LLC
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For field-induced atomic transport experiment via a volt-
age pulse from a STM tip, the Pb/Si system was used in Ref.
3. We intended to investigate a different metal/Si system,
because different adatom binding energies and diffusion acti-
vation barriers on surfaces of different metals might lead to
different growth mechanisms and different self-organized
structures. Earlier we investigated growth and many related
interesting phenomena for the Au/Si'®"? and the Ag/Si'*!?
systems, including fractal structure formation.'"'> While the
Au/Si system is reactive, the Ag/Si system is nonreactive
like the Pb/Si system. Hence, we have chosen the Ag/Si sys-
tem for the present experiment.

Il. EXPERIMENTAL

The experiments were performed using a compact mo-
lecular beam epitaxy (MBE) system and a variable tempera-
ture scanning tunneling microscope (VT-STM) (Omicron
Nanotechnology), operating under ultrahigh vacuum (UHV)
condition with the base pressure less than 1.0 x 10~' mbar.
N-type Si (111) substrates, after proper degassing, were
flashed at around 1200°C for 45s to obtain clean 7 x 7
reconstructed surfaces. The growth of Ag islands on Si
(111)-7 x 7 surfaces is achieved by depositing Ag onto the
substrates at room temperature (RT), from a Knudsen cell at
the rate of 1.7 ML per min. We define a ML of Ag to be
equivalent to the nominal surface atomic density of Ag(111),
1.5 x 10" atoms/cmz, as in Refs. 16 and 17. We have depos-
ited 2 ML Ag, which forms percolated flat-top islands with
height preferences of 2, 4, 6, ... atomic layers (ALs) on a
wetting layer of 1-AL as observed earlier.'® The island sur-
face is Ag(111).'® This preference apparently arises from an
electronic growth mode.'®!” We applied a voltage pulse
from the STM tip at the edge of a Ag island and observed
time evolution of mass transport on the surface of the flat-top
island via collection of successive images. STM imaging
condition was +1.0V, 0.1 nA. A voltage pulse of +7V was
applied for 1 s keeping the feed-back loop on. Then, immedi-
ately the imaging condition was brought back for collecting
successive images.

lll. RESULTS AND DISCUSSIONS

A. Field induced growth, growth characteristics,
and fractal (Hausdorff) dimension

Fig. 1 shows a constant-current STM image (205 nm
x 205nm) of the Ag-deposited Si(111) surface. The Ag
islands are flat-top and have preferred heights (not shown
here) as in Ref. 16. We have chosen the island “A” in Fig. 1
for tip-pulse induced modification. This island height is
equivalent to 4-AL of Ag on top of a wetting layer of 1-AL
of Ag. Initially, a tip-pulse voltage of +7 volt was applied to
the island “A” at the position indicated by a cross. This has
produced a small hole along with a small adjacent island of
adatoms as seen in Fig. 2(a). However, no major mass trans-
port has taken place. In previous investigations on Pb islands
on Si(111), major mass transport has been found to occur
when the voltage pulse is applied to the tip by placing it at
the edge of an island.*'®'” We have also found major mass

J. Appl. Phys. 114, 064304 (2013)

FIG. 1. A constant current (i=1.0nA, V=0.5V) STM image (205nm
x 205nm) of a Ag thin film on a Si(111)-7 x 7 surface. The voltage pulses
from a STM tip were applied to the positions marked by “x” and “O” on the
flat-top island ““A,” as described in the text.

transport when the voltage pulse is applied near the island
edge at the position marked by a circle in Fig. 1. Fig. 2(a),
which is a part of Fig. 1, also shows this position marked by
a circle. Fig. 2(b) shows the STM image taken 106 s after the
application of the tip-pulse. It is readily seen that material is
lost from the edge of the island and there is material accumu-
lation on top of the island and formation of a small 1-AL
thick island. Height scan along the line in Fig. 2(b), shown in
Fig. 3(a), confirms this. We concentrate on the growth of this
island area with time by taking successive images shown in
Figs. 2(b)-2(i). The perimeter of the growing island is

FIG. 2. (a)-(i) Constant current (i=0.5nA, V=0.5V) STM images
(100 nm x 100 nm) successively taken after application of the voltage pulse
at the position marked by “O” in (a). The images show the growth of a pulse
voltage induced Ag island on top of the flat-top Ag island “A” in Fig. 1. The
perimeter of the growing island is marked by blue lines.
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FIG. 3. (a) and (b) The height profiles along the lines marked in Figs. 2(b)
and 2(h), respectively, show that the growing island is one atomic layer (1-
AL) thick.

marked in Figs. 2(b)-2(i). Island area vs time plot is shown
in Fig. 4. We notice an enhanced growth rate from (e) to (f)
in Fig. 4. Comparing images 2(e) and 2(f), we notice that
there is a massive mass transport from the region marked by
the arrow in Fig. 2(e). Mass transport from other regions of
island edges than where the pulse is applied has also been
observed earlier for Pb islands on Si(111).%° That the island
grows only laterally and the height remains one atomic layer
thick is seen in the height scan from Fig. 2(h), shown in Fig.
3(b). This growth feature is different from that for the Pb/
Si(111) system. The shapes of the growing one-atom thick
island are clearly different from ordinary geometrical shape.
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FIG. 4. The island area vs elapsed time following the application of the volt-
age pulse.
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As we will see, these shapes belong to fractal geometry. That
is, these are fractal structures.

The fractal dimension (Hausdorff dimension, D) of a
fractal structure is defined by the cluster mass (M) scaling
with the radius of gyration (R,) as>1??

MooR,Pr. (D

In our case, the clusters are uniformly one atomic layer thick
and hence the area (A) is proportional to mass (M). So,

A oo R?”. )

Usually many islands of various sizes are used for the
analysis of the fractal dimension. However, for a growing
island, as in the present case, if the evolution of the island
can be followed, fractal dimension can be determined from a
single growing island, as it is often done in simulations.*?
For the growing cluster, we have determined the area A and
the corresponding R, values® from the images in Fig. 2. We
show the plot of In(A) vs. In(R,) in Fig. 5. From the slope,
we obtain Dy = 1.75 = 0.05. The measured fractal dimen-
sion is consistent with the DLA model. Theoretically, the
DLA process yields a fractal dimension of about 1.7 for
growth on a surface, i.e., in a 2-dimensional space.l 122,24.25

In order to compare the growth mechanism of the tip-
pulse induced Ag island and the original Ag islands formed
by Ag vapor deposition, we have also analyzed the morphol-
ogy of the original Ag islands. For Ag deposition on
Si(111)—(7 x 7) surfaces at RT, at low coverages, isolated
Ag islands form on a wetting layer.'®'” As the coverage is
increased, percolated island structures are formed at a certain
coverage. Below this percolation limit (~1.9 ML), we have
carried out fractal analysis of the island structures. A STM
image from the surface for a coverage of 1.8 ML Ag is
shown in Fig. 6(a). We have analyzed 20 islands and found
that they obey Eq. (2) indicating that they have fractal struc-
tures and the fractal dimension is found to be Dy = 1.61
* 0.06. This is shown in Fig. 6(b). The upper limit of this
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FIG. 5. The fractal dimension was obtained from the relationship between
the island area (A) and the radius of gyration (R,) from Egq. (2).
Experimental In(A) vs. In(R,) plot is shown. The solid line is the linear fit to
the data. The slope of this line gives the fractal dimension Dy =1.75 £ 0.05.
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FIG. 6. (a) A 300 nm x 300 nm constant current STM image (i =0.05nA, V
= —2.1V) showing the flat-top Ag islands onto the Si(111)-7 x 7 surface.
The Ag coverage was 1.8 ML. (b) a In(A) vs. In(R,) plot showing the fractal
(Hausdorff) dimension Dy =1.61 % 0.06.

value of Dy, is nearly equal to the lower limit of the value of
Dy; obtained from the tip-pulse induced growth. The aggre-
gation mechanism in the formation of the original Ag islands
can also be identified as DLA. This is not surprising as these
islands also grow on the Ag wetting layer and should follow
the same diffusion and aggregation mechanism.

We could have reported STM tip-voltage induced mass
transport experiment on isolated single islands, as obtained
for Ag coverages below 1.9 ML. However, these islands are
smaller (compared to those on the percolated structure at
higher coverages) and some parts of the largest isolated
island is as narrow as 10nm. So, STM pulse induced growth
of an island large enough for establishing the fractal nature
could not be obtained. Radius of gyration variation at least
over a decade is necessary to establish fractal scaling. That is
why we have used larger islands, obtained in the percolated
structure, for the investigation of STM pulse induced effects.
Even on this large island, as the tip-voltage induced mono-
layer island grows larger, the island shape is apparently re-
stricted by the edge of the original island. Up to the 4th point
in Fig. 5, the monolayer island has not been significantly
affected by any edge, yet they follow the same slope (fractal
dimension) as it is for the entire range. It should be men-
tioned here that even the larger area of the base Ag island in
percolated structure is not large enough for growing a large
field-induced fractal cluster. So, the scaling relationship
could not be investigated over much larger length scales. We

J. Appl. Phys. 114, 064304 (2013)

could obtain only very limited-range fractals. In general,
fractal structures with thicker branches offer the possibility
of investigation of scaling behavior only over a limited
range. For example, in Ref. 9, Sb island growth on highly
oriented pyrolytic graphite shows thick branches and DLA
fractal scaling (Dy=1.7), where coarse cut-off length is
only ~3 times the fine cut-off length. A general observation
is that all fractal structures observed in recent STM growth
studies are formed in the so-called extended fractal growth
regime, which produces thicker branches.?® These structures
would show scaling only over a limited range length scales.

In the present experiment, we could determine neither
the fine scale nor the coarse scale cut-off. If we had taken
STM images at much shorter time intervals following the
application of the voltage pulse, perhaps we could have deter-
mined the fine scale cut-off. The fine scale cut-off can indeed
be made smaller by reducing the substrate temperature.*
This would help increase the fractal scaling range. We could
not determine or extend the coarse scale cut-off, because the
growth of the field-induced Ag island was limited by the
available island area on which it has been growing.

From Figs. 2(f) to 2(i), we notice that the hole on the
island, created by the first pulse at “x” in Fig. 1, has not been
filled by adatoms; rather the growth has proceeded by avoid-
ing the hole on the island surface. Because of a Ehrlich-
Schwoebel ba\rrier,y’28 atoms do not climb down the hole.
For Ag diffusion on a Ag(111) surface, this barrier is
130meV.? In the absence of this hole, the island perimeter
and the area would have been somewhat different. We con-
sider this difference and still find the value of the fractal
dimension to be within the error bar of the determined value,
as this region is only a small fraction of the total perimeter or
area. The fact that the growth avoids the hole, prefabricated
by STM, offers the possibility of manipulating the fractal
structure to a desired form as it has been done for the fractal
antenna in order to modify the behavior of the antenna.®

The only other case where tip-pulse voltage induced
one-atom thick island formation was observed is Pb on
Si(111) in Ref. 3. In contrast to the growth mechanism in the
case in Ref. 3, here tip pulse induced upward atomic motion
leads to the formation of a small Ag adatom island, which
grows laterally in time via the DLA process. For the case of
Pb island in Ref. 3, Pb atoms initially accumulate at the
island edge forming an annular island and adatom diffusion
on the terrace is negligible. The inner part of the annular
island is filled via a vacany diffusion mechanism. Thus, the
outer shape remains unchanged as the island grows. Adatom
diffusion activation barrier for Ag diffusion on Ag(111) is
0.06eV,”” whereas this value for Pb diffusion on Pb(111) is
0.15eV." While this large difference in activation barrier
could be partially responsible for the different growth behav-
iour, there could be other factors influencing this difference.

Electronic growth mode produces islands of preferred
heights. This has been observed for Pb growth on Si(111)-
(7 x7) surfaces®® and for Ag growth on Si(111)-(7 x 7)
surfaces.'®!73 For Pb, the preferred island heights are 5-
AL, 7-AL, 9-AL ... on a wetting layer of 2-AL. Ag growth
on Si(111) shows a preference for islands of 2-AL, 4-AL, 6-
AL ... height on a wetting layer of 1-AL.'®'” Here, we have
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applied the tip-pulse voltage on a 4-AL island, and the
induced atomic migration has produced a 5-AL height island
by adding one atomic layer on top of an island of 4-AL
height. At RT, the 4-AL height island remains stable and the
uphill transfer of Ag atoms on top of this island is apparently
kinetically blocked. The triggering voltage pulse enables a
large number of Ag atoms to be transferred to the top of the
island, where they diffuse and aggregate. This field-assisted
upward movement of Ag atoms and formation of monolayer
cluster have been observed on islands of other heights than
4-AL. This feature was also observed for Pb islands, where
successively applied voltage pulses have been found to add
one additional atomic layer of Pb to the island.’

B. Other fractal dimensions and morphology of fractal
structures

Fractal nature of a structure is also described by other
fractal dimensions than Hausdorff dimension (D). Fractal
dimension of the perimeter (Dp) from its dependence on R,
is defined by

P oo R,"” (3)

in a similar way to Eq. (1). Here, P is the length of the perim-
eter of the structure. The result obtained from the analysis of
Fig. 2 is shown in Fig. 7. The plot in Fig. 7 yields Dp
=1.25 £ 0.04.

We also investigate the morphology of the growing
island via perimeter-area relationship. We measure the pe-
rimeter and the area of the island at various stages of growth.
For a fractal object, the perimeter (P) is also related to the
area (A) as*

D'

PoAT, )

where D'p is the fractal dimension obtained from the
perimeter-area relationship. The value of D’p depends on the
yardstick length (i.e., size of a pixel) used to measure P. The
yardstick should be small enough™® in order to get a reliable
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FIG. 7. The fractal dimension was obtained from the perimeter (P)-radius
of gyration (R,) relationship, Eq. (3). Experimental In(P) vs. In(R,) plot is
shown. The solid line is the linear fit to the data. The slope of this line gives
the fractal dimension Dp =1.25 = 0.04.

J. Appl. Phys. 114, 064304 (2013)

value of D’p. In the present case, the yardstick value (0) is
0.135nm (here, A/6* > 9000). A In(P) vs. In(A) plot should
be linear with a slope of D'p/2. We show this plot in Fig. 8.
It indeed shows the fractal nature of this growing island. The
value of D'p obtained from the plot in Fig. 8 is D'p = 1.43
+ 0.05. For a two-dimensional compact object, D'p = 1.

Why have we determined various fractal dimensions?
This will be clear from the discussion below. As we will see,
even within the same aggregation process, say DLA, the
morphology of a fractal structure can be different. In order to
describe these differences in morphology, as we show below,
it is necessary to have information about other fractal dimen-
sions, in addition to the Hausdorff dimension, Dy,.

The simulation of the DLA process, including the effect
of diffusion via the value of sticking coefficient (S) has been
carried out by Meakin.?> From simulations for sticking coef-
ficients S =1 and S =0.1, he has shown that the Hausdorff
dimension (Dy) is relatively insensitive to the sticking coef-
ficient. That is, the value of Dy remains practically constant
for S=1 and S=0.1. However, from the simulated struc-
tures presented in Ref. 25, it is clear that the morphology of
the structures for different values of S shows significant dif-
ferences. For S =1, the branches of the fractal structure are
narrow. With decrease of the value of S, the branches
become thicker, i.e., more compact. We have analyzed the
structures for S=1 and S§=0.1 (Figs. 7 and 10 in Ref. 25)
and determined the value of Dy, Dp, and D'p of those struc-
tures. We have found that while Dy is insensitive to the
value of S, as reported in Ref. 25, Dp and D'p are not. Both
Dp and D'p vary with the value of S. Thus, we suggest that
the morphological differences of the fractal structures can be
better described by other fractal dimensions Dp and/or D'p in
addition to the Hausdorff dimension Dy. The conclusion
reached by Amitrano er al.*? in their simulation of the DLA
process, that Dp = Dy, is not apparently valid for any value
of S. When the structures have more compact branches (for
smaller value of S), Dp is not equal to Dy,.

Our analysis from the simulated structures in Figs. 7 and
10 in Ref. 25 is shown in Table I along with the results from
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FIG. 8. The fractal dimension was obtained from the perimeter (P)—area (A)
relationship, Eq. (4). Experimental In(P) vs. In(A) plot is shown. The solid
line is the linear fit to the data. The slope of this line gives the fractal dimen-
sion D'p =1.43 = 0.05.
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TABLE L. Values of various fractal dimensions for different sticking coefficients. In the first two rows, Dy values are those given in Ref. 25. Dy, Dp, D'p, and
Dy D' p/Dp have been derived from the simulated structures in Ref. 25. The last row provides the values obtained in the present experiment. The ideal value of

Dy; D' p/Dp should be 2.

Sticking Hausdorff Hausdorff Perimeter-area Perimeter-radius of Relationship between
coefficient dimension dimension dimension gyration dimension various dimensions
S Dy Dy D'p Dp DyD' p/Dp

1 1.71 £0.06 1.67 = 0.06 2.03+0.01 1.7£0.05 1.99 =0.10

0.1 1.71 £ 0.06 1.74 £ 0.06 1.74 £ 0.14 1.52£0.10 1.99 £0.22
Present expt. 1.75 £ 0.06 1.43 £ 0.05 1.25 £0.04 2.00 £0.12

the present experiment. Table I also shows a column with
the value of DyD’'p/Dp. From Egs. (2)—(4), it can be shown
that

DyuD'p/Dp = 2. (5)

Thus, it is not necessary to determine both D’p and Dp. Any
one of them, in conjunction with the value of Hausdorff
dimension (Dy), would describe the morphology of the frac-
tal structure better, as the value of only Dy cannot distin-
guish between different morphologies. The three cases
shown in Table I have practically the same value of Dy;
however, they have decreasing values of D'p and Dp from
top to bottom. The simulated structure in Fig. 7 of Ref. 25
for S =1 (D'p=2.03, Dp=1.7) has lean branches and that in
Fig. 10 of Ref. 25 for S=0.1 (D'p=1.74, Dp=1.52) has
more compact branches. In the present case (D'p=1.43,
Dp=1.25), the compactness of the structure has increased.
In the classic DLA model with sticking coefficient
S =1, the average branch thickness b of the fractal island is
about one atom wide (b=1), while the fractal islands
observed in vapour deposition experiments, observed by
STM, have wider branch thickness.>* These discrepancies
can be removed by generalizing the DLA model to situations
more appropriate to real growth systems>® including edge
diffusion and local relaxation. The authors in Ref. 26 have
shown the existence of an extended fractal regime with the
same fractal dimension (Dy) as in the regime of the classic
DLA model. They have shown two simulations: (i) the clas-
sical DLA model (regime-I) and (ii) the extended fractal re-
gime (regime-II). In the classical DLA model (regime-I), the
average branch thickness is b~ 1 and the coordination num-
ber (n.) is peaked at 2. In regime-II, b =~ 4 and n.. is peaked at
5. That is, the branches are more compact. This regime-II
can be compared with DLA with § <1. The branch thickness
b increases both in regime-II in Ref. 26 and the DLA with §
<1 in Ref. 25. Reference 26 suggests that essentially all the
fractal structures observed in recent STM growth studies are
formed in the extended regime (regime-II). The thickness of
the branches can vary depending on the growth condition.*
As we have proposed, the morphology of the fractal structure
can be characterized by the value of Dp and/or D’p in addi-
tion to Dy. In regime-1, Dy; = Dp ~1.7 and in regime-II Dy
# Dp, and the value of Dp can be anywhere between 1 and
Dy In regime-IIT (compact) of Ref. 26, Dy =2 and Dp = 1.
Growth on a substrate at an elevated temperature would
lead to lower sticking coefficient (smaller value of S) and
enhanced edge diffusion. Consequently, the growth will be

in the extended fractal regime with increasing branch
width.® This change in morphology can be characterized by
Dy, Dp, and D’p values. Obviously, many properties of a
fractal structure will depend on its morphology. Thus, these
properties can be correlated with its Dy, Dp, and D’p values.
Applications of fractal geometry to electronic devices
are being explored. Conduction through DLA fractal devices
has been simulated and it has been shown that fractal scaling
properties generate novel, nonlinear conduction properties in
response to depletion by electrostatic gates.” From the
source-gate-drain structure within a fractal object, it is easy
to understand that the response of this device would be dif-
ferent when the fractal branches are thicker, i.e., when Dp
and D’p values would be different in spite of Dy value being
the same. In other words, when a fractal structure like that in
Fig. 7 of Ref. 25 (morphology described by the fractal
dimensions in the top row of Table I) is replaced by a fractal
structure like that in Fig. 10 of Ref. 25 (fractal dimensions in
the middle row of Table I) in the device, the response of
these devices would definitely be different. The value of Dp
or D'p would impact on functional properties such as the
connectivity between two islands. Thus, the functional prop-
erties can be related to a specific set of fractal dimensions.

IV. CONCLUSIONS

We have demonstrated a novel method for fabricating
fractal nanostructures with atomic-layer precision via appli-
cation of a voltage pulse from a STM tip on a Ag island on
silicon. The fractal (Hausdorff) dimension of this fractal
structure is found to be Dy =1.75 £ 0.05. This value of the
fractal dimension is consistent with the DLA model. We
have determined other fractal dimensions, Dp and D'p, and
elucidated their importance in describing the morphology of
fractal clusters produced by the DLA process, considering
the fact that the value of Dy, is insensitive to the morphology.
Characterization of fractal morphology is important for frac-
tals in nanoelectronics, as fractal morphology would deter-
mine the electron transport behavior.

The fractal nanostructure, fabricated via a voltage pulse
from a STM tip, may find applications in future fractal
nanoelectronics.®® Negative differential resistance (NDR),
discovered in a tunnel diode by Esaki,*® is utilized in modern
electronic devices. Recently, we have reported observation
of NDR in electron tunneling conductance in atomic-scale
ultrathin (one to five atomic layers) Ag films on Si(111) and
showed that the bias voltage at which NDR occurs depends
on the film thickness.>’ The field-induced atomic transport
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and the consequent addition of an atomic layer, as demon-
strated here, would provide the tunability of properties,
including NDR, of two-dimensional or fractal nanoelectronic
devices.

Ag fractal structures on Ag may have other applications.
As application of a voltage pulse on a previously formed
field-induced island can form another fractal island on top, a
multi-level fractal structure can be built up. Such structures
would show metal-enhanced fluorescence in certain adsorbed
molecules on them with widespread potential applications to
the analytical sciences, imaging and medical diagnostics.>’
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