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Growth of a Self-Assembled Monolayer by Fractal Aggregation
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Atomic force microscope images show that self-assembled monolayers of octadecyltrichlorosilane form

on mica by nucleating isolated, self-similar domains. With increasing coverage, the fractal dimension of
the growing domains evolves from 1.6 to 1.8. At higher coverage, continued growth is limited by adsorp-

tion from solution. Monte Carlo simulations that include, for the first time, adsorption as well as surface
diffusion qualitatively reproduce both the growth kinetics and evolution of fractal structure much better
than a two-dimensional diffusion-limited-aggregation model.

PACS numbers: 68.55.GI, 68.45.Gd, 81.t 5.Lm, 82.65.My

Assembling individual molecules into highly ordered
"nanostructures" on solid supports [1,2] has important
applications in nonlinear optics [3], molecular electronics
[4,5], biosensors [6,7], adhesion, and wetting [8,9]. One
way to achieve the required organization is by the self-
assembly (SA) technique, known [10] to produce mono-
molecular films of amphiphatic molecules on solid sur-
faces by spontaneous adsorption [11] from solutions
structured by proximity to a boundary [12,13]. Scatter-
ing, spectroscopic, and wettability techniques [1], often
used to characterize the structure-property relationships
of these organic surfaces, average over micron (or larger)
scales and thus cannot provide the molecular scale infor-

mation given by atomic force microscopy (AFM).
Octadecyltrichlorosilane (OTS) self-assembles into a

robust monolayer on almost any high-energy surface
[11]. By virtue of its hydrolyzable functional groups,
OTS molecules can be covalently bound to substrate hy-

droxyl groups [14] as well as cross-linked within the or-

ganosiloxane layer. Although the exposed cleavage plane

of mica is a high-energy surface, it is almost entirely
chemically nonfunctional [15], making it difficult to form

SA monolayers on mica [16,17]. However, steam treat-
ing freshly cleaved mica makes it a suitable substrate for
OTS monolayer growth, possibly because surface hy-

droxyl groups are produced [18].
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FIG. 1. 10 pm x 10 pm images of partial OTS monolayers immersed for varying amounts of time. Lighter shades represent higher

regions, in this case the OTS islands, while the dark background is the mica substrate. The height difference between mica and

monolayer is 3.0+ 0.3 nm, corresponding to a close-packed, untilted OTS rnonolayer in all cases. (a) After immersion for 0.4 s,

small "dots" (88 ~ 11 nm diameter) are visible as well as larger aggregates composed of the dots. (b) 2-s immersion: Isolated aggre-

gates are common. (c) 10-s immersion: Aggregates are often touching and becoming less porous. (d) 38-s immersion: Former ag-

gregates are all attached. (e) 66-s immersion: Areas between former aggregates are mostly filled in. (f) 304-s immersion: Although

the coverage is complete, faint "scars" indicate the prior gaps between aggregates.
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AFM images of mica surfaces exposed for various

lengths of time to OTS solutions initially show the forma-

tion of isolated islands of close-packed OTS. These is-

lands then serve as centers for aggregation, both for mol-

ecules diA'using on the surface, and adsorbing from solu-

tion. At low surface coverages, the islands are self-

similar with a fractal dimension that increases with sur-

face coverage, suggesting growth primarily via diffusion-

limited aggregation. At sufficiently high surface cover-

age, there is a crossover to growth limited by adsorption
from solution. Monte Carlo simulations [19] that include
both aggregation by surface diff'usion and by adsorption
from solution reproduce the coverage kinetics and the
evolution of fractal dimension of the monolayer.

Both sides of I-cm-diam mica disks were cleaved, then

exposed to steam for -30 s (until drops formed on the
surface), and then dried with clean nitrogen gas. The
treated mica disks were immersed in a 0.5-mM solution

of OTS in bicyclohexyl for specified amounts of time, and

then removed and quickly inserted into a stirred bath of
chloroform to remove any remaining unabsorbed OTS
and to quench the reaction [20]. After a 2-min rinse the
mica disks were dried with nitrogen gas and stored until

use (& 14 days). The films were imaged with a Nano-
scope II FM [21] in the "height" mode (i.e., utilizing
feedback to keep the cantilever at constant deffection and

recording sample motion) using a 15-pm scanner and a
silicon nitride tip on a cantilever with a spring constant of
0.12 N/m. Typical forces used were on the order of 10
nN. No damage to the films was observed even after
multiple scans with the AFM tip.

We obtained at least four images ~ 10 pm in size
from each sample to determine monolayer surface cover-

age (Fig. 1). After only 0.4 s [Fig. 1(a)], there are many
circular dots on the surface; the larger structures [Figs.
1(b) and 1(c)] appear to be aggregates of the dots.
These circular dots are surprisingly uniform in size,
88+ 11 nm in diameter and 3.0+0.3 nm in height (indi-
cative of a close-packed, untilted OTS monolayer), and

represent the smallest structures observed, although the
resolution limit of the AFM is much less (( I nm [22].
These observations confirm that polysiloxane oligomers,
formed in the presence of traces of water in solution, ad-

sorb to the surface faster than monomeric trichlorosilanes
(or partially hydrolyzed monomers) [23]. At later times
(higher surface coverage), the aggregates, whose height
remains 3.0 nm, grow by branching and fingering and

eventually touch [Figs. 1(b) and 1(c)]. In the final

stages, areas between domains fill in and become less

porous [Figs. 1(d) and 1(e)]. Even after monolayer for-
mation is complete [Fig. 1(f)], there are slight height de-
viations showing where gaps had been, suggesting that
the final portions adsorbed are less dense or more
compressible.

Figure 2(a) shows the surface coverage 8 and standard
deviations determined from the AFM images for sub-
strates immersed in OTS for various amounts of time.
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FIG. 2. (a) Film coverage vs time of the OTS monolayer.

The first 5 s correspond to fast growth due to DLA. At 5-10 s

there is a crossover to absorption-limited growth. (b) Coverage
vs time for a simulated monolayer of 35 randomly placed sites
on a 14QX140 square lattice. The kinetics agree qualitatively
with the data in Fig. 2(a) in that there is a crossover between

fast DLA and absorption-limited growth. The discrepancy at
early times can be explained if -2% of a monolayer of particles
is deposited on the mica as it passes through the air/solution in-

terface.

Samples were made on six independent occasions and in

several cases more than one sample was made with a
similar immersion time to check reproducibility. The rel-
ative error in immersion time is -0.3 s. Figure 2(a)
clearly shows a crossover (at -5-10 s) between an initial

period of fast, linear growth and the subsequent adsorp-
tion limited kinetics [8= I —

exp�(

—ki )]
AFM measurements of surface coverage correlate well

with water contact angles, also shown in Fig. 2(a). The
stability of the contact angle of water as a function of
time is an excellent test of the monolayer tenacity [8].
The advancing contact angles (p~) on these incomplete
OTS monolayers closely follow the surface coverage mea-
sured by AFM. The receding contact angles (not
shown), although smaller for coverages below 90%, did
not depend upon the advancing and receding rates or the
resting time of the liquid droplet on the surface after an

advance. High values of p~ =112' were obtained for the
complete monolayer shown in Fig. 1(f), with no notice-
able hysteresis for resting times as long as 10 min. The
OTS films are remarkably more stable than Langmuir-

Blodgett monolayers or multilayers deposited on mica at
similar coverages [8,22].

The shape of the monolayer islands for immersion
times of ~ 10 s appears self-similar [Figs. 1(a)-1(c)].
Figures 3(a) and 3(b) show representative aggregates
from films immersed for 3.1 and 6.6 s, respectively. At
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FIG. 3. (a) OTS aggregate taken from a 3.I-s immersion
sample. The highly branched, porous structure results in a frac-
tal dimension D=1.68. (b) An aggregate from a 6.6-s immer-
sion sample is less branched and some interior holes have been
closed olf; D =1.79. (c) A simulated aggregate grown with an

adsorption probability p, of 0.005 on a 256X256 lattice for 150
time steps. It is highly branched and porous; D= I.68. (d) A
simulated aggregate after 170 time steps has become less
branched and porous (D =1.79) although it occupies only a
small fraction of the available lattice.

least six such aggregates from each sample were analyzed
and the fractal dimension (D) for each was calculated us-

ing the "box-counting" method [24]. The number of
boxes of size c which contain portions of the aggregate,
n(c), scales as n(c) rx:c . Plots of n(c) versus c for the
aggregates in Figs. 3(a) and 3(b) are shown in Figs. 4(a)
and 4(b). The results were averaged for each film and
are summarized in Fig. 5(a). The fractal dimension of
the aggregates, D, increases from 1.60 to 1.79 with in-

creasing surface coverage.
The two regimes of growth kinetics [Fig. 2(a)] are

directly linked to the partial monolayer structure. Initial-

ly (( 10 s), the monolayer consists of branched aggre-
gates reminiscent of two-dimensional diff'usion-limited

aggregation (DLA) [24]. At higher surface coverage,
domains are less porous and begin to touch. The fractal
dimension of the aggregates shows a corresponding in-

crease from about 1.6 to 1.8 with surface coverage.
At this point, the coverage kinetics slows and 0= [I
—exp( —kt)], suggesting that growth is limited by ad-
sorption from solution. We have modeled this process by
computer simulations which combine conventional two-
dimensional DLA with a probability of adsorption from
solution. The simulation was carried out on a square lat-
tice using a Monte Carlo algorithm [19]. In a given time
step, any unattached particle on the surface was capable
of diftusing to an adjacent unoccupied site, as in DLA.
However, all unoccupied sites also had an adsorption
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FIG. 4. (a)-(d) Demonstrations of the "box-counting"
method for calculating fractal dimension (D) for the aggregates
shown in Figs. 3(a)-3(d), respectively. For a mass fractal, the
number of boxes of side e containing a piece of the aggregate,
n(c), should scale as n(c) ~ c over a range of values of c. On
the log-log plots shown, therefore, the data should form a
straight line, and the lines show the best fit by a line over the
range for which n(c) ~ 20.

probability (p, ) of becoming occupied by a particle
(from solution); the adsorbed particle was then capable
of diA'usion in subsequent time steps. If a particle
diffused or adsorbed next to a site that was part of an at-
tached aggregate, it became part of that aggregate. We
estimated p, as the number of OTS oligomers in solution
[equivalent in volume to the 90-nm-diam monolayer
"dots" observed in Fig. 1(a)] arriving at a site on the
mica surface in the time necessary for diA'usion of the oli-
gomer by one dot diameter (the size of a site in the simu-

lation) on the mica surface. The diA'usion of the oligomer

by one diameter on the surface defined the time step in

the simulation. For reasonable values of the experimental
parameters, p, ranges from 0.001 to 0.02.

Figure 2(b) shows the coverage kinetics of 35 random-

ly placed aggregates growing on a 140x 140 lattice with

p, =0.002. Changing the absorption probability p, sim-

ply scales the time axis and has no qualitative effect on

coverage kinetics or aggregate shape. Qualitatively, the
simulation captures the important features of the experi-
ment, i.e., the crossover between fast growth related to
DLA and adsorption-limited kinetics at later times or
higher coverages. However, in the simulation, there is an

induction period where the coverage is very low, which is

not present in the experimental data. This is the time re-

quired for the surface to collect suScient diAusing parti-
cles for aggregate nucleation. %'e speculate that in the
experiment, su%cient particles adsorb on the mica during
its pass through the air/solution interface to eliminate the
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tance, since it should help us understand the mechanism
of monolayer formation and establish a protocol to con-
struct reproducible, closely packed, complete monolayers.
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FIG. 5. (a) The average box-counting fractal dimension (D)

for all aggregates analyzed for a given immersion time. At least
six aggregates contributed to each average. A trend of increas-

ing D with coverage (or time) can be clearly seen. (b) Box
counting D for simulated aggregates grown in a variety of con-

ditions, with values of p, ranging from 0.001 to 0.01, and on

lattices ranging in size from 128&128 to 512x512. The cross-
over in D always correlated simply with aggregate area (mass),
implying that the competition between diA'usive growth and

absorption-limited growth depends simply on aggregate size.

start-up period.
Figure 3(c) shows a typical simulated aggregate in the

highly branched early regime, while Fig. 3(d) shows a
simulated particle during the later stages of growth. The
box-counting data for the respective simulated aggregates
are shown in Figs. 4(c) and 4(d). The evolution of the

scaling exponent in the simulations, shown in Fig. 5(b), is

insensitive to particular values of p, or lattice size. The
crossover in scaling exponent always depends simply on
surface coverage. This means that the crucial factor in

both simulation and experiment is the competition be-
tween two-dimensional diffusers and "three-dimensional"
adsorbers. At low surface coverage, the odds of a particle
adsorbing from solution inside an aggregate perimeter is

negligible, so the aggregate takes on the highly branched
structure and low fractal dimension characteristic of
two-dimensional DLA [24]. In our experiment, however,
particles can adsorb inside the aggregate, and as surface
coverage increases, this occurs with increasing probabili-
ty.

We have identified two distinct growth mechanisms
which account for the kinetics of silanation of atomically
smooth mica surfaces. Monolayer growth of OTS on
mica occurs by nucleation and growth of self-similar is-

lands and is significantly different from the uniform
growth observed on silicon [25]. We have also shown

that two-dimensional diff'usion-limited aggregation sup-
plemented by random adsorption of OTS oligomers from
solution can qualitatively describe both the coverage ki-
netics and the structure of the partial monolayers. The
structure of partially formed monolayers is of impor-
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