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The early stage of the self assembly for octadecyltrichlorosilane (OTS)-based monolayers is investigated using
atomic force microscopy (AFM). Height measurements using AFM prove that the island height of the
monolayers gradually increases with increasing the island size, and is close to the limiting value (h = ~25 Å)
after d = ~600 nm in size. Since the theoretical length of a covalently bound OTS molecule is 26.2 Å, the
limiting value of the island height means that the islands with d ≥  600 nm consist of close-packed, fully
extended chains. The heights for the islands with d < 600 nm are lower than the limiting value and decrease
with decreasing the island sizes. This observation indicates that the OTS molecules in the small islands are less
densely packed, and that the packing densities of the islands increase as the islands grow in size.
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Introduction

Self-assembled monolayers (SAMs) are thin organic films
which form spontaneously on solid surfaces. Several different
varieties of SAMs have been investigated, including
alkanethiols (CH3(CH2)n-1SH) on Au, Ag, and Cu, and
alkyltrichlorosilanes (CH3(CH2)n-1SiCl3) on SiO2, Al2O3,
and mica.1-4 A class of widely used self-assembled mono-
layers (SAMs) is based on alkyltrichlorosilane precursor
molecules, which, through hydrolysis and polymerization,
produce alkylsiloxane SAMs on many hydrophilic sub-
strates. In the case of octadecyltrichlorosilane (OTS)-based
SAMs on SiO2, adsorption takes place through the hydrol-
ysis of the Si-Cl bonds to form Si-OH groups. All Si-Cl
bonds become hydrolyzed, as no chlorine is detected
following monolayer formation.5 The OH groups undergo
condensation reactions to form Si-O-Si cross linking bonds
between adjacent head groups. It is believed that these also
interact with OH groups on the oxidized surface, forming
Si-O-Si bonds to the substrate. Water was found to play a
key role in the formation step.5-7 It has been proposed that a
thin water film exists on the hydrophilic SiO2 surface and
that the OTS molecules physisorb on this water film.6,7 In
this stage, the OTS molecules exists in a highly mobile state
akin to the equilibrium state of Langmuir films, allowing
them to pack more closely before condensation reaction takes
place, at which point they become pinned to the surface.8,9

The existence of a threshold temperature for high quality
silanization was discovered by Brozoska et al., who sug-
gested that this temperature is analogous to the triple point of
a Langmuir film.10-12 Later, it was found that silanization
occurs via three markedly different growth regimes, separat-
ed by well-defined transition temperatures.8 For T < 16 oC,
the OTS-based monolayer forms by island growth only, the
substrate between islands remaining essentially unfilled;
such a growth pattern is expected if a Langmuir film
nucleates liquid-condensed (LC) domains coexisting with

the gas phase below the triple point. Thus, the triple point is
about 16 oC for the OTS-based monolayer. For T > 16 oC,
island growth is observed to occur more slowly, while the
substrate between islands is gradually filled in with OTS
molecules. This growth regime is attributed to nucleation of
LC domains coexisting with a liquid-expanded (LE) phase.
This growth mechanism operates only up to a characteristic
temperature (about 40 oC for OTS), above which no island
growth is observed but homogeneous growth instead
dominates.

The early stage of the self assembly for the OTS-based
monolayers has been the subject of debate. For the OTS-
based monolayers on mica and oxidized silicon, close-
packed islands were found to nucleate and grow directly
from the gas phase below the triple point.8,9,13-18 At the early
stage, large branched islands with a diameter around 1 µm
were surrounded by smaller circular islands. The height of
the islands did not depend on the island size, i.e. small
islands with a diameter around 100 nm already exhibited
the length of a fully extended OTS chain.13,17 The smaller
islands were assigned to preorganized polysiloxane assemblies
that were built in solution prior adsorption and the larger
islands to aggregates of these assemblies.13 Recently,
however, the small circular islands have been reported to
exhibit a random height distribution, whereas the large
branched islands show a fairly constant height (~25 Å).18

In this article, the early stage of the self assembly for the
OTS-based monolayers is investigated by monitoring the
monolayer heights using atomic force microscopy (AFM).
Height measurements by AFM prove that the height of
the OTS islands gradually increases with increasing the
island size, and is close to the limiting value (~25 Å)
after about 600 nm in size. This observation indicates that,
in the early stage of the self assembly, the OTS molecules
in the small islands are less densely packed and the
packing densities of the islands increase as the island size
increases.
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Experimental Section

Materials. Octadecyltrichlorosilane [CH3(CH2)17SiCl3]
(Aldrich; 97%), hexane (Aldrich; anhydrous, 99%), hexa-
decane (Aldrich; anhydrous, 99%), chloroform (Aldrich;
anhydrous, 99%), and carbon tetrachloride (Aldrich; anhy-
drous, 99.5%) were used as received. Deionized water was
purified with a Millipore Milli Q plus system, distilled over
KMnO4, and then passed through the Millipore Simplicity
system. 

Preparation of Si Substrates. The Si substrates used for
SAMs formation in this research were cut from n-type (100)
wafers with resistivity in the range 1-5 Ωcm. The Si
substrates were initially treated by a chemical cleaning
process, which involves degreasing, HNO3 boiling, NH4OH
boiling (alkali treatment), HCl boiling (acid treatment),
rinsing in deionized water and blow-drying with nitrogen,
proposed by Ishizaka and Shiraki119 to remove contaminants.
Oxidized silicon (100) samples were prepared by chemical
oxidation with peroxy-sulfuric acid, followed by etching in
concentrated hydrogen fluoride, and finally by reoxidation
in a peroxy-sulfuric acid solution. This treatment results in a
clean, oxidized surface possessing the same topography as
the original wafer (2.2 ± 0.4 Å rms).

Preparation of Octadecylsiloxane SAMs Octadecyltri-
chlorosilane (OTS) solutions were prepared in various
concentrations (0.1-10 mM) in a solvent mixture of 4 : 1
volume hexadecane/chloroform. The oxidized samples were
then introduced into the OTS solutions, where they were
kept for specified amounts of time. SAMs growth was
quenched by rinsing the sample in carbon tetrachloride. The
OTS solutions were made in a glovebox purged with argon
immediately before use, and alkylsiloxane SAMs were
formed in air under controlled relative humidity and
temperature. Our experiments were carried out in an
environmental chamber, where we can simultaneously control
relative humidity (± 2%) and temperature (± 1 oC). Relative
humidity and temperature were kept fixed in all experiments
at 50% and 10 oC.

Analysis Techniques. Immediately after the samples
prepared, all atomic force microscopy (AFM) measurements
were carried out with a XE-100 SPM (PSIA, Korea)
operated in tapping mode (TM) and contact mode (CM).
Tapping Si-Cantilevers (XE-CAT-NCS1, PSIA, Korea) with
resonance frequencies in the order of 300-400 kHz and
spring constants between 20 and 40 N/m have been used for
the experiments. Contact cantilevers (CSC12, PSIA, Korea)
in constant contact with the surface scanned across the
substrate at a constant rate (5 µm/s) with a constant force
(0.5 nN). 

Results and Discussion

We first investigated SAM growth from the OTS solution
of low concentration (0.1 mM) for various amounts of time.
At 10 oC, the OTS-based monolayer forms by pure island
growth, and essentially no OTS molecules are found on the

substrate between islands. At this low concentration, the
growth rate of the SAMs is so reduced that the early stage of
the SAM formation can be investigated in detail by AFM.
The height measurement by TM-AFM is quite complicated
and strongly varies depending on the experimental parameters
(e.g., oscillation amplitude and the damping ratio), moisture
on the surface, and cantilever tip quality.20 On the other
hand, the height measurement by CM-AFM is much more
reliable than that by TM-AFM. The CM-AFM, however, has
the risk of damaging the sample due to high loading forces
or lateral shear forces. In this experiment, therefore the
heights of all the samples were measured by both TM-AFM
and CM-AFM in order to conform the reliability of TM-
AFM data. All TM-AFM data shown in this article were
coincident with corresponding CM-AFM data.

Figure 1 shows typical TM-AFM images of six Si samples
immersed in the OTS solution for 1s, 3s, 7s, 12s, 30s, and
100s. Immediately after placing the Si substrate in the
solution, OTS islands nucleate on the surface and begin to
grow. For a 1-s sample [Figure 1(a)], the monolayer consists
of small circular dots of uniform size (d = 42 ± 2 nm) with a
mean island height of h = 5 ± 2 Å. The 3-s sample [Figure 1
(b)] shows that the circular islands grow in size and height (d
= 60 ± 3 nm, h = 6 ± 3 Å). On the 7-s sample [Figure 1(c)]
these islands continue to grow in size and height (d = 90 ±
10 nm, h = 11 ± 5 Å), and the number of the islands
increases. The mean island size and height for the 12-s
sample [Figure 1(d)] increase to d = 140 ± 23 nm and h = 16
± 7 Å. It should be noted that the island size and height
distributions become much broader, indicating that several
OTS islands with different sizes and heights are formed.
After a 30-s immersion time [Figure 1(e)], these islands

Figure 1. TM-AFM images of the time-resolved sequence of
partial SAMs growth at 10 oC. (a) 1 s, (b) 3 s, (c) 7 s, (d) 12 s, (e) 30
s, (f) 100 s.
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continue to grow in size and height (d = 200 ± 100 nm, h =
19 ± 11 Å), and the distributions become broader. The 100-s
sample [Figure 1(f)] shows large branched islands with
smaller circular islands. The large branched islands have d =
750 ± 50 nm and h = 25 ± 2 Å. The smaller circular islands
with the broad size and height distribution (d = 160 ± 90 nm,
h = 17 ± 9 Å) are visible between the larger branched
islands. 

Figure 2 shows TM-AFM image and cross sections of the
monolayer grown from the OTS solution of low concen-
tration (0.1 mM) for 100 s. The large branched islands have
the height, h = 25 ± 2 Å [Figure 2(A)], compatible with the
length of a fully extended OTS chain. The smaller circular
islands with several different sizes and heights are visible
between the larger branched islands. The cross sections of
the smaller islands show that the island height decreases
with decreasing island size. For the island with size d = 202
nm, the height is 19 Å [Figure 2(B)]. The island with d = 130
nm is reduced in height to 15 Å, as shown in Figure 2(C).
The small island with d = 80 nm continues to decrease in
height to 10 Å [Figure 2(D)]. This behavior suggests that the
height of the OTS-based SAMs obviously depends on the
island size in the early stage of the self-assembly. 

Quantitative information about the height dependence on
the island size was obtained from AFM measurements of
400 different SAMs-coated samples prepared from OTS
solutions of various concentrations (0.1-10 mM) and for

various growth times (1-200 s). The height of the OTS-based
SAMs on the oxidized Si was plotted as a function of the
island size. Figure 3 shows that the island height of the
monolayers increases with increasing island size, and is
close to the limiting value (h = ~25 Å) after d = ~600 nm in
size. Since the theoretical length of a covalently bound OTS
molecule is 26.2 Å, this limiting value of the island height
means that the islands with d ≥  600 nm consist of close-
packed, fully extended chains. The heights for the islands
with d < 600 nm are lower than the limiting value and fall
off as the island sizes are reduced. This observation indicates
that the OTS molecules in the small islands are less densely
packed and that the packing densities of the islands decrease
as the island sizes decrease.

In summary, our investigations of self assembly for the
OTS-based monolayers reveal that the island height of the
monolayers obviously depends on the island size, up to d =
~600 nm. The islands with d ≥  600 nm consist of close-
packed, fully extended chains. This observation indicates
that the packing densities of the OTS islands depend on the
island size in the early stage of the self assembly. 
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