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ABSTRACT Preparing high-quality self-assembled monolayers (SAMs) of organosilanes on conductive metal substrates such as gold
is problematic because of the hydrophobic nature of the surface under ambient conditions. Trace amounts of water are required for
a surface hydrolysis reaction to form siloxane bridges to the metal substrate. We describe an approach using sequential steps of
ultraviolet (UV) irradiation, particle lithography, and chemical vapor deposition of octadecyltrichlorosilane (OTS) to successfully prepare
silane nanostructures on Au(111) surfaces. Pretreatment of gold films with UV irradiation renders the surface to be sufficiently
hydrophilic for particle lithography. Close-packed films of monodisperse latex mesospheres provide an evaporative mask to spatially
direct the placement of nanoscopic amounts of water on surfaces. Vapor-phase organosilanes deposit selectively at areas of the surface
containing water residues to produce millions of nanopatterns with regular thickness, geometry, and periodicity. Atomic force
microscopy (AFM) images reveal that OTS binding is localized to areas defined by water residues. The spacing between adjacent
nanopatterns is determined by the periodicity of the latex mask; however, the dimensions of the nanostructures are confined to a
narrow contact area of the water meniscus, which surrounds the base of the latex spheres. The siloxane nanostructures on Au(111)
furnish an excellent model surface for AFM characterizations, as demonstrated with current-sensing measurements.

KEYWORDS: organosilane • self-assembled monolayers • gold • particle lithography • vapor deposition • atomic force
microscopy

INTRODUCTION

Self-assembled monolayers (SAMs) provide an ideal
platform for engineering surfaces at the molecular
level and provide a vehicle for investigating reactions

on surfaces (1-3). Well-defined organosilane SAMs on oxide
surfaces were first reported by Sagiv in 1980 (4). Since then,
organosilane SAMs have become widely applied for surface
passification and photoresists (5-7). Organosilanes also
provide a versatile molecular platform that can be applied
for surface patterning and nanofabrication (8-12). The
interfacial functionalities of organosilane SAMs are tailorable
for the design of surface chemistries to attach various
nanomaterials (13-16). The robust covalent nature of or-
ganosilanes offers extensive mechanisms for further steps
of chemical modification for the design of surface chemistry
at the nanoscale (17-21).

The precise mechanism for surface assembly of orga-
nosilanes is not fully understood and is complicated by
parameters of sample preparation such as the nature of the
immersion solvent and surface (22). Organosilane SAMs are
formed through hydrolysis reactions to make bridging si-
loxane bonds that anchor to the surface and also cross-link
to form interconnections with adjacent molecules. Water is
known to have an essential role in the self-assembly of

organosilanes on surfaces (23-28). Nanoscopic amounts of
water are essential for initiating a surface hydrosilylation
reaction; however, excess water can induce polymerization
reactions to generate multilayers and branched structures.
As silane SAMs are formed, there is a competition between
the formation of Si-O bridges to adjacent molecules, con-
nections to the substrate, or production of silanols, SiOH
(4, 29, 30). Typical substrates used to prepare SAMs of
organosilanes are silicon, quartz, glass, metal oxides, and
mica (1, 3). For substrates that contain relatively few hy-
droxyl groups, such as mica(0001), prehydrolysis of orga-
nosilanes (31) or exposure of the surfaces to water vapor (32)
has been used to effect the surface hydrosilylation.

There are sparse reports that evidence that organosilanes
such as octadecyltrichlorosilane (OTS) can be prepared on
gold substrates in ambient environments, and for these
accounts, the surface coverage and quality of the organosi-
lane films have not been documented with scanning probe
characterizations. Previously, it was considered that surfaces
with free hydroxyl groups were required to form SAMs of
organosilanes. This view was adjusted when organized
monolayers of OTS were shown to form on gold, which is a
substrate devoid of hydroxyl groups (33-37). In these
reports, it was demonstrated that OTS molecules assemble
on a thin film of water adsorbed on the gold surface rather
than on the gold substrate itself. Functionalized organosi-
lanes such as (3-aminopropyl)triethoxysilane (APS) or trim-
ethylsilylacetylene (TMSA) also have been reported to form
SAMs on gold surfaces (38, 39). Reflection absorption infra-
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red spectroscopy (RAIRS), ellipsometry, contact-angle, and
quartz-crystal microbalance studies reveal that APS adsorbed
on gold to yield multilayer films (38). For TMSA, scanning
tunneling microscopy (STM) results indicate that SAMs of
TMSA are generated with Si-Au chemical bonds (39). In the
absence of water under ultrahigh-vacuum (UHV) conditions,
it was demonstrated that alkylsilanes (H2n+1CnSiH3) formed
a monolayer on gold through Si-H bond activation when
deposited at room temperature (40-42). Results with X-ray
photoelectron spectroscopy reveal that the silicon head-
groups attached to the gold surface to form a film. However,
for samples prepared in UHV, characterizations with RAIRS
and STM indicate that the alkyl chains form disordered
monolayers as compared to alkanethiol SAMs.

The nature of gold surfaces limits applicability for surface
reactions with organosilanes. Among the properties of gold
surfaces, wettability has generated considerable controversy
in literature reports (43-47). With different techniques
applied to measure the wettability of gold under varied
conditions, reports for the contact angle of gold surfaces
range from 0 to 65° (43-45, 48-50). A hydrophilic gold
surface can be obtained after tedious cleaning processes,
such as exposure to oxygen plasma (34, 37, 51), piranha
solution (52), or ultraviolet (UV) irradiation (53, 54). Gold
surfaces were reported to have a contact angle of 0° im-
mediately after removal from vacuum, which rapidly in-
creased to 40° with exposure to the atmosphere (47). Under
ambient conditions, complete wetting of gold is not achieved
because of the adsorption of organic molecules from the
environment (47). As a consequence, silanization of gold
surfaces through hydrolysis to form dense, high-quality
SAMs is problematic because of difficulties in achieving a
consistent distribution of water throughout areas of the
hydrophobic surface.

In this report, we present a facile high-throughput ap-
proach for preparing octadecyltrisiloxane nanostructures on
surfaces of gold by combining particle lithography with
vapor deposition of organosilanes (55). To improve the
wettability of the Au(111) surface, the substrates were
exposed to UV irradiation before depositing aqueous solu-
tions of latex. Essentially, the evaporative masks of latex
produced with particle lithography were used to define the
surface sites of nanoscopic residues of water. Successful
results for preparing OTS nanopatterns are demonstrated
with contact-mode atomic force microscopy (AFM) charac-
terizations. The conductive nature of the gold substrates
further enabled protocols for current imaging and current-
sensing AFM (CS-AFM) with the test platforms of OTS
nanopatterns.

EXPERIMENTAL SECTION
Materials and Reagents. Octadecyltrichlorosilane (OTS) was

purchased from Gelest (Morrisville, PA) and used without further
purification. Certified particle size standards of polystyrene latex
(300 nm) were obtained from Duke Scientific (Palo Alto, CA).
The latex particles were washed twice by centrifugation with
deionized water (Milli-Q; Millipore, Bedford, MA) to remove
possible contaminants such as charge stabilizers or surfactants.
Gold thin films evaporated on mica substrates with a thickness

of 150 nm were obtained from Agilent Technologies Inc.
(Chandler, AZ). Ethanol (ACS grade; Pharmco, Aaper, TX) and
toluene (reagent grade; EMD Chemical Inc., Gibbstown, NJ)
were used to rinse samples.

AFM. Topography, friction, and CS-AFM images were ac-
quired using an Agilent 5500 scanning probe microscope
equipped with PicoScan v5.3.3 software (Agilent Technologies
Inc., Chandler, AZ). Silicon nitride tips with an average force
constant of 0.5 N m-1 were used for contact-mode AFM imaging
in air (MSCT-AUHW; Veeco Instruments, Inc., Camarillo, CA).
The silicon nitride probes used for contact-mode AFM were
coated with OTS to minimize tip-surface adhesion, and the
total forces applied for imaging were <1 nN. CS-AFM was used
to map the sample conductance while operating in contact
mode. Different bias voltages (+6, 0, and -6 V) were applied
to the samples for acquiring CS-AFM data. The tips used for CS-
AFM were highly doped silicon probes with a Ti/Pt coating with
an average force constant of 0.2 N m-1 (ANSCMPC; Nano-
science Instruments, Inc., Phoenix, AZ). Images were processed
using Gwyddion (version 2.10) open-source software supported
by the Czech Metrology Institute, which is freely available on
the internet (56).

Particle Lithography. Particle lithography combined with
vapor deposition was used to generate octadecyltrisiloxane
nanostructures on gold substrates. Particle lithography, also
known as nanosphere lithography, uses the natural arrange-
ment of spherical particles to produce arrays of nanostructures
on surfaces (57-59). Monodisperse particles self-assemble into
periodic structures on flat surfaces to guide the deposition of
various materials, such as SAMs (55, 60-62), proteins (63-65),
inorganic materials (66, 67), and polymers (68, 69). An over-
view of the steps for particle lithography with vapor deposition
is shown in Figure 1. To prepare nanostructures, the gold
surfaces were exposed to UV light (254 nm) for 4 h. Next, a 20
µL volume of an aqueous solution containing (2% w/v) poly-
styrene latex particles (300 nm) was immediately deposited on
clean gold substrates with a micropipet (Figure 1 A). A view of
a 300 nm latex mask is shown within the area of the circle
(topograph). The sample was then dried in ambient conditions
(25 °C, relative humidity ∼60%) for 2 h. As water evaporates
during drying, capillary forces draw the latex spheres together
to form organized crystalline layers (Figure 1A). Trace residues
of water persist at the base of the latex spheres to form a circular
meniscus. The dried film of latex was then used as an evapora-
tive mask for vapor deposition of organosilanes (Figure 1B). To
accomplish the vapor deposition, the colloidal masks were
placed into a glass vessel containing 300 µL of neat OTS. The
reaction vessel (a glass jar) was sealed and placed in an oven at
70 °C for 8 h to generate a vapor. During heating, the OTS
vapors attach to the exposed areas not masked by latex spheres
and bind covalently at sites containing water residues (Figure
1B). The mask of latex particles was removed by sonication in
ethanol for 2 min followed by further rinsing with deionized
water, ethanol, and toluene (Figure 1C). Nanopatterns of OTS
were not removed from the surface by the rinsing procedure.

A control sample of an OTS film on Au(111) was prepared to
match the conditions of the samples prepared by particle
lithography, omitting the particle lithography step. To prepare
control samples, the gold substrates were exposed to UV light
of (254 nm) for 4 h. A volume of 20 µL of deionized water was
then placed on the UV-treated gold substrates using a micropi-
pet. The sample was dried in ambient conditions (25 °C, relative
humidity ∼60%) until the water evaporated (∼35 min). The
gold substrate was then placed inside a glass vessel containing
300 µL of OTS. The vessel was sealed and placed in an oven
and heated at 70 °C for 8 h. After vapor deposition was
completed, the samples were rinsed with deionized water,
ethanol, and toluene.
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RESULTS AND DISCUSSION
Successful examples of ring-shaped nanostructures of

OTS produced on Au(111) using particle lithography com-
bined with chemical vapor deposition (300 nm latex masks)
are demonstrated in Figure 2. Arrays of octadecyltrisiloxane
nanostructures with ring-shaped morphologies are observed
on the gold surfaces with irregularly shaped terraces. An
AFM topograph of 893 rings produced within a 10 × 10 µm2

area is shown in Figure 2A, which would scale to ap-
proximately 108 rings per cm2. The arrangement of the
organosilane rings conforms to the periodicity of the latex
mask. The pores of the rings pinpoint the locations where
the individual latex particles were rinsed away. The long-
range order and organization of octadecyltrisiloxane rings
are apparent, evidencing a few defects produced by missing
particles. The hydrophobic nature as well as local defects of
the gold substrate influences the long-range periodicity and
packing density of latex mesospheres. A few faint line
patterns of OTS formed at the edges of gold terraces,
defining the areas of the substrate that contained water
residues.

The changes in surface chemistry between the organosi-
lane rings and the gold substrate are viewed in the frictional
force image of Figure 2B. Friction images result from differ-
ences in adhesion between the tip and sample, providing a

FIGURE 1. Steps of particle lithography for fabricating organosilane
nanostructures on Au(111). (A) A mask of latex spheres was prepared
on a UV-treated gold substrate. (B) A mask of latex spheres appeared
after organosilane vapor deposition. (C) After rinsing, latex masks
were selectively removed to reveal organosilane nanopatterns.

FIGURE 2. Ring-shaped nanostructures of OTS prepared on gold
using particle lithography combined with vapor deposition: (A) wide-
area topograph; (B) corresponding frictional force image; (C) zoom-
in view; (D) cursor profile for the line in panel C.
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sensitive map of the changes in surface chemistry. Friction
images also can reflect changes resulting from surface
topography such as edge effects. The outlines of the nano-
patterns predominate for the ring patterns, with bright or
dark contrast at the pattern edges, as the tip travels up or
down across the patterns. The edge effects are produced for
the frictional force image because of changes in tip-surface
interactions as the probe is scanned over the nanostructures,
providing a precise outline of the ring geometries. A hex-
agonal arrangement of rings is visible in the zoom-in topog-
raphy image (Figure 2C) and corresponding cursor profile
(Figure 2D). The shapes and dimensions of the nanopatterns
are exquisitely reproducible at the nanoscale, with regular
diameters of 246 ( 6 nm and pore areas inside the rings of
48 ( 4 nm. The lateral periodicity measures 321 ( 13 nm
between neighboring nanostructures, which matches closely
with the 300 nm diameter of the latex masks. The average
height of the rings is 3.7 ( 0.6 nm, which is slightly higher
than the theoretical height of OTS (2.8 nm). In the zoom-in
AFM image and cursor profile, it is apparent that at the
nanoscale the rings vary by as much as 1.2 nm in height.
The height variability indicates branching within the siloxane
network.

A control experiment was conducted without using a
latex mask to further elucidate the role of water and surface
wettability for the self-assembly of OTS on Au(111). The

Au(111) substrates were similarly exposed to UV light, as in
Figure 3; however, the surface was moistened by applying
a drop of water (20 µL) and allowing it to dry. The water
droplet was dried in ambient conditions for 45 min and then
placed into a sealed vessel containing 300 µL of OTS for
heated vapor deposition. Representative images of similar
size areas of a bare gold substrate, control sample, and OTS
nanopatterns are compared side-by-side with contact-mode
AFM topographs in Figure 3. The morphology typical of a
vacuum-deposited gold/mica is revealed in Figure 3A for the
untreated Au(111) surface, exhibiting irregularly shaped
terrace domains. The root-mean-square roughness mea-
sured 2.9 nm for the area shown. After vapor deposition, a
clustered, irregular morphology was revealed, with incom-
plete surface coverage of random island protrusions through-
out terrace and step edge areas (Figure 3B). Protrusion
islands of OTS are evident throughout areas of the surface,
measuring 2.2 ( 0.4 nm in height, referencing shallower
areas of the surface as a baseline. The baseline areas are not
bare gold; the sample contains near-complete surface cover-
age of an octadecyltrisiloxane film. The thickness of the OTS
film is variable, which is likely caused by nanoscale varia-
tions in the distribution of water present on the surface. A
comparable size area with octadecyltrisiloxane nanostruc-
tures is presented in Figure 3C, showing 132 rings of OTS.
The nanostructures cover ∼33 % of the surface and exhibit

FIGURE 3. Water-directed assembly of OTS on oxidized surfaces of Au(111) viewed for 5 × 5 µm2 AFM topographs: (A) untreated Au(111)
substrate; (B) OTS film produced using vapor deposition without steps of particle lithography; (C) ring-shaped nanostructures of OTS produced
by vapor deposition through latex masks.
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remarkably uniform thickness and geometries. Long-range
order and regular spacing between the ring patterns of OTS
are apparent throughout areas of the 1 × 1 cm2 sample, with
few defects.

Characterizations with CS-AFM were used to evaluate the
conductivity of the OTS ring patterns (Figure 4). For CS-AFM,
a bias voltage is applied to the substrate, and the current
through the molecular film is measured when the AFM tip
is placed in direct contact with the surface. For comparative
reference, a topography image (2.5 × 2.5 µm2) acquired
using the same metal-coated probe is presented in Figure
4A, which displays 51 rings of OTS arranged in diagonal
rows and columns. The third horizontal row is shifted slightly
downward in alignment, providing a convenient in situ
landmark for comparing the different data channels. The
same scan area was imaged successively for the current
frames. Current images display highly conductive regions
as bright or dark features, depending on the bias polarity.
As the polarity of the sample bias was switched from -6 to
+6 V, the contrast correspondingly changed. For measure-
ments with CS-AFM, the metal-coated tip remains at virtual
ground as a bias is applied to the sample. The current signal
is positive when the sample surface is biased negatively, and
reversed contrast is shown for the opposite bias polarity. The
bright areas of Figure 3B indicate that uncovered regions of
the gold surface are highly conductive. When a positive
voltage is applied to the surface, the current likewise be-
comes negative. When the bias is zero, no contrast is visible
for the current image (Figure 4C). With a positive bias, the
bright contrast is attributable to less conductive areas, as in
Figure 4D. The current image in Figure 4D was acquired at
+6 V and displays reverse contrast compared to Figure 4B.

The regions of the nanopatterns exhibit relatively homo-
geneous contrast in current images, in correspondence with
observations of the regular surface topography and highly
uniform thickness of the rings. The robust ring structures of
OTS appear to be densely packed and were not observed to
degrade despite repetitive AFM imaging in contact mode or
at elevated bias. The current contrast of the small pore areas
within the rings matches the substrate, which is evidence
that the mesosphere masks were cleanly removed to expose
bare areas of the gold substrate. Nanopatterns of OTS
prepared on Au(111) are suitable for investigations of charge
transport and the development of molecular-scale measure-
ments. Gold surfaces also furnish advantages as electrodes
or for etching processes.

The AFM probe can be placed directly on the surface
of individual nanostructures to acquire local I-V spectra
(Figure 5). Three rings were selected to evaluate the con-
ductivity. The nanostructures selected for acquiring I-V
spectra are identified in the topography image of Figure 5A.
As the sample bias was scanned from -10 to +10 V, slightly
asymmetric, nonlinear I-V profiles were observed when the
forward and reverse bias sweeps were compared (Figure
5B). The measurements match well with previously reported
I-V spectra (70-72). A sharp peak was observed between
-4 and -5 V, which indicates the oxidation of OTS SAMs

FIGURE 4. Evolution of changes in CS-AFM images acquired with
various sample bias voltages. (A) Topography image of OTS nano-
patterns produced with 300 nm latex masks. CS-AFM images of
octadecyltrisiloxane rings acquired with (B) -6 V, (C) 0 V, and (D)
+6 V for the same scan area.
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(72). The maximum current measured 1 ( 0.4 nA in both
negative and positive bias regions, which displays the
expected insulating nature of the alkyl chains of OTS (73, 74).
The bias values at the onset of current conduction from the
I-V profiles were used to establish the conditions for acquir-
ing current images for parts B and D of Figure 3.

Approaches based on scanning probe lithography (SPL)
have also been applied to produce organosilane nanopat-
terns (20, 75-77). Methods of SPL provide exquisite
nanoscale resolution and enable us to subsequently visu-
alize the surface morphology with great detail. However,
with SPL the patterns are fabricated one at a time by slow
serial writing processes, which are not easily scalable for

the high throughput and reproducibility needed for device
manufacture. Approaches with particle lithography pro-
vide advantages of high throughput and reproducibility
for generating millions of organosilane nanostructures,
based on simple bench chemistry procedures. The size,
shape, and spacing of features can be precisely controlled
with mesoparticle masks. Once the experimental condi-
tions are optimized, dozens of samples prepared with the
selected conditions exhibit identical nanoscale morphol-
ogies. Multiple samples were prepared, and images of
Figures 2A and 4A are taken from samples prepared sepa-
rately on different days. The AFM views shown are repre-
sentative of multiple areas throughout the surface.

The poor wettability of gold substrates in ambient
conditions was addressed by UV light exposure, which is
known to improve surface hydrophilicity and remove
organic contaminants. During UV irradiation, gold sur-
facesareoxidizedbutrecoverhydrophilicity (33,54,78,79).
In the presence of trace residues of water on oxidized gold
surfaces, OTS molecules are hydrolyzed and reduce gold
oxide with SiCl3 moieties (33, 34). Typically, trace amounts
of water are required to form densely packed organosilane
monolayers. The quality of organosilane SAMs depends
on the degree of hydration on surfaces. For a substrate
devoid of hydroxyl groups such as Au(111), UV surface
treatment was used to improve the adhesion of water.
With particle lithography, nanoscopic residues of water
could be uniformly arranged and distributed throughout
areas of the surface by latex mesoparticles to direct the
binding of organosilanes.

With latex masks, nanoscopic amounts of water are
spatially confined and retained underneath the spheres
localized to a meniscus area at the base where the
mesoparticles meet the surface. The masks were prepared
by drying an aqueous solution of latex particles on the UV-
treated gold substrate under ambient conditions. During
the drying step, most of the water evaporates from the
surface and only tiny residues of water persist to form a
uniform, circular meniscus near the base of the latex
mesospheres. The outer surfaces of latex spheres have
spongelike properties to absorb water and retain small
amounts of moisture when dried (80-83). When OTS
vapor is introduced to the latex masks, hydrolysis takes
place selectively where water is present within the circular
areas of the liquid meniscus. The shapes of the nanostruc-
tures correspond to the areas with a water meniscus near
the base of the latex mesoparticles.

Surfaces with well-defined nanopatterns provide a
platform for further chemical steps to adsorb proteins,
nanoparticles, or other nanomaterials. By the selection of
organosilanes with designed functionalities, nanoscale
control of surface chemistry can be achieved. After orga-
nosilane nanopatterns are fabricated using particle lithog-
raphy, uncovered areas of the Au(111) substrate are
available for further steps of chemical patterning or
etching. Circular organosilane nanostructures can be used
as boundaries to isolate and direct adsorption of new

FIGURE 5. CS-AFM measurements of octadecyltrisiloxane rings: (A)
Topograph of the area selected for measurements; (B) I-V profiles
acquired for three octadecyltrisiloxane nanostructures.
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materials in well-defined arrangements. Alkanethiol SAMs
also can be deposited to backfill uncovered areas of the
Au(111) substrate for defining surface selectivity at the
nanoscale.

CONCLUSION
A robust, high-throughput nanofabrication approach

was accomplished using steps of particle lithography
combined with chemical vapor deposition to reproducibly
generate periodic nanostructures of OTS on surfaces of
Au(111). Pretreatment of the gold substrates with UV
irradiation was used to improve surface wettability. Mil-
lions of OTS nanopatterns are produced with exquisitely
regular and uniform geometries and arrangement. CS-
AFM measurements of nanostructures reveal the insulat-
ing nature of octadecylsiloxane on conductive gold
surfaces.
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