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ngineering the chemistry of surfaces

at the nanoscale poses a significant

challenge for nanotechnology.' *
Many strategies have emerged for nano-
scale lithography, which hold promise for
practical development of devices such as
high density storage devices,®” computer
memory circuitry,®® optoelectronic
components,'®~ 2 and highly sensitive
detectors.”> ™ In choosing nanolithogra-
phy approaches for manufacturing devices,
one of the most critical issues to be ad-
dressed is high throughput. Nanoscale tech-
nologies will undoubtedly require the abil-
ity to prepare millions of reproducible
structures with high fidelity at low expense.
The great promise of nanotechnology de-
pends on the ability to organize materials at
the nanoscale to generate designed assem-
blies that exhibit desirable properties. Mo-
lecular architectures with well-defined func-
tionalities and composition will advance
applications for molecular electronics™ "’
or biosensing.'872

Particle lithography, which has also been

referred to as nanosphere lithography or
colloidal lithography, uses the close-packed
arrangement of spherical particles to pro-
duce ordered arrays of regular
nanostructures.2'?2 When dried, monodis-
perse spheres self-assemble into periodic
structures with designed dimensions and
interparticle spacing. Ordered arrays of
mesospheres of colloidal silica or latex can
then be used as structural templates or
masks to guide the deposition of metals,?>2*
polymers,2>? catalysts,?” nanoparticles,?6?°
self-assembled monolayers (SAMs),*°~33 and
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ABSTRACT Particle lithography is a practical approach to generate millions of organosilane nanostructures
on various surfaces, without the need for vacuum environments or expensive instrumentation. This report
describes a stepwise chemistry route to prepare organosilane nanostructures and then apply the patterns as a
spatially selective foundation to attach gold nanoparticles. Sites with thiol terminal groups were sufficiently small
to localize the attachment of clusters of 2—5 nanoparticles. Basic steps such as centrifuging, drying, heating,
and rinsing were used to generate arrays of regular nanopatterns. Close-packed films of monodisperse latex
spheres can be used as 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
generate nanostructures with regular thickness, geometry, and periodicity as revealed in atomic force microscopy
images. The area of contact underneath the mesospheres is effectively masked for later synthetic steps, providing
exquisite control of surface coverage and local chemistry. By judicious selection in designing the terminal groups
of organosilanes, surface sites can be engineered at the nanoscale for building more complex structures. The
density of the nanopatterns and surface coverage scale predictably with the diameter of the mesoparticle masks.
The examples presented definitively illustrate the capabilities of using the chemistry of molecularly thin films of
organosilanes to spatially define the selectivity of surfaces at very small size scales.

KEYWORDS: particle lithography - atomic force microscopy - nanopatterns
- organosilanes - self-assembled monolayers - gold nanoparticles - nanolithography

proteins.34~37 We recently introduced a
method to pattern organosilanes on sur-
faces such as glass, silicon wafers, mica, and
gold using particle lithography combined
with chemical vapor deposition 3338
Organosilanes bind to the interstitial areas
of surfaces between masks of mesospheres
at surface sites containing residues of water.
Well-defined self-assembled monolay-
ers of organosilanes formed on oxide sur-
faces were first reported by Sagiv in 1980.%°
Since then, organosilanes have been widely
applied to engineer surface properties and
provide a versatile molecular platform for
surface patterning and nanofabrication.**~#
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Figure 1. Snapshots of the key steps of particle lithography. (A) Evaporative mask of 200 nm latex, 4 X 4 um? AFM contact-
mode topograph. (B) Ring patterns of OTS formed on Si(111) viewed after latex removal (4 X 4 pm? topograph). (C) Arrays of
gold nanoparticles attached to thiol-terminated patterns of organosilanes (4 X 4 pm?).

The interfacial functionalities of organosilane SAMs pro-
vide a way to tailor the chemistry of surfaces to attach
various materials such as nanoparticles** and
biomolecules.’®¥’#8 The robust and covalent nature of or-
ganosilanes enables further steps of chemical modifica-
tion to regulate surface chemistry.*~>2

A range of lithography approaches have been devel-
oped to pattern organosilane monolayers such as
photolithography,®® UV-activated photochemistry,>*
electron beam lithography,>>>® and microcontact
printing.>”*8 Scanning probe lithography (SPL) ap-
proaches such as dip-pen nanolithography,>%°
nanoshaving,®? bias-induced lithography,®® and con-
structive nanolithography® % have also been applied
to write nanopatterns of organosilane SAMs. Methods
of SPL provide exquisite nanoscale resolution; however,
the fabrication steps are time-consuming due to slow
serial writing processes which are not easily scalable for
the high throughput requirements of device
manufacture.

Approaches based on successive steps of particle
lithography, vapor deposition of organosilanes, and se-
lective attachment of nanoparticles will be described
in this report. The size, shape, and spacing of nanopat-
terns can be well-controlled at the nanoscale by the di-
ameters of mesoparticle masks used for particle lithog-
raphy. Surface selectivity can be engineered to define
nanoscale sites for passivation or reactivity using well-
defined functionalities of silanes. Engineered nanopat-
terns of adhesive and resistive silane SAMs provide ex-
quisite surface selectivity at the nanoscale, which can
be used as a foundation to direct the deposition of
small clusters of nanoparticles. Surfaces can be de-
signed to attach gold nanoparticles precisely to de-
fined nanoscopic areas to form reproducible geom-
etries and scalable surface coverage.
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RESULTS AND DISCUSSION

Successive Steps for Defining Surface Chemistry via Particle
Lithography. Solutions of monodisperse mesoparticles
spontaneously self-assemble to form close-packed lay-
ers when dried on flat surfaces, as viewed in the AFM to-
pography image of a film of 200 nm latex spheres (Fig-
ure 1A). The latex film is used as a mask for heated
vapor deposition and exhibits hexagonal arrays of peri-
odic, well-ordered domains with relatively few defects.
The AFM topograph displays only the uppermost layer
of the latex spheres, whereas the bottom layer in con-
tact with the substrate actually serves as the mask for
vapor deposition. Often the bottom layer will have
fewer defects and better packing than the top surface
because rows of particles are filled in from upper layers
of spheres.®”8 For the conditions tested, multiple lay-
ers of mesoparticles did not prevent vapors from inter-
calating between spheres to form surface patterns. Af-
ter preparing masks of monodisperse mesoparticles,
the surfaces were exposed to heated organosilane va-
pors in the next step. The time intervals for vapor expo-
sure ranged from 6 to 24 h, depending on the nature
of the organosilane molecules that were chosen. The
mesospheres are removed in the next step by simple
immersion in deionized water or solvents. Two proper-
ties of latex facilitate complete removal of the masks
from the surface: the buoyancy of the spheres as well
as the tendency for the spheres to swell and detach
from the surface when liquid is added. Nanopatterns
of organosilanes such as octadecyltrichlorosilane (OTS)
remain securely attached to the surface, as shown by a
representative AFM topograph in Figure 1B. An ex-
ample of ring-shaped nanopatterns of OTS were pro-
duced on Si(111) via vapor deposition using a mask of
150 nm latex. The contours of the underlying silicon
substrate somewhat predominate for the surface land-
scape for the molecularly thin structures; however, the
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Figure 2. Sites of water residues determine the surface morphology of organosilane nanostructures. Nanopatterns were
prepared using masks of 500 nm latex. (A) Interstitial areas between spheres are covered with water when the mask is dried
briefly; (B) topography image of a porous OTS film on mica(0001) formed by briefly drying latex masks; (C) zoom-in view of
B; (D) cursor profile for the line in C; (E) water meniscus forms at the base of spheres when masks are dried for several hours
under ambient conditions; (F) topograph of an array of OTS ring patterns on mica(0001) generated with partially dried la-
tex masks; (G) zoom-in view of F; (H) height profile for the cursor line in G; (1) latex masks which are dried completely have
no water residues; (J) topograph indicates that no nanopatterns of OTS are generated on the surface when masks are dried
completely; (K) zoom-in view of J; (L) cursor profile for the line in K.

periodic rows of ring nanopatterns can be clearly
viewed spanning micrometer-sized areas of the sur-
face. During vapor deposition, OTS molecules adsorb
through steps of hydrolysis and condensation onto un-
covered interstitial areas of the surface between latex
spheres. The area of contact between the substrate and
the base of the spheres is effectively masked to pro-
duce patterns with circular geometries. The latex masks
are selectively and completely removed with the rins-
ing step, whereas the organosilanes remain covalently
bound to the substrates.

After preparing organosilane nanostructures, addi-
tional steps can be accomplished to backfill uncovered
areas of the surface with new molecules or nanomateri-
als. A second organosilane with a different terminal
group can be used to backfill the bare areas of the sub-
strates by a further successive chemical step, by im-
mersing the binary patterned surface into solutions of
other molecules or nanoparticles. An example is shown
for gold nanoparticles deposited on nanopatterns of
sulfur-terminated 3-mercaptopropyltrimethoxysilane
(MPTMS) in Figure 1C. Because of the strong affinity be-
tween thiols and gold, gold nanoparticles adsorb selec-
tively on the regions containing MPTMS. Arrays of gold
nanoparticle clusters were generated on surfaces of
Si(111) nanopatterned with OTS and MPTMS. The spac-
ing and periodicity of the deposits of gold nanoparti-
cles conform to the areas with MPTMS nanopatterns,
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and the areas of OTS provide an effective resist to pre-
vent nonspecific binding in the surrounding areas. Full
experimental details will be provided for each succes-
sive chemical step in further examples in this report.
Changes in Nanopattern Morphology with Different Drying
Conditions of Masks. Molecules of OTS adsorb onto un-
masked interstitial areas of the surface surrounding la-
tex mesospheres where water residues are located.>
The area of contact directly underneath the spheres is
masked to produce patterns with circular geometries.
The interpattern spacing is defined by the diameter of
the latex; however, the nanopatterned areas of the sur-
face, which were masked, are considerably smaller,
with dimensions on the order of tens of nanometers.
The amount of water present on the masked surfaces
is affected by the drying intervals as well as the size of
the mesospheres. Figure 2 demonstrates how the inter-
vals for drying latex masks affect the morphology of or-
ganosilane nanopatterns on mica(0001). For substrates
such as mica(0001), which contain relatively few hy-
droxyl groups, plasma treatment,® prehydrolysis of
alkylsilanes,”® and exposure of surfaces to water va-
por”! have been used to prepare films of organosilanes
on mica. For latex masks that have been dried briefly
(25 min), water is distributed homogeneously through-
out areas of the surface to enable vapor phase assembly
of OTS into the entire interstitial regions between latex
particles (Figure 2A). The areas masked by the latex
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Figure 3. Changes in surface coverage and periodicity of organosilane nanopatterns using different mesosphere diameters.
Tapping mode topography views of PEG-silane nanopatterns on Si(111) fabricated using (A) 500, (B) 300, (C) 200, (D) 150, and

(E) 100 nm diameter latex.

spheres are protected from silane adsorption to pro-
duce a uniform OTS film of uncovered pore structures
(Figure 2B,C). The thickness of the film measures 2.2 +
0.4 nm, referencing the uncovered areas of the sub-
strate as a baseline (Figure 2D). When mesoparticle
masks are dried under ambient conditions for longer in-
tervals (12 h), only tiny residues of water persist to
form a circular meniscus in areas surrounding the base
of latex spheres (Figure 2E). When the partially dried la-
tex masks are exposed to OTS vapor, hydrolysis occurs
only where water is present at the base of the spheres
to form ring-shaped nanostructures of organosilanes as
displayed in Figure 2F,G. The height of the rings mea-
sures 2.3 = 0.3 nm, which closely matches the dimen-
sions of the pore patterns within the OTS film (Figure
2H). For latex masks which were fully dried in an oven,
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no water is available to initiate hydrolysis of OTS (Fig-
ure 2I). After rinsing away the template latex particles
for the oven-dried masks, no nanostructures are visible
on the mica surface. There are no defined OTS nano-
structures present in the AFM topograph of Figure 2J K.
The cursor profile in Figure 2L further shows that OTS
structures did not form with templates that were dried
in an oven.

Nanoscopic amounts of water are essential to ini-
tiate surface hydrolysis for organosilanes to bind to sub-
strates. The distribution of water can be spatially con-
trolled on surfaces using latex or colloidal silica
mesoparticles as masks to direct the placement of wa-
ter residues. The amount of water on surfaces is a criti-
cal parameter for controlling the sites for hydrolysis of
organosilanes such as OTS, which can be regulated with
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the drying intervals. When latex masks are dried briefly
in ambient conditions, water is distributed homoge-
neously throughout areas of the surface to form an ul-
trathin film between mesoparticles. The organosilanes
bind to the surface according to the arrangement and
locations of water residues, essentially providing a fin-
gerprint of the local distribution of water with AFM im-
ages of the nanopatterns. For mesoparticle masks that
are dried under ambient conditions for longer intervals,
water accumulates to form an exquisitely regular circu-
lar meniscus at the base of each latex sphere. As OTS va-
por is introduced, silation only occurs where water is
present to produce ring-shaped nanopatterns. Latex
masks serve to define the locations of nanoscopic resi-
dues of water on gold surfaces which in turns spatially
directs the sites for OTS to bind. The vapor deposition
strategy for nanopatterning has been used successfully
for patterning surfaces of mica(0001), Si(111), glass,
and indium—tin oxide surfaces. Even the relatively hy-
drophobic surfaces of Au(111) can be successfully ap-
plied as substrates with particle lithography.®®

Nanoscale Control of Periodicity and Surface Coverage.
Changes of certain experimental parameters provide a
means to systematically define the periodicity and sur-
face coverage of nanostructures produced by particle
lithography. For example, changing the diameter of the
mesoparticle masks will alter the interpattern spacing
as well as the size and surface densities of silane nano-
structures. Predictably, a larger area of contact is ob-
served for larger latex particles. An example is pre-
sented for arrays of 2-[methoxy(polyethyleneoxy)-
propylltrimethoxysilane (PEG-silane) nanopatterns pro-
duced with latex masks of various diameters, shown by
a series of AFM topographs in Figure 3. The surface den-
sity increases as the diameter of the latex spheres of
the masks is changed from 500 nm to 300, 200, 150, and
100 nm for Figure 3A—E, respectively. For example, in
the successive zoom-in views of Figure 3, the third col-
umn shows a 1 X 1 um? view. The number of patterns
progresses from 3 ring patterns per pm? in Figure 3A to
9, 19, 32, and 52 rings per um? for Figure 3B—E, in suc-
cession. The periodicity of the ring patterns of PEG-
silane can be measured with cursor line profiles and
were found to closely match the expected diameters
of the latex masks. The long-range order and organiza-
tion of PEG-silane rings is apparent in the successive
zoom-in views, with only a few defects produced by
missing particles. The ring geometries of PEG-silane
nanopatterns are remarkably consistent. Regardless of
the latex diameters, the heights of the PEG ring patterns
are quite uniform at the nanoscale, ranging from 6.4
to 7.1 nm in thickness. The unevenness of the height is
likely produced by beading of water on the surface ar-
eas during the vapor deposition step, causing very
slight irregularities in wetting of the surface at the
nanoscale. The self-assembly process of various orga-
nosilanes has been reported to proceed via an island
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Figure 4. Analysis of the effect of latex diameter on (A) sur-
face coverage of PEG silane nanostructures, (B) surface area
of PEG silane ring patterns, and (C) surface area of uncovered
pores.

growth mechanism.*?72-74 Adsorption of preorganized
aggregates of organosilane molecules first occurs on
surfaces where the nanoscopic residues of water are
confined with latex masks. Slower adsorption processes
continue to form a denser layer until silation is
completed.

Estimates of the surface coverage as well as the sur-
face areas of the rings and pores of the PEG-silane nano-
patterns are plotted in Figure 4. The charts demon-
strate quantitatively that the surface area of the
uncovered substrates as well as the areas covered by
the ring patterns changes accordingly with mesoparti-
cle diameters. The estimates were made using analysis
of multiple representative images of different areas of
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Figure 5. Periodic nanostructures of AAPTMS on Si(111) produced using particle lithography combined with heated vapor
deposition. Tapping mode AFM topographs of AAPTMS nanopatterns produced with latex masks having periodicities of (A)

300 nm, (B) 200 nm, and (C) 150 nm.

the samples. The surface coverage for PEG-silane nano-
patterns increases from 32 to 74% as the diameters of
latex masks correspondingly change from 500 to 100
nm (Figure 4A). With smaller latex mesoparticles, close-
packed masks offer sites to generate a larger number
of nanopatterns, thus resulting in higher overall surface
coverage of vapor-deposited silanes. The surface cover-
age within patterned areas of the PEG-silane rings
scales accordingly with latex diameter as shown in Fig-
ure 4B, ranging from 3000 nm? (100 nm sphere diam-
eter) to 14 000 nm? (500 nm diameter). The variation in
the surface area of the rings results from changes in the
size of the water meniscus formed at the base of
spheres, defined by the areas wetted by nanoscopic
amounts of water. Tiny residues of water are trapped
near the latex particles to form a local meniscus sur-
rounding the base of the spheres, and the size of this
area increases progressively for larger diameter spheres.
Larger particles enable more water to become trapped
at the base of the spheres, forming a larger meniscus
area to direct the surface attachment of organosilanes.
The uncovered surface areas of pores inside the
PEG rings were observed to increase with larger latex di-
ameters (Figure 4C). The pore sizes change from 1900
to 14 000 nm? as the latex diameter is increased from
100 to 500 nm. Measurements of the surface areas of
uncovered pore sites within the PEG rings provide a
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way to assess the actual region of contact between la-
tex spheres and the surface. The hydrodynamic radius
of latex particles changes upon wetting, and the swell-
ing of latex can cause the diameters of spheres to
change at the nanoscale. As latex solutions are depos-
ited and dried, the deformability of polystyrene latex re-
sults in changes for the area of contact between the la-
tex spheres and the surface. For smaller latex spheres,
overall more areas of the surface are masked.
Applicability of Particle Lithography for Different Terminal
Moieties. Particle lithography was also applied success-
fully for patterning amine-terminated silanes. Nanopat-
terns of N-(6-aminohexyl)aminopropyltrimethoxysilane
(AAPTMS) are shown in Figure 5 for various diameters of
latex masks. Successive zoom-in views reveal that
AAPTMS nanopatterns exhibit exquisitely uniform and
regular ring morphologies, regardless of the different
latex diameters (Figure 5A—C). The heights of the
AAPTMS ring patterns are quite consistent, ranging
from 3.2 to 3.7 nm. The periodicity corresponds closely
to the dimensions of latex masks. The surface coverage
and density of AAPTMS nanopatterns change accord-
ingly with the diameters of mesoparticle masks used for
particle lithography. The zoom-in images display a
very slight unevenness of the height on the order of
+0.2 nm. This is likely caused by subtle differences in
surface wetting during the vapor deposition step. The
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differences also may be attributable in part to AFM im-
aging artifacts. The widths of AFM probes can differ
greatly at the nanoscale and contribute to broadening
of lateral dimensions of very small surface features.
However, it is more likely that the differences in overall
surface area of the rings arise from natural differences in
self-assembly and physical dimensions of AAPTMS ver-
sus PEG-silane.

The molecular structure, reactivity, and consequen-
tial surface assembly processes of organosilanes influ-
ence the resulting thickness of the nanostructures
formed with organosilane SAMs. The longer polymer

chains of PEG-silane molecules aggregate and interdig-
itate to form relatively larger clusters and proceed with
a slower adsorption process on surfaces until silation is
complete. The shorter backbone chains of the amine-
terminated silane, AAPTMS, can self-catalyze the hydrol-
ysis leading more aggressively to forming a multilayer
compared to PEG-silane.”>~77 Due to interactions of
head and tail groups between amine and silanol moi-
eties, AAPTMS forms multilayers on surfaces, resulting
in more disordered structures.”®’® Zoom-in AFM views
of AAPTMS nanopatterns reveal that the ring-shaped
structures are composed of smaller clusters.

The changes in surface density were evaluated and
compared as a function of latex diameter (Figure 6) for
AAPTMS and PEG-silane nanostructures. Since the num-
ber of nanostructures is determined by the packing
density of the latex spheres of the evaporative masks,
the surface densities are quite consistent for AAPTMS
and PEG-silane. The numbers of PEG rings range from
3.9 X 108 nanostructures per cm? for 500 nm spheres to
as high as 7.6 X 10° for 100 nm latex. The steps of par-
ticle lithography combined with chemical vapor depo-
sition are shown to reproducibly generate high surface
densities with well-defined nanoscale geometries. Once
the experimental conditions are optimized, dozens of
samples prepared with the selected conditions exhibit
similar nanoscale morphologies. Several samples were
prepared to acquire data for the surface coverage and
density, and the areas displayed in Figures 3 and 5 are
representative of multiple areas and views throughout
the sample surface.

Interestingly, AFM images display little difference at
the nanoscale for the surface area of the rings of
AAPTMS compared to PEG-silane nanopatterns (Figure
7). The surface coverage of nanopatterned surfaces with
AAPTMS correspondingly changes with the size of the
latex masks: 47, 54, and 65% for 300, 200, and 150 nm
diameters, respectively. No obvious differences in sur-
face coverage are apparent for AAPTMS versus PEG-
silane ring nanopatterns, and there is considerable
overlap in comparing the error bars of the chart. Con-
sidering that the molecular backbones and headgroups

[ 4pm |

Figure 8. Wide area view of PEG-silane nanopatterns on silicon demonstrates the high throughput capabilities of particle li-
thography. (A) Topograph and (B) simultaneously acquired phase image acquired in ambient conditions with tapping mode

AFM. (C) FFT analysis for the AFM topography image in A.
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Figure 9. Sequence of chemical steps for selective attachment of gold nanoparticles on nanopatterns of organosilanes produced on a
polished silicon wafer. (A) Nanopatterns of OTS produced by particle lithography; (B) topograph of an OTS film with pore structures pro-
duced with 300 nm latex; (C) corresponding lateral force image for B; (D) after depositing MPTMS onto uncovered pore areas within
OTS; (E) topograph of a surface nanopatterned with OTS and MPTMS; (F) lateral force image for E; (G) gold nanoparticles attach selec-
tively to areas with MPTMS; (H) topograph of arrays of gold nanoparticle clusters; (I) corresponding lateral force image for H.

of AAPTMS and PEG-silane are quite different, these re-
sults suggest that for defining the lateral dimensions of
the surface patterns of the rings the critical factors are
the locations and sites of water residues rather than the
molecular architecture.

An example of the high throughput capabilities of
particle lithography for fabricating organosilane nano-
patterns is presented in Figure 8. The long-range order
and organization of PEG-silane nanopatterns produced
with 150 nm latex mesoparticles are apparent in the
tapping mode AFM topograph, exhibiting relatively few
defects over the 20 X 20 wm? scan area (Figure 8A).
For a given fabrication condition, the surface morphol-
ogies were highly consistent and reproducible. The si-
multaneously acquired phase image in Figure 8B re-
veals more clearly that the PEG rings do not touch
neighboring patterns. Phase images can sensitively
distinguish differences in surface chemistry, elastic

AMORNT AN . .
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response, as well as edge effects.8978 Surfaces of
PEG-silane rings exhibit a relatively uniform compo-
sition with a brighter contrast relative to the uncov-
ered areas of silicon between the nanopatterns. A
fast Fourier transform (FFT) analysis of the AFM
topography frame with PEG rings is presented in
Figure 8C. The FFT image clearly evidences the long-
range order and hexagonal arrangement for arrays
of PEG-silane rings.

The AFM images in Figure 8A,B also reveal the loca-
tions and placement of pattern defects. A few cracks
are formed within the broader areas, which result from
shrinkage of the latex masks during the drying step. The
roughness of the underlying substrate morphology
can also contribute to shifts in registry and vacancy ar-
eas. Surfaces which are atomically flat, such as
mica(0001), generate a lower density of defects. Mul-
tiple approaches have been developed to produce
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higher quality latex masks, and this subject has been
previously reviewed 3485

Spatial Selectivity for Generating Arrays of Gold Nanoparticles.
Organosilane nanostructures can be used to define the
placement of metal nanoparticles on surfaces. An ex-
ample is presented in Figure 9 for the steps of pattern-
ing a resist silane of OTS, backfilling uncovered areas
via an immersion step with a thiol-terminated organosi-
lane, and the attachment of gold nanoparticles at de-
fined sites using selected chemistries. In the first step,
methyl-terminated patterns of OTS were generated
either on silicon or on glass substrates using the previ-
ously described approach for vapor deposition through
mesoparticle masks (Figure 9A). Arrays of OTS nanopat-
terns with pores of uncovered areas of substrate were
produced as shown in Figure 9B (topograph) and 9C
(lateral force image). Referencing the uncovered areas
of the substrate as a baseline, the thickness of the OTS
film is fairly even throughout the surface, exhibiting uni-
form coverage between pores. The dark areas of the lat-
eral force image pinpoint the locations where latex par-
ticles were displaced. The differences in surface
chemistry between the OTS film and the uncovered ar-
eas of the silicon substrate are apparent in Figure 9C.
The brighter color of the OTS areas is quite uniform, in-
dicating a homogeneous chemistry at the interface.
Within this 4 X 4 um? frame, there are 1500 nano-
pores providing 36% of the overall surface area for ad-
sorption sites.

The uncovered areas of the silicon surface provide
sites for a further chemical treatment to deposit a sec-
ond organosilane with a solution immersion step. A
short chain silane with thiol headgroups was depos-
ited in the pore areas by 4 h immersion in a solution of
1 mM MPTMS in toluene (Figure 9D). The overall sur-
face design therefore contains circular areas (ca. 68 nm
diameter) presenting thiol groups surrounded by passi-
vated areas with methyl-terminated OTS. The surface
changes after the MPTMS immersion step are shown in
Figure 9EF. At this magnification, the shapes of the
pores can no longer be clearly distinguished in the to-
pography image. The height difference between OTS
and MPTMS is too small in comparison to the rough-
ness of the surface of polished silicon to be distin-
guished in the 4 X 4 um? topography frame. The rms
roughness measured 1.6 nm for the area shown. How-
ever, the differences in surface chemistry are clearly evi-
dent in the corresponding lateral force image of Figure
9F. The differences in adhesion between the tip and
sample provide a sensitive map of the surface chemis-
try of the headgroups of OTS versus MPTMS. The
brighter color of the lateral force image corresponds
to the areas with methyl groups (OTS), whereas the
thiol groups (MPTMS) inside the pores are darker. A
tiny black dot at the center of the pores indicates that
no MPTMS was deposited at the very center spot where
the latex spheres made contact with the substrate.
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Figure 10. Successive magnified AFM views of the clusters
of gold nanoparticles produced on Si(111). (A) Wide area to-
pograph of periodic arrays of gold nanoparticles (10 X 10
prm?); (B) close-up of the nanoparticle clusters (5 X 5 pm?);
(C) zoom-in view (1 X 1 wm?); (D) cursor profile for the line in
C.

This indicates that saturation coverage was not com-
pletely achieved for the pore areas during the immer-
sion step.

The MPTMS nanopatterns can be used for selective
deposition of gold nanoparticles via S—Au chemisorp-
tion (Figure 9G). Thiol-terminated MPTMS patterns pro-
vide sites to selectively confine and anchor gold nano-
particles to the surface. The methyl-terminated films of
QTS provide a highly effective resist to prevent binding
at boundary areas surrounding the circular areas of
MPTMS. Due to the strong affinity between thiols and
gold,®~8 the gold nanoparticles adsorb selectively and
uniformly at the regions with MPTMS, as demonstrated
in the AFM images of Figure 9H,l. Within the 4 X 4
wm? topograph of Figure 9H, there are 1300 clusters
composed of 2—5 gold nanoparticles. The correspond-
ing lateral force image exhibits interesting changes for
gold nanoparticles attached to MPTMS; the edges of in-
dividual nanoparticles can be resolved, providing a
means to elucidate the shapes of individual nanoparti-
cles (Figure 9l).

Successive zoom-in views of an array of gold nano-
particle clusters that were selectively adsorbed on a sur-
face template of MPTMS nanopatterns surrounded by
OTS are presented in Figure 10, for a sample prepared
from masks of 300 nm latex mesospheres prepared on
a glass slide. A representative 10 X 10 wm? topograph
reveals the overall organization of the clusters of gold
nanoparticles on the silicon substrate (Figure 10A). The
overall morphologies and arrangement of the nanopat-
terns prepared on glass are quite similar at the nano-
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Figure 11. Optical properties of surface arrays of gold nanoparticle clusters investigated with UV—visible spectrophotome-
try. The red curve profiles the spectra of the gold nanoparticle solution (left). The blue curve corresponds to spectra of a
nanopatterned surface of glass without gold nanoparticles. The green line displays spectra of the sample of gold nanoparti-

cle clusters produced on glass (right).

scale to the views of nanopatterns prepared on pol-
ished silicon wafers shown in Figures 9H and 10A—C,
illustrating the superb reproducibility of particle lithog-
raphy steps, despite different substrates. The interstitial
areas that are covered with methyl-terminated OTS pro-
vided a highly uniform and selective resist for prevent-
ing nanoparticle adsorption, whereas the pore regions
filled with MPTMS define sites for attachment by pre-
senting thiol groups to direct the binding of gold nano-
particles. A further close-up view in Figure 10B dis-
closes the symmetric arrangement of 190 gold
nanoparticle clusters, which cover 31% of the surface.
Since the topography images clearly reveal the location
and shapes of the gold nanoparticles, the number of
nanoparticles within clusters can be obtained visually
by examining multiple AFM images for different areas
throughout the sample surface. The clusters are com-
posed of 2—5 gold nanoparticles, approximately 13% of
the clusters contain two nanoparticles. Within the 1 X
1 wm? area of Figure 10C, nine clusters of gold nanopar-
ticles are viewed in the 3-D zoom-in frame. These im-
ages are representative of areas throughout the sample
and demonstrate the exquisite spatial selectivity of
organosilane nanopatterns. An average periodicity of
310 * 14 nm was measured for the arrays of gold nano-
particles (Figure 10D), which corresponds closely to
the dimensions of the latex masks (301 = 4 nm). The av-
erage height of the gold nanostructures measured 13
*+ 3 nm, with lateral dimensions ranging from 32 to 53
nm.

With spatially directed confinement of gold nano-
particles on glass surfaces, the arrays of nanoparticle

MATERIALS AND METHODS

Atomic Force Microscopy. Samples were characterized using
either contact mode or acoustic AC mode AFM using either a
model 5500 or 5600 LS scanning probe microscope (Agilent
Technologies, Chandler, AZ). Rectangular silicon nitride cantile-
vers with force constants ranging from 21 to 98 N/m and an av-
erage resonance frequency of 165 kHz were used for AAC mode
(tapping) characterizations (Nanosensors Lady'’s Island, SC). Con-
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clusters retain characteristic optical properties. Charac-
terizations with ultraviolet—visible spectrophotometry
were used to investigate the optical property of arrays
of gold nanoparticle clusters (Figure 11). For compara-
tive reference, UV—vis spectra were acquired for a gold
nanoparticle solution and for a piece of glass with orga-
nosilane nanopatterns. A significant absorption peak
was observed at 521 nm for the solution of suspended
gold nanoparticles (green curve in Figure 11). The spec-
trum of the silane nanopatterns prepared on glass
shown in Figure 11 (blue curve) does not exhibit any
prominent absorption peaks in the visible region
(350—700 nm) as a control sample. For the sample of
gold nanoparticles adsorbed onto nanopatterns, a red
shift up to a value of 632 nm was observed in the

UV —vis spectra (red curve in Figure 11). The red spec-
tral shift is attributable to changes in interparticle dis-
tance as gold nanoparticles assemble on the confined
areas of the surface 82

CONCLUSION

Nanopatterns of organosilanes can be used effec-
tively to define surface selectivity to designate the
placement of other molecules and gold nanoparticles.
Particle lithography provides advantages of high
throughput for patterning organosilanes, furnishing
nanoscale control of the surface coverage, geometry,
and lateral dimensions of nanostructures. These results
are a prelude to new directions for nanoscale pattern-
ing, using simple steps of bench chemistry that are ac-
cessible in most laboratories.

tact mode AFM images were acquired using V-shaped cantile-
vers with oxide-sharpened silicon nitride probes, which had an
average force constant of 0.5 N/m (Veeco Probes, Santa Barbara,
CA). Images were processed using Gwyddion open source soft-
ware, which is freely available on the Internet and supported by
the Czech Metrology Institute.”® Analysis of surface coverage was
accomplished with multiple replicate images using Scanning
Probe Image Processor (SPIP) software version 4.7.6 (Image Me-
trology, Denmark).
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Preparation of Organosilane Nanopatterns. Particle lithography
with vapor deposition was used to generate organosilane nano-
patterns on surfaces, as previously reported.>* Polished silicon
wafers, Si(111) doped with boron (Virginia Semiconductor Inc.,
Fredericksburg, VA), and glass cover slides (Fisher Scientific, Pitts-
burgh, PA) were used as substrates. Substrates were cleaned by
immersion in piranha solution for 1 h, which is a mixture of sul-
furic acid and hydrogen peroxide at a (v/v) ratio of 3:1. Piranha
solution is highly corrosive and should be handled carefully. Sub-
strates were then rinsed copiously with deionized water and
dried in air. Size-sorted polystyrene latex spheres (Thermo Scien-
tific, Waltham, MA) were washed by centrifugation to remove
contaminants such as charge stabilizer or surfactants. First, a
small volume (200 L) of size standard latex solution (1% w/v)
was placed into a microcentrifuge tube. After centrifuging the la-
tex suspension for 15 min at 14 000 rpm, a solid pellet was
formed with a transparent supernatant. The supernatant was de-
canted and replaced with 100 pL of deionized water. The latex
pellet was resuspended by vortex mixing, and a drop (20 pL) of
the latex solution (2% w/v) was deposited on a clean substrate.
The samples were dried in ambient conditions (25 C, relative hu-
midity ~60%) to produce evaporative masks for particle lithog-
raphy. As water evaporates during drying, capillary forces pull
the mesospheres together to form organized crystalline layers
on flat surfaces. During the drying step, most of the water evapo-
rates and only tiny residues persist to form a meniscus surround-
ing the base of the spheres. Next, the substrates with latex masks
were placed into a sealed reaction vessel containing 300 pL of
the selected organosilane. A clean glass jar (100 mL) with a
Teflon closure provided a suitable reaction vessel. Organosi-
lanes such as OTS, AAPTMS, MPTMS, and PEG-silane were pur-
chased from Gelest (Morrisville, PA) and used without further pu-
rification. To generate an organosilane vapor, the reaction vessel
was placed in an oven and heated at 70—80 °C for at least 6 h un-
der ambient pressure. During vapor deposition, organosilanes
adsorbed to uncovered interstitial areas of the surface between
latex spheres which contain water residues. The latex masks
were removed completely by sonication and rinsing with etha-
nol and deionized water.

Deposition of a Second Organosilane by Solution Immersion. Areas of
the surface that were not covered with nanopatterns could be
backfilled with a second organosilane by solution immersion.
Substrates with silane nanopatterns were immersed for 4 h in a
toluene solution containing 1 mM of the chosen organosilane.
Afterward, the samples were cleaned by sonication in toluene
and ethanol for 15 min.

Attachment of Gold Nanoparticles to Organosilane Nanopatterns. Gold
nanoparticles were synthesized according to a previously re-
ported procedure.”**® The average size of the gold nanoparti-
cles measured 12 = 3 nm. Surfaces of silicon or glass contain-
ing binary nanopatterns of OTS and MPTMS were immersed in
a solution of gold nanoparticles for 8 h. Afterward, the samples
were briefly immersed in a sonicated solution of ethanol for 2
min and then rinsed further with ethanol and deionized water.
Ultraviolet—visible spectra of gold nanoparticle arrays were re-
corded with a Varian Cary 50 UV—vis spectrophotometer (Palo
Alto, CA).
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