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M
etallic nanostructures in a regu-
lar arrangement are important
not only in fundamental sci-

ences1 but also in many applications be-

cause they create stronger resonant electro-

magnetic (EM) surface wave energy

coupling and provide EM coupling in the

IR region.2�6 The regular arrays of spherical

metal nanoparticles (NPs), therefore, could

enable improved nanoelectronic and pho-

tonic devices such as chemical and

biosensors,7,8 surface-enhanced Raman

scattering (SERS) spectroscopy,9 optical

waveguides,10 imaging,11 and photovoltaic

devices.12 Dipole coupling of plasmon

waves narrows extinction peaks and en-

hances EM fields up to 107 in spherical sil-

ver NP arrays relative to an isolated NP.13

Regular arrays of gold NPs also exhibit

strong, long-range interactions between

particles that cannot be obtained in a disor-

dered NP lattice.14 SERS signal is amplified

by varying particle shape, size, and interpar-

ticle spacing on the regular arrays of gold

NPs.15

Diverse microfabrication techniques are

being developed to meet rising demands

for the fabrication of highly ordered metal

NP arrays. Electron beam lithography

(EBL),16,17 nanoimprint lithography (NIL),18

and focused ion beam (FIB) systems19 have

been used to produce periodic metal lat-

tices of particular optical and geometrical

interest. These methods are effective in cre-

ating high-resolution nanostructures with

controllable size, shape, and spacing. How-

ever, they require expensive equipment for

the lithography, ion etching, and metal

deposition. In our previous works, it took

�36 h to fabricate 100 � 100 �m2 regular

arrays of gold NPs using a 1.2 million dollar
EBL machine.20,21 NIL and FIB also require
long sample preparation times with expen-
sive equipment. Electroless (EL) plating re-
sults in more cohesive particles with smaller
particle size distributions than conven-
tional top-down metal deposition, such as
evaporation or sputtering.20 In addition,
top-down evaporation or sputtering limits
particle shapes to cylindrical structures and
precludes thermal shape transformation
due to weak bonding between the metal
film and structures. Emerging lithographic
techniques using templates made of bio-
logical molecules,22 such as DNA,23,24 pro-
tein,25 yeast cells,26 or bacterial surface lay-
ers,27 provide a biocompatible
environment, but these templates are la-
bile, and the resulting regular patterns of
nanostructures are size-limited to a few
nano- to micrometers.

Particle lithography, known as nano-
sphere lithography (NSL), is a simpler, more
robust, and cost-effective means to create
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ABSTRACT Uniform hexagonal arrays of diverse nanotemplated metal structures were formed via selective

electroless gold plating on particle-lithographed dimethyldichlorosilane layers. Surface-associated water at silica

bead interstices was shown to correlate with the formation of silane rings with outer ring diameters ranging from

522.5 � 29.7 to 1116.9 � 52.6 nm and/or spherical gold nanoparticles with diameters from 145.5 � 20.2 to

389.1 � 51.1 nm in the array. Reproducibility and millimeter-size scalability of the array were achieved without

the need for expensive and sophisticated lithography or metal deposition equipment. The formation of each

structure was explained on the basis of the silanization mechanism and microscopic characterization, as well as

dimensional analysis of the nanostructures. This new, facile, and versatile method enables fine fabrication of

regular metal nanoparticle array platforms to improve optical and plasmonic features in nanoelectronics and

nanophotonic devices.

KEYWORDS: particle lithography · silanization · electroless plating ·
nanotemplating · gold island thin film
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ordered two-28 or three-dimensional29 colloidal crystals

which can be used as templates to fabricate metal

nanostructures. Attractive capillary forces between

monodispersed silica (Si) or polymer beads produce

large areas of ordered colloidal crystals from millime-

ters to centimeters in scale.30�32 Also, size and interpar-

ticle spacing of the metal NP array can be easily tuned

by using different sizes of beads. Various shapes of

metal nanostructures fabricated by NSL, such as tri-

angles and spheres, have been characterized for use in

localized surface plasmon resonance (LSPR) spectros-

copy and SERS sensing.33,34 However, although NSL has

attracted much interest due to the above listed advan-

tages over the other lithographic techniques, expensive

and sophisticated metal deposition equipment is still

required postlithography to produce ordered arrays of

metal nanostructures. Chromium layers, which are of-

ten precoated to increase adhesion of the metal films

during the metal vacuum deposition, are shown to be

a limiting factor in the sensitivity of biological sensors.35

Moreover, top-down metal deposition limits the diver-

sity of the final array structure because the deposited

metal films access only part of the interstitial areas be-

tween beads.

RESULTS AND DISCUSSION
Here, we present the first examination of gold film

nanotemplating created using bottom-up EL plating
on particle-lithographed silane layers. EL plating is an
inexpensive, benchtop method to deposit diverse met-
als such as gold, silver, nickel, copper, and platinum on
Si surfaces by chemical reduction of dissolved metal
ions.36 This report focuses on nanotemplating to pro-
duce gold structures using EL plating. We recently char-
acterized EL-plated gold films deposited on flat quartz
slides,36 on inner walls of Si capillaries,37 and on EBL-
patterned indium�tin�oxide (ITO) glass substrates.20,21

In each case, EL plating produced gold films of a pre-
dictable thickness and structure at a given deposition
time. Island films may be transformed to gold NPs by

thermal annealing. Strong attachment of the gold to
the substrate upon extreme thermal, solvent, and EM
exposures exhibits great potential of EL-plated nano-
structures for bio/chemical sensing applications.

Surface modification of a quartz slide was performed
with dimethyldichlorosilane (DMDCS) to prevent the in-
terstitial surfaces between silica beads from being EL
gold plated. DMDCS was selected as a silanizing agent
due to its demonstrated effectiveness particularly for
vapor phase reactions. Much greater water contact
angles have been previously observed when surfaces
were prepared in the vapor phase (�A/�R � 104°/103°,
where �A and �R are advancing and receding contact
angles) than surfaces made in solution (�A/�R � 92°/
85°).38 Additionally, DMDCS has greater vapor pressure
and thermal stability, as well as a lower tendency to po-
lymerize, compared to trichlorosilanes.39 Due to its ul-
trahydrophobic character, reactions of alkylchlorosi-
lanes with Si surfaces have been shown to generate
hydrophobic coatings on micro/nanostructures,40,41 an-
tistiction layers on MEMS devices,39 and water-repellent
surfaces for self-cleaning purposes.42 Surfaces coated
with alkylchlorosilanes show different values in water
contact angles and wettability depending on the num-
ber of chlorine atoms (mono-, di-, and trichlorosilanes)
and the length of alkyl groups (methyl, ethyl, propyl,
etc.).38�40,43 However, alkylchlorosilane reaction mecha-
nisms are all the same regardless of functionality.39,44,45

First, Si�Cl bonds break to form Si�OH bonds, and HCl
is produced with a trace amount of water, as shown in
the case of DMDCS in Figure 1. HCl produced by this hy-
drolysis reaction does not interact with the Si surface
or impede the silanization.44 Second, the silanol groups
can be covalently attached to the free hydroxyl (�OH)
groups on the Si surface by condensation. During this
reaction, di- and trichlorosilanes tend to polymerize ver-
tically with available unbound silanol groups resulting
in multilayer formation, as shown in Figure 1a.38 A
monolayer of DMDCS molecules can be also formed
by binary covalent attachment in the absence of avail-
able unbound silanol groups, as shown in Figure 1b.43 A

Figure 1. Silanization mechanism of dimethyldichlorosilane (DMDCS) on a quartz substrate: (a) vertical polymerization or
(b) monolayer formation can result from condensation.
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detailed silanization reaction on the DMDCS-deposited
silica bead monolayer is discussed in the description of
Figure 4.

Figure 2 illustrates the gold film nanotemplating
process used. Silica beads (1.81 � 0.04 �m in diam-
eter, 3 �L, 1%) were drop-coated onto piranha-
hydroxylated quartz substrates (a,b) and, resulting silica
bead monolayer samples were dried for 0�40 h on a
3D rocker platform in a 60% environmental chamber (c).
The samples were then placed into a custom vacuum
evaporation system to vapor-deposit DMDCS on the
silica bead mask with deposition times ranging from
60 to 90 min (d). After DMDCS deposition, samples were
incubated either in a 50 °C oven for 1�5 h to observe
the effect of thermal curing on DMDCS condensation
(e) or in a room temperature desiccator for 20 min as
control samples. Next, silica beads were lifted off from
the substrate in an ultrasonic water bath (f), and EL gold
plating was performed on the particle-lithographed
masks to produce nanotemplated structures (g). De-
tails of the experimental procedures are included in the
Experimental Section.

Figure 3 shows diverse nanotemplated gold film
structures with increasing predrying times of the silica
bead monolayer from (a) 0 min, (b) 30 min, (c) 15 h, to
(d) 40 h at a constant DMDCS deposition time (60 min)
and with no thermal cure. When the silica bead mono-
layer retained significant amounts of bulk liquid water
between the beads, thick gold films were formed with-
out making hexagonal array patterns, as shown in Fig-
ure 3a. As in the results from FTIR, quartz microbalance,
and ellipsometric measurement, silane multilayer
buildup (e.g., vertical polymerization of DMDCS mol-
ecules) is because of liquid water traces left on the

substrates.43,46 Thus, gold island film can be plated
onto free �OH ends of the polymerized DMDCS mol-
ecules via EL interactions without creating hexagonal
array patterns. It was previously shown that an esti-
mated EL deposition rate is �8 nm/min during the first
4 min and is nonlinear afterward.36 When the predry-
ing time of the silica bead monolayer was increased to
30 min, however, uniform hexagonal arrays of silane
ring structures appeared with an average outer ring di-
ameter of 522.5 � 29.7 nm (n � 42, where n is the num-
ber of counts). These silane ring structures appear as
black rings in the SEM image. Corresponding hollow
bars in the histogram of Figure 3b show their size distri-
bution. Outside the silane ring areas, where water mol-
ecules are adsorbed on free Si surfaces, gold island film
was plated onto available �OH groups of the polymer-
ized DMDCS molecules via EL plating. Spherical gold
NPs, appearing as white dots in the SEM image, corre-
sponding to filled bars in the histogram of Figure 3b,
were formed with an average diameter of 235.3 � 32.6
nm (n � 51) at the center of each silane ring. When
the silica bead monolayer was predried for 15 h, aver-
age diameters of the silane rings and spherical gold NPs
were increased to 1116.9 � 52.6 nm (n � 78) and 306.3
� 34.7 nm (n � 67), respectively, with reduced areas
of background gold film in Figure 3c. Increasing the pre-
dry time to 40 h produced similar diameters of the si-
lane rings and spherical gold NPs to those of 15 h pre-
dried sample, 923.1 � 72.1 (n � 65) and 321.0 � 50.1
nm (n � 57), respectively, as shown in Figure 3d. There-
fore, predrying was not performed longer than 40 h.

Morphology of gold NPs and island structures ap-
pears to result from different structures of water formed
in three unique regions on Si surfaces adjacent to silica

Figure 2. Schematic illustration of the procedure for the gold film nanotemplating.
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beads, as shown in Figure 4: (i) free surfaces, (ii) �10
nm cavities, and (iii) �10 nm cavities with menisci. On
Si surfaces unbounded by adjacent surface structures
(free surfaces), planar ice-like water structures grow up
to �3 molecular layers at relative humidity (RH) up to
30%.47 In the RH range from 30 to 60%, a transitional re-
gion from ice-like to liquid water of �1 molecular layer
occurs, and liquid water begins to dominate on the top
of this transitional region at RH � 60%.47 However,
when water adsorbs in cavities, as where Si substrate
meets silica beads, ice-like structures persist up to �10
nm in cavity diameter.48 Beyond 10 nm, water liquefies
via capillary condensation between ice-like layers on
cavity surfaces, forming a characteristic meniscus. Sorp-

tion isotherms in the region of capillary condensation
exhibit sharp changes in adsorbed water content as
well as hysteresis.48�50 As water vapor pressure in-
creases, an equilibrium plateau in adsorbed water is
reached, during which water at the menisci edges adja-
cent to free surface evaporates and recondenses at the
meniscus center, creating a dynamic circular pattern, as
described in Figure 4.51

Comparing previously reported water structures
with the results in Figure 3 suggests that DMDCS va-
por near free surfaces is hydrolyzed by water vapor in
equilibrium with free surface liquid. Hydrolyzed DMDCS
vapor condenses with surface hydroxyls, resulting in si-
lanization which is driven by the lower-energy state of

Figure 3. Schematic diagrams (first row), SEM images (second row), and histograms (third row) of the nanotemplated gold
films prepared by predrying silica bead monolayer samples for (a) 0 min, (b) 30 min, (c) 15 h, and (d) 40 h in a 60% environ-
mental chamber. Remaining water after each predrying was drawn in the schematics as solid water meniscus lines at
bead�substrate interfaces. Scale bars in the SEM images are 5 �m. Average diameters of gold NPs at the center of each
ring and outer diameters of silane rings are shown in filled and hollow bars in the histograms, respectively.

Figure 4. Schematic representation of DMDCS silanization in three different regions on Si surfaces adjacent to silica beads:
(i) free surfaces, (ii) <10 nm cavities, and (iii) �10 nm cavities with menisci. A monolayer formation of DMDCS molecules on
region (iii) and DMDCS polymerization on region (i) are shown in the close-up schematic on the right.
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surface silanols. At �60% humidity, DMDCS covers
free surfaces sparsely with an average degree of polym-
erization �4 (due to three ice-like and one transition
water layer being present). This accounts for the dis-
persed gold island film appearing on free surface areas
between silica beads after EL plating. In contrast, on sur-
faces of �10 nm cavities, silanization by DMDCS is pre-
cluded by steric inaccessibility, by lower water number
density,48 and by an intervening meniscus layer of liq-
uid water. These cavity surfaces are exposed to EL plat-
ing solutions after lift-off of Si microbeads, which al-
lows reduction of uniform gold island films that
centered at the point where the microbead contacts
the Si substrate. On �10 nm cavity surfaces, water
evaporating from edges of associated menisci hydroxy-
lates DMDCS vapor molecules that silanize surface hy-
droxyls, forming a uniform DMDCS monolayer that ad-
vances in the direction of the receding edge of the
meniscus, until all liquid water has evaporated. This pro-
duces metal-free silane ring structures that have uni-
form diameters after 15�40 h of predrying time since
dynamic equilibrium at the surface at 60% humidity has
apparently been reached. Reduced predrying times
(e.g., 30 min) leave thicker menisci, which enhance ver-
tical polymerization of DMDCS, associated with more
difficult bead lift-off, thicker gold island films, and
smaller silane ring structures.

Figure 5 shows SEM images and histograms of hex-
agonal arrays of spherical gold NPs created on a quartz
substrate. Samples were prepared by thermally curing
DMDCS-deposited silica bead monolayers in a closed-
door 50 °C oven for (a) 1, (b) 3, and (c) 5 h at a constant
predrying time (30 min) and DMDCS vapor deposition
time (60 min). Temperature for the thermal cure was
chosen to be 50 °C, which gives sufficient thermal en-
ergy to promote DMDCS condensation below the boil-
ing temperature of DMDCS (70 °C). Temperatures much
lower than 50 °C would have minimal thermal effects
on DMDCS condensation, whereas temperatures much
higher than 50 °C disrupt DMDCS layers silanized on the
Si surface. In contrast to the results in Figure 3, silane

rings did not appear in these samples and background
gold films were not visible after 3 h of thermal curing.
Average diameters of gold NPs were (a) 351.7 � 31.5 (n
� 94), (b) 389.1 � 51.1 (n � 107), and (c) 145.5 � 20.2
nm (n � 39) as shown in the histograms. Note that gold
NPs in Figure 5b appeared to have sphericity �1:1
with a height comparable to the width. Tilted SEM im-
ages provided NP sphericity as well as NP height infor-
mation.20 In previous reports, atomic force microscope
(AFM) images of gold NPs showed reasonable agree-
ment with SEM images.36 However, AFM was less reli-
able than SEM primarily due to convolution between
probe tip and particle structures. Reduced NP diameters
and non-uniform background silane layers seen in Fig-
ure 5c were thought to be due to a disruption of hydro-
philic layers on the substrate by an excessive 5 h ther-
mal cure. Therefore, thermal cure was not applied
longer than 5 h.

Characteristics of water molecules on Si surfaces
and images including those shown in Figures 3 and 5
suggest that the thermal cure accelerates water con-
densation between adjacent DMDCS molecules si-
lanized on free surfaces and on surfaces of cavities
�10 nm, increasing surface hydrophobicity. This is con-
sistent with reports that Si gel modified with
	-aminopropyltriethoxysilane and thermally cured at
150 °C showed minimum hydrolysis and polymeriza-
tion in diffuse reflectance infrared Fourier transform
spectra.52 Attenuated total reflectance infrared spec-
troscopy has been used to show that highly hydropho-
bic silicon oxide surfaces, such as those covered with
octadecyltrichlorosilane self-assembled monolayers
(contact angle of water � 95 � 5°), form primarily ice-
like water structures.53 On a superhydrophobic quartz
surface modified with polymethylsiloxane (contact
angle of water � 164 � 2°), water molecules exhibited
characteristics of free OH that are typically observed at
air�water interfaces in vibrational sum frequency gen-
eration spectroscopy.54 In Figure 5b, thermal cure ap-
pears to eliminate free surface silanol groups by dehy-
dration, making them unavailable for EL gold plating,

Figure 5. SEM images (first row) and histograms (second row) for the samples prepared after post-thermal cure for (a) 1, (b)
3, and (c) 5 h. Scale bars in the SEM images are 5 �m.
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and producing ultrahydrophobic character. Further
characterization of adsorbed water on nanotemplated
Si surfaces using spectroscopic techniques beyond
what has been reported52�54 is the subject of the fu-
ture investigation. However, during gold plating, a high
water contact angle was observed, consistent with re-
ported values for DMDCS, �A/�R � 104°/103°.38 After
gold plating, the substrate was slightly reddish and
transparent. Incomplete thermal cure, however, allows
thin gold film to remain on the background surface, as
shown in Figure 5a. In this case, sensitizing tin atoms
make additional bonds to the active �OH ends of the
DMDCS molecules.

The present gold film nanotemplating approach
uses bottom-up, wet chemical reduction and galvanic
replacement of metal ions dissolved in aqueous solu-
tions to nanofabricate diverse structures based on the
ultrahydrophobic nature of DMDCS. Unlike top-down
metal deposition techniques, such as sputtering and
evaporation, which can create shapes like crescents55

or triangles56 based on an angle of incidence due to
shadowing, a solution-based EL plating results in angle-
independent, uniform metal deposition. After thermal
treatments, no other shapes have been observed ex-
cept rounded gold NPs in previous reports.20,21 Sus-
pended gold NPs were recently reported to attach to
particle-lithographed organosilane nanopatterns using
thiol functionalization.57 By comparison, the nanotem-
plating approach taken here does not require either
chemical functionalization of the surface to bind NP or

long time delays required to allow NPs to deposit. More-
over, the spherical NPs resulting from the present
method produce more uniform optical responses than
irregularly shaped clusters of gold NPs reported to at-
tach to particle-lithographed organosilane nanopat-
terns using thiol functionalization.57

Figure 6 summarizes nanotemplated metal array
structures in a triangle diagram with the three main ex-
perimental variables: (i) predry time (0�40 h), (ii) DM-
DCS evaporation time (60�90 min), and (iii) post-
thermal cure time (0�5 h). Inset SEM images show typi-
cal nanotemplating structures for each in a lower mag-
nification. Predry and thermal cure time were the most
influential variables in determining shapes and dimen-
sions of the nanostructures because they control the
mass and structure of surface-associated water avail-
able for the DMDCS silanization. The background gold
films, shown in yellow in the triangle diagram, became
thinner when the samples were predried long enough
to make the silane ring structures (in the blue color di-
rection in the diagram) or when the samples were ther-
mally cured for a long enough time to facilitate water
condensation (the red color direction). Templating with
smaller silica bead sizes increases background gold
film at DMDCS evaporation times, which are compa-
rable and lower. Using silica beads with a diameter of
1.8 �m, reducing DMDCS evaporation time from 90 to
60 min produced arrays of slightly smaller Au NP film is-
lands with negligible background gold film in each
case. However, using silica beads with a diameter of

Figure 6. Triangle diagram of the nanotemplated gold films with three main experimental variables: (i) predry time (0�40
h), (ii) DMDCS evaporation time (60�90 min), and (iii) post-thermal cure time (0�5 h). Scale bars are 1 �m in the main SEM
images and 10 �m in the inset SEM images.
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690 nm resulted in background gold film between hex-
agonal arrays of gold NPs, which persisted at 15�19 h
of predry and 3 h of thermal cure, even after DMDCS
evaporation time was decreased from 75 to 45 min
(data not shown). When the diameters of the silica bead
were decreased from 1.8 �m to 690 nm, the average di-
ameters of gold NPs were decreased from 328.4 �
42.1 to 195.7 � 16.0 nm, while other experimental con-
ditions remained constant at 15 h predry, 75 min DM-
DCS vapor deposition, and 3 h thermal cure. This is con-
sistent with a reported expression for a contact area of
a sphere on a flat surface: a � (RF/K)1/3, where a is radius
of sphere contact area, R is sphere radius, F is exter-
nally applied loading force, and K is effective elastic
modulus constant.58 A ratio of the experimentally deter-
mined radii of gold NPs created using 1.8 �m and 690
nm gives a/a= � 328.4/195.7 � 1.7. This is in good
agreement with the cube root of the ratio of the silica
bead radii, (R/R=)1/3 � (1.8/0.69)1/3 � 1.4.

To show uniformity and scalability of the regular ar-
ray pattern, SEM images of the sample prepared after
15 h predry, 75 min DMDCS vapor deposition, and 3 h
thermal cure are shown in Figure 7. Hexagonal arrays of
silane ring structures that appear as black rings in Fig-
ure 7a arise from DMDCS monolayer formation that
takes place preferentially on �10 nm cavity surfaces
upon dynamic water evaporation, as described in Fig-
ure 4. Outside the silane ring areas, the white back-
ground in Figure 7a appears to have thinner silane lay-
ers than the silane ring areas to preclude gold atoms
attaching to the substrate, as clearly shown in magni-
fied SEM images in Figure 7b,c. Hexagonal arrays of
spherical gold NPs with an average diameter of 300.2
� 31.1 nm (n � 55) were observed with no background
gold film. The total dimension of the hexagonal arrays
of spherical gold NPs ranged up to millimeter size. Uni-
formity and regularity of the metal NP array produced
by the present nanotemplating method are expected to
allow potential applications in fabricating
plasmonic,59�61 sensing,62,63 and imaging devices64,65

that exhibit extraordinary EM enhancements.

CONCLUSIONS
In summary, a novel nanotemplating method was

reported to create regular arrays of silane rings or

spherical gold NPs on Si substrates via selective EL plat-
ing on particle-lithographed silane layers. By control-
ling availability of surface-associated water during si-
lanization, shapes and dimensions of the produced
nanostructures were successfully tuned in agreement
with a proposed silanization reaction on the DMDCS-
deposited silica bead monolayer. The area of back-
ground gold film was decreased in a drier silica bead
sample, as silane ring diameters were increased from
522.5 � 29.7 to 1116.9 � 52.6 nm. Background gold
films then completely disappeared after 3 h of 50 °C
thermal cure leaving only hexagonal arrays of spheri-
cal gold NPs with an average diameter of 389.1 � 51.1
nm. This new nanotemplating technique, which elimi-
nates the need for large, expensive lithography and
metal deposition equipment, can reproducibly produce
uniform metal NP arrays over large areas to improve po-
tential capabilities of enhanced spectral features in
opto-plasmonic devices.

EXPERIMENTAL SECTION
Quartz substrates (5 � 5 mm2; GE 124 fused quartz, Chem-

glass Inc., Vineland, NJ) were immersed in a 120 °C piranha solu-
tion (concentrated H2SO4/30% H2O2 � 3:1 vol; Warning: piranha
solution is potentially explosive and can cause skin burns) for 20
min to remove organic matter and to hydroxylate the substrate
surface. After cooling, piranha solution was rinsed from the sub-
strates with 200 mL of distilled, deionized water (D2-H2O) three
times and stored in clean D2-H2O for 1 h to eliminate potential re-
sidual sulfur particles after the piranha cleaning.66 Substrates
were then dried in a controlled environmental chamber at con-
stant humidity (H � 61.0 � 0.2%), temperature (T � 25.1 � 0.1
°C), and pressure (P � 0.9 atm). The silica bead monolayer was
formed by placing 3 �L of 1% silica bead suspension (1.81 � 0.04

�m in diameter; Bangs Laboratories Inc., Fishers, IN) on these hy-
droxylated substrates. We found silica beads self-assemble into
a close-packed monolayer with fewer defects when substrates
are placed at the center of a 3D rocker incubator (Bellco Glass
Inc., Vineland, NJ) at a speed of 0.11 rpm with an 8° tilt angle in
the environmental chamber. After completing bead monolayer
formation, substrates were further incubated (predried) in the
environmental chamber for 0�40 h to test the influence of wa-
ter content on silanization.

DMDCS vapor deposition on the silica bead monolayer was
subsequently carried out in a custom vacuum evaporation sys-
tem shown in Figure 2. Samples were placed on top of an in-
verted polystyrene tube in a 50 mL Erlenmeyer flask, then
vacuum was pulled while circulating ultrapure N2 gas for 30 s us-

Figure 7. SEM images of the sample prepared after 15 h
predry, 75 min DMDCS vapor evaporation, and 3 h thermal
cure. Hexagonal arrays of gold NPs with an average diameter
of 300.2 � 31.1 nm (n � 55) are shown in a large area with
no background gold film. Background features are better
observed in magnified SEM images (b,c).
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ing a syringe needle inserted through a rubber stopper sealed
using vacuum grease. The vacuum was temporarily halted by
clamping the hose to slightly overpressure the flask with ultra-
pure N2 gas and to fill another polystyrene tube with 1 mL of DM-
DCS (Sigma, St. Louis, MO) using a second syringe needle in-
serted through the rubber stopper. The clamp was released, and
the vacuum condition was maintained for 60�90 min to vapor-
deposit DMDCS on the bead monolayer substrates. When the
DMDCS vapor deposition was finished, the vacuum hose was
clamped and the flask was overpressured again with ultrapure
N2 gas to avoid sudden air rush into the flask as the stopper was
opened. DMDCS-deposited samples were then either immedi-
ately incubated in a 50 °C oven in a closed brown glass jar (vol-
ume �70 mL) for 1�5 h to expedite water condensation be-
tween adjacent DMDCS molecules silanized on Si surfaces or
incubated in a room temperature desiccator for 20 min to deter-
mine effects of water in the hydrolysis only, without water con-
densation by the thermal cure. The silica beads were then re-
moved by 5 s of ultrasonic vibrations, leaving available spots of
hydroxyl (�OH) groups at contact points with the substrate
where silica beads were arrayed hexagonally. Selective EL gold
plating was then performed by three steps of a metal deposition
on the substrates: immersion in a solution of (i) tin (Sn2
) for 3
min, (ii) ammoniacal silver nitrate (AgNO3) for 2 min, and (iii) so-
dium gold sulfite (Na3[Au(SO3)2]) for 2.5�5 min. The strong hy-
drophobic character of methyl (�CH3) groups on silanized
monolayers of DMDCS blocked metal deposition by EL plating
on interstitial areas between silica beads depending on the qual-
ity of silanization (see text for details). The substrates were
washed with distilled, deionized, degassed water (D3-H2O) be-
tween each metal plating without drying them with ultrapure N2

gas, and the final gold film nanotemplating structures were
obtained.
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