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Abstract: We present a simple and efficient method for synthesizing large-area (> 1 cm?), three-dimensional
(3D) gold and silver nanoparticle supercrystal films. In this approach, Janus nanoparticle (top face solvent-
phobic and bottom face solvent-philic) films with an arbitrary number of close-packed nanoparticle
monolayers can be formed using layer-by-layer (LbL) assembly from suspensions of thiolate-passivated
gold or silver colloids. Furthermore, we demonstrate that these films can act as true 3D plasmonic crystals
with strong transverse (intralayer) and longitudinal (interlayer) near-field coupling. In contrast to conventional
polyelectrolyte-mediated LbL assembly processes, this approach allows multiple longitudinal coupling modes
with a conspicuous spectral dependence on the layer number. We have found a universal scaling relation
between the spectral position of the reflectance dips related to the longitudinal modes and the layer number.
This relation can be understood in terms of the presence of a plasmonic Fabry—Pérot nanocavity along
the longitudinal direction that allows the formation of standing plasmon waves under plasmon resonance
conditions. The realization of 3D plasmonic coupling enables broadband tuning of the collective plasmon
response over a wide spectral range (visible and near-IR) and provides a pathway to designer plasmonic

metamaterials.

Introduction

One of the outstanding challenges in the emerging fields of
plasmonics' 2 and metamaterials* © is large-scale self-assem-
bly” 2 of nanomaterials into macroscopic supercrystals that
exhibit collective properties. In particular, it has been anticipated
that three-dimensional (3D) noble-metal nanostructure arrays
with strong and tunable plasmonic response could alow the
creation of novel optical materials.>® Colloidal gold and silver
nanoparticles (AuNPs and AgNPs, respectively) are attractive
candidates as nanoscale plasmonic building blocks because of
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their size monodispersity, shape controllability, facile surface
functionalization, and unique optical properties in the visible-
light region. Spherical AuNPs and AgNPs dispersed in solutions
show characteristic red and yellow colors, respectively, when
their sizes are in the quasistatic size regime (5—50 nm). This
well-known phenomenon has its physical origin in localized
plasmon resonance (LPR) of conduction electrons in AUNPs
and AgNPs with the incident optical field, and the LPR peak
wavelength strongly depends on the particle size and shape as
well as on the surrounding dielectric environment. In the past
few years, the LPR properties have been utilized in chemical
and biological sensing applications. Recently, considerable
attention has been directed to studies of near-field-coupled noble-
metal nanoparticle systems because of their tunable plasmonic
properties, which are very desirable for avariety of applications.
Among these systems, the coupling effects of plasmonic dimers
consisting of two nanoparticles placed next to each other within
the near-field range have been widely studied.*™* " For more
complex systems, it has become clear that collective plasmon
resonance (CPR) in coupled colloidal AuNP or AgNP arrays
can manifest itself through plasmonic crystal effects.*®* 2% In a
recent work, we have shown that the CPR modes can be
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generated in two-dimensional (2D) self-assembled AuNP su-
perlattices via near-field coupling between neighboring nano-
particles in close-packed superlattices.™ It has also been
confirmed that the CPR peak position can be sensitively tuned
by varying the interparticle gap distance. Moreover, Tao et a.
have demonstrated that AgNPs can be used as building blocks
to construct 3D plasmonic crystals.®

However, questions remain about the practicality of self-
assembly techniques for fabricating colloidal plasmonic crystals.
For example, it is important to demonstrate the feasibility of
depositing asingle layer of highly ordered nanoparticles over a
wafer-scale substrate (to date, the largest 3D nanoparticle
crystals grown by self-assembly techniques have been limited
to submillimeter dimensions).?* Furthermore, it would be more
controllable to deposit nanoparticle supercrystalsin alayer-by-
layer (LbL) fashion,?* 2* similar to the molecul ar-beam epitaxy
technique used for fabricating semiconductor devices. If these
capabilities can be realized, construction of 3D plasmonic
metamaterials with engineerable plasmonic properties would
become more practical. Here we report a simple and efficient
bottom-up assembly method for achieving such goals. The
experimental technique can be applied to deposit close-packed,
multilayered nanoparticle films over large-area solid substrates.

Experimental Section

In Figure 1, we show that this method involves two key steps.
First, oversaturation conditions of the octadecanethiol ate-passivated
nanoparticle solution in toluene were generated with a controlled
amount of surfactant in order to form a phase-segregated nanopar-
ticle “liquid” floating on top of the solution. Subsequently,
nanoparticle monolayers were transferred to any chosen substrate
[quartz, indium tin oxide (ITO), silicon, or gold] consecutively by
dipping the substrate and pulling it out perpendicular to the liquid
surface (dip coating). In comparison with the Langmuir—Blodgett
technique, one distinct advantage is that the present approach does
not require spreading and compression of the nanoparticle mono-
layers on the liquid surface (because of self-replenishment from
the oversaturated nanoparticle solution). In addition, the assembly
kinetics is very fast at high temperatures, on the order of seconds
for one full monolayer (ML) coverage onto a2 cm x 2 cm substrate
area. At room temperature, the withdrawal rate for nanoparticle
dip coating is ~30 s/lcm, while at high temperature (70 °C), the
withdrawal rate can be as high as 2—5 s/cm.

It is important to note that without further surface-ligand
modification, only a self-limiting nanoparticle monolayer can be
formed. Therefore, stacking of more nanoparticle monolayers would
require that the exposed sides of the nanoparticles be converted to
solvent-phobic. However, as-synthesized nanoparticles are typically
symmetric in surface-ligand structure, allowing only the formation
of asingle monolayer. Therefore, in order to construct multilayered
structures, it is essential to create monolayers of Janus nanoparticles
(particles that simultaneoudly display two distinctly different surface
properties®™~3%). We recently introduced a plasma-based surface-
modification technique that is suitable for large-scale, solvent-free
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Figure 1. Rainbow plasmonic crystals assembled from gold and silver
nanoparticles. (a) Schematic illustration of the plasma-assisted LbL assembly
process. The FE-SEM image obtained from the first monolayer of AuNPs
after plasma treatment indicates that along-range close-packed nanoparticle
superlattice can be formed by using this technique. The in-plane lattice
constant obtained by fast Fourier transform analysis (from an imaging area
of 500 nm x 500 nm) is ~9 nm, and the FE-SEM-measured core diameter
of gold nanoparticlesis ~6 nm. The layer-forming process can be repeated
for arbitrary times to form multilayered films. (b, ¢) Plasmonic response of
alarge-area (2 cm x 2 cm), highly uniform 10 ML AuNP film on quartz,
demonstrating the effects of collective plasmonic resonance. The reflection
photograph shows that the plasmonic resonance peak (568 nm) is at
greenish-yellow, which makes the AuNP film exhibit a hue similar to that
of a sputtered gold film. In contrast, the transmission photograph through
the film (illuminated by a halogen light source in combination with a
flashlight parabolic reflector) shows that this film has abrilliant purple color,
which is drastically different from the origina ruby-red color of AuNPs
dispersed in toluene. (d) Optical reflection from AgNP (~6 nm diameter)
films (~0.5 cm x 1 cm) with thicknesses of 1, 3, 5, 7, 9, 11, 13, and 15
ML positioned side-by-side. The rainbow-colored photographs result from
the combined effect of two plasmonic resonance bands [one constant peak
at 468 nm and another one that sensitively depends on the layer number
(see Figure 4b)].

synthesis of Janus nanoparticle arrays.> Through the use of this
technique, which is scalable to amost any substrate size, the
exposed methyl groups of thiolate-stabilized nanoparticles on the
surface can be converted into oxidized moieties (Figure 1a) that
are solvent-phobic in toluene. This unique surface property makes
the nanoparticle monolayer insoluble in the solvent during subse-
quent dipping into the nanoparticle solution, allowing for deposition
of additional monolayersin an epitaxial growth manner. As shown
by the field-emission scanning electron microscopy (FE-SEM)
micrograph of the first nanoparticle monolayer (after plasma
modification; Figure 1a), the long-range ordering of the first
nanoparticle monolayer enables the formation of an epitaxial
template for subsequent deposition.
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Figure 2. Contact angle measurements on an octadecanethi ol ate-passivated
AgNP supercrystal film deposited on an ITO-coated silica substrate (1 cm
width) (a) before and (b) after air-plasma treatment. The supercrystal surface
changes from hydrophobic (110°) to hydrophilic (20°) after air-plasma
treatment for 5 s. The volume of water droplets is ~100 uL, and the air
plasma is generated with the conditions of 7 W (RF power) and 0.3 Torr
(pressure of backfilled air). (c) The contact angle recovers to 110° after
deposition of an additional AgNP monolayer. Using X-ray photoelectron
spectroscopy, we previously showed that the low-power air-plasma treatment
can result in oxidation of surface methyl groups.®®

Combining these two steps (i.e., repetitive dip coating and plasma
modification) alows an arbitrary number (up to tens) of nanoparticle
monolayers to be efficiently deposited on any chosen substrates
with a 3D close-packed structure. Panels b and ¢ of Figure 1 exhibit
the collective plasmonic properties of a closed-packed AuNP film
(10 ML, deposited on quartz) in the visible-light region. The optical
reflectance and transmittance spectra show that the CPR band
resulting from intralayer plasmonic coupling (i.e., transverse mode,
T-mode) is at ~568 nm. This coupling effect resultsin the greenish-
yellow color in the reflection photograph (Figure 1b). Also, the
spectral response explains the origin of the purple color shown in
the transmission photograph (Figure 1c). Because the plasmon band
is at alonger wavelength than that of dispersed AuNPs in toluene,
the AuNP film transmits more blue and less red light, and the
transmission of similar amounts of red and blue light causes the
observation of a purple color. Detailed spectroscopic measurements
showed that there are additional plasmon bands (longitudinal modes,
L-modes) in the near-IR region that originate from the effects of
interlayer plasmonic coupling. In contrast to the constant T-mode
resonance, the reflectance resonant peaks due to the L-modes
critically depend on the number of nanoparticle layersin the films.
In the case of AgNP films (Figure 1d), the T-mode resonance is at
~468 nm (blue), and the combination of the T-mode and LbL-
varied L-mode reflection peaks render the appearance of spectacular
rainbow-colored films over the full visible range.

In this work, the air-plasma-based surface-modification method
is the key step that alows for the successive formation of close-
packed Janus nanoparticle monolayers. To demonstrate this effective
surface-modification technique, we performed contact angle mea-
surements for a 4 ML nanoparticle film before and after plasma
treatment. As shown in Figure 2, the hydrophobic surface of the 4
ML nanoparticle film can be turned into a hydrophilic surface by
ashort exposure (5 s) to air plasma. After deposition of an additional
nanoparticle monolayer, the film surface recovers to a hydrophobic
one, and this process can be repeated many times. According to
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our previous study, this surface-modification mechanism originates
from plasma-induced oxidation of surface methyl groups.*®

Results and Discussion

Figure 3a,b shows FE-SEM micrographs obtained from the
cleaved face of a 10 ML AuNP film deposited on a silicon
substrate. The high-resolution micrograph shown in Figure 3b
indicates that deposited AUNPs are close-packed in the stacking
direction. In Figure S2 in the Supporting Information, we present
results of synchrotron X-ray measurements [specular X-ray
reflectivity (SXR) and grazing-incidence small-angle X-ray
scattering (GISAXS), respectively] that demonstrate both verti-
cal and in-plane long-range supercrystal ordering. Long-range
ordering is more suitable for study by X-ray diffraction methods
because electron microscopy can access the material properties
only on microscopic scales. In comparison, we have found that
the X-ray measurement results are in agreement with the fast
Fourier transform analysis of the high-resolution SEM super-
lattice images as well as the average interlayer spacing
determined by cross-sectional SEM on a cleaved sample facet.

As demonstrated in Figure 3, this multilayer technique can
be applied to the deposition of nanoparticle films having
thicknesses of up to 30 ML. Because of the close-packed
structure, both transverse and longitudinal near-field plasmonic
coupling effects are very strong, alowing the unique opportunity
to measure the CPR properties of the 3D plasmonic crystalsin
these films, especially those originating from the interlayer
coupling. Conventional LbL electrostatic self-assembly is a
simple yet elegant way to deposit macroscopic, multilayered
nanoparticle films onto surfaces functionalized with oppositely
charged (e.g., polyelectrolyte) or chemically conjugated (e.g.,
dithiol) cross-linkers.*>~2* However, the use of cross-linkers
drastically reduces the mobility of the individual nanoparticles
and hinders the formation of well-ordered superlattices. There-
fore, both close packing and long-range ordering are not feasible
using these approaches, as evidenced in the related microscopic
studies. Moreover, interlayer plasmonic coupling, which is
important for the realization of 3D plasmonic metamaterials, is
generally nonexistent in these multilayer systems. Here we have
overcome these problems by creating layers of monolayers of
Janus nanoparticles, making the use of cross-linkers unnecessary.

The 3D CPR characteristics of the nanoparticle films can be
clearly observed in the LbL-measured reflectance and absor-
bance (transmittance) spectra (Figure 4 and Figure $4 in the
Supporting Information, respectively). In Figure 4a, the reflec-
tance spectra show the presence of a CPR peak in the T-mode
spectral region of the AuNP films. At lower layer numbers,
substrate and semitransparency effects are significant, and the
reflectance peak positions do not exactly match those of the
absorbance spectra (yellow circles). As the layer number is
increased to larger than 10 ML, the reflectance peak stabilizes
at afixed spectral position (568 nm) and matches well with the
T-mode position in the corresponding absorbance spectra, in
agreement with the expected “bulk”-like behavior in this
thickness regime. Moreover, clear reflectance dips (marked by
order number m = 1) start to appear, and they are very different
from that measured from a sputtered gold film with a flat,
featureless response (a reference spectrum is also shown in
Figure 43). These m = 1 reflectance dips shift continuously to
longer wavelengths with increasing layer number and move out
of the spectroscopic detection range for layer numbers larger
than 20. In the subseguent spectra, it is clear that these
reflectance dips indicate the onset of L-modes, which originate

J. AM. CHEM. SOC. m VOL. 132, NO. 32, 2010 11261
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Figure 3. FE-SEM micrographs of AuNP supercrystal films. (a) Large-area and (b) high-resolution cross-sectional SEM micrographs of a 10 ML AuNP
film deposited on a Si substrate (imaged on the cleaved face). (c, d) Cross-sectional SEM micrographs of 20 and 30 ML AuNP films deposited on Si
substrates. Individual AuNPs (~6 nm core diameter) in the films are clearly resolved in the high-resolution SEM micrographs. The cross-sectional micrographs
confirm the close-packed stacking during the LbL assembly process of multilayered structures. We have demonstrated that at least a few tens of ML of
AUuNPs or AgNPs can be successively deposited on a variety of substrates without significant film cracking. The scale barsin the high-resolution micrographs
indicate 100 nm.

a AuNP films

b AgNP films

T mode
2amf m=

T mode

Reflectance (a.u.)

Reflectance (a.u.)
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L 1 L L 1
400 600 800 400
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600
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Figure 4. LbL-measured reflectance spectra of AuNP and AgNP films. (a) Reflectance measurements at normal incidence for a sequentially deposited
AuNP film on a quartz substrate. The yellow circles denote the peak positions of absorbance spectrafrom 1 to 15 ML, which were derived from transmittance
measurements (Figure $4 in the Supporting Information). The reflectance spectra have been vertically shifted for clarity. After 10 ML, the reflectance peak
of the T-mode stabilizes at a constant spectral position (568 nm). Both transverse (T-mode) and longitudinal (L-mode) plasmonic modes are clearly discernible
from 15 to 30 ML. (b) Reflectance measurements at normal incidence for a sequentially deposited AgNP film on a quartz substrate (only odd-layer-number
spectra are shown). The reflectance peak of the T-mode is at 468 nm. Reflection photographs of AgNP films illuminated with white light (Figure 1d) exhibit
layer-number-dependent colors due to the mixing of reflected light from T- and L-mode resonances.

from the interlayer CPR and shift into the near-IR region of
the spectrum with increasing layer number. For the case of
AgNP films with the T-mode reflectance peak at 468 nm (Figure
4b), the L-mode reflectance peaks are in the visible, and the
AgNP films dramatically change the reflection color even with
addition of a single monolayer.

In Figure 4, we can aso clearly identify the higher order
L-modes (m = 2 and m = 3 reflectance dips), which split off
from the T-mode peak and move gradually toward longer
wavelengths. In view of the high opacity of nanoparticle films
with large numbers of layers, the observation of intense L-modes
and their dependence on the layer number (“bulk” properties)
in the reflectance spectra indicates the importance of interlayer
plasmonic coupling. In Figure 5, we show that for both the
AUuUNP and AgNP films, any lowest-order (m = 1) resonant dips

11262 J. AM. CHEM. SOC. = VOL. 132, NO. 32, 2010

for the N-layer films can repeatedly appear when the layer
number is mN for the higher order (m = 1) reflectance dips.
This universal scaling relation can be explained in terms of
standing plasmon waves in one-dimensional (1D) plasmonic
cavities (Au and Ag nanowires®® “° and nanofabricated
Au—SiO,—Au thin-film waveguides™). In the case of discrete
systems (N = integer), at the m" resonance in a plasmonic cavity
with length L, the cavity resonance conditions are

L=Na=—" (1)

where L isthe cavity length, N is the number of layers, aisthe
interlayer spacing, m=1, 2, 3, ... is the resonance order number,
and 4, is the plasmon wavelength. Thus, the corresponding wave
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Figure 5. Universal scaling relation of L-modes. Free-space wavelengths
of reflectance dips in the LbL-measured spectra (shown in Figure 3) of
AuNP and AgNP films are plotted as functions of the layer number (N)
and the resonance order number (m= 1, 2, 3). Asshown in thisfigure, any
lowest-order (m = 1) resonant dips for the N-layer films can repeatedly
appear when the layer number ismN for the higher-order (m> 1) resonances.
This can be understood in terms of the presence of a plasmonic Fabry—Pérot
nanocavity along the longitudinal direction. The solid lines represent fits
to the spectral positions of the reflectance dips using the universal scaling
relation given by eq 2: Ay = As + Als exp(—pm/N), where Ay is the resonance
wavelength of N coupling layers, 4 is the resonance wavelength of asingle
monolayer (i.e., the T-mode wavelength), and A and 5 are parameters rel ated
to the asymptotic shift and the interlayer coupling range, respectively.

vector of the propagating plasmon, k,, can be expressed using
eq 1 ask, = 27/4, = mmt/Na. On the basis of the plasmon wave
dispersion relation,*®** the resonant photon energy hc/A, in
which hisPlanck’s constant, c isthe speed of light in free space,
and 4 is the free-space wavelength, is afunction of k,. Since k,
is proportional to nVN, we can observe the periodic occurrence
of any resonant free-space wavelength (1) at lowest order with
proportionally increased layer numbers at higher resonance
order.

A recent theoretical study by Harris et al.*? showed that the
longitudinal plasmonic resonance of 1D near-field-coupled gold
nanoparticle chain is red-shifted (relative to the resonance of
an isolated nanoparticle) with increasing number of nanoparticles
in the chain for afixed interparticle gap. Similar to the behavior
of the shift of plasmon resonances in plasmonic dimers,*® it
has a so been found that an exponential relation can be used to
quantitatively determine the resonance peak shift, which can
reach an asymptotic value at increasingly long chain length
(large N). We confirmed that the chain model considered in ref
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42 can also be applied in our case. By incorporating the scaling
relation described above into the peak-shift formula, we obtained
the following equation to describe the shift ratio of the resonant
reflectance dips:

j'N_/ls

Ny =

= Aexp(-Ay) @
S
where 1y is the mM-order resonance wavelength of N coupling
layers, A isthe resonance wavelength of single monolayer (i.e.,
the T-mode wavelength), A is the asymptotic value, and § is
the characteristic interlayer coupling range. Both A and 5 depend
on the detailed plasmonic crystal conditions, such as particle
size, composition, interparticle gap, substrate, and so on. The
fitting results obtained using this universal scaling relation match
with the experimental data very well (Figure 5); the character-
istic interlayer coupling ranges (3) are 55 and 30 and the single-
monolayer resonance wavelengths (1¢) are 607 and 520 nm for
the AUNP and AgNP films, respectively. As expected, the fitted
values of A are very close to the measured T-mode spectral
positions for the first monolayer of AuNPs (600 nm) and AgNPs
(517 nm) (see Figure 4). The fitted asymptotic constants A are
4.3 and 2.2 for AuNP and AgNP films, respectively. Therefore,
the resonance L-mode wavelength in free space could be tuned
well into the near-IR region (~3.2 um for AuNP filmsand ~1.7
um for AgNP films). In comparison with the situation for near-
field-coupled particle chains, the values of A and § for the film
cases are much larger because of the very strong plasmonic
interactions in the interlayer coupling geometry.

Conclusions

Although only gold and silver colloids are demonstrated here
as building blocks for rationally designed plasmonic metama-
terials, the present approach could be extended to other
nanomaterials and combinations of nanomaterials as well as
deposition on curved surfaces. Such extensions would allow us
to create a variety of nanomaterial-based artificial structures,
similar to those achieved using semiconductor growth technol-
ogy. In particular, the demonstration of strong interlayer
plasmonic coupling and the possibility of depositing nanoparticle
films with alarge number of layers open anew route to designer
plasmonic metamaterials.
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