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ABSTRACT

Metal nanostructures that support surface plasmons are compelling as plasmonic circuit elements and as the building blocks for metamaterials.

We demonstrate here the spontaneous self-assembly of shaped silver nanoparticles into three-dimensional plasmonic crystals that display a

frequency-selective response in the visible wavelengths. Extensive long-range order mediated by exceptional colloid monodispersity gives

rise to optical passbands that can be tuned by particle volume fraction. These metallic supercrystals present a new paradigm for the fabrication

of plasmonic materials, delivering a functional, tunable, completely bottom-up optical element that can be constructed on a massively parallel

scale without lithography.

Metal nanostructures, due to their negative dielectric re-

sponse, comprise a unique class of optical building blocks

where light can be focused to subwavelength volumes

through the excitation of surface plasmons. This local

electromagnetic (EM) field amplification is responsible for

a myriad of optical phenomena. Impressive work has been

done using top-down approaches to fabricate metal structures

such as hole and bump arrays that exhibit enhanced transmit-

tance,1-4 stacked arrays with broadband responses,5,6 nega-

tive-index metamaterials,7 and particle chains that can focus

and guide light around sharp bends.8,9 Bottom-up methods

utilizing colloidal metal nanoparticles have not been fully

explored for these applications due to the difficulty of

hierarchical construction. Because of their facile assembly,

artificial opals composed of colloidal dielectric spheres have

been the paragon for bottom-up fabrication because they

exhibit optical bands that depend on periodicity and dielectric

contrast. However, low dielectric contrast severely limits their

viability as ready-made optical elements, either requiring

backfilling with a higher contrast matrix10,11 or further

organization into diamond or binary-type structures.12

Here we report the spontaneous self-assembly of shaped

silver nanoparticles into three-dimensional plasmonic crystals

that display a frequency-selective response in the visible

wavelengths. Extensive long-range order mediated by ex-

ceptional colloid monodispersity gives rise to optical pass-

bands that can be tuned by particle volume fraction. Using

electrodynamic simulations, we confirm that the plasmon

resonances responsible for intense field localization (>700

Io) are facilitated by nanoparticle arrangement, exhibit highly

anisotropic EM distributions, and are driven by nearest

neighbor interactions. These metallic supercrystals present

a new paradigm for the fabrication of plasmonic materials,

delivering a functional, tunable, completely bottom-up optical

element that can be constructed on a massively parallel scale

without lithography.

Colloidal dispersions of polyhedral silver nanoparticles

spontaneously adopt ordered structures with slow sedimenta-

tion and subsequent solvent evaporation. In Figure 1A-C,

we show assemblies of silver octahedra (side length ∼148

nm) composed of crystalline domains with grain sizes of ∼30

µm. We synthesized the nanocrystals according to a previ-

ously reported polyol method,13 scaled up for large batch

synthesis. The self-assembly process is limited only by the

volume of starting material, and we successfully obtained

dried assemblies with dimensions of a few millimeters. At

high densities (∼1013 particles/cm3), the nanoparticles spon-

taneously order. Because the nanoparticles are passivated by
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a bulky polymer, crystallization is dominated by repulsive

steric interactions that favor close-packed structures.14 The

nanocrystals precipitate from the suspension and settle layer-

by-layer before the final stages of drying, a process that takes

approximately 12 h for a suspension volume of ∼1 cm3. We

demonstrate this as a general method of self-assembly by

organizing silver nanocrystals with different shapes (Figure

1D-E, Figure S1 of the Supporting Information), with the

only requirement being high monodispersity (<2%) in

nanocrystal shape and size.

As in the case for a dielectric photonic crystal,15 we

observe the colorful opalescence indicative of Bragg dif-

fraction when the metal supercrystal is illuminated with white

light. Figure 2A shows a typical dispersion of octahedral

nanocrystals that we allowed to sediment in a quartz cuvette,

where nanocrystal density is highest toward the bottom of

the cuvette. Defects arising from polycrystallinity and edge

effects from the sidewalls of the cuvette are visible as

discontinuities in the reflected colors. Figure 2B shows

reflectance spectra collected at various heights of the cuvette,

where we estimate the nanocrystal volume fractions to vary

from φ ) 0.13 to φ ) 0.89 based on extinction intensities

for isotropic solutions with known concentrations. For low

particle volume fractions (spectra 1-3), we attribute the

single reflectance peak to a photonic band edge arising from

the highly periodic nanocrystal assembly. This extensive

long-range order at low volume fractions is not surprising

given that spherical particles have been demonstrated to

crystallize at fractions as low as φ ) 0.002 due to hard-

sphere repulsive interactions.16 The observed optical response

is clearly a collective effect because it differs greatly from

the optical scattering produced by a randomly oriented,

isotropic dispersion of nanocrystals where multiple plasmon

resonances are observed due to aspherical nanocrystal

shape.13 At these low volume fractions, the optical response

also cannot be attributed to plasmon coupling, which requires

small interparticle distances. Instead, coherent Bragg scat-

tering off the highly periodic nanocrystal assembly (shown

schematically in Figure 2C) results from a photonic bandgap

where periodic dielectric contrast is given by the metal

nanocrystal and the surrounding fluid medium. As in the case

for a dielectric photonic crystal, the bandgap peak blue-shifts

from near-IR to visible wavelengths as the superlattice

constant decreases.

However, our metallic colloidal crystals exhibit funda-

mentally different EM field distributions from dielectric

colloidal crystals. In a dielectric photonic crystal, the EM

fields corresponding to the valence and conduction bands

are concentrated in the area of high and low refractive index,

Figure 1. SEM images of plasmonic colloidal crystals. Monodis-
persity and high synthetic yield allow for the long-range order
observed in these images, with superlattice structure extending over
millimeter lengths. (A-C) The octahedral nanocrystals possess a
side length of a ) 148 nm. Various magnifications of a fractured
nanocrystal assembly show that the structure is cleanly cleaved
along specific supercrystal facets. (D,E) Superlattice structures
formed from cuboctahedra and cube nanocrystals. For additional
SEM images, see Supporting Information.

Figure 2. Broadband optical response of a plasmonic colloidal
crystal. (A) Silver octahedra suspended in ethanol are allowed to
gravitationally settle to the bottom of a glass cuvette (dimensions:
10 mm × 1 mm × 40 mm). Nanocrystal density increases from
the top to bottom of the cuvette, where the colloidal assembly
appears completely reflective like a mirror. (B) Specular reflectance
spectra collected at the indicated heights of the colloidal crystal
sample shown in (A). Data was collected over a 1 s interval at an
incident angle of 45°. (C) Schematic of nanocrystal ordering. At
low volume densities (corresponding to the top of the cuvette for
the experimental sample in (A)), the nanocrystals adopt long-range
hexagonal order stabilized by repulsive steric interactions. After
the nanocrystals sediment by gravity, they retain excellent ordering
and form dense close-packed structures.
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respectively. For periodic metallic structures, EM fields at

optical and near-infrared frequencies can be highly localized

to specific metal features but nevertheless do not penetrate

deeply into the metal. We demonstrate this using finite-

difference time-domain (FDTD) simulations generated with

the program TEMPEST (“time-domain electromagnetic mas-

sively parallel evaluation of scattering from topography”)

to give field intensity distributions for metallic arrays.

Periodic metal islands with octahedral geometries were

illuminated with an optical pulse. The temporal EM response

exhibits a fast and a slow response, where the latter

corresponds to decaying surface plasmon resonances with

lifetimes >5 fs (Supporting Information, Figure S2). In

Figure 3, we probe two different superlattice periodicities:

a ) 145 nm (interparticle distance d ) 6 nm) and a ) 348

nm (d ) 200 nm). For large d, surface plasmons are highly

Figure 3. Localized EM resonances of the supercrystal. Simulated field distribution images and optical responses for a nanocrystal slab
with (A) lattice constant a ) 348 nm and interparticle distance d ) 200 nm, where the field is highly localized around individual nanocrystals,
and (B) a ) 154 nm and d ) 6 nm, where the field is highly localized in the interstitial lattice spaces. For field images, light is polarized
in the x-direction and dashed white lines indicate the location of the metal particle in the plane of the cross-section. (C) EM field distributions
for the resonant gap modes of the colloidal supercrystal. FDTD simulations were performed at λ ) 825 nm for two close-packed nanocrystal
layers where each particle has a separation distance of 6 nm from its nearest neighbor. Two cross-sections are taken orthogonal to the top
surface of the supercrystal, running through the interstitial gap (1) and through the top facet of the nanocrystal (2). (D) Plot of maximum
field intensity versus supercrystal depth, where z ) 0 nm corresponds to the top irradiated nanocrystal surface.
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localized around individual nanocrystals, with the largest

field intensities concentrated at the corners and edges of the

silver octahedra (Figure 3A). The predicted resonant wave-

lengths are blue-shifted with respect to experimental values

likely due to differences in the dielectric functions used for

simulations, slight variations in the angle of incidence for

the experimental setup, and minor differences in nanocrystal

size. The EM field arising from surface plasmon excitation

decays exponentially with distance from the metal surface;

thus for large interparticle spacing, near-field coupling

between neighboring particles is weak, as previously ob-

served for fluid-supported nanocrystal monolayers.17 Only

surface plasmon resonances associated with single nanoc-

rystals are excited. The pronounced reflection does not result

from plasmon coupling but is associated with photonic

bandgap modes established by periodic colloidal order in

all three dimensions.

By decreasing the periodicity of the nanocrystal superlat-

tice, we observe a transition in the optical response from

that of a photonic bandgap material to a plasmonic bandgap

material. A plasmonic bandgap occurs when propagating

surface plasmons are forbidden due to periodic modulation

of the metal-dielectric interface. At the band edge, plasmon

modes at the metal surface resemble standing waves where

EM fields are localized to specific periodic structures. For

perforated metal films where field intensity is localized in

the cavities, the plasmonic bandgap is characterized by a

transmission maximum in the optical response.1 For colloidal

metal nanocrystals, a plasmonic bandgap is observed ex-

perimentally at higher particle volume fractions where a

standing wave mode can be supported due to capacitive

coupling between neighboring particles. In this colloidal

density range, we observe an optical response that deviates

immensely from dielectric photonic crystal behavior (Figure

2B, spectra 4-9). Multiple reflectance peaks contribute to a

broad line shape, and these peaks red-shift by approximately

70 nm as the superlattice period decreases. In addition, we

observed a single pronounced dip in reflectance intensity at

λ∼900 nm. These effects result from strong plasmonic

coupling within the tightly packed supercrystal. Previously,

we reported a similar density-dependent optical response for

two-dimensional nanocrystal arrays but overlooked this sharp

decrease in reflectance.17 We believe this reflectance dip

corresponds to a plasmonic band edge, where field intensity

for the resonant mode is localized at the interstitial holes in

our nanocrystal assembly. To our knowledge, this is the first

experimental demonstration of a colloidal assembly exhibit-

ing this kind of plasmonic gap resonance.

In agreement with our experimental observation, the

simulated optical response of the close-packed supercrystal

is characterized by one dominant transmission peak attributed

to the gap resonance (Figure 3B). This near-field interaction

is similarly responsible for the EM hot spots associated with

surface-enhanced Raman scattering18-20 and light scattering

characteristic of plasmonic “molecules” composed of grouped

metal nanostructures.21,22 For small d, capacitive coupling

between close-packed metal particles effectively concentrates

light into the interstitial spaces of the colloidal superlattice.

Figure 3C shows field distributions for two cross-sections

through the supercrystal: (1) a slice running through the

middle of the interstitial gap and (2) a slice running through

the middle of the top nanocrystal facet. In this picture, optical

transmission is facilitated by the excitation of a plasmon

mode on the top nanocrystal surface where light impinges

on the metal. Surface plasmon modes bound to individual

nanocrystals couple in-phase or out-of-phase, resulting in a

continuum of energies for these two plasmon bands and the

generation of a bandgap. These propagating surface plasmons

are excited at the top metal surface similar to a continuous

silver film.23 At the band edge, however, a nonpropagating

plasmon mode is excited at the metal surface. The amplitude

of this standing wave mode can be centered over the

nanocrystal facets or over the interstitial gaps. For optical

transmission, most of its power is concentrated into the

triangular gaps formed by the close-packed octahedra. This

is evidenced by the large field intensity ∼765 Io at the

maximum transmission frequency; by contrast, excitation at

off-resonance frequencies yields field intensities an order of

magnitude lower (Figure 3D).

Simulation of the field amplitude decay time confirms that

light transmission results from plasmon modes that possess

a coherence length greater than one unit cell (Supporting

Information, Figure S2). For a nanocrystal superlattice with

d < 100 nm, a decay time of τ ∼ 11 fs is significantly longer

than reported decay times for isolated metal particles (τ ∼ 6

fs), where the resonant plasmons are bound to the particle.24

However, the coherence length is short when compared to

dielectric photonic crystals (τ . 100 fs), where resonant EM

modes extend over several tens of unit cells. This indicates

that nearest-neighbor EM coupling within the colloidal

supercrystal is the dominant interaction in determining optical

response.

It is interesting to note that on-resonance excitation allows

significant field intensity to leak through nanocrystal layers,

whereas for off-resonance excitation, almost all of the field

intensity is trapped between the first two nanocrystal layers.

To explore this phenomenon, we simulated the optical

transmittance and reflectance for normally incident light onto

nanocrystals slabs comprised of one, two, and three layers.

Reflection off the plasmonic crystal is characterized by a

broad flat-band response that does not change significantly

in intensity with more layers (Figure 4A). For a single layer,

field images indicate that light is highly confined to the

narrow interstitial gaps within the two-dimensional array.

With the addition of a second layer, a portion of the field is

redirected to the sandwiched space between the two layers

and the reflectance maximum red-shifts from λ ) 600 nm

to λ ) 655 nm. Because no light is guided to the bottom of

the second nanocrystal layer, increasing slab thickness with

additional layers is inconsequential to backscattered plasmon

reradiation. This is confirmed by good agreement between

the experimental reflectance spectrum obtained for a sedi-

mented nanocrystal assembly (500 µm thick) and the

theoretical reflectance curve for a three-layer slab. Further

simulation and experiment demonstrates that reflectance
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possesses little angular or polarization dependence (Sup-

porting Information, Figure S3).

In Figure 4B, light transmission is characterized by a

maximum that shifts from λ ) 760 nm for a single-layer

superlattice to λ ) 825 nm for multiple layers. Field images

at these wavelengths show the appearance of a highly unusual

waveguide mode where light impinges on the triangular gap

at the top nanocrystal surface and is focused down to the

octahedron vertices on the bottom nanocrystal surface (Figure

3C). In this manner, the octahedron shape resembles a

nanoscopic horn antenna, a commonly employed structure

utilized for low waveguiding loss and broadband capability.25

For a single-layer nanocrystal slab, light is focused down

this narrow aperture and transmitted through the slab with

∼5 dB attenuation. For light transmission through a multi-

layer nanocrystal slab, light guided through the top layer must

undergo an additional coupling step at each sequential layer.

As a result, the transmission pathway through staggered

nanocrystal layers (as in the case for our plasmonic crystal)

encounters higher losses; nonstaggered arrays with perfect

registry would circumvent this problematic loss but have

been predicted to result in decreased transmission band-

width.26 However, fractional bandwidth and optical efficiency

may be optimized by employing layer-by-layer assembly

methods and by further tailoring of nanocrystal shape.

Our findings suggests that colloidal plasmonic crystals

could be ideal frequency-selective metamaterials for opera-

tion in the visible and near-infrared wavelengths because

broadband reflection is not highly dependent on thickness

and the optical response is defect tolerant due to a short

coherence length. At low particle volume fractions, the

superlattices exhibit bandpass behavior, while at high particle

volume fractions, they behave like notch filters (Figure 3).

Typically, these frequency-selective coatings are extremely

difficult to realize due to limitations in production capability.

Periodicity must be achieved below the microscale and

individual conducting elements are nanosized, pushing the

resolution limit for current lithographic techniques. In

contrast, radio and microwave frequency-selective surfaces

composed of much larger conducting elements are commonly

used in satellite antennas for operation at multiple frequency

bands and in radar systems for stealth purposes. Large-

volume production of a tunable all-metallic plasmonic

material would encounter high demand as optical coatings

that cancloak or route EM signals.

This work develops a new generation of plasmonic

materials using bottom-up assembly to forego lithography

and serial fabrication. Nanostructures of dielectric oxides

have already been demonstrated as individual components

for photonic circuits.27-29 Metal nanostructures that support

surface plasmons are compelling as plasmonic circuit ele-

ments and as the building blocks for metamaterials. Colloidal

nanocrystals offer a distinct advantage in utilizing crystal-

lographic control to construct intricate three-dimensional

structures that are otherwise unachievable. In addition,

employing crystalline materials and atomically defined

interfaces may contribute to lower losses.30 The most

staggering advantage of employing colloids is the capability

for batch fabrication in a massively parallel manner. Whether

fabricating micrometer-sized devices or paint-on coatings,

large-scale production presents an enormous challenge that

is elegantly overcome by bottom-up methods.
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