
Defect tolerance and the effect of structural
inhomogeneity in plasmonic DNA-
nanoparticle superlattices
Michael B. Rossa,b, Jessie C. Kub,c, Martin G. Blabera,b, Chad A. Mirkina,b,c,1, and George C. Schatza,b,1

aDepartment of Chemistry, Northwestern University, Evanston, IL 60208; bInternational Institute for Nanotechnology, Northwestern University, Evanston, IL
60208; and cDepartment of Materials Science and Engineering, Northwestern University, Evanston, IL 60208

Contributed by George C. Schatz, July 8, 2015 (sent for review May 29, 2015; reviewed by Stephan Link and Younan Xia)

Bottom-up assemblies of plasmonic nanoparticles exhibit unique
optical effects such as tunable reflection, optical cavity modes, and
tunable photonic resonances. Here, we compare detailed simulations
with experiment to explore the effect of structural inhomogeneity
on the optical response in DNA-gold nanoparticle superlattices. In
particular, we explore the effect of background environment,
nanoparticle polydispersity (>10%), and variation in nanoparticle
placement (∼5%). At volume fractions less than 20% Au, the op-
tical response is insensitive to particle size, defects, and inhomo-
geneity in the superlattice. At elevated volume fractions (20% and
25%), structures incorporating different sized nanoparticles (10-,
20-, and 40-nm diameter) each exhibit distinct far-field extinction
and near-field properties. These optical properties are most pro-
nounced in lattices with larger particles, which at fixed volume
fraction have greater plasmonic coupling than those with smaller
particles. Moreover, the incorporation of experimentally informed
inhomogeneity leads to variation in far-field extinction and incon-
sistent electric-field intensities throughout the lattice, demonstrat-
ing that volume fraction is not sufficient to describe the optical
properties of such structures. These data have important implica-
tions for understanding the role of particle and lattice inhomoge-
neity in determining the properties of plasmonic nanoparticle
lattices with deliberately designed optical properties.
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The rational arrangement of nanoparticles in multiple di-
mensions is a promising means for creating materials with

novel properties not found in nature. Noble metal nanoparticles
are interesting material building blocks due to their ability to
amplify local fields by orders of magnitude and scatter light well
below the diffraction limit. These efficient interactions with vis-
ible light are due to localized surface plasmon resonances
(LSPRs), the collective oscillation of conduction electrons (1).
Hierarchical arrangements of plasmonic nanoparticles have be-
come the basis for colorimetric sensors (2, 3), subdiffraction
limited waveguides (4), visible light metamaterials (5), and nano-
scale lasing devices (6, 7), and the ability to adjust architecture in
such materials has led to a wide variety of structures with tunable
and unusual optical properties (8–12). Many of these technologies
leverage the scalability and modularity of bottom-up assembly
techniques, which use chemically synthesized colloidal nano-
particles as building blocks (13, 14). Unfortunately, all nanoparticle
assembly techniques result in materials with structural defects
across multiple length scales, including imprecise particle place-
ment, grain boundaries, and variation in crystallite size. In addi-
tion, the nanoparticles used in these systems are inherently
inhomogeneous: varying in size, shape, and radius of curvature.
Although the effects of inhomogeneity have been investigated at
the individual nanoparticle level (15, 16), the effects of inhomo-
geneity on plasmonic assemblies are not as well understood.
Determining the defect resilience of emergent properties is crucial
for the continued development of scalable nanomaterial devices
with reproducible properties. At this point, a comprehensive

understanding of how structural defects contribute to the optical
response does not exist.
Herein, we combine structural and optical characterization

with a variety of theoretical techniques to investigate structural
inhomogeneities that affect the optical properties of hierarchical
plasmonic assemblies. These factors include the chemical envi-
ronment of the structure, the inhomogeneity of the nanoparticle
building blocks, and the displacement of nanoparticles within the
lattice. We use the programmability of DNA (3, 17–22) to con-
struct body-centered cubic (bcc) thin-film plasmonic superlattices
comprising nanospheres with diameters of 10, 20, and 40 nm. We
compare the optical response of these superlattices with two types
of simulations: (i) Fresnel thin-film simulations based solely on
volume fraction that closely mimic the experimental geometry,
and (ii) rigorous electrodynamics simulations that explicitly de-
scribe structural inhomogeneities of the crystalline superlattice. In
doing so, we determine that volume fraction accurately describes
the plasmonic superlattices comprising plasmonic building blocks
spaced at least a diameter apart, i.e., when their interactions are
primarily dipolar. At volume fractions of 20% Au and above
(when the particles are within a diameter), the plasmonic prop-
erties vary depending on the nanoparticle building block size. In
the far field, changes in plasmonic coupling primarily result in red-
shifted collective resonances. In the near field, however, simula-
tions suggest that both nanoparticle inhomogeneity and disorder
in the superlattice arrangement alter the electric-field intensity
throughout the lattice. These data suggest that the plasmonic
properties of elevated volume fraction superlattices are dependent
on both nanoparticle size and crystal symmetry, providing a pow-
erful means for fine-tuning the optical response.

Significance

Materials constructed with metal nanoparticles interact strongly
with light, enabling functions such as tunable color, molecular
sensors, and light-based electronics. These materials, however,
are often imperfect; nanoparticles vary in their size, shape, and
surface morphology, which can affect the quality of their ar-
rangement as well as their properties. We use DNA to synthesize
precisely controlled crystalline arrangements of gold nanoparticles
and survey how a variety of structural inhomogeneities affects
their optical properties. The results reported herein identify spe-
cific metal nanoparticle-based materials whose optical properties
are either sensitive or insensitive to inhomogeneity.
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Results
As a model system for the study of plasmonic nanoparticle
superlattices, we use DNA as a programmable ligand for as-
sembly. It has been shown that nanoparticles that are densely
functionalized with DNA act as programmable atom equivalents
(PAEs) that assemble into 3D crystalline superlattices where the
interparticle spacing, lattice symmetry, and nanoparticle size can
all be precisely controlled (23). Layer-by-layer assembled thin-film
superlattices are particularly useful for studying structure–function
relationships because they enable wide area measurements, pro-
grammed sample thicknesses, and the comparison of isostructural
structures in solution with those stabilized in the solid state. Here,
10-, 20-, and 40-nm diameter Au nanoparticles are used to form
bcc-type superlattices using an A-type, B-type layer-by-layer as-
sembly method described previously (Fig. 1A, Supporting In-
formation, and Table S1) (22). Using grazing incidence small-
angle X-ray scattering (GISAXS), the interparticle spacing and
crystal quality can be determined quantitatively; Table 1 lists the
nanoparticle size, lattice parameter, nearest-neighbor distance
(surface-to-surface), volume fraction, and film thickness of the
superlattices probed in this work (Fig. S1 plots the 2D GISAXS
scattering). Importantly, superlattices that are transferred to the
solid state (encased in silica) exhibit minimal perturbation of the
lattice as confirmed by GISAXS (Fig. 1C solution [solid lines], solid
state [dashed lines]) and with electron microscopy (Fig. 1B) (24).
To probe the effect of background environment on the optical

properties, we compare the extinction of isostructural super-
lattices in solution with those in the solid state (silica embedded).
Fig. 1D compares the far-field extinction of the as-synthesized
superlattices in solution (solid lines, approximately n = 1.33, « = 1.77)
with those stabilized in silica (dashed lines, approximately n =
1.40, « = 1.96). Spectra were normalized by transmission through
a glass slide; notably, the evaporated gold layer (2 nm Cr, 8 nm
Au) that the films are grown on contributes minimally to the

optical response (Fig. S2). For all superlattices measured (listed in
Table 1), the solid-state extinction spectra are red-shifted and at a
higher intensity than the analogous superlattices in solution. This
observation can be qualitatively understood through the relation-
ship between the extinction efficiency and the background dielectric
medium for a quasi-static (small size limit) sphere (25, 26):

QExt =
24πa
λ

«
3=2
m «2

½«1 + 2«m�2 + «22
, [1]

where a is the sphere radius, «m is the dielectric constant for the
background medium, and «1 and «2 are the real and imaginary
values of the permittivity (at this wavelength), respectively.
Eq. 1 describes the dominant dipole LSPR observed in small
metal nanoparticles; it also states that the LSPR occurs when
«1 = −2«m. In elevated refractive indices, the wavelength neces-
sary to achieve the resonance condition «1/«m = −2 is longer, red-
shifting the resonance (as seen in the experiment) (1, 25, 26). It
can also be derived from Eq. 1 that Au is a “higher-quality
material” in elevated dielectric constant media (i.e., when the
LSPR is red-shifted) (27). The result of this is a material with
a higher relative extinction efficiency (i.e., extinction coefficient).
Thus, the red-shift and increase in extinction intensity of
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Fig. 1. Optical properties of DNA-assembled plasmonic thin films. (A) Scheme of the A-B–type assembly system (Top Left) within the experimental mea-
surement geometry (Right). (B) A representative scanning electron micrograph (top-down view; scale bar, 100 nm). (C) GISAXS linecuts for solution (solid lines)
and silica-embedded (dashed lines) bcc superlattices comprising 40-nm (black), 20-nm (red), and 10-nm (blue) nanoparticle building blocks. (D) Experimental
extinction measurements of the thin-film superlattices from C in solution (solid lines) and in silica (dashed lines). Generalized Mie simulations of superlattices
comprising10-nm (blue, E), 20-nm (red, F), and 40-nm (black, G)-diameter nanoparticle building blocks, respectively. In the simulations, the background
refractive increases from 1.3 to 1.5 in 0.02 increments. Effective medium simulations with identical structural parameters are included for comparison (orange
traces, n = 1.5). All structures were simulated as ideal lattices according to the structural information gathered from GISAXS (Table 1).

Table 1. Superlattice structural parameters extracted from
GISAXS characterization

Particle
diameter, nm

Lattice
constant, nm Gap, nm

Volume
fraction, % Au

Thickness,
nm

8.9 28.4 15.7 3.2 56.8
19.8 48.5 22.2 7.1 97.0
39.1 73.7 24.7 15.6 147.4
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isostructural superlattices in solution and in silica can be under-
stood qualitatively using Mie theory.
The rigorous comparison of simulation with experiment pro-

vides a powerful means for understanding those factors that affect
the optical response of plasmonic materials. Here, we compare
experimental extinction measurements with two types of simu-
lations: (i) Maxwell–Garnett effective medium theory (EMT)
and (ii) discrete nanoparticle electrodynamics simulations (ED).
In EMT (28, 29), the superlattice is described as a sum of its
constituent building blocks (e.g., 10% Au particles, 90% water).
This effective material is then input into the Fresnel equations to
determine the transmission, reflection, and absorption of an
infinite thin film (Fig. S3). In ED simulations, a discrete lattice of
nanoparticles is built in a homogeneous background, and Max-
well’s equations are solved for all of the interactions between
particles (1). Differences between EMT and ED signify the
presence of strong, nonlinear plasmonic coupling, i.e., the point
at which the fine structure of the lattice determines the optical
response. More details on the simulation methods can be found
in the Supporting Information.
Both Fresnel-EMT simulations and ED simulations (Fig. 1 E–G

and Fig. S4) reveal a red-shift and increase in extinction intensity
with increasing background index, reproducing the optical re-
sponse observed in the experiments. This reproduction with
Fresnel-EMT confirms that the interparticle interactions in these
systems are weak dipole–dipole interactions that are well de-
scribed solely by volume fraction (EMT). Notably, at elevated
volume fraction (and larger nanoparticles, ∼40-nm diameter),
the extinction predicted by the Fresnel-EMT model begins to
saturate (Fig. 1 E–G, orange traces, and Fig. S4), whereas the
classical ED methods reproduce the characteristic Lorentzian
lineshape of the experimental LSPR accurately (Fig. 1). This
suggests that the Fresnel-EMT model does not perfectly describe
thin-film plasmonic superlattices at high volume fraction or above
a certain nanoparticle size. Moreover, the variation in predicted
LSPR maximum between the experimental data and the simula-
tions is present both for the simple Fresnel-EMT model and the
more rigorous ED methods (Fig. S5). These differences could be
due to variable silica porosity, which would change the dielectric
background, but they could also be due to inhomogeneity of the
superlattice. To better understand how structural inhomogeneity
affects the plasmonic response, it is necessary to incorporate ex-
perimentally relevant defect structures within the ED simulations.
Our exploration of structural inhomogeneities begins with an

analysis of the plasmonic nanoparticle building blocks. The sen-
sitivity of the LSPR to variation in size and shape is well known
(1, 15). Fig. 2A plots the simulated extinction efficiency fromMie
theory for Au spheres with diameters ranging from 10 to 100 nm.
At small sizes (10–40 nm), increasing the diameter increases the
extinction intensity without appreciably changing the peak po-
sition. This occurs in the quasi-static regime, where the particle is
much smaller than the wavelength. At larger diameters, the
LSPR begins to red-shift, broaden, and strongly scatter incident
light (Fig. S6) (1, 26). In a plasmonic superlattice, where millions
of particles are measured as an ensemble, variation in nano-
particle size would inevitably lead to broadening and inconsistency
in the optical response. Incorporating experimentally determined
nanoparticle polydispersity enables the direct quantification of
its effect on extinction. We use transmission electron microscopy
(TEM) to determine the statistical variation of the nanoparticle
diameters. The variation of particle diameters follows the normal
distribution (Fig. 2 B and C).
Using nanoparticle size distributions determined by TEM, we

performed Mie simulations (Fig. 2D) with varying amounts of
polydispersity; these are compared with the measured extinction
of superlattices in solution (dashed lines) whose structural param-
eters are listed in Table 1. Notably, for all particle sizes minimal
broadening in the extinction is observed for 10% polydispersity

or less, showing strong agreement with the experimental traces.
Increasing polydispersity changes the optical response; more-
over, the extent of the change depends on the average particle
size. For the smallest spheres, ∼10-nm average diameter, in-
creasing the polydispersity increases the extinction intensity with-
out changing the peak breadth or location (Fig. 2D, Top). For
∼20-nm average diameter spheres, the extinction first increases
in intensity, and then broadens with polydispersity values of 50%
(Fig. 2D, Middle). Finally, for the ∼40-nm average diameter
spheres, the extinction maximum increases in intensity (like the
∼10-nm spheres), and with increasing polydispersity, the ex-
tinction peak broadens and red-shifts (Fig. 2D, Bottom).
The differences in behavior for the different particle diameters

can be understood through the size dependence of the sphere
LSPR (Fig. 2A). When the average particle diameter is small, the
particles are quasi-static; an increase in the particle size increases
the extinction coefficient without changing the LSPR location
or breadth, resulting only in an increase in extinction intensity.
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Comparatively, for the larger-diameter case, some fraction of
particles in the distribution are no longer quasi-static (i.e., they
exhibit broadened and red-shifted LSPRs). In addition, larger
spheres have greater extinction coefficients than smaller ones,
increasing their contribution to the collective extinction even if
they are at the tail of the particle distribution. In all cases, the
extinction intensity increase with greater polydispersity is due to
disproportionate contributions from larger particles compared
with the smaller ones (extinction scales with diameter squared).
These data suggest that one should consider polydispersity when
selecting a plasmonic building block for optical materials; larger
particles are undoubtedly better plasmonic scatterers, but from a
polydispersity standpoint they will be less forgiving than small,
quasi-static ones. Additionally, Figs. 1 and 2 demonstrate that
volume fraction is only sufficient for describing quasi-static plas-
monic nanoparticles with small amounts of polydispersity.
The use of imperfect building blocks in bottom-up nano-

particle assemblies often results in defects, grain boundaries, and
lattice strain (30–35). In the systems studied in this work, mo-
lecular dynamics simulations suggest that DNA-assembled par-
ticles can exhibit 5–10% variation in their position due to the
dynamic reorganization that occurs as interparticle linkages
break and reform (36). To simulate the effect of nanoparticle site
displacement in a superlattice, the locations of nanoparticles
were randomly varied over a defined interval in three dimensions.
Previous investigations of diffractive plasmonic nanoparticle lat-
tices revealed that disorder in nanoparticle position changes the
intensity of the collective LSPR due to weakened dipole–dipole
interactions (37, 38). Here, however, the superlattice optical
response does not vary with the inclusion of 5–10% displacement
in the nanoparticle position (Fig. S7). This suggests that the in-
terparticle plasmonic interactions here are primarily coherent
and in-phase; small displacements (relative to their radii) in

nanoparticle position do not meaningfully change the weak plas-
monic coupling between particles. In turn, many of the emergent
plasmonic and photonic effects that we have identified in similar
systems (29, 34, 39) are likely robust to the presence of defects and
forgiving to minor variations to the crystalline environment.
It is well known that different symmetries of closely coupled

plasmonic particles can greatly alter interparticle interactions
(13), controlling phenomena such as surface-enhanced Raman
enhancement (40, 41), Fano profiles and “dark” plasmon modes
(42), and altering waveguide quality (43). Moreover, super-
lattices with higher metal volume fractions exhibit rich optical
behavior (8–10, 35). It is likely that the strong, nonlinear plas-
monic coupling in these systems will increase the effect of ran-
domness, disorder, and polydispersity on the optical response.
To study the role of randomness and volume fraction, super-
lattices with fixed Au volume fractions (20% and 25%) comprising
different nanoparticle sizes and spacing were simulated using
generalized Mie theory (Table 2). For these systems, two methods
of analysis are useful: far field (Fig. 3A, Left) and near field (Fig. 3A,
Right). The far-field analysis describes optical properties such as

Table 2. Structural parameters for 20% and 25% volume
fraction superlattices

Volume
fraction, % Au

Particle
diameter, nm

Lattice
constant, nm Gap, nm

20. 8.9 17.3 5
20. 19.8 34.6 10
20. 39.1 69.3 20
25. 8.9 16.2 4
25. 19.8 32.3 8
25. 39.1 64.7 16
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Fig. 3. Far- and near-field plasmonic properties of high volume fraction superlattices. (A) Scheme depicting far-field (Left) and near-field (Right) plasmonic
properties. (B) Far-field extinction spectra (solid traces) for 10 randomly generated superlattices incorporating nanoparticle polydispersity (10%) and variation
in lattice location (5%); the dashed lines are for the “perfect” superlattices that do not include inhomogeneity. The simulations incorporate the experimental
particle sizes determined in Fig. 3 for ∼10-nm (blue), ∼20-nm (red), and ∼40-nm (black)-diameter spheres. Each trace represents a single superlattice simu-
lation. (C) Distribution of the near field at the surface of each particle in a perfect lattice (Left, 20% Au; Right, 25% Au). (D) Distribution of the near field at
the surface of each particle in an imperfect lattice (Left, 20% Au; Right, 25% Au). The structural parameters describing each structure are listed in Table 2;
each film has an ∼500-nm edge length and is in an index of 1.33.
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absorption, extinction, and scattering whereas the near-field analysis
quantifies the electric-field intensity jEj at the particle surface. A
number of studies have demonstrated that far-field properties do
not always describe interesting near-field phenomena that are cru-
cial for spectral enhancement and light concentration (40, 41, 44).
For example, short-ranged quadrupolar coupling between closely
spaced 100-nm Ag nanoparticle arrays can lead to sharp coherent
plasmon modes (45). Although these effects are not expected in
these systems (which are dipole-dominated, Fig. S8), it is important
to directly quantify interactions in the near field.
Ten superlattice structures for each particle size were ran-

domly generated to approximate sample-to-sample variation;
these structures were designed to approximate realistic experi-
mental samples with 10% polydispersity and 5% variation in
lattice site (Fig. 3). Fig. 3B plots the simulated far-field extinc-
tion of these superlattices in water (n = 1.33), listed in Table 2.
Fig. 3B compares superlattices with 20% Au (Left) and 25% Au
(Right). In each case, the extinction maxima red-shift with in-
creasing particle size (∼10 nm blue, ∼20 nm red, ∼40 nm black).
In addition, it is clear that there is variation in both extinction
intensity and in λmax between the 10 different simulated super-
lattices. Notably, these imperfect lattices differ from the perfect
lattice (dashed line) in all cases. These effects are amplified at
higher Au volume fraction, which would make forming a con-
sistent and reproducible optical response more difficult. Because
the structures compared are of equivalent volume fraction using
different building blocks, it is clear that this regime is beyond
that which can be described solely by volume fraction.
To quantify the effect of disorder on plasmonic coupling, we

compare the distribution of the electric-field intensity (jEj2) at the
surface of 50 particles within a superlattice. The electric-field in-
tensity is color-coded by particle size (10 nm = blue, 20 nm = red,
40 nm = black) and the volume fraction is fixed at 20% and 25%Au
(Table 2). In all cases, the distribution of jEj2 is smaller for the
perfect superlattice (Fig. 3C) than for the imperfect superlattice (Fig.
3D). A physical interpretation of these data is that the imperfect
superlattice has some sites with higher electric-field intensity than
the perfect structure, some sites with lower electric-field intensity
than the perfect structure, and greater variation in electric-field
intensity from site to site than the perfect structure does.
To visualize the variation in electric field jEj, a plane was moved

through the superlattice in 1-nm increments perpendicular to the
direction of light to create “slices” of the confined electric field (Fig.
4A). By combining a series of slices, we can approximate the effect
of moving through the lattice with stills or in a movie (Movies S1,
S2). From the electric-field slices of the perfect (Fig. 4B and Movie
S1) and imperfect (Fig. 4C and Movie S2) superlattices, it is clear
that the imperfect lattice has significant variation in electric-field
intensity compared with the perfectly ordered lattice, which has a
more homogeneous, and ultimately more predictable, electric-field
intensity distribution. In the imperfect lattice, variation in the
nanoscale gaps between particles leads to regions with larger max-
imum field values and also has regions where the field values are
lower. It is likely that regions of high electric field (small gaps)
would contribute disproportionately to the optical response, espe-
cially in devices that use various forms of spectral enhancement.
Previous surface-enhanced Raman studies have observed that a
disproportionate amount of scattered Raman intensity comes from
a small percentage of the molecules in the “hot spots” (46). Al-
though in principle hot spots increase device output and quality
factor, they also can significantly reduce reproducibility and increase
failure rates, which is an immense challenge for nanoscale systems.
The extent to which disorder and inhomogeneity can be detrimental
strongly depends on the desired property.

Discussion
In summary, these data suggest that volume fraction of constit-
uent nanoparticles is not always sufficient to describe the optical

properties of plasmonic superlattices. We have previously imple-
mented volume-fraction–based methods with predictable and
consistent agreement between experiment and simulation in the
far field (28, 29, 32, 34, 39). Many of the unique and exciting
plasmonic materials that we have explored using programmable
DNA assembly depend solely on dipolar interparticle interac-
tions (at low volume fraction) and are fairly insensitive and de-
fect-tolerant. In particular, nanoparticle size polydispersity
(∼10%) and small (5%) displacement of the nanoparticle location
have minimal effects on far-field extinction in the systems studied.
Additionally, when monodisperse nanoparticles are not available,
small quasi-static nanoparticles, e.g., those above a critical size at
which variation is inherent, are ideal as building blocks to mini-
mize broadening and ensure an even distribution of electric field.
It is clear, however, that plasmonic particles with sufficiently close

spacings exhibit strong coupling in hierarchical superlattices where
the optical response is both particle size and arrangement de-
pendent. An extension of this is that defects and inhomogeneity in
the superlattice can affect the near- and far-field optical response. In
particular, 10-, 20-, and 40-nm-diameter particles in superlattices
with volume fractions of 20% or greater exhibit different far- and
near-field plasmonic properties that cannot be described by metal
volume fraction alone. It is likely that further investigation of
closely coupled plasmonic lattices will uncover unexpected and
unusual plasmonic behavior (35). For example, numerous studies
of closely coupled plasmonic nanoparticles have identified tunable
reflection and dielectric behavior in addition to unique symmetry-
dependent properties (5, 8–10, 13). These insights will lead to
materials and devices that exhibit greater reproducibility including
sensing, metamaterials, coatings, and optical electronics.

Materials and Methods
Optical Simulations.Optical simulations were performed using either (i) Maxwell–
Garnett effective medium theory in a Fresnel geometry or (ii ) generalized
multiparticle Mie theory, which are analytic and included 10 vector spherical

Fig. 4. Electric-field intensity throughout a superlattice. (A) Scheme depicting
different lattice planes for which the electric field was calculated. (B) Electric-
field intensity plotted for the perfect superlattices. (C) Electric-field intensity
plotted for a superlattice with 10% particle polydispersity and 5% variation in
lattice site. The lattices comprise ∼40-nm spheres with a nearest-neighbor gap
of 16.0 nm (25% Au). (Scale bar, 100 nm.)
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harmonic expansions to ensure accuracy. All simulations used the Johnson and
Christy dielectric function (47) with a surface scattering correction.

Optical Measurements. Optical measurements were performed using an in-
verted microscope in the transmission orientation and extinction was deter-
mined by the relationship E= 1− T .

Synthetic details are included in themain text; all methods are described in
detail in the Supporting Information.
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