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Introduction can be quantified by electron microscopy, X-ray scat-

tering and other structural techniques. A second aspect
The growth, assembly and organization of nanoscale par- driving research in this direction is related to the har-
ticles into superstructures is an interesting scientific =~ hessing and control of light at the nanoscale. At the
challenge for several reasons. Firstly, the chemical fabri-  Present time, it is not possible to assemble nanostruc-
cation of organized structures is an essential prerequisite ~ tures that can absorb light and vectorially channel the
for understanding how complexity arises in living systems. ~ €nergy in particular directions. It is likely that energy
Nanocrystal superstructures provide an elegant model sys- ~ harvesting, storage, transmission and dissipation will be

tem for such studies because the degree of order or better understood if we can demonstrate how interac-
disorder in a given artificially assembled system of particles  tions of radiation with nanocrystal superstructures might
be harnessed. Finally, these new and complex, composite

materials may exhibit unusual optical properties, which lend
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data demonstrating useful applications in surface enhanced
Raman spectroscopy [1,2], plasmon-enhanced fluorescence
[3], amplification of nonlinear optical signals [4], nanoscale
lasers [5], plasmon-assisted photolithography [6], plasmon-
enhanced solar light harvesting and photocatalysis [7,8],
ultrasensitive chemical and biological sensors [9—13], opti-
cal circuitry [14,15], logic gates [16] and metamaterials
[17—19].

We summarize current progress in (i) assembling dis-
crete artificial nanocrystal structures using DNA linkers and
(ii) measuring and predicting their optical properties using
the hybridization approach to plasmonic coupling. We dis-
cuss a number of different linker-based assembly methods,
with a focus on the use of DNA linkers which give enough
flexibility to design assemblies of different geometry. We
present data for the assembly of two particles and discuss
some general limitations and comments on the interpar-
ticle separations achieved within assemblies compared to
those predicted by the length of the DNA oligonucleotides
used. Following these sections we briefly consider plas-
mon resonances in small particles (this topic is covered
in great detail in numerous textbooks [20,21]), and then
review relevant concepts for describing the optical proper-
ties of coupled nanoparticle systems using as an example
the simplest aggregate structure — dimers consisting of
two nanospheres. These are then extended to linear arrays
of trimers up to hexamers. The linking groups may also
be designed to produce predominantly two-dimensional
structures such as trimers and tetramers arranged at the
vertices of a triangle or square. These assemblies and their
optical properties are described in the following section.
Along with the formation of higher order structures, a gen-
eral lowering of the symmetry of the assemblies from the
ideal symmetry is observed and discussed. We then give
a general approach for the assembly of discrete, highly
symmetric, three-dimensional structures on a substrate.
Thereafter, we outline the assembly of long, highly uni-
form, linear arrays using a combination of top-down and
bottom-up nanofabrication. Following this, we discuss the
formation of chiral structures and larger plasmonic archi-
tectures before concluding with future directions for the
field.

Assembly with dithiol based linkers

It has long been known that colloid aggregation typically
results in fractal type aggregates [22], regardless of whether
that process is diffusion limited or activation controlled.
Conversely, it has become possible in the last decade to
grow 3D nanocrystal superlattices by slow evaporation of
the solvent of surfactant stabilized metal (or semiconduc-
tor) nanocrystals (see the review by Prasad et al. [23]).
In these colloid-crystals, which may be tens of microns in
size and composed of several million individual nanocrys-
tals, the particles typically form an fcc lattice with lattice
constants determined by the nature of the adsorbed sur-
factant layers. Between these two extremes, lies the
true challenge in self-assembly and for chemistry as a
whole: the controlled chemical assembly of nanocrystals
into well-defined superstructures with predictable spatial
geometry.

It is with this in mind that the bottom-up assembly
of chemically synthesized metal nanocrystals into higher
order structures is being actively pursued by a large
number of groups as the next step in creating nanostruc-
tures for plasmonics. The vast majority of schemes for
self-assembly of metal nanoparticles rely on the use of
thiol-functionalized linking molecules. Alkanethiols have
a strong affinity for gold surfaces [24,25] and gold col-
loids [26] while dithiols can act as conjugation molecules
bridging two nanocrystals together [27,28]. Self-assembly
occurs when these ‘‘linker’’ molecules are introduced into
a gold nanoparticle solution. By manipulating the concen-
tration of linker molecules present in solution, the length
and growth rate of the gold nanosphere chains can be
controlled. Many different molecules can be used as link-
ers in gold nanoparticle assemblies [29]. Dithiols [27,28],
aliphatic thiols [30—33], biological compounds [34] and
thiolated single strand oligonucleotides [35—43] all make
suitable linkers, each with their own advantages and dis-
advantages.

In addition, thiol linkers that include an acid or base moi-
ety can couple via hydrogen bonding. These linkers are often
more soluble in aqueous media, and their coupling can be
regulated through pH. Common carboxylic acid function-
alized aliphatic thiol linkers that have been explored for
self-assembly of gold particles in aqueous solutions include
3-mercaptopropionic acid (MPA), 11-mercaptoundecanoic
acid (MUA), 16-mercaptohexadecanoic acid (M16A) and
cysteine. Amine functionalized thiols such as cystamine
have also been employed as linkers [30—33]. Within these
schemes, the thiol groups bind to the gold particles while
the assembly of the particles is facilitated via the hydro-
gen bonding of the carboxylic acid (or amine) endgroups.
Lower concentrations of MPA allow the formation of dimers
while more concentrated MPA solutions cause longer chains
to form [32]. Similar results are obtained for both MPA and
MUA. In a continuation of this work, Sethi et al. have demon-
strated the dependence of aliphatic thiol gold nanoparticle
assembly on pH [30]. In this case, MPA, cysteine and cys-
tamine were used as linker molecules, all of which can
exist in a zwitterionic state depending on the ambient
pH.

A particular advantage of using thiol-functionalized link-
ers is their propensity to preferentially bind to the tips
of gold nanorods [27,28]. The mechanism of this selec-
tivity is not currently understood; however, the recent
discovery that the facets at the tips of gold nanorods
grown in the presence of silver ions and the surfac-
tant cetyltrimethylammonium bromide (CTAB) are sparsely
packed and are different from the facets of the rest
of the rod [44,45] suggests that it relates to the gold
atom density on the surface. The preferential tip bind-
ing leads to the formation of end-to-end dithiol-linked
nanorods [28]. The hydrophilic nature of gold nanorods with
CTAB ligands and the hydrophobic nature of the dithiol
molecules used requires these assemblies be performed
in a 1:4 water—acetonitrile solution. UV analysis of the
assemblies reveals a red shift of the longitudinal band
due to plasmon coupling of the self assembled rods, sup-
ported by TEM images of nanochains, although some disorder
that occurs during deposition is apparent [28]. Biologi-
cal molecules have also been investigated as linkers in
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self assembly. Gold nanorods functionalized with thiolated
biotin have been assembled in an end-to-end fashion upon
the addition of streptavidin, utilizing the strong affinity
between these two biological molecules [34]. Many biologi-
cal sensors based on plasmon coupling of gold nanoparticles
have been successfully produced using this technology
[11,13,10,12].

DNA capped nanoparticles

Of the many linker molecules available for the self-
assembly of nanoparticles, single strand oligonucleotides
are perhaps the most versatile [46—49,35—43]. Many struc-
tures can be created using oligonucleotides, including one
dimensional nanochains of varying length [49—53] and two
dimensional nanostructures [47,54]. DNA linkers to facil-
itate the formation of three dimensional structures have
also been designed [46]. Single strand oligonucleotides
are extremely versatile, as different structures can be
made using the same experimental procedure, with the
oligonucleotide sequence being altered to achieve varying
nanostructures. The versatility of single strand nucleotides
opens up vast possibilities for research into plasmonic
coupling as many new and innovative structures can be
fabricated with ease for spectroscopic analysis and DNA
directed assembly has essentially overtaken other assembly
strategies in recent years [35,55,56,36—43]. Self-assembly
via oligonucleotides exploits the sequence programmabil-
ity of DNA, giving selective molecular recognition ability,
along with the relative rigidity of its double-helical form
[57].

Perhaps the most basic assembly scheme is that involv-
ing single stranded oligonucleotide assembly [41] as shown
in Fig. 1(a). In this case, two nanoparticle solutions
are functionalized with two different, but complemen-
tary, strands of an oligonucleotide via a 5'-thiol group
(which has been covalently attached to the oligonucleotide).
Hybridization of the complementary DNA strands is the
driving force behind the assembly of the nanoparticles.
This process can produce chains of gold nanospheres,
although careful design of the base pair sequencing along
with the inclusion of additional probe sequences also
allows assembly of two-dimensional structures such as
trimers and tetramers (see Fig. 1(a)), bottom sequence).
A slightly different approach is shown in Fig 1(b), where
instead of exclusively thiolating the 5 ends, oligonu-
cleotides with either 5 or 3’ ends thiolated were used.
Assembly in this case can be initiated by introducing an
additional, unfunctionalized target oligonucleotide with
different sections of its base pair sequence complemen-
tary to both of the thiolated (and gold-functionalized)
oligonucleotides. No information is given as to which assem-
bly scheme, using only 5 functionalized or both 5 and
3’ functionalized oligonucletides, is superior in terms of
nanostructure yield and providing reliable interparticle
spacings.

Monofunctionalized gold nanoparticles can also be
assembled into discrete structures using cyclic DNA tem-
plates. Aldaye et al. demonstrated that gold nanoparticles
could be monofunctionalized with complementary DNA
strands, and that these can then assemble onto free,

single-stranded cyclic DNA templates of various geomet-
ric shapes, such as triangles and squares (as shown in
Fig. 1(b)) [37]. It is important to point out that for these
assemblies, some variation in interparticle separation and
geometry is obvious from the TEM micrographs. Different
nanoparticles could be placed at specific locations within
the geometric shapes [38]. This DNA templating technique
allows a write/erase technique to be devised, whereby a
nanoparticle is removed from a specific site and can be
replaced by another [38], as well as ‘structural switching’
and interconversion between different geometries [38,37].
This was achieved by incorporating loops in the DNA tem-
plate that can shorten the length of the arms of the
template (Fig. 1(b) inset). Although this scheme is highly
flexible, it relies on the specialized synthesis of oligonu-
cleotides which include within the base pair sequence small
molecules (not natural bases) to generate the bends in the
DNA.

Before nanoparticle assemblies are discussed in greater
detail, it is necessary to discuss the individual build-
ing blocks themselves. Metal colloid particles in water
are usually stabilized electrostatically by adsorbed lig-
ands. Electrostatic stabilization is weakened in solutions
with high ionic strength, since this reduces the range of
the interactions. Studies have shown that citrate stabi-
lized gold surfaces have zeta potentials around —30myV,
and Debye—Huckel theory works well. The van der Waals
interactions can be measured by atomic force microscopy
between gold surfaces that are neutral and reveal a
Hamaker ‘‘constant’’ of 2.5x107"%J, in good agreement
with Lifschitz theory. Gold and silver particles stabilized
by citrate and other carboxylic acids slowly aggregate
below pH 4 due to the decrease in surface charge as
the pK, of the citrate groups is reached. They are also
unstable in solutions of high ionic strength such as 0.1M
NaCl, leading to slow irreversible aggregation. Addition
of amine or thiol terminated oligonucleotides leads to
exchange of the citrate ions by the nucleic acid strands.
The resultant particles exhibit not only a more negative
zeta potential due to the high charge density on the nucleic
acid bases, but they now resist coagulation in high ionic
strength media such as PBS buffer. This is due to the fact
that the DNA creates an electrosteric layer, i.e. a sur-
face offering both electrostatic and steric resistance to
coagulation. Compression of the charged, rigid chains is
entropically and energetically unfavourable. In addition, the
contact between oligonucleotide chains on adjacent parti-
cles occurs at separations where the van der Waals forces
are small enough that they cannot induce squeezing of the
DNA.

The DNA coating endows the particles with very useful
properties. Gold nanoparticles that are capped with a mono-
layer of DNA strands are stable in environments of high ionic
strength (0.1 M NaCl and higher [35,58]), as well as stable
at temperatures up to 80°C.

The stability at high ionic strength turns out to be essen-
tial. At low salt, the charge density on the oligo chains
prevents hybridization of DNA and particle assembly. DNA
requires high levels of salt to be present for hybridization
to occur. Hybridization is reversible with thermal melting
of the DNA strands occurring at elevated temperatures [59]
and melting also occurs if the ionic strength is lowered
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Figure 1

(a) Assembly scheme reported by Yao et al. [41]. (b) Assembly scheme reported by Aldaye et al. [37] demonstrating

the assembly of gold nanoparticles into linear chains, triangles, squares, trapezoids and rectangles. A write/erase function is also

shown. Scale bars =50 nm.

sufficiently. Assembly of nanoparticles via DNA mediated
linkers is therefore a reversible process, unlike conventional
collapse into the ‘‘primary minimum’’ that is assumed to
occur in normal particle aggregation. [60]

It is often undesirable to have a monolayer of DNA
surrounding nanoparticles, as the availability of more than
one DNA strand per nanoparticles will lead to the formation
of unwanted assembled byproducts with many different
assembly geometries along with the desired structures. To
avoid the formation of such structures, it is possible to bind
one DNA strand per particle and separate them from multi-
strand particles using gel electrophoresis. [48] However,
such particles with only one strand do not have the required
stability in environments of elevated ionic strength and
temperature, when compared to particles with a surface
monolayer of DNA. Thus it is necessary to passivate the

surface of single strand particles with a stabilizer ligand,
such as mercapto-polyethylene glycol molecules. Passi-
vation layers ensure the stability of colloids under the
harsh conditions required for DNA hybridization to take
place.

Assembly approaches

Double-stranded DNA motifs adopt a length proportional to
the number of base pairs and which is characteristic of the B-
DNA double-helix, 3.4nm per 10bp. They are also relatively
rigid. These factors, along with the recognition of comple-
mentary base-pair sequences, endow DNA-based assembly
with enormous flexibility. However, superimposed on these
benefits are challenges. Assembly involves manipulation of
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the double layer forces between the nanoparticles. As such,
the ultimate particle spacing is controlled by a balance
between the repulsive interactions (due to steric, hydra-
tion and electrostatic contributions from the DNA chains)
and the van der Waals interactions (primarily between the
particle cores). In addition, these may be modified by any
capillary drying forces. A fundamental observation from
our work, and consistent with other studies, is that the
interparticle spacings achieved rarely correspond to molec-
ular models of the ligand chain lengths. Generally, larger
particles will squeeze ligand layers more strongly, caus-
ing interdigitation of ligand monolayers. Capillary squeezing
during drying of nanocrystal structures is also possible. The
stabilization afforded by the ligands will depend on the
surface coverage and the effective Young’s modulus of the
ligand layer. Thus, it may be predicted that without consid-
eration of these other factors, DNA self-assembly methods,
although useful in controlling the alignment of nanopar-
ticles within a given structure, will not necessarily yield
perfect or predictable control of spacing between nanopar-
ticles when the structures are deposited on a substrate
[49,41,48,47].

For example, Fan et al. [47] used DNA self-assembly to
create gold nanosphere pentamer structures. Particles with
diameters of 92.5—74nm combined with DNA strands con-
taining 95 bp were used in the study, of which the outer 20 bp
were complementary and involved in the assembly. Particle
spacings of 2 nm were observed, whereas from the length of
the DNA strands an interparticle spacing of around 32 nm
would be expected. In another study by Sheikholeslami
et al., DNA strands consisting of 35bp were used to create
gold—silver nanoparticle dimers with nanoparticle diame-
ters 20—40nm. Ignoring the length of the functionalized
ends, such strands would be expected to give interparti-
cle spacings of approximately 12 nm, however interparticle
separations of 3—8 nm were observed [48]. In addition, we
have shown in a previous work [49] that the use of par-
ticles with large diameters leads to interparticle spacings
of approximately 1 nm, even when DNA strands that should
yield spacings on the order of 6—8nm are used. Despite
these obvious discrepancies, no systematic investigation
into these effects has been reported.

To highlight the effect of van der Waals forces
on nanoparticle dimer separation, dimers containing
nanospheres of varying sizes (64 nm, 30 nm and 17 nm) were
assembled using DNA strands containing 35 bp, which should
give a predicted interparticle spacing of 12—14nm, the
results are summarized in Fig. 2. Dimers with an interpar-
ticle separation of the order of 1nm were considered to
be in “‘primary ligand contact (PLC)’’, as this spacing is
what is expected for gold particles in the absence of DNA.
In other words, if there is insufficient DNA to act as an elec-
trostatic barrier, the interparticle spacing is assumed to be
determined by residual citrate groups still on the surface.
As van der Waals forces for small particles scale roughly as
R-¢, dimers formed from smaller nanoparticles are more
likely to exhibit spacings closer to those corresponding to
the hybridized DNA oligomer length. This trend is indeed
confirmed in the data shown in Fig. 2. The percentage occur-
rence of dimers with separations between 12 and 14nm
increases with decreasing nanoparticle size, with 4.7%, 9%
and 14% of dimers having an interparticle separation within

this range for the 64, 30 and 17 nm particle dimers, respec-
tively. Conversely, dimers in PLC were found for 76%, 59% and
39% of dimers with 64, 30 and 17 nm diameters, respectively.
These data suggest that assembly should be performed with
small particles, ideally smaller than the 17 nm particles used
here, to obtain desired interparticle separations based on
the DNA strands used. However, these smaller particles have
a much lower scattering cross-section compared to their
larger analogues and are difficult to detect with commonly
used dark-field microscopes. Another interesting point aris-
ing from these data (Fig. 2) is that some dimers have an
interparticle spacing larger than that of the fully extended
oligonucleotide strand. How such dimers form and remain
stable is unclear. Most likely monomeric particles simply
adsorb to the glass in close proximity to each other, but
the two adjacent particles are not chemically bound to one
another.

The use of shorter DNA oligonucleotide linkers, e.g. with
just 16 bp, leads to an even lower yield of dimers with the
expected interparticle separation (7—9 nm, Fig. 51(a) of the
supporting Information), and a larger yield of dimers in deep
van der Waals contact. This is consistent with the increase
in the van der Waals forces at smaller separations. Although
DNA concentration does seem to have some effect on the
interparticle separation in nanoparticle dimers, no overrid-
ing trend was discerned (see Fig. S1(b) in the supporting
information).

These complexities lead to consequences for the inves-
tigation of the optical properties of assembled structures.
The yield of the desired structure via DNA-based assem-
bly is generally relatively low, making bulk, or ensemble,
measurements largely inappropriate. If there is more than
one DNA strand attached per particle in an assembly reac-
tion, the assembly will not stop once a desired structure
has been assembled. Larger, higher-order by-products will
continue to form, with DNA hybridization continuing until
all DNA strands have hybridized, resulting eventually in
mass aggregation within the colloidal solution. Assembled
samples therefore need to be coated onto a substrate in
order to ‘quench’ the assembly reaction. However single
particles and higher-order aggregates will still be present.
Purification, via agarose gel electrophoresis, can produce
functionalized colloidal samples with 1 DNA strand per par-
ticle, increasing the yield of the desired nanostructure post
assembly [48]. However, dimer yields of only 60—80% per-
cent are achieved using this process. Thus the assembled
structures need to be interrogated at the single-particle
level, in combination with a technique to determine the
exact interparticle separations and geometry of the indi-
vidual structures.

Rayleigh scattering spectroscopy of single
particles

Much of the spectroscopic data to be discussed in subse-
quent sections has been gleaned from the study of light
scattered by single particles. The light scattered is primarily
due to excitation of surface plasmon (SP) resonances. These
resonances (formally localized surface plasmon polaritons,
LSPP) in small spherical particles in the far-field are cal-
culated from the scattering and absorption cross sections.
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These were first determined by Mie (and independently by
Debye) and are expressible as a series expansion involving
multipoles in terms of Ricatti—Bessel functions. For small
enough particles, such that ka<« 1, where k=27n/, the
polarizability of a sphere, « is given by

l(e — em)

= Ve _m)
* =2 L ((+ Nem

(M

where ¢ is the dielectric function of the particle, ¢, is
the dielectric function of the medium, usually taken to be
dispersionless and real, while [ is the orbital momentum
number of the mode, and takes integral values upwards from
(=1, which corresponds to the dipole mode. In the limit
of large [, the modes tend towards the limiting value of
€=—¢pm, the resonance condition for excitation of surface
plasmons on a flat film. In reality, this equation fails for
larger particles due to retardation, i.e. the exciting radi-
ation field is not uniform across the particles. For very small
sizes, the material may exhibit quantum size effects, which
modify the dielectric function and these effects can also
lead to mode shifts and enhanced damping of resonances
[61].

In order to facilitate the investigation of colloidal crys-
tals, spectroscopy techniques have been developed to
interrogate a single nanocrystal or assembly. These include
near-field techniques (SNOM and EELS) as well as far-field
techniques (single crystal extinction, absorption and scat-
tering). Laser-based absorption techniques allow for the
investigation of the vibrational dynamics of single parti-
cles; however, the complexity of the equipment required
for these experiments has not led to their widespread use
[62—64]. In contrast, following pioneering work by Feldmann
et al. to determine the far-field spectra of individual gold
nanoparticles via elastic scattering [65], a number of new
techniques based upon the scattering of light by metal par-
ticles have been developed. Perhaps the most common of
these is dark-field microscopy (DFM), in which the parti-
cles are excited using either an evanescent field from totally
internally reflected light [66] or a dark-field condenser with
central beam block to form a hollow cone of light. The
Rayleigh scattering is dependent upon the size and shape
of the nanocrystal and scales as the sixth power of the par-
ticle diameter (for a sphere); this places a lower practical
limit on the size of particles that can be detected using
dark field microscopy. Zsigmondy was the first to study the
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scattered light from metal nanoparticles using a so-called
ultramicroscope. In contrast, absorption techniques are able
to measure the optical properties of particles as small as
2.5nm [62].

While it is an elegant technique, surface plasmon
spectroscopy (SPS) of single particles introduces its own
challenges. For example, it is not possible to unambiguously
determine the size and shape of the actual particle purely
by examination of its scattering spectrum. Thus, whilst the
plasmon energy, homogeneous linewidth [67,68] and even
extinction [69] can be obtained, this cannot be directly
correlated to the precise morphology of the individual par-
ticles, as the size and shape of the particle giving rise to
the spectrum remain unknown. To circumvent this issue,
a number of methods have been developed to map and
correlate the single particle spectrum (either absorption,
extinction or scattering) with its image. Focussed lon Beams
(FIB) can be used to create registration marks for rapid
location and re-location of the same nanoparticle [70], and
various other correlation schemes have also been reported
[71,68,72—75]. Generally high resolution (FEGSEM) imaging
does less damage to nanoparticles than TEM, though the
latter offers greater resolution [75]. The correlation of the
particle’s optical spectrum with its morphology has proved
to be particularly powerful. It has allowed the retardation
of the plasmon resonance to be experimentally determined
for a number of particle shapes which were previously inac-
cessible in ensemble measurements due to the shape and/or
size polydispersity of the colloid sample [76,77]. The drastic
effects of surface roughness and facet rounding have been
demonstrated through single particle studies [76], as well
as slight morphology differences [70,77] and the effect of
chemical processes such as catalysis, nanocrystal growth
and nanocrystal charging on the nanoparticle morphology
[78,79].

When two nanoparticles are in close proximity, that is,
within 2.5 times the particle diameter of each other, the
near-fields of the particles interact, coupling together to
generate new optical properties. The coupling of the local-
ized surface plasmon resonance of nanoparticles creates
areas of extremely high electromagnetic enhancement for
SERS with |E|? calculated to be up to 5 x 10* [80], although
recent experimental results have claimed enhancement
factors of the order of 10'°—10"" [81,82]. Kneipp and col-
leagues proposed that this enhancement could be exploited
through surface enhanced Raman spectroscopy (SERS), as
a means to attain single molecule detection [83—85]. Full
discussion of the calculation of the optical properties of
plasmonic superstructures is given in a number of recent
reviews [86,87].

Dimers

As a consequence of the synthetic challenges already out-
lined, many researchers initially employed electron beam
lithography (EBL) to fabricate nanoparticle arrays, chains
and periodically repeating sets of nanoparticles organized
as interacting pairs. The absorption/scattering properties
of such arrays, containing many interacting nanoparticle
structures [88—93], as well as single lithographically fab-
ricated structures from within the array [94] have been

200nm
Mag= 3000KX }—]

Scattering (arb. units)

400 500 600 700 800 900
Wavelength (nm)

Figure 3 (a) SEM image of an array of lithographically fab-
ricated nanodisc pairs as reported by Jain et al. [90]. (b)
Dark-field spectra and SEM micrographs from isolated parti-
cle pairs with varying separation in parallel and perpendicular
polarization, as indicated by arrows. The separations (gaps)
between the particles are d ~ (A) 10, (B) 15, (C) 25, (D) 50,
and (E) 250. Spectrum F from a single particle is included for
comparison. From the work of Gunnarsson et al. [94].

investigated. An example of such an array is shown in
Fig. 3. The optical characterization of the arrays led to
an understanding of coupling within nanoparticle dimers.
These experimental investigations have been well-backed
up by the theoretical investigation of nanoparticle pairs
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via a number of theoretical methods [95—-97,80], and
some calculations have included particle pairs with less
than 2nm separation [98—101]. However, the resolution
limit of modern EBL fabrication is around 10nm and the
surfaces are rough, resulting in protrusions and inhomo-
geneities in the region of closest approach. Thus EBL is
not suited to plasmonic interactions in the strong coupling
regime, a regime of particularly high interest. In addi-
tion, nanofabricated particles contain not one but many
crystalline domains. Single crystal structures have recently
been shown to have superior optical properties compared
to their lithographically fabricated counterparts [102,103].
For example, the single crystal nature and thus atom-
ically smooth surfaces of metal nanowires significantly
increases the propagation length of plasmon excitations
(compared to that observed in lithographically fabricated
structures) due to a reduction in the far-field scattering
[104,105].

Investigations of the interparticle coupling at close inter-
particle approach were initially carried out via the fortuitous
formation of colloidally synthesized nanoparticle dimers
[96,106,107,89]. Resonances in dimers have been measured
and modelled in detail for spheres and spherical disks.
The key results, found for both EBL formed and colloidal
nanocrystal dimers, are the shift to longer wavelengths of
the longitudinal mode and a weaker blue-shifted transverse
mode. The focusing of the electromagnetic field by metal
particles allows the near-field of one particle to interact
and hybridize with that of another. The near field interaction
between nanoparticles is highly distance-dependent and has
been described using an electromagnetic analogue of molec-
ular orbital theory, the plasmon hybridization model [108],
which highlights the asymmetry introduced by dimer for-
mation [86,95,98,108]. The hybridization diagram for two
spheres, along with expressions for the distance dependence
are shown in Fig. 4 [86] along with the near-field map and
induced surface charge distribution for spherical dimers, as
calculated using the boundary element method (BEM) [99].
When the incoming electric field is oriented along the inter-
particle axis (for a given particle pair), the near fields couple
in a manner analogous to a bonding interaction (o-bond)
and the electric field is focussed in the interparticle gap,
resulting in a significant red-shift of the plasmon resonance
[91,109,94,92,107,89,110,90]. When the polarization is ori-
ented perpendicular to the interparticle axis on the other
hand, their near fields couple in a non-bonding type of inter-
action (w-bond) and a very small blue-shift of the plasmon
band is observed [91,90,94]. For each of these arrangements
the other possible interaction mode is a dark mode which,
in a completely symmetric monodimer, cannot be excited by
light.

The optically inactive, dark modes have been inves-
tigated using more specialized microscopy techniques,
although generally only for structures containing single crys-
tals without randomly oriented crystal grains. The dark
modes may be excited by an electron beam and its energy
determined via electron energy loss spectroscopy (EELS)
[111], although the relationship of the EELS energy profile
to the optically determined plasmon resonance is unclear.
As an alternative to this approach, symmetry breaking via
confocal two-photon photoluminescence mapping allows the
spatial mapping of both the longitudinal and transverse

modes [103]. It has also been predicted that the dark mode
may be excited via coupling to an optically active parti-
cle, leading to electromagnetic induced transparency [112].
Calculations within the electrostatic approximation have
predicted that the dark modes have large evanescent fields
combined with low radiation damping and therefore might
provide a means to transmit energy through nanosystems
while incurring minimal energy loss [113,114]. The inter-
action of a continuum (or broad) resonance with a narrow
resonance at the same energy leads to a Fano (or Fano-like)
resonance [115].

The distance dependence of the near-field interaction
between nanoparticles has been exploited for measure-
ment of distances in biological systems by Alivisatos and
Liphardt [9,36]. For regions of intermediate interparticle
separation, that is, distances between around 4nm and 2.5
times the particle diameter (the coupling limit), the dis-
tance dependence of the plasmon resonance coupling is
well understood. The larger the observed spectral shift,
the stronger the coupling and the greater the localiza-
tion of the near-field between the two particles (for a
bonding interaction) [116]. The plasmon resonance posi-
tion may be calculated relatively easily in this regime
using classical theories including the plasmon hybridization
model [98], the discrete dipole approximation (DDA) [94],
finite-difference time domain (FDTD), and surface integral
approaches [113,117,118] including BEM [99]. At smaller
separations it has been shown that coupling to higher order
modes (for example the quadrupole resonance) becomes
increasingly important. Methods which do not take these
into account become inaccurate and the inclusion of several
orders of multipoles is necessary [114,101,49]. For exci-
tation of the longitudinal modes, the red-shift has been
approximated as either a d=-* dependence [91], or as an
exponential function. It is found that normalization of the
plasmon resonance shift to the particle diameter (or for rods
to the rod length) leads to a size and material-independent
measure of the coupling [90]. Both the approximations (d—3
and exponential distance dependence) break down for small
interparticle separation [96,100].

At very small interparticle separations, less than 1nm,
the accuracy of the classical descriptions becomes ques-
tionable and a quantum mechanical description has recently
been developed [100]. The calculations predict that at these
separations, the finite electron density in the interparticle
gap becomes significant and these screen the electromag-
netic field in this region leading to smaller plasmon shifts
than predicted using the classical models. The tunnelling
of electrons from one particle to the other, creating a
continuum between the touching and non-touching parti-
cles, also becomes a possibility at these separations. For
the sphere dimer system, there are two distinct ‘‘strong
coupling’’ regimes; the classical regime for separations
>1nm, and for separations smaller than 0.5nm a ‘‘quantum
regime’’, where it is predicted that a charge-transfer band
appears due to the electrical tunnelling between particles
[100]. These regimes are very difficult to access experimen-
tally. Lithographic fabrication cannot reach this resolution.
A few experimental investigations of dimers composed of
single crystals of spheres [107,106,49] and rods [96] have
appeared. These mainly relied upon the serendipitous for-
mation of the dimers in single particle studies with the
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Figure 4 (a) Near-field maps and the corresponding induced surface charge distributions for two neighbouring gold spheres
(radius =60 nm) as a function of their separation d and wavelength 1. Reproduced from Romero et al. [99]. (b) Plasmon hybridization
diagram for the interaction of two spheres. The modes of the interacting system are derived from the eigenfrequencies of the two-
particle DDA equations. The mode frequencies correspond to the formula quoted at the bottom, with values of g shown in the
insets and containing the dependence on centre-to-centre separation, d. Retardation effects and higher-order multipoles have
been neglected in these expressions. Reproduced from Myroshnychenko et al. [86].

dimers identified via the correlation of the spectra with mechanical regimes thus remains a challenge. A second
an electron micrograph of the particles. In these cases, important challenge is controlling and minimizing the vari-
the distance was determined by the thickness of the ligand ations in interparticle separation for single nanocrystal
shell. The experimental demonstration of these quantum dimers.
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Figure 5

(a) Scattering spectrum for two rods aligned (a and b) end to end, (c and d) side to side, (e) in a T configuration and (f)

in an L configuration, all on ITO and in air. Insets show SEM images of the structures. Scale bars = 100 nm. (b) Plasmon hybridization
schemes for (a) rod dimers in different geometric arrangements and (b) rods initially arranged side-to-side and then increasingly
longitudinally offset as a function of the center-to-center offset. Reproduced from the work of Funston et al. [96].

Introducing further asymmetry into the coupled system
by moving from zero dimensional spheres to one dimen-
sional rods dramatically increases the number of coupled
modes possible within the system [96]. A qualitative plasmon
hybridization diagram for the coupling of two rods in dif-
ferent, but simple, highly symmetric geometries is shown
in Fig. 5(b), while the experimentally determined scatter-
ing spectra for these geometries are shown in Fig. 5(a). It
is evident that coupling between both the longitudinal and
transverse plasmon resonances of the rods is possible; how-
ever the coupling is strongest for longitudinal—longitudinal
modes as might be intuitively expected. The practical
upshot of this is that, while both ‘L’ and ‘T’ nanorod
geometries form models for T junctions in optical cir-
cuits, coupling within the T geometry is not particularly
strong as it is a longitudinal—transverse interaction and
excitation of the longitudinal mode of either rod does not
lead to significant delocalization of this energy into the
other rod. The L geometry, on the other hand, involves
strong coupling between two longitudinal modes with effi-
cient delocalization of the plasmon resonance throughout
the full structure [96]. For nanorods aligned both end-to-

end and side-to-side, one of the fundamental modes are
dark, but a slight lowering of the symmetry of the sys-
tem causes these dark modes to acquire a dipole moment
and become optically bright [96]. The asymmetry of the
rods also leads to a number of different trajectories for
the approach of two rods into a common alignment [96].
Further extension of these geometries to nanorod trimer
structures confirms the above points [119]. These results
highlight the importance of orientation on the coupling
of anisotropic nanoparticles such as rods. Small changes
in the rod orientation lead to relatively large changes in
the plasmon interaction, particularly at close approach.
Thus, in these systems, the coupling and therefore the posi-
tion of the plasmon resonance may be controlled through
nanoparticle separation, angle and interaction geometry
[96,120—122].

The results in Fig. 5 highlight the importance of the inter-
action geometry for assemblies containing more than two
nanospheres. Both one-dimensional and two-dimensional
structures are possible, and the DNA hybridization schemes
must be carefully chosen to preferentially yield the desired
geometry. One-dimensional structures containing a rela-
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Figure 6 (a) SEM images of self-assembled nanoparticle

chains. Mean diameter of gold particles is 64nm. Scale
bar =250nm. (b) Normalized spectra of the nanoparticle chains
shown in (a). (c) Maximum wavelength of longitudinal plasmon
band plotted against number of particles in the given nanopar-
ticle chain. Data points were obtained using a Lorentzian fit
to the spectral data in Fig. 2. Inset shows a plot of both the
longitudinal (blue solid triangle) and transverse (black solid dia-
mond) bands with increasing nanochain length. Exponential fits
are shown for each set of data (red lines) with the exponent
fixed to have magnitude equivalent to that determined for the
longitudinal mode, but with opposite sign, for the transverse
bands to maintain an exponential fit. Reproduced from Barrow
et al. [49].

tively uniform, linear array of crystalline nanoparticles
are of particular interest for optoelectronic applications
while two-dimensional structures have been found to
exhibit unique optical properties including Fano-like reso-
nances and highly enhanced electromagnetic field hot
spots.

One dimensional structures

The most basic self-assembled structures are one dimen-
sional chains. These are assembled via the functionalization
of metal nanoparticles with two complementary oligonu-
cleotide strands (Fig. 1(a)) [49]. Following initiation of the
assembly with PBS buffer, different assembly times are
used to favour either lower order (dimer and trimer) or
higher order (tetramer, pentamer and hexamer) linear struc-
tures. An assembly time of 1 min favours the formation of
dimers and lower order structures, whereas 5min favours
longer chain structures forming. Many aggregates and non-
linear structures are also evident in such assembled samples,
necessitating the use of correlation between the optical
properties and the assembly geometry [123]. SEM images
of one-dimensional nanoparticle chains containing 1—6 gold
nanoparticles with 64 nm diameter are shown in Fig. 6(a).
The oligonucleotides used for the assembly should give inter-
particle spacings of 5—6 nm, however due to the relatively
large size of the nanoparticles they were found to be in
PLC and separated only by the ligand shell, approximately
1nm. The observed interparticle spacing is consistent with
the interparticle spacing observed for other CTAB cov-
ered Au nanoparticles where the nanoparticles were not
specifically linked together prior to their deposition on the
substrate, but formed randomly via a combination of van
der Waals and capillary forces [96,119]. The use of larger
particles in the linear chains complicates the modelling of
these structures as retardation becomes an important fac-
tor in the modelling. This adds to computational time and
complexity.

The wavelength of the most intense scattering peak is
shown as a function of the number of particles in a particular
chain in Fig. 6(b) [49]. This resonance is identified as a longi-
tudinal coupling mode along the length of the nanoparticle
chain, and this is borne out by its response to polarized exci-
tation light and is consistent with electrostatic eigenmode
method (EEM) and boundary element method (BEM) mod-
elling [49]. As the nanoparticle chain length increases from 1
to 6 particles, the wavelength of the most intense scattering
peak red shifts, asymptoting to a value of 1., =1028 nm for a
chain of about 10—12 particles (see Fig. 6(c)). The observed
exponential trend is in accordance with the theoretical mod-
els of Maier et al. [15] and Fung et al. [124] and a plateau
at a chain length of approximately 10 has been theoretically
predicted for nanoparticle chains at small interparticle sep-
arations (<5nm) using rigorous EM theory [125—127,114]. A
second, less intense resonance is observed at wavelengths
ranging from 500 to 550 nm, which is attributed to the collec-
tive mode transverse to the axis of the nanoparticle chain.
[49]

Despite the complexity of modelling the obtained
nanoparticle chains, using the EEM formulation [117,113] it
was found that the most intense resonance peaks are due to
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asingle resonant mode, assigned as the longitudinal coupling
mode with an energy dependent upon the interparticle cou-
pling strength (in turn a function of the nanoparticle size and
interparticle separation) and the dielectric constant of the
medium. Neither BEM [128,129] or EEM [117,113] modelling
is able to quantitatively predict the energy of the longitudi-
nal plasmon mode, although for EEM the agreement is better
when coupling from a larger number of higher order multi-
polar modes is included. Retardation, quantum effects and
the effect of the substrate were not taken into account in
the calculations.

Two dimensional structures

The design and use of appropriate DNA coupling schemes
lead to the formation of higher-order, two-dimensional
assemblies. These include most commonly trimer structures
with various symmetries, including the highly symmetric
D structure [130—132] with a few reports of tetramers,
although none with perfect cubic symmetry [130,133,47].

The DNA hybridization schemes for the formation of
trimers and tetramers become increasingly more complex.
The greater complexity generally results in lower yields of
the desired structure, and the greater number of nanopar-
ticles leads to higher chances of asymmetry within the
structures [135,46]. For example, for assembly via the
DNA hybridization schemes shown in Fig. 1(a), the yield
of dimers was 26%, whilst the corresponding yields for
the assembly of trimers and tetramers were 5.6% and 3%,
respectively. Despite these obstacles, the development of
effective strategies to assemble discrete two-dimensional
structures containing three to five nanoparticles with a
defined geometry is an important step in the formation
of more complex clusters with novel optical properties.
Additionally, the discrete structures themselves can display
useful optical properties, including strong enhancement
of incident electromagnetic fields [130,136]. Asymmetric
assemblies of this type also display Fano-like resonances due
to interference of the optical field of the narrow, dark (or
subradiant) mode with the field of a continuum, in this case
the broad band of the bright plasmon resonance (Fig. 7).

The SEM images of a single particle, a 2 particle chain
(dimer), a 3 particle triangle (trimer), and three variations
of a 4 particle tetramer, the square aligned tetramer (bot-
tom left), the slightly rhombic tetramer (bottom middle)
and the extremely rhombic tetramer (bottom right) are
shown in Fig. 8. Each structure shown is comprised of gold
nanoparticles that are on average 64nm in diameter and
thus, as before, the nanoparticles are observed to be in
PLC with an interparticle spacing of approximately 1 nm (the
DNA strands used for the assembly contained 16 bp). These
were assembled using the dimer, trimer and tetramer DNA
hybridization schemes of Fig. 1(a).

Highly symmetric trimer structures belong to the Ds,
point group. The symmetry of such a trimer is expected
to lead to a structure displaying one bright, in-plane, dou-
bly degenerate plasmon mode [137]. This mode has been
labelled according to its irreducible point-group representa-
tion as a sum of the E' modes, with the degeneracy a result
of the high symmetry [137]. The E' modes can be classi-
fied into two pairs of doubly degenerate modes, one pair

representing the high-energy antibonding modes and the
other pair corresponding to bonding modes in the low-energy
region of the visible spectrum [137,131]. It is pertinent to
note that the lowest energy dipole in-plane mode for a cir-
cularly arranged D3y, trimer, the A, mode is predicted to be
dipole inactive, unable to couple to an incoming electromag-
netic light field and therefore a dark mode. It does, however,
support a ring-like displacement current and, as such, may
be labelled a magnetic mode [138,137]. This is also the
case for higher-order circularly arranged structures, for
example the tetramers referred to below (with their appro-
priate symmetry designations). Given the degenerate nature
of the lowest energy in-plane bright mode, a completely
symmetrical D3, structure is expected to show very little
dependence upon the angle of in-plane polarization of the
excitation source (disregarding the effect of the substrate
which will introduce an additional, albeit slight asymmetry
[139,140,133]). The lowest energy out-of-plane bright mode
is blue-shifted with respect to the plasmon resonance of
the uncoupled particles. The polarization-dependent plas-
mon resonance of a trimer structure assembled using the
trimer DNA assembly scheme in Fig. 1(a) is shown in Fig. 9(a).
The plasmon resonance of the trimer structure shown here
exhibits one predominant plasmon mode with Apq =748 nm
with very little polarization dependence, an indication of its
high symmetry. As shown in Fig. 9(b), the theoretical scatter-
ing spectrum of an identical trimer cluster calculated via the
finite-element method (FEM), COMSOL Multiphysics 3.5a,
also exhibits one predominant, low-energy plasmon reso-
nance at Amq =695 nm and another, less intense resonance at
580 nm. The low-energy mode corresponds to the optically
active E’ bonding mode and shows very little dependence
on the polarization angle, consistent with the experimental
results.

In this highly symmetric trimer, the magnetic mode of A}
symmetry cannot directly interact with the dipolar bonding
mode E'. However, breaking the symmetry of the trimer sys-
tem does lead to a strong interaction between these modes
[131,132]. The scattering spectrum of the second trimer,
shown in Fig. 9(c and d), is a more typical result from
DNA self-assembly. Inspection of the SEM micrographs of the
two trimers in Fig. 9 however reveals very little apparent
difference (at the resolution of the images) between the
two trimer structures. The spectral features observed are
indicative of a lowering of the symmetry of the trimer from
the ideal D3, symmetry [131,132,141,130]. These include an
increase in the number of resonances observed in the scat-
tering spectrum as well as a significant dependence upon
the polarization of the incoming electric field. One possible
way the symmetry may be broken is by an increase of the
interparticle separation between only two of the nanopar-
ticles, with the other interparticle separations remaining
identical and smaller (relative to the elongated interpar-
ticle distance), which reduces the symmetry to C,,. In this
case, the magnetic mode A, transforms into a mode of B,
symmetry. When the polarization is perpendicular to the gap
elongation (0°, as shown in Fig. 9(d)), the bonding elec-
tric mode E’' transforms to a new mode with A; symmetry,
thus these two modes do not interact. However, when the
polarization of the electric field is 90° (Fig. 9(d and e)),
and therefore parallel to the direction of gap elongation,
the magnetic mode is able to effectively interact with the
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(a) Scattering spectra of silver nanoparticle trimers showing mode splitting due to gradual opening of the vertex angle.

Thin black lines — raw experimental data; colour lines — low pass filter applied. The clusters are excited by either nonpolarized light
(green) or by light linearly polarized along either the longitudinal (red) or transverse (blue) directions (which are indicated by arrows
of matching colours). The polarized spectra are normalized to the corresponding peaks of the nonpolarized spectra. Plasmon mode
symmetries of the bonding modes are marked. TEM images of the clusters are shown in the insets (the bars are 50 nm). Calculated
surface charge distributions of the selectively excited bonding modes are shown below the spectra. Reproduced from Chuntanov
et al. [131]. (b) Dark-field microscopy image of an array of silver trimers on glass in immersion oil. Each red dot corresponds to
one individual trimer composed of silver disks with diameter (D) 100 nm and height (h) 25nm. Inset shows a SEM image of one
representative Ag trimer. Reproduced from Alegret et al. [134]. (c) Experimental and simulated spectra of silver trimers from the

work of Alegret et al. [134].

electric mode, as they transform into modes of the same
symmetry, B;, and Fano-like resonances are observed. The
surface charge densities associated with the three observed
modes, including the Fano-like mode, for this excitation
geometry are shown in Fig. 9(e). The calculated scattering
spectrum of the asymmetric trimer modelled in this manner
closely matches the experimentally measured spectrum of
the trimer shown in Fig. 9(c).

These results are consistent with the literature describ-
ing the optical properties of chemically synthesized and

assembled gold nanoparticles. The focus of previously
reported bodies of work, most notably by Chuntonov et al.
[132,131], has been the effect of the symmetry breaking
on the coupling within the nanoparticle structure and the
consequences of this on the optical properties of the assem-
bly. Only a few, highly symmetric chemically assembled
trimer structures with one predominant, and polarization
independent, low energy plasmon resonance, such as that
shown in Fig. 9(a) have been reported [130,131]. Even slight
polydispersity in the size of the nanoparticles within the
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Figure 8 SEM images of a single gold nanosphere (top left), a dimer (top middle), a trimer (top right), a square aligned tetramer
(bottom left), a slightly rhombic tetramer (bottom middle) and an extremely rhombic tetramer (bottom right). Gold nanospheres
have an average diameters of 64 nm. Scale bar =250 nm.
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Figure 9 (a) Experimental scattering spectra of the assembled nanoparticle trimer shown in the SEM micrograph inset, as a
function of the polarization of the exciting electric field (0° is parallel to the arrow shown on the SEM inset). The gold particles are on
average 64 nm in diameter, and the spectra were collected on an ITO coated glass substrate in air. Scale bar =250 nm. (b) Polarization
dependent calculated scattering spectra, for a completely symmetrical nanoparticle trimer, with interparticle separation of 1.0 nm.
(c) Scattering spectra of the assembled nanoparticle trimer shown in the SEM micrograph inset with the electric filed polarized at 0°
and 90° to the arrow. (d) Calculated scattering spectra for a trimer with unequal interparticle separations (1 nm, 1 nm and 3 nm) with
the incoming electric field polarized at 0° and 90° as indicated in the inset. A Fano resonance is apparent when polarization angle is
90°. (e) Surface charge density plot at different modes for polarization angle is 90°. The relevant wavelengths are indicated in (d).
(1) Charge oscillations on nanoparticles oriented in the same direction, yielding a coupled electric bright mode. (2) The circulating
charge oscillations show the dark mode which could suppress the radiative losses. (3) Surface charge distribution shows a largely
coupled electric dipole moment. In the FEM calculation, the particles cluster of interest were delimited by perfectly matched layer
(PML), to prevent unwanted reflections by efficiently absorbing the scattering off the particles. All calculations were performed in
an effective embedding medium (herein, e.fs=1.6384 for trimer). The optical constant of gold was taken from Johnson and Christy
[142]. S-polarized incident light at 61° to the normal of the cluster plane was chosen in accord with the experiment.
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assembly leads to asymmetric trimer structures [132]. In
addition, at the close approaches investigated here even a
small difference in the interparticle separation, perhaps due
to the facetting of the particles, leads to symmetry break-
ing and relatively large changes in the scattering spectrum
of the assembly. This is highlighted by the trimer struc-
tures and their spectra shown above in Fig. 9, in which the
trimers both appear to be highly symmetric at the reso-
lution of the micrograph, however their spectra are very
different with one spectrum displaying characteristics of
a lower symmetry than the ideal D;,. Hence, it may be
concluded that the relatively unpredictable nature of the
interparticle separation achieved via DNA assembly is prob-
lematic and make it difficult to achieve completely ideal
symmetry. The use of smaller nanoparticles may help to
obviate this issue. It is notable that ideal D3, symmetry
and predictable interparticle separation for large numbers
of structures are difficult without using lithographic fabri-
cation methods. While lithographic methods are unable to
produce the small interparticle separations achievable via
self-assembly techniques shown here, the regularity of the
structures result in a good agreement between the calcu-
lated and observed spectra for trimers of silver nanodisks
[134].

The difficulty in achieving perfect symmetry in assembled
structures containing larger numbers of assembled nanopar-
ticles, such as tetramers, becomes even greater. Fig. 8
shows SEM images of three tetramers with slightly different
symmetry alignments of the four nanospheres. The nano-
structure on the bottom left of Fig. 8 contains nanospheres
aligned at the vertices of a square giving Dy, symmetry,
whereas the other two structures in the bottom middle and
bottom right SEM images present varying degrees of rhom-
bic alignment. All of the particles in each structure have
small inter-particle spacings (approximately 1nm). These
structures were achieved using the one, identical synthetic
assembly scheme shown in Fig. 1(a). The few self-assembled
tetramer structures that have been previously reported
all display rhombic nanoparticle arrangements of varying
degrees [130,133,47]. Using the assembly method outlined
in this work, only 6% of tetramers exhibited near-perfect
symmetry, with rhombic tetramers accounting for 73% and
the remaining 21% having alighments between these two
extremes.

Much like a trimer with equal particle size and interpar-
ticle spacing, a completely symmetric D4, assembly should
show one predominant low energy resonance which has little
dependence upon polarization. In this case, the low-energy
mode corresponds to the optically active doubly degenerate
in-plane bright mode, a sum of the modes with symme-
tries from the E, irreducible representation of a tetramer
with perfect D4, symmetry [137]. The double-degeneracy
leads to little polarization dependence and the scattering
spectra calculated using FEM (as above) are shown in the
lower left inset of Fig. 10(c). However, for self-assembled
structures at this very small interparticle separation, the
spectra of the assembled tetramers (even those apparently
of the D4, symmetry), usually display multiple low-energy
modes, the relative intensities of which have a significant
dependence on the polarization of the incoming field, as
can be seen for the tetramer shown in Fig. 10(a). This
indicates that the structures contain small, but significant

asymmetries, such as differences in nanoparticle shape,
facetting and size as well as variation in placement (from a
perfect square). Because of this, the modelling and analysis
of these structures will necessarily be intimately structure
specific.

The lowering of the symmetry from Dy, results in a more
rhombic structure. The scattering spectrum of an assembly
with a rhombohedral geometry is shown in Fig. 10(c),while
the inset presents an SEM micrograph of the assembled
structure. The spectrum displays a number of resonances,
indicative of symmetry breaking from ideal D4, geome-
try, and is highly polarization dependent. FEM calculations
of the rhombic structure shown in the inset in Fig. 10(d)
predict that at a polarization angle of 0°, the spectrum
should display one predominant resonance, whilst at 90°
polarization, a minor Fano-like minimum should emerge at
750nm. The relative peak intensities and energies of the
experimentally determined spectra, as well as the over-
all trend for the polarization dependence agree reasonably
well with this. The tetramer shown in Fig. 10(b) has a more
extreme rhombic alignment than the tetramer shown in
Fig. 10(c). The more rhombic tetramer also agrees with
the model shown in Fig. 10(d) as a Fano resonance can
also be seen in the spectrum at 30°. A greater degree of
symmetry breaking will result in this Fano-like minimum
becoming more pronounced. Similarly, it has been reported
that rhombic assemblies of large metal nanoshells with sil-
ica cores (180nm outer diameter) display a pronounced
and robust Fano-like resonance due to the interaction
of the lowest energy dark mode with the broad bright
mode [133]. The theoretical and calculated scattering spec-
trum of 60nm diameter gold nanospheres aligned in a
tetramer with rhombic geometry has been reported [130].
Whilst not commented on or specifically assigned in the
text, some structure on the low energy side of the major
plasmon resonance was observed. This was more obvious
for the calculated spectrum (simulated using multiparti-
cle generalized Mie theory (GMT)) [130]. Structures such
as this displaying a Fano-like resonance have been pro-
posed for use within SERS sensing [130], yielding a much
greater figure of merit (FOM) than individual silver or gold
nanoparticles.

Three dimensional structures

The formation of highly symmetric and well-defined circular
structures and the extension of these to three-dimensional
structures is a necessary prerequisite for plasmonic appli-
cations such as metamaterials and cloaking [19,18,143].
Concentrated solutions of three-dimensional, symmetric
tetrahedral structures have been identified as potential
metafluids, that is liquid metamaterials based on specific,
well-defined and three-dimensional clusters of metallic
nanoparticles [143]. However, the fabrication of discrete
three-dimensional structures of a specific geometry via
self-assembly remains a challenge. Complex DNA hybridiza-
tion schemes designed to achieve the formation of sym-
metric three-dimensional structures in solution have been
reported; however the three-dimensional nature of these
discrete assemblies either in solution or following depo-
sition on a substrate has not been unambiguously proved
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(a and b) Experimental polarization data for a symmetric and rhombic tetramer, respectively. The insets in each image

show SEM images of each structure with scale bars of 250 nm. (c and d) Experimental and calculated scattering spectra for a tetramer
with a slightly rhombic distortion as a function of polarization. The upper right inset in (c) shows an SEM image of the tetramer, scale
bar=250nm. The lower left inset shows the calculated polarized spectra for a symmetric tetramer, the surface charge distributions
for which are shown in (e), in which picture (1) magnifies the coupled multipolar modes, and picture (2) exhibits the strongly
coupled dipole modes. The surface charge distributions for the asymmetric tetramer modelled in (d) are shown in (f), which clearly
exhibit the coupled electric mode and Fano-like resonance mode. Gap distances are all 1 nm in simulation.

to date [46,47]. In both these reports, the deposition and
subsequent drying of the assemblies on a substrate for elec-
tron microscopy led to the collapse of the solution-based
three-dimensional structures. As a direct result of this, the
spectral characterization of individual three-dimensional
structures with known geometry and interparticle separa-
tion has not been reported. Structures of this type, for
example a tetrahedron with the nanoparticles at the ver-
tices, may be expected to have an optical spectrum that
is completely independent of either the polarization or
the angle of the incident light beam. This, combined with
pronounced hot spots formed within the structure via the
interaction of the individual nanoparticles make these struc-
tures particularly powerful for SERS applications [144].

One approach to the fabrication of highly symmetric,
three-dimensional structures is to exploit the assembly
procedure described for two-dimensional structures. A
schematic of the approach is outlined in Fig. 11. The

formation and deposition of two-dimensional structures is
carried out according to the methods outlined in Fig. 1(a),
and the Supporting Information, with a hybridization time of
approximately 5min. Assembly results in two-dimensional
trimer bases as expected but tetramers and pentamers
also form as byproducts [144]. To build three-dimensional
structures, a second DNA functionalization step (with a
different DNA sequence) is undertaken. This is carried out
after the structures have been coated onto the substrate
using another nanoparticle pre-functionalized with the
complementary oligonucleotide.

The yields of the 3D structures formed by this method
were found to be 1.0%, 1.1% and 0.15% for the 3D tetramer,
pentamer and hexamer, respectively. Taking into account
the fact that the initial yield of 2D trimers is 5.6%, the yield
of 3D tetramers from 2D trimers is 18% [144].

SEM images of a three-dimensional tetrahedron, square
pyramid and hexamer fabricated using this assembly
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Figure 11  The DNA meditated assembly scheme for producing 3D nanostructures is shown. (a) The hybridization mechanism in

shown for producing the base of the 3D nanostructures. (b) Once assembled in solution, the based of the 3D nanostructures is coated
onto and ITO-glass coverslip. (c) Structures that have been coated onto coverslips are then coated with a layer of thiolated DNA.
(d) A second assembly step is then used to deposit a particle on top of the pre-coated structure. The base sequences of the DNA

strands are shown in the inset.

approach viewed from above and at a 52° angle are shown in
Fig. 12(a). It is clear from the SEM images that these struc-
tures are three-dimensional. The tetrahedral structure is
highly symmetrical, and, as the two-dimensional trimer base
is close-packed, the positioning of an apical nanoparticle
within the hole leads to a fully close-packed struc-
ture. In contrast, for the pentamer, the two-dimensional
structure is cubic. Consequently, the central hole is
larger and the resulting three-dimensional structure is
not close-packed. The same is observed for the hexamer
structure.

The polarization averaged scattering spectra of all these
three-dimensional structures display two major resonances
in the visible region (Fig. 12(b)), a low energy peak around
670—700 nm and a higher energy resonance at 540—570 nm,
see for example the spectra of the three-dimensional
hexamer in Fig. 13. For the very small interparticle gaps
created within these structures, quadrupole and octupole
modes can also be excited and the higher energy peaks
observed in all the three-dimensional structures consist of a
number of these higher-order modes. The low energy mode
is due to the coupling of dipolar modes of the individual
particles. For the structure with tetrahedral symmetry this
mode is consistent with the T; irreducible representation of
the T4 point group [143]. Of the irreducible representations
of the T4 point group, only the triply degenerate T, has
a non-zero net electrical dipole moment, and only the T,

has non-zero net magnetic dipole moment, the latter sup-
porting a ring-like displacement current across one of the
faces of the tetrahedron [143]. The bases of both the three-
dimensional square pyramid and the hexamer also support
a ring-like displacement current leading to a non-zero net
magnetic moment for these modes and imparting magnetic
properties to the assemblies. In contrast to the centre
nanoparticle in the fully planar heptamers, the presence
of the upper nanosphere in the three-dimensional hexamer
does not lead to a coupling of the magnetic mode of the
lower ring with the electric modes. As a consequence a
Fano-like resonance is not present in the three-dimensional
structure (see Fig. 13(a and c)) whereas it is present in the
fully planar structure [138].

An important difference between the three structures is
that only the tetrahedron is three-dimensionally isotropic.
The square pyramid and hexamer are isotropic for in-plane
excitation and are expected to show little in-plane polar-
ization dependence as discussed for the Dy, structures
described above. However, in contrast to the tetrahedron,
for these two structures the energy of the out-of-plane
resonances is different from that of the in-plane resonan-
ces. The small in-plane polarization dependence observed
for all these structures confirms their high symmetry [144],
although some polarization dependence is obvious. The scat-
tering spectra for the three-dimensional hexamer structures
show less dependence on the in-plane polarization than
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Figure 13  (a) Optical response of a 3D hexamer. (b) The inset shows an SEM image of the hexamer, scale bar: 200 nm, arrow
direction indicates polarization direction for 0°. (c) Corresponding calculated results for the spectra shown in (a). All polarized
spectra overlap, highlighting the optical stability of the structure. (d) Surface charge distributions at 585 nm (marked as (1)) and
705nm (marked as (2)), respectively. The surface charge distribution originated from multipolar modes is shown in (1); coupled
dipole charges oscillations oriented in the same direction and exhibit an enhanced electric mode in (2).
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observed for the square pyramid (see Fig. 13(a)). This is
attributed to the larger interstice and the central stacked
particle forcing the lower particles into a more circular
arrangement. The spectra for the hexamer simulated via
the FEM and the experimental spectra for these struc-
tures agree well with each another [144]. Fig. 13(d) shows
the surface charge distribution at two peak wavelengths
(585 and 705nm), which responds to the coupling effect
originating from the multipolar modes and dipole modes,
respectively.

However, it is again worth emphasizing that any sym-
metry breaking will also introduce strong coupling between
dark modes and bright modes, and the corresponding spectra
will then change dramatically. Note that the magnetic mode
also exists in the 3D tetramer and pentamer cluster. These
symmetric 3D magnetic molecules are two-dimensionally
isotropic and polarization-independent, which is extremely
promising for constituting metamaterials with negative per-
meability [19], negative refractive index [17] and other
plasmonic applications.

This assembly approach paves the way for the formation
of more complex, functional, three-dimensional plasmonic
assemblies, including chiral assemblies.

Ageing of DNA assembled nanostructures

A common feature of all the structures assembled here
using DNA is a change in the optical spectrum of the result-
ing assembly over a timescale of days to weeks. Fig. 14(a)
shows the spectra of a 4-particle chain as a function of
time after fabrication. During the first 5 days, the longi-
tudinal band of the structure blue shifts by approximately
75nm and a broadening of the transverse band is evident.
Similar changes with time of the scattering spectra for
dimers, 2D trimers, 2D tetramers and other linear chains
were also observed: longitudinal bands blue shift, while
transverse bands broaden and in some cases blue shift also.
Despite these optical changes, no change in the structure
of the assemblies were apparent from the SEM micrographs.
Fig. 14(b) shows SEM images of the 4-particle chain when the
structure was first fabricated (left) and 7 days later (right).
We therefore conclude that the changes in the optical prop-
erties are due to gradual changes in the DNA/CTAB ligand
layer. One possible cause is the slow dehydration of the DNA
ligand layer, which could alter the refractive index imme-
diately surrounding the nanoparticle assembly. This would
lead to shifts in the SP resonance. Clearly the scattering
spectra of assembled structures should be acquired imme-
diately following assembly.

Post synthetic modification

A new approach to the fabrication of functional metal-
lic nanocrystalline particle arrays involves a combination
of the top-down and bottom-up approaches to nanofab-
rication. It exploits the crystalline nature of chemically
synthesized nanocrystals by using these as a precursor
and then using a focussed ion-beam (FIB) milling to post-
synthetically modify the crystal in some way. Using this
technique, fabrication of flat crystalline structures with
random shapes has been achieved [102] and the resulting
structures show high quality optical properties [102,103].
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(a) The spectra of a linear 4 particle chain taken
when first fabricated (day 0) as well as 3 days, 5 days and 7
days after fabrication. Images of the 4 particle chain can be
seen when the structure was first fabricated (left) and after 1
week (right). Scale bar=250nm.

In these reports, chemically synthesized large, microscale
plates were used as the crystalline precursor to allow
plate-like two dimensional structures of random shapes
to be fabricated. Extending this approach by taking as
the starting material nanoscale (in place of microscale)
crystalline particles however allows nanoparticles with
three-dimensional structure to be achieved. A longstand-
ing goal of plasmonics researchers has been the fabrication
of highly regular nanoparticle arrays in which the individ-
ual nanocrystals are crystalline [145,146]. This cannot be
achieved by lithographic means at present, and whilst there
has been some success via various modes of micromanip-
ulation (for example with an AFM tip or similar form of
micro-/nanomanipulation [145,147,148]), these approaches
are highly time-consuming and are often limited to larger
nanoparticles. Some progress has been made towards this
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Figure 15 Top: SEM image of a silver nanowire prior to FIB
milling taken at 52° to the plane of the substrate. Middle:
The nanoparticle array after FIB milling showing linear array
of crystalline nanoparticles and shallow etch marks in the sub-
strate. The fabricated linear Ag nanocrystal array contains 18
nanoparticles with average nanoparticle dimensions of: length
110nm, width 84 nm, aspect ratio 1.3 and interparticle sepa-
ration 52nm. The total array length is 2.8 um. Bottom: High
resolution image showing the straight sides of the individual
nanoparticles (taken at 52° to the plane of the substrate). Scale
bar top and middle are 1000 nm, bottom 100 nm.

goal using the DNA-based assembly techniques outlined
above [149]. However, the combination of the top-down and
bottom-up approach to nanofabrication presents a unique
opportunity to achieve this goal using a similar approach
but one optimized for the formation of linear arrays of metal
nanocrystals. In this case, the nanocrystal ‘‘templates’’ to
be post-synthetically modified are chemically synthesized
colloidal silver nanowires. The nanowires have a pentagonal
cross-section, with a diameter ranging from around 40 nm
up to around 140 nm depending on the synthetic conditions
used and have lengths up to a few tens of microns [150—152].
The FIB milling of a number of regular ‘‘cuts’’ across and
through the nanowire (perpendicular to its length) follow-
ing its dispersion on a solid substrate leads to the fabrication
of a number of discrete crystalline nanoparticles as shown
in Fig. 15. The mill depth is set to ensure the nanowires
are completely milled through to give a clean ‘‘cut’’ whilst
minimizing damage to the substrate.

Using this approach, linear arrays of >50 nanocrys-
tals spanning a length of >11 um have been fabricated
[153]. The dimensions, length and interparticle separa-
tion of the nanocrystals in the arrays are able to be
controlled as is evident from the linear arrays shown in
Fig. 16. This includes the control of the particle sizes,
aspect ratios and interparticle separations. The interparti-
cle separations in the arrays have been varied from 20 nm
to 200nm (Fig. 16(c)) and although much larger interpar-
ticle separations are possible, the degree of coupling at
these longer distances becomes minimal. Generally, using
nanowires of width 100nm or less, the aspect ratio will
be 1 or greater (when the width is taken as the width

of the starting nanowire), giving rise to a nanoparticle
array consisting of nanorods aligned end-to-end, a geometry
which has been shown to display strong plasmon coupling
[154]. The smallest separation achieved to date is 20 nm
[153].

The fabricated arrays display a consistent interparticle
separation as well as very high uniformity of the nanocrystal
dimensions throughout the arrays. The standard deviations
for the arrays are well within one pixel of the captured SEM
image (even at higher SEM resolutions) generally approx-
imately 2nm or less. Thus there is less than 5 percent
standard deviation in these dimensions. A slightly higher
standard deviation (around 3nm) was observed for parti-
cles fabricated in areas where the curvature of the original
nanowire changed and where, as expected, the nanopar-
ticle length changed slightly as a result. It is possible to
account for the nanowire curvature and therefore mini-
mize the standard deviation in particle dimensions across
the array by an appropriate modification of the angle
of the milled ‘‘cuts’’ to reflect the angle of curvature
rather than keeping the milled lines perfectly parallel to
one another. The uniformity of the nanocrystal dimensions
makes these fabricated linear arrays of crystalline nanopar-
ticles promising for applications within optoelectronics.
The optical properties and potential waveguiding ability of
these linear nanocrystal arrays are currently being investi-
gated.

Another modality for the coupling of plasmon resonances
of nanoparticles is the coupling between a core and shell
with different dielectric constants. In this case, the plasmon
dipole of the spherical shell couples to the plasmon sup-
ported within the cavity. It was this geometry for which the
plasmon hybridization model was first reported and tested
[155,156]. In contrast to the coupling between two nanopar-
ticles, the higher symmetry of the one-dimensional coupling
system leads to identical energy levels for both electro-
magnetic polarization states in the absence of a substrate
effect [157—159], and so there are no dark modes [155,156].
The coupling between a core — or ‘hole’ and shell allows
the modification of the particle plasmon resonance with-
out changing the intrinsic shape of the particle but via the
creation of a hole in the particle. A combination of the
top-down and bottom-up approaches to the fabrication of
nanoparticles outlined above allows the creation of holes
in a single crystal particle via the milling of a hole using a
focussed ion beam (FIB) in colloidally synthesized nanocrys-
tals dispersed on a slide. Fig. 16(b) shows the SEM images of
a single crystal trigonal prism and a hexagonal plate after
the milling of a hole through the centre of each crystal using
a FIB.

The above examples illustrate the power of the combined
top-down and bottom-up method to create either individual
nanoparticles or coupled nanoparticles with unique plas-
monic properties.

Chiral structures

The formation of plasmonic architectures which display
strong optical chirality in the visible region is a sig-
nificant advance in the field. This important goal has
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Figure 16  (a) SEM images of different linear crystalline arrays
of Ag nanoparticles fabricated using FIB milling. (a) Linear
Ag nanocrystal array of 58 nanorods with total array length
5.8 wm and average nanoparticle dimensions of: length 67 nm,
width 70nm, aspect ratio 0.96 and interparticle separation
29 nm, scale bar 1000 nm. (b) Linear Ag nanocrystal array of 24
nanorods with total array length 7.2 um and average nanopar-
ticle dimensions of: length 220 nm, width 115 nm, aspect ratio
1.9 and interparticle separation 80 nm, scale bar 1000 nm. (c)
Linear Ag nanocrystal array of 12 nanorods with total array
length 5.2 um and average nanoparticle dimensions of: length
250 nm, width 22 nm, aspect ratio 3.0 and interparticle sepa-
ration 196 nm, scale bar 1000nm. (d and e) SEM images of a
trigonal prism (scale bar 400nm) and a hexagonal plate (scale
bar 500 nm), respectively with a hole milled through the centre
of the nanocrystal.

recently been achieved by a number of researchers using
both lithographic [160] and DNA self-assembly approaches
[161,162].

A chiral plasmonic structure may be designed by incor-
porating nanoparticles of varying size, shape or material
at each position within a structure complex enough to
have a non-superimposable mirror image. Chiral enan-
tiomers are then achieved by switching the positions of
any two nanoparticles. Three-dimensional structures are
required to achieve assemblies that interact differently
with right- and left-handed circularly polarized light. The
smallest chiral assemblies are based on a tetrahedral
(or tetrahedra with intentionally broken symmetry) and
these may be thought of as the building-blocks for the
formation of highly chiral structures. Nanoparticle posi-
tion [160], size [161] and material [161] variation of the
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Figure 17 (a) Circular dichroism spectra of self-assembled

pyramids made from (A) four Au1 (type 1) and three Au2 + Au3
(type 2); (B) two Au2 + two QDs (type 3), and Au2 + Au3 + two
QDs (type 4) [inset: CD spectrum in 300—450 nm region]; and
(C) Au2 + Au3 + Ag + QD as S- (type 5) and R-enantiomers (type
6) [161]. (b) (above) Spectra and SEM close-up micrographs of
compositionally chiral clusters. Scale bar is 200 nm. (b) Artist
impression of the compositionally chiral clusters and tilted view
SEM micrographs of the clusters. The scale bar is 100 nm for the
close-up images and 200 nm for the overview [160].

individual nanoparticles in tetrahedral (or tetrahedral-
based) assemblies have been shown to interact differently
with right- and left-handed circularly polarized light,
indicating the chirality present within these structures.
Additionally, perfectly opposite CD spectra (in terms of
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(step 2). (b) Dimer nanoclusters can then be fabricated by the assembly of C-ssDNA-functionalized particles (C-p) through 18-bp C'C
hybridization (step 3a). Next, the assembled dimers are released from the support by adding A" fuels strands that recognize the
A’-s through 23-bp A’A’prime; hybridization, thus replacing the A’A linkages. Finally, and free C’ recognition sites are passivated by
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ticles. (b—e) Schematic views and SEM images of representative asymmetric nanoclusters formed by dual DNA-functionalized Janus
nanoparticles and different DNA-encoded gold nanoparticles: (b) 40 nm gold nanoparticle-20, (c) 40 nm gold nanoparticle-30, and
(d) equal mixture of 40nm gold nanoparticle-20 and gold nanoparticle-30; (e) equal mixture of 80 nm gold nanoparticle-20 and

40 nm gold nanoparticle-30 (scale bar=100nm) [168].

peak position and intensity) have been obtained from mirror
images of the same structure — nominally labelled as the R-
and S-enantiomers [160,161] as shown in Fig. 17(a and b).

A slightly different approach for the formation of chiral
nanoparticle-based structures based the helicity (handed-
ness) of double-stranded DNA is the attachment of small
metal nanoparticles to helical DNA strands [162]. This
approach results in right- or left-handed (depending on
the initial DNA conformation) helices of nanoparticles with
somewhat random spacing. The helical arrangement of the
nanostructures results in coupled plasmon modes propagat-
ing along a helical path, causing an increased absorption
of the components of the incident light in accord with
the handedness of the helices, confirmed via ensemble
CD measurements. Helical arrangements with left-handed
chirality show CD spectra with a peak-dip line-shape and
right-handed helices produce a vertically mirrored spec-
trum. Plasmonic interactions between the individual gold
particles within each helix creates a splitting between the
longitudinal and transverse modes of the electromagnetic
wave, and these modes typically have opposite chirality. As
a result, the plasmonic CD spectrum acquires the character-
istic dip-peak shape [162].

The assembly of plasmonic structures with chiral optical
properties has potential to allow for the creation of optical
metamaterials. The achievement of structures with chiral

optical characteristics illustrates the very specific control
possible utilizing DNA-based assemblies.

Larger plasmonic architectures

The next step in DNA self-assembly of metal nanoparticles
is to incorporate these discrete structures into larger plas-
monic architectures. The major hurdle is the poor yields
associated with DNA assembly. This can be improved with
purification via gel electrophoresis although it has only
been used for structures where only 1 DNA strand per
particle is required. More complex plasmonic structures
will require more than 1 DNA strand per particle to allow
for multi-functional building blocks for DNA based assem-
blies.

Assembly methods lacking specific directional control of
the nanoparticles, such as the three-dimensional assembly
of Au nanospheres into superstructures reported to date
[163,164] result invariably in the formation of close-packed
or cubic structures with interparticle separation controlled
only by the ligand shell. In order to achieve the flexibility
required for useful and specific incorporation of plasmonic
structures into useful devices, greater control over the
repeat unit is required. Progress has been made in this area
by the anisotropic DNA functionalization of nanoparticles
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(a) SEM micrographs and schemes of a substrate following the AuNP self-assembly process and schematic illustrations

Figure 20

) Nanospheres assembled using DNA sheets. Reproduced
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of observed defects in assembly configurations from Lalander et al. [170].

from Chen et al. [54].
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Figure 21 Above: (a) Schematic description of the
convective-CFA set-up for the fabrication of dimeric objects.
(b) Sketch of the principle of dimer fabrication by capillary
separation. L is the pattern’s longest dimension, D is the
colloids diameter and d is the edge-to-edge spacing between
particles. (c) Hydrodynamic (Fd) and capillary (Fc and FNc)
forces exerted on colloids at the triple contact-line and
the capillary forces responsible for colloids separation in a
template. Reproduced from Rivera et al. [171]. Below: Image
of heptamers assembled using the convective-CFA technique.
(a) Histogram of the distribution of clusters assembled on the
PDMS template. Heptamers are assembled with 32% yield. (b)
SEM image of an array of heptamers assembled on a PDMS
template. The heptamers are circled; other types of clusters
also are visible due to the stochastic nature of the assembly
process. The inset shows a detailed image of an individual
heptamer. Reproduced from the work of Fan et al. [174].

where the nanoparticles are grafted to a substrate, block-
ing one side of each individual particle [165—167]. Only the
exposed side of the particle is then presented for function-
alization with either DNA or another functional molecule.
Following functionalization, the grafts are cleaved, result-
ing in Janus, or two-faced nanoparticles (see Fig. 18). Dimer
yields as high as 73% have been reported using this surface
encoding method [165]. A natural extension of this method
would be the synthesis of nanoparticles with different DNA
strands on either side of the nanoparticles (as opposed to
one type of strand on one side) increasing the degree of
directionality imparted to any resultant assembly. To this
end, partially coated gold:polystyrene Janus nanoparticles
have been shown to achieve two-sided anisotropic func-
tionalization (see Fig. 19) [168]. These techniques, used
in conjunction with purification techniques, could lead to
bimodified nanoparticles, resulting in high yields of linear
chain structures [169]. Controlling the angle between the
placements of each DNA strand as well as decreasing the
area functionalized by each DNA strand is the next hurdle in
this area of research.

The specific placement of the assembled discrete plas-
monic nanostructures on a substrate is also a necessary
requirement to form functional plasmonic circuits. This is
by no means a trivial task as coating nanoparticle solutions
onto a substrate introduces capillary forces that can alter
nanostructure geometries if not anticipated. To this end,
via the use of lithographic templates, DNA-directed self
assembly of individual building blocks (in this case, single
gold nanospheres) has been achieved [170]. Using an etch-
ing, evaporation and lift-off process involving electron beam
lithography (EBL) nanopatterns consisting of 6-dot line struc-
tures of gold were created on a silicon substrate, with each
dot being 36 nm in diameter. These gold patterns were then
functionalized with DNA. Gold nanospheres of 40 nm diame-
ter and functionalized with the complementary DNA strands
were assembled into the 6-dot line structures, resulting in
chains of assembled nanospheres. The results of this assem-
bly approach can be seen in Fig. 20. Fig. 20(a and b) shows
SEM images of a typical assembly, and it can be seen that the
yield is relatively low, with only 4 of the 45, or 8.9% of the
structures shown in Fig. 20(b) reflecting the structure of the
underlying nanopattern array. The low yield is attributed to
three defect types that are possible in this assembly pro-
cess: vacancies, betwixt adsorption and side-on adsorption
(Fig. 20(c)).

The manipulation of capillary forces is an alterna-
tive method for spatially directing discrete plasmonic
structures onto a templated substrate. Via the utiliza-
tion of convective-capillary force assembly in conjunction
with the capillary separation effect, nanoparticle dimers
have been fabricated with 150nm diameter gold parti-
cles with controlled interparticle separations between 0
and 230nm [171]. The technique is based on the regula-
tion of convective hydrodynamic and capillary immersion
forces during the evaporation of a colloidal dispersion by
two external parameters: temperature (T) and air-suction
flow rate (Q) (Fig. 21(a and c)). By controlling these two
forces, the motion of the nanoparticles can be driven
towards the contact-line so as to increase the assembly
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efficiency. The spacing between the particles in dimeric
colloidal objects is modulated by the capillary separation
effect that occurs when solvent evaporates within a tem-
plate (Fig. 21(b and c)). Consequently, the edge-to-edge
spacing between two colloid particles can be geometri-
cally modulated by adjusting the template size to the
colloids diameter as shown in Fig. 21(b). In addition to
nanoparticle dimers [171,172], nanoparticle chains [173]
and other two-dimensional arrays [173,174] (see Fig. 21)
have also been assembled. An interesting variation on
this was presented by Cheng and colleagues [175] (see
Fig. 20), who created free standing, gold nanorod mono-
layer arrays with DNA as spacers. The method exploited
the alignment induced by holes in a film. This is remi-
niscent of the original work on 2D arrays first published
by Giersig almost 20 years ago [26] and highlights the
incredible improvements in our understanding of the forces
involved in self-assembly and how DNA can assist in the
preparation of more sophisticated and tailored nanocrystal
superlattices.

Current, future directions and conclusion

Self-assembly, whilst still an area in its infancy, continues
to have profound effects on the field of nanoparticle plas-
monics. Although there are many methods for assembling
metallic nanoparticles, each with their own benefits and
drawbacks, DNA self-assembly has proved to be the most
versatile method to date for creating nanostructures of vary-
ing complexity and design. DNA self-assembly has allowed a
greater understanding of the ways that plasmons couple in
nanoparticle structures. It is a powerful method for the fab-
rication of plasmonic assemblies and has allowed significant
progress towards the assembly of nanocrystals into discrete
structures with useful optical properties. Along with this
progress, a number of challenges remain. For nanocrystal
systems, the yields for formation of the desired structures
are still relatively low, even for highly complex and spe-
cific hybridization schemes. Realistically, in order to make
full use of the assembled structures in optical applica-
tions, either the preparation or purification of the desired
structure to remove unwanted structures (higher and lower
order assemblies) must be improved, and gel electrophore-
sis employed by some groups goes a significant way towards
this. It is also clear from the results shown here that careful
thought must be given to the constituent nanoparticle size
and DNA oligomer length to obtain the desired nanoparticle
spacings of the structure on the substrate. Smaller nanocrys-
tals generally give an interparticle spacing closer to that
predicted from the DNA oligomer length, and this is again
improved by the use of longer DNA oligomers. However,
smaller nanocrystal structures are generally more difficult
to interrogate using stand optical means (in particular light
scattering) and despite these general rules there is still
considerable variation in the obtained interparticle sepa-
ration. Conversely, the use of larger nanocrystals will tend
to produce structures in which the individual nanoparticles
are in primary ligand contact, complicating the modelling
for these assemblies. It is only with very careful consid-
eration of the van der Waals attraction between particles
vs DNA length that interparticle separations in the 1—4nm

range be achieved and it is likely that assemblies that
achieve this will only be able to be fabricated with smaller
nanocrystals.

The optical properties of the assemblies created by DNA-
directed self-assembly are complex. They may be used as
a means to evaluate the symmetry of the structures cre-
ated. We group them here into a number of different classes
which display commonalities in their optical responses
— one-dimensional linear arrays, two-dimensional, cyclic
structures and three-dimensional structures. The coupling
of linear arrays of nanoparticles may provide a means for
the transport of an optical signal via waveguiding. The
gradual asymptotic red-shift of the optical signal when the
incoming electric field is oriented parallel to the chain axis
observed for the linear chains is characteristic of a system
able to guide light. The strong-coupling regime obtained
by the DNA-directed assembly for the arrays potentially
also leads to subradiant modes which are predicted to
be low-loss. However, for direct observation of waveguid-
ing, longer chains and chains with variable interparticle
separation are required. Whilst the top-down/bottom up
fabrication combination can achieve longer arrays, the
interparticle separation is normally around 20nm. For
perfectly cyclic structures, the optical response is gener-
ally highly polarization-independent for in-plane excitation;
however the lowest energy dark, magnetic (cyclic) mode
contributes considerably to the optical response if the struc-
ture is even slightly asymmetric, leading to the formation
of Fano-like modes. These modes are of particular interest
in SERS sensing. The addition of nanocrystals to the inter-
stices of a cyclic structure results in the formation of a
three-dimensional structure and these can be built up on
a substrate in a stepwise manner. Further extension of this
technique has the potential to create larger, yet still dis-
crete three-dimensional structures. The tetrahedra created
and shown here using this technique are particularly notable
due to their completely polarization-independent optical
response.

Significant progress has been made in the assembly of dis-
crete nanocrystal assemblies using DNA. Further challenges
in the field include the incorporation of the structures into
useful devices via either specific or regular placement of
the structures onto a substrate and their combination with
other elements, including for example, quantum dots or
graphene. A particularly important further goal in the field
of nanocrystal self-assembly is the assembly of the individual
structures formed into higher order, continuous structures,
in both two- and three-dimensions. The alternative top-
down/bottom up FIB-based fabrication provides a means
for the specific placement of, for example, a linear array
on a substrate on a very small scale for proof-of-principle
measurements via the micromanipulation of the start-
ing colloid. The continued development and improvement
of assembly methods is paramount to achieving these
aims and therefore further significant progress in this
field.
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