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ABSTRACT: DNA-functionalized nanoparticles, including
plasmonic nanoparticles, can be assembled into a wide range
of crystalline arrays via synthetically programmable DNA
hybridization interactions. Here we demonstrate that such
assemblies can be grown epitaxially on lithographically
patterned templates, eliminating grain boundaries and enabling
ﬁne control over orientation and size of assemblies up to
thousands of square micrometers. We also demonstrate that
this epitaxial growth allows for orientational control, systematic introduction of strain, and designed defects, which extend
the range of structures that can be made using superlattice
assembly. Ultimately, this will open the door to integrating
self-assembled plasmonic nanoparticle materials into on-chip
optical or optoelectronic platforms.
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properties, including Fano-like resonances25 and giant circular
dichroism.23 Alternatively, DNA and densely loaded, isotropically functionalized particles have been used to make
superlattices with exquisite control over crystal symmetry and
lattice parameters.26−29 Spherical nanoparticles functionalized
in this way are referred to as spherical nucleic acids (SNAs)30
and act as “programmable atom equivalents (PAEs),”31,32 in
which the nanoparticles take the place of atoms, and
oligonucleotides take the place of chemical bonds. By adjusting
diﬀerent components of PAEs, hundreds of diﬀerent crystal
structures with both static29 and dynamic33,34 tunability have
already been made, and a series of design rules has been
established to explain and predict solution-phase crystal
stability.29
Typical PAE superlattices have grain sizes of a few hundred
nanometers up to 1−2 μm and form polycrystalline aggregates
with uncontrollable edges, sizes, and orientations. To construct
and probe a useful optical material, a single crystal on the order
of tens of micrometers or larger must be fabricated, with a
controllable orientation relative to a substrate and to other
optical components. Polycrystalline body-centered cubic (bcc)
(100) and (110) thin ﬁlms have already been grown on

he assembly of well-ordered, three-dimensional, isotropic,
optically active materials has been an important goal in
the photonic crystal and metamaterials communities for many
years. Many such materials are predicted to have interesting
optical properties, including tunable permittivities,1 complex
resonances,2 and negative refractive indices;3 these properties
are determined mainly by the physical structures of the
assemblies, which must be designed and controlled on the
nanometer scale. A wide range of techniques exist for
constructing these materials,4,5 including colloidal sedimentation,6,7 Langmuir−Blodgett trough assembly,8 drying-based,9
depletion-based,10 and matrix-ﬁlling11 strategies. Unfortunately,
such techniques lack independent control over the shape, size,
and composition of the plasmonic components and the lattice
structure. Moreover, the densities of defects are generally high,
and the crystal orientations or lattice parameters cannot be
easily or widely controlled.
Plasmonic nanoparticles have been assembled a variety of
diﬀerent ways using DNA-based approaches.12 Indeed, DNA
and anisotropically functionalized particles have been used to
create clusters that have been described as “small plasmonic
molecules”.13−18 DNA origami has also been used to form
scaﬀolds upon which nanoparticles can organize.19−23 Solutions
of these materials have little long-range order, and individual
structures are diﬃcult to measure.24 Nonetheless these
materials have been found to exhibit interesting optical
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Figure 1. (a) Template fabrication process. (b) Schematic illustrating the DNA binding scheme between template and nanoparticles or between
nanoparticles of opposite types (not to scale). (c) Schematic of an ideal bcc (100) crystal epitaxially grown on a surface. Gold surfaces functionalized
with DNA containing A-type single stranded ends are shown in red, and gold surfaces with complementary B-type single stranded ends are shown in
blue. Full color illustrates the portion discussed in this work. For clarity, the DNA itself is not included. (d) Submonolayer growth on a bcc (100)
template, imaged via SEM, with nanoparticles in false color. Submonolayer growth is shown to better illustrate three types of binding modes: centerbound nanoparticles are colored green, edge-bound nanoparticles are colored yellow, and probable corner-bound nanoparticles are colored orange.
The associated schematic illustrates these corner, edge, and center-bound particles. In the schematic, template sites presenting A-type sticky ends are
shown in red, and deposited particles presenting B-type sticky ends are shown in blue.

unpatterned DNA-modiﬁed substrates,35 opening the door to
the formation of crystals with a ﬁxed location and orientation.
Although thin-ﬁlm assemblies grown in this manner with
appropriate annealing display a uniaxial texture (preferential
orientation normal to the substrate), they remain polycrystalline with domain sizes similar to those of crystals in solution.
Epitaxial growth, that is, the use of a crystalline substrate to
control order and orientation in a growing crystal, is typically a
very eﬀective method of transferring large-scale order to
materials that would otherwise display amorphous or
polycrystalline material growth mechanisms.36 Nonetheless,
prepatterned surfaces have only been used in a limited capacity
to direct assembly of DNA-modiﬁed nanoparticles.37,38 In this
work, in analogy to methods in conventional thin ﬁlm growth,
we have developed a technique to epitaxially grow thin ﬁlm
PAE single crystal superlattices. Electron-beam lithography was
used to pattern gold features on silicon; after DNA
functionalization, the resulting substrate was roughly equivalent
to the ﬁrst layer of a PAE crystal. We subsequently used this as
a template for solution-phase homoepitaxy. Adlayer growth on
single-domain 100 μm2 templates was examined with regards to
defect formation, lattice mismatch, and the role of the
templated crystal plane on superlattice orientation. We
demonstrated control over crystal size, orientation, and location
on a substrate, and we also exerted control over defect density
and type. This technique will ultimately enable sophisticated
optical measurements, assist elucidation of optical structure−

property relationships, and potentially extend the range of
properties which these materials can exhibit.
Epitaxial growth of bcc superlattices was eﬀected in a manner
similar to that used for preparing polycrystalline thin ﬁlms of
PAEs (see Supporting Information),35 but instead of using an
amorphous gold substrate, a nanofabricated one resembling a
superlattice crystal plane was employed. Speciﬁcally, a template
was designed and fabricated using conventional electron-beam
lithography in poly(methylmethacrylate) (PMMA; Figure 1a).
After exposure and development, 3 nm Ti or Cr and 12 nm Au
were sequentially deposited, and the PMMA was lifted oﬀ. The
fabricated template was then functionalized with 3′-propylthiolmodiﬁed DNA, and oligonucleotide linkers with seven base
long “sticky ends” were introduced to enable hybridization to
PAEs. In this work, we used PAEs with a 30 nm diameter Au
core designed to assemble into a bcc crystal with a 62 nm lattice
parameter, and we focused on the formation and structure of
the ﬁrst superlattice monolayer. We left our templates exposed
to PAE in solution for a full 24 h, to promote the formation of a
thermodynamically favorable crystal state.39
Lattices with a bcc crystal structure are ideal for use in
surface-supported stepwise crystal growth, because they are
composed of two complementary distinct types (A and B) of
PAE (Figure 1b−c). The bcc crystal is grown by exposing the
surface alternately to A-type and B-type nanoparticles,
suppressing crystal nucleation in solution. Since the nanoparticles exposed to the surface interact with one another
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Figure 2. (a) Percent of the speciﬁed type of each site occupied by particles, as a function of lattice strain. Note that a particle bound to a given site
typically blocks binding to adjacent sites of diﬀerent types. (b) Percent of the total number of occupied sites that are occupied in the speciﬁed
manner as a function of lattice strain, illustrating the relative prevalence of each type of binding in a monolayer of particles. (c) x- and z-plane slices
of a simulation used to calculate the degree of DNA hybridization between particles in diﬀerent conﬁgurations (an edge-bound particle is
demonstrated in these images). Dashed lines in each scheme illustrate the location of the plane represented in the orthogonal image. Blue space
represents buﬀer, green space represents DNA linker, yellow space represents gold, and red space represents that occupied by a single-stranded DNA
sticky end. The amount of DNA hybridization is taken to be proportional to the volume occupied by intersecting red shells. (d) Estimated
probabilities of site occupancy ﬁt to (1), with ﬁt parameter ε = −2.8 meV (0.064 kcal/mol) per hybridized sticky end. Qualitative agreementand
the prediction of which site is thermodynamically favorableis very good.

primarily by steric hindrance and electrostatic repulsion, the
attachment of the ﬁrst adlayer of nanoparticles to the epitaxial
substrate is best understood as a process of site-speciﬁc
adsorption with no driving force for clustering or island growth.
We ﬁrst studied the adsorption of a monolayer of PAEs on
templates designed to be equivalent to a bcc (100) plane. For a
submonolayer ﬁlm, we observed three largely distinct
adsorption patterns, corresponding to PAE attachment to
either one (corner-bound), two (edge-bound), or four (centerbound) DNA-functionalized lithographic features (Figure 1d).
This behavior is most easily observed for submonolayer ﬁlms
but also holds true for full monolayer structures. Since the
patterned features on the surface are the equivalents of A-type
particles in a bcc lattice, center-bound attachment of PAEs
corresponds to the continuation of the lattice. Therefore, in this
context edge-bound or corner-bound PAEs constitute defects in
the growing crystal. Notably, in contrast to other reports,40 for
substrates composed of Cr ﬁlms or of Si with native oxide we
only rarely found evidence of nonspeciﬁc binding of nanoparticles to the substrate surface, even without additional
surface functionalization.
For well-ordered lattice-matched monolayer (100) ﬁlms,
vacancies remained the most common kind of defect (Figure
2a). This could have a number of causes, but we believe that
two in particular dominate. First, thiol modiﬁcation of gold

surfaces is known to be very dependent on experimental
conditions,41 and we found that the history of the substrate
surface prior to modiﬁcation (type of cleaning and storage) had
a strong impact on particle coverage during monolayer growth.
This implies that high-density functionalization of the gold
template with DNA is important for growing well-ordered
monolayers and that variations in oligonucleotide density on
the template can lead to vacancies. Second, there is a window of
crystallization, temperatures below which nanoparticles cannot
diﬀuse on the substrate surface to promote order, and above
which nanoparticle desorption substantially decreases particle
coverage.
DNA hybridization occurring at the template surface places a
PAE in a lower-energy state compared to a free nanoparticle in
solution. The energy beneﬁt to attachment in a given
conﬁguration can be calculated using a variant of the
“complementary contact model” established in previous
work.29 This model states that the stability of a given
arrangement of particles is proportional to the amount of
contact between complementary sticky ends on adjacent
objects, that is, that the degree of hybridization can be
calculated geometrically. In this work we assume that the
number of DNA sticky ends that hybridize in a multiparticle
system is proportional to the overlapping volume of space
between those that contain interpenetrating complementary
6086
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Figure 3. SEM images of monolayer bcc (100) crystals grown on epitaxial templates with −10%, −5%, +5%, +10%, and +20% strain, respectively, as
indicated, and two-dimensional fast Fourier transforms of the images, center point removed and cropped to feature lower frequencies. The
amorphous matter in the SEM images is left over silica from a sol−gel embedding process required to stabilize the superlattices for drying and
imaging with SEM.

Experimentally, with crystallization at 23 °C, 98% of the
particles on our best single lattice-matched 100 μm2 template
were center-bound, clearly demonstrating the viability of largescale crystal growth using this technique. However, after
counting over 5000 attached particles across diﬀerent
substrates, we found that on average 86% of the particles
attached to a lattice-matched bcc (100) surface were centerbound (Figure 2b), 12% were edge-bound, and about 2% were
corner-bound. We hypothesize that the best method to
improve this fraction of center-bound states is to increase the
overlap volume of a particle in that state relative to an edgebound state, by adjusting the geometry of the template.
Alternatively, given that for the lattice-matched case the centerbound state is already the one with the greatest overlap volume,
a greater percentage of center-bound states could be achieved
by increasing ε, or decreasing the crystallization temperature, to
the extent possible without inducing kinetic crystallization. In
this regard, a process of slow cooling may be helpful in allowing
the crystal to most easily settle into its thermodynamically
favored state.
To test the ﬂexibility of PAE thin ﬁlms assembled on
lithographically patterned substrates, we investigated growth of
the originally designed lattice with a lattice parameter of 62 nm
on lithographic features of variable distances (57 nm, 59 nm, 65
nm, 68 nm, and 76 nm) (Figure 3). The amorphous matter in
the SEM images is leftover silica from a sol−gel embedding
process required to stabilize the superlattices for drying and
imaging with SEM.46
The most notable defects in the compressed lattices were
vacancies. In contrast, strained lattices showed a tendency
toward increasing numbers of edge-bound nanoparticles. Up to
10% strain, the ﬁrst crystal layer grew pseudomorphically with
the lattice. However, in the 20% strain case, so many
nanoparticles became edge-bound that chains of edge-bound
particles became the dominant growth mode. This transition is
predictable using calculations of overlap volume (Figure 2d).
Around 20% strain, the adlayer began to resemble, were the

sticky ends (for simplicity, the density s of hybridized sticky
ends is assumed to be constant in this volume).
Every gold object (yellow) in a functionalized system is
modeled as having a halo of sticky ends (red) surrounding it at
a distance corresponding to the approximate length of the DNA
linker (green) (Figure 2c). We assume that volumes containing
DNA are penetrable and volumes containing metal or silicon
are not. Then, for a particle in a given conﬁguration, the
reduction in energy compared to a free particle is ΔE = εsV,
where ε is the energy gained by forming a single DNA duplex
between two sticky ends and V is the overlapping sticky end
volume. Arguably the simplest method of comparing this
estimate of the energies of diﬀerent sites with our experimental
observations in Figure 2a−b is with a Boltzmann distribution
function. Here, this means that the relative probability of
ﬁnding a center-bound particle compared to an edge- or cornerbound particle is:
pcenter =

e−εsVcenter / kBT
∑V = corner,edge,center e−εsV / kBT

(1)

We calculated overlap volumes for diﬀerent conﬁgurations
numerically based on geometry and ﬁt the results to
experimental probabilities using eq 1 with ε as a ﬁt parameter
(Figure 2d). T and s can be estimated from experimental
conditions (here, we use 7.6 × 10−3 sticky ends·nm−3, or
approximately 300 sticky ends per 30 nm diameter Au particle,
a 4 nm halo,42 and a temperature of 296 K). Qualitatively, the
results match well; in particular, the dominant particle
attachment site for a given geometry is always readily
predictable. Quantitatively, our ﬁt ε = −2.8 meV per hybridized
sticky end is quite small compared with measurements of free
DNA hybridization in solution.43−45 This may be an indication
that steric hindrance and electrostatic repulsion substantially
counterbalance DNA hybridization in this system or that there
are signiﬁcant sources of disorder other than temperature.
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Figure 4. Nanoparticle monolayers attached to bcc (100), (110), and (111) epitaxial templates. From left to right, the images show the templates, a
two-dimensional FFT of the template image, the adlayer grown on top of the template, and a two-dimensional FFT of the ﬁnal image. All FFTs,
which were provided to illustrate the degree of order in the ﬁlms, have their center points removed and are cropped to emphasize lower frequencies.
Schematics illustrate the dominant observed growth pattern of PAEs on the templates, with the template in red and the adlayer particles in blue. The
amorphous matter in the SEM images is leftover silica from a sol−gel embedding process required to stabilize the superlattices for drying and
imaging with SEM.

It is important to note that, while technically speaking the
atoms in a bcc lattice are indistinguishable, in the case of the
bcc (110) template, half of the nanoparticles in the grown
adlayer had the opposite DNA functionalization relative to
those in the predicted bulk structure. While the bulk bcc (100)
crystal is naturally organized as a layer of A-type particles
followed by a layer of B-type particles, this is not the case for
bulk bcc (110). Each layer of particles in a bulk bcc (110)
crystal contains a mixed composition of A- and B-type particles,
one of which is unavailable when only one monolayer is grown.
The atoms omitted from the templated crystal plane were not
ﬁlled in by the grown monolayer, presumably because they
were blocked by the silicon substrate. In the case of an
unpatterned substrate surface, bulk bcc (110) structures were
obtained after multilayer growth and annealing enabled them to
relax into their thermodynamically most favorable state. Further
experiments with multilayer growth and annealing will tell
whether or not such reorganization occurs on epitaxial
substrates as well. It is very interesting, though, that even
with 50% incorrect functionalization, and without annealing,
the particles nevertheless adopted in x and y the exact
symmetry suggested by the (110) template.
A related eﬀect was observed in the bcc (111) system. The
bulk bcc (111) crystal is, like the bcc (100), organized as a layer
of A-type particles followed by a layer of B-type particles.
However, each layer has a comparatively low particle density,
which means that substantial potential binding area remains
available to particles in solution after a layer is complete. We
observed binding of B-type particles to template sites as was
consistent with (111) bulk growth, but in addition binding of
B-type particles to template sites where A- or B-type particles

crystal continued further into three dimensions, a layer
consistent with a uniaxially strained bcc (110) latticeor a
bcc (100) lattice with an a/√2 lattice parameter and every
other center atom missingrather than a biaxially strained bcc
(100). While this result has promise for enabling growth of
crystals that cannot be formed in solution or on unpatterned
surfaces, the real bulk crystal structure obtained by growth of
additional layers on these substrates has yet to be determined.
Using lithographically patterned features allows predictable
and programmable control of PAE attachment onto substrates.
To test this control, we studied PAE attachment onto templates
representing diﬀerent crystal orientations. Figure 4 shows
results of nanoparticle monolayers grown on templates
designed to reproduce lattice-matched bcc (100), bcc (110),
and bcc (111) crystal planes, compared with a monolayer
grown on an unpatterned surface shown as reference. Note
that, while the real bcc (110) crystal plane contains both A-type
and B-type particles, the template must be fabricated missing
the B-type particle, since the surface has only been functionalized with one type of DNA.
In all orientations, a certain defect density notwithstanding,
the monolayer adopted a single-domain crystalline structure
unique to the patterned surface. This is visible in the twodimensional fast Fourier transforms of the SEM images, which
illustrate that the real crystals maintain the predesigned lattice
parameters to a high degree. The nanoparticles attached to all
of the templates were physically located in the x- and ydirections (parallel to the substrate surface), in the locations
corresponding to the next layer of particles in bulk threedimensional bcc (100), (110), and (111) crystals, which makes
further growth in these orientations promising.
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would normally bind at the same x and y but at somewhat
diﬀerent z. This occurred because, at the time of growth, there
were no other particles present to block the attachment of the
B-type particles to the template. Again, multilayer growth and
annealing may reorganize the structure into a true threedimensional bcc (111) bulk crystal, or alternatively a new threedimensional strained crystal might be formed. In either case, as
with the bcc (110), it is interesting that even with this
additional binding the particles adopt in x and y the exact
symmetry suggested by the bcc (111) template.
While (100) and (110) orientations can be grown on planar
DNA-functionalized substrates through judicious choice of
DNA interconnects, higher energy facets such as the (111)
orientation are not thermodynamically accessible. Patterning
the substrate to appear like (111) seems to force growth
consistent with this orientation, albeit with the caveats
mentioned above and higher defect density than the other
two orientations. This observation suggests that superlattices
with novel symmetries not observed in bulk superlattice
formation, for example chiral or quasicrystals, may be possible
as thin-ﬁlm superlattices on templated substrates.
In conclusion, we studied epitaxial growth of PAE superlattices and have vastly extended grain sizes in PAE thin ﬁlms to
thousands of square micrometers, limited only by the size of the
lithographic template. Further, on this scale we maintained
orientation and crystal size control over PAE thin ﬁlms, which
was not possible when crystals were assembled in solution or
on unpatterned surfaces. For example, we were able to fabricate
strained lattices and higher surface energy orientations by
carefully controlling the lattice mismatch and type of
lithographically deﬁned template. In addition, we even
preprogrammed defects at speciﬁc points within the superlattices. We anticipate that this process could be extended to
other particle sizes, lattice parameters, and crystal symmetries.
Importantly, this marriage of top-down and bottom-up
assembly techniques utilizes the programmability aﬀorded by
DNA and the precision and alignment control aﬀorded via
lithography to compensate for each techniques’ respective
drawbacks. We envision that the combination of the two
methodologies will have a major impact in both assembling
crystal structures not achievable via conventional DNAprogrammed assembly or lithography alone, such as lattices
with tetragonal or more complex unit cells, with lattice
constants larger or smaller than can be currently achieved,
and via heteroepitaxial growth involving, for example, diﬀerent
particle shapes or compositions. As a result, we envision that
this technique will allow for previously unattainable levels of
control over the plasmonic, optical, magnetic, catalytic, or other
emergent properties that arise as a result of assembling
nanoparticle superlattices.
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