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Anchoring nanoscale building blocks, regardless of their shape, into
specific arrangements on surfaces presents a significant challenge
for the fabrication of next-generation chip-based nanophotonic de-
vices. Current methods to prepare nanocrystal arrays lack the pre-
cision, generalizability, and postsynthetic robustness required for
the fabrication of device-quality, nanocrystal-based metamaterials
[Q. Y. Lin et al. Nano Lett. 15, 4699–4703 (2015); V. Flauraud et al.,
Nat. Nanotechnol. 12, 73–80 (2017)]. To address this challenge, we
have developed a synthetic strategy to precisely arrange any anisotropic
colloidal nanoparticle onto a substrate using a shallow-template-assisted,
DNA-mediated assembly approach. We show that anisotropic nano-
particles of virtually any shape can be anchored onto surfaces in any
desired arrangement, with precise positional and orientational con-
trol. Importantly, the technique allows nanoparticles to be patterned
over a large surface area, with interparticle distances as small as 4 nm,
providing the opportunity to exploit light–matter interactions in an
unprecedented manner. As a proof-of-concept, we have synthesized
a nanocrystal-based, dynamically tunable metasurface (an anomalous
reflector), demonstrating the potential of this nanoparticle-based
metamaterial synthesis platform.

gold nanocrystals | DNA-mediated assembly | surface patterning |
reconfigurable metamaterials

Optical metamaterials are artificial materials engineered to
have optical properties that exceed what is offered by na-

ture (1). These materials often contain nanoscale features with
dimensions comparable to or less than the wavelength of light,
giving rise to light–matter interactions that are completely different
from those of flat surfaces (2–9). Conventionally, such features are
fabricated via top-down methods such as templated thin-film depo-
sition or etching that results in planar architectures (4, 5, 10). Optical
devices made from these metamaterials suffer from polycrystallinity
and surface roughness, inherent to the techniques used to fabricate
them (10). Recent advances in the synthesis of inorganic col-
loidal nanoparticles (NPs) with desired sizes, shapes, com-
positions, and crystallinities (11), provide access to a new set
of high-quality materials that can serve as building blocks for
generating metamaterials through a bottom-up approach (12–17).
The ability to precisely control the arrangement of colloidal
nanocrystals of any arbitrary shape onto surfaces would provide an
avenue for exploring a broad range of metamaterials that are
otherwise synthetically unattainable and creating a combinatorial
search platform for screening emergent properties (4, 5, 17).
Over the past decade, colloidal crystal engineering with DNA

has emerged as a powerful strategy to assemble NP-based ma-
terials into hierarchical structures with different lattice symmetries
and crystal habits (18–25). Recently, DNA-mediated assembly has
been combined with top-down lithography to generate dynami-
cally responsive, surface-bound colloidal NP superlattices (1, 14,
15, 26, 27). In this strategy, DNA-modified NPs are assembled in
a layer-by-layer fashion into lithographically defined pores. Unlike
traditional top-down fabrication approaches with which nonprismatic
structures are challenging to fabricate, template-confined, DNA-

mediated assembly enables control over the placement of NPs
of different shapes, sizes, and compositions in the out-of-plane di-
rection (15). Moreover, combining the tunability of DNA length
with device design yields a highly tailorable system with actively
tunable properties that is not possible with conventional tech-
niques. However, in-plane structural control such as the posi-
tion and orientation of the anchored NPs, which is critical for
achieving device-quality metamaterials, has been unobtainable
due to the relatively large pore dimensions (width and depth)
necessary for out-of-plane assembly. Specifically, it was deter-
mined that in order to maintain a satisfactory yield (>95%) of
the multilayered structures, the width of the pores must be
∼1.4 times the hydrodynamic diameter, d, of the NPs (i.e., the
diameter of the NP + twice the thickness of the DNA shell)
(26). This constraint results in two major disadvantages. First,
lateral and angular precisions are sacrificed as the first layer of
NPs anchor in random orientations at random positions within
the large pores. Second, the interparticle distance (center-to-center)
is restricted by the NP size and can only be as small as 1.4d. For
example, two cubes with 80-nm edge lengths could be placed
with an average gap of ∼110 nm between them (SI Appendix,
Fig. S2), a limitation that poses a major impediment to the
design of optically active metamaterials. Here, we report via a
shallow-template strategy that DNA-modified colloidal nanocrystals
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of almost any shape can be precisely arranged onto a substrate, with
control over position, symmetry, and orientation as well as the facet
of the NP interacting with the surface. Importantly, this technique
can be used to place NPs less than 100 nm away from one another,
enabling one to deliberately adjust the optical coupling between the
particles. Using this approach, we have fabricated a dynamically
tunable anomalous reflector.

Results and Discussion
To obtain multilayered structures, large pores (both in width and
depth) are required to accommodate the particles that define the

line stacks and facilitate their diffusion and subsequent adsorp-
tion onto the lithographically defined DNA bonding sites. The
dimensions of these pores limit how close two nanostructures can
be placed in-plane and therefore the types of optically active
metamaterials that can be produced and studied. In contrast,
two-dimensional (2D) metamaterials formed from single layers
of anisotropic particles, should not require such large pores, and
therefore, we hypothesized that low-aspect-ratio shallow pores,
which reduce the barrier to diffusion without affecting the
strength of adsorption, would result in improved accuracy with
respect to lateral and angular particle placement. To achieve

Fig. 1. Positional and orientational control over anchoring of prismatic NPs using shallow pores. (A) Schematic illustration of precise 2D arrangement of
DNA-functionalized nanocubes. Using EBL, pores are patterned into a PMMA layer coated onto a gold-coated silicon substrate. The bases of lithographically
defined pores (square gold sites) are functionalized with thiolated DNA (red); nanocubes functionalized with complementary DNA (blue) are allowed to
assemble into the pores. The sacrificial PMMA template is dissolved after the assembly is complete. (B) Statistical analysis of lateral offset: comparison be-
tween 50-nm-deep circular pores (green) and 200-nm-deep circular pores (red). A minimal pore size for each pore depth was chosen, where an adsorption
yield of >95% could be achieved. Shallow pores: diameter = 130 nm, Top schemes; deep pores: diameter = 190 nm, Bottom schemes). One hundred sites were
counted for each pore depth. (C) Statistical analysis of angular offset: comparison among 50-nm-deep square pores, 200-nm-deep square pores, and
200-nm-deep circular pores. A minimal pore size for each design was chosen, where an adsorption yield of >95% can be achieved. Shallow square pores: edge
length = 95 nm, Top schemes; deep square pores: edge length = 170 nm,Middle schemes; deep circular pores: diameter = 190 nm, Bottom schemes. (D) A cube
dimer (edge length = 80 nm) arranged with gradually increasing distance, from 4 nm to 110 nm. (E–I) SEM images of nanocubes arranged in arbitrary
patterns. Nanocubes with edge lengths of 80 nm were used for all experiments. (Scale bars: 300 nm (A, E, and F); 1 μm (G, H, and I); 100 nm (G, Inset).)
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“adsorption-dominated” confinement, we used electron-beam
lithography (EBL) to pattern a uniform array of shallow pores
into a thin (∼50 nm) layer of poly(methyl methacrylate)
(PMMA) spin-coated onto a gold-coated silicon substrate (see SI
Appendix, Table S2 for spin-coating parameters) (28). The ex-
posed gold sites were subsequently functionalized with pro-
pylthiolated DNA (sequence provided in SI Appendix, Table S1).
NPs functionalized with complementary DNA, with a height
(i.e., hydrodynamic diameter, d) larger than the pore depth, were
assembled into the pores, creating partially embedded NP ar-
chitectures. Upon dissolution of the PMMA template, the as-
sembled NPs maintain their anchoring positions (Fig. 1A). The
dimensions of the patterned pores directly impact the yield of the
assembled structures––NPs cannot assemble into pores that are
too small (pore dimensions compared to d), and lateral precision
is lost when the pores are too large due to capillary forces be-
tween the broad faces of the NPs and the walls of the pores
(Fig. 1B and SI Appendix, Fig. S5). We studied the assembly of
nanocubes into pores with different shapes and dimensions. We
chose nanocubes because they are readily synthesized (29), have
only one type of facet (square), and are, therefore, excellent
candidates for evaluating orientation control. Our results indicate
that by reducing pore depth, smaller cross-sectional pore dimen-
sions can be realized, leading to smaller lateral offsets with regard
to particle placement but comparably high adsorption yields
(>95%) (Fig. 1 B and C). Importantly, when the pore dimensions
are comparable to d, the orientation of the NP can also be con-
trolled by carefully designing the pore depth and shape.
With this shallow-pore strategy, it should be possible to con-

trol the orientation of nanocubes, by designing pores that mirror
their square-shaped facets. Indeed, when 95-nm edge length
square pores with 50-nm pore depths were used, cubes with
80-nm edge lengths can be assembled into 2D superstructures
with tight control over cube orientation (Fig. 1). For comparative
purposes, although nanocube orientation can be partially con-
trolled with deeper pores with larger cross-sections (SI Appendix,
Fig. S2), significant lateral offsets are observed, and it is not

possible to place two nanocubes closer than ∼0.8d from each
other (the gap between the NPs). The use of shallow pores with
smaller cross-sectional dimensions eliminates these problems,
allowing NPs to be placed as close as 4 nm from each other, a
distance more than an order of magnitude closer than the size of
the NPs (Fig. 1D). Geometrically speaking, cubes are relatively
simple structures. However, we set out to develop a universal
strategy to control the oriented attachment of NPs of almost any
given shape. We arrived at this strategy by exploring how the
shallow-pore template strategy and pore-shape control could be
combined to direct the orientations of four representative non-
prismatic NPs, namely, octahedra, cuboctahedra, small triambic
icosahedra, and decahedra (Fig. 2 A–D). Remarkably, in all four
cases adsorption yields >90% were achieved. In general, for a
given NP of any shape and size, the pore depth and shape can be
modulated to control its orientation. However, for a non-
prismatic NP, the required pore depth and shape are interrelated
in that changing the thickness of the PMMA template changes
the pore shape necessary to accommodate the NP (SI Appendix,
Figs. S3 and S4). The portion of the NP that is physically
“trapped” within the pore when it interacts with the substrate is
defined as the “trapped region.” The optimal pore depth and
corresponding pore shape are determined via three-dimensional
(3D) modeling using the following rules: 1) the shape of the pore
should at least encompass the top-down projection area of the
trapped region (Fig. 2 A–D); 2) the pore shape should allow the
NP to interact with the surface in one unique orientation.
For octahedral NPs, the design principle is relatively straight-

forward since such particles have only one type of facet (triangle)
that can interact with the substrate. Therefore, by patterning tri-
angular shallow pores, the orientation of octahedra can be precisely
controlled (Fig. 2A). For NPs with more than one type of facet
shape, such as cuboctrahedra (with square and triangular facets),
facet-selective assembly can be achieved in a stepwise fashion using
pores of different sizes/shapes (Fig. 2D). For example, due to the
difference in area (and therefore, DNA coverage) between two
anchoring facets, the two types of facets have different desorption

Fig. 2. Assembly of surface-bound NP architectures through facet-directed anchoring of anisotropic NPs (A and E) octahedral; (B and F) cuboctahedral;
(C and G) small triambic icosahedron; and (D and H) decahedral. (A–D) show the lateral (side) and top-down views of single NPs when they are “trapped” into
pores of ideal shapes and depth. The “trapped region,”which is the portion of a NP that interacts with the pore, is highlighted in blue. In addition, for clarity,
perspective views of the ideal pores and NP orientation achieved by embedding the NPs in these pores are shown. The region marked with red denotes the
DNA that is attached to the gold substrate (yellow) at the bottom of the pore and is complementary to the DNA on the NPs. Note that for a cuboctahedron,
two different facets can be selectively adsorbed onto the substrate by controlling the pore shape. Namely, when triangular pores (B, Top) are used, triangular
facets interact with the substrate; while when square pores (B, Bottom) are used, the square facets can interact with the substrate. (E–H) present the schemes
showing the top down view of an array of anisotropic NPs assembled at different orientations (colored images) and corresponding SEM images (grayscale
images). [Scale bars: 100 nm (E, F, and G), 50 nm (H).]
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temperatures (due to different amounts of DNA hybridization)––
anchoring on the square facet yields an assembly with a higher
melting temperature than when the assembly is anchored on the
triangular facet. A slow cooling approach was taken to assemble
each particle in a facet-directed manner into their corresponding
pores––square facet-directed particle assembly was first realized
with square pores at elevated temperature (∼45 °C); triangular
facet-directed particle assembly was then carried out with the tri-
angular pores at room temperature (all of the larger square pores
were filled). For more complex shapes, the pore design is more
involved. For example, the top-down projection area of the trapped
region of a small triambic icosahedron when the NP is resting on
the surface is a five-sided star (Fig. 2C), while it is a heptagon
(Fig. 2D) for a decahedron. These pore shapes can be determined
in a straightforward manner via 3D modeling following the strategy
delineated above.
We note that due to lithographic limitations, only pores with

prismatic shapes can be fabricated by EBL. Therefore, it is nearly
impossible to control the orientation of nonprismatic NPs, such
as the ones used in this study, using deep pores. The shallow-
template strategy, on the other hand, enables partial trapping of
the NPs, which results in previously unobtainable control over
particle position and orientation. Importantly, this strategy
provides the opportunity to arbitrarily construct surface-bound
architectures using NPs as building blocks with sub-10-nm precision
in the x, y, and z directions. In addition, the oligonucleotide bonds
between the NPs and the substrate can be reversibly expanded and
contracted, providing dynamic control over the position of the NPs
along the z direction.
The shallow-template strategy represents a significant advance

over previous approaches toward building device-quality func-
tional metamaterials with unprecedented surface morphologies.
In addition, the oligonucleotide bonds between the NPs and
substrate can be reversibly expanded and contracted, enabling
postsynthetic tunabilities (15). Therefore, in principle, by con-
trolling the interparticle distances between plasmonic NPs as
well as their distance from the substrate, metamaterials that in-
teract with and guide light in novel and unique ways may be
realized. Indeed, guiding the propagation of light with NP-based
structures has been a major theme in the field of optics. For
example, controlled anomalous reflection using metasurfaces has
been a target of interest since it can be used to design compact
optical and photonic devices (30, 31). However, due to the lim-
itations of traditional fabrication methods, creating metasurfaces
with reconfigurable structures where each structural element
corresponds to a specific functionality has remained a challenge.
Here, we show that the shallow-template assisted, DNA-mediated
assembly strategy allows one to address this challenge by providing
access to in situ tunable metasurfaces that actively guide visible
light along different directions in the reflection mode.
We designed a proof-of-concept, two-state metasurface based

on finite-difference time-domain (FDTD) simulations. The
metasurface was composed of 12 cubes arranged in a triangular
formation, repeated across the entire substrate (Fig. 3A and SI
Appendix, Fig. S7). The size of the cubes was chosen to be 80 nm,
in part due to their optical activity and ease of synthesis. The
periods (center of triangle to center of neighboring triangles) in
the x and y directions were 320 and 750 nm, respectively. The
distance between the individual cubes in both directions was
30 nm (Fig. 3 A, Left Inset). Such an arrangement of NPs leads to
a metasurface that forms a spatial phase gradient that can reflect
light in an anomalous direction (SI Appendix, Fig. S8). The
metasurface exhibits high uniformity over a 700-μm × 700-μm
area with a high yield of particles in the correct positions, as
designed (Fig. 3A).
Through FDTD simulations, we first calculated the electro-

magnetic response of the overall structure to normal incident
white light. The far-field optical power at collection angles

between −90° and 90° was determined for two different dis-
tances between the NPs and the underlying gold substrate (3
and 20 nm). At a distance of 20 nm (expected length of the
DNA in buffer solution), most of the power is reflected at 0°,
as expected with conventional reflection (Fig. 3B). However,
at a distance of 3 nm (expected length of the DNA in 80%
EtOH solution), anomalous reflection near 60° was predicted
over a relatively broad bandwidth from 610 to 690 nm. Specifi-
cally, the 670-nm wavelength was reflected to an anomalous angle
of ∼62° (SI Appendix, Fig. S9). The calculated electric-field dis-
tribution around the structure at 670 nm was consistent with this
result (SI Appendix, Fig. S10). Our simulations suggest that the
light intensity changes continuously at normal and anomalous
angles as the DNA length decreases from 20 to 3 nm, yet the
difference between the two extreme cases is enough to serve as an
on/off optical switch.
We next proceeded to determine if the predicted optical be-

havior can be realized experimentally. However, from an ex-
perimental standpoint, it is challenging to detect the reflected
power along the direction of the incident light. Based on the law
of reciprocity, we reasoned that if incident 670-nm wavelength
light was set at the angle of anomalous reflection (62°), the
normal power would be guided to the other side with the same
angle of reflection (the law of reflection), while the anomalous
power would be guided to ∼0°. We confirmed these expectations
through another set of FDTD simulations (broadband simula-
tion results, SI Appendix, Fig. S11). We then built an angle-
resolved measurement setup that allows collimated light to il-
luminate a sample and measured the power of the reflected light
at different collection angles using a rotational arm (SI Appendix,
Figs. S12 and S13). The incident wavelength (670 nm) was
chosen from the broadband light source with a bandpass filter.
After passing through the focus and collimation lenses, the in-
cident light was polarized perpendicularly to the y direction of
the structure. The sample was placed in the imaging chamber (SI
Appendix, Fig. S14) so that the distance between the NPs and the
substrate could be dynamically modulated by controlling the
DNA bond length using various concentrations of EtOH (32).
We measured the reflected power around the anomalous (∼0°)
and normal (62°) angles of reflection for samples submerged in
both buffer solutions containing 0% (20-nm DNA length) and
80% (3-nm DNA length) EtOH. As predicted, changing the
EtOH concentration dramatically switched the metamaterial
from a mirrorlike reflector to an anomalous reflector (broad-
band experimental results, SI Appendix, Fig. S15). Note that in
addition to DNA exhibiting highly reversible contraction and
expansion (32), the switch between two different device func-
tions occurs within a fraction of a second, with no significant loss
in performance after 10 cycles.
To conclude, we have developed a shallow-pore template

strategy that when combined with DNA-mediated assembly al-
lows the arrangement of NPs of any arbitrary shape onto a sur-
face with nanometer precision. This versatile technique can be
used to generate complex and highly tailorable systems with
precise control over particle position, shape, and composition, in
the form of optically active metamaterials. We have demon-
strated an example of a two-state optical metasurface that can be
structurally tuned to perform two distinct functions (normal or
anomalous reflection). Importantly, this advance opens up the
possibility of making structurally precise, dynamically responsive
metamaterials on demand that can potentially lead to the de-
velopment of difficult-to-fabricate structures with important
functions, such as flat lenses, optical cloaking devices, and ho-
lograms. Moreover, fundamental studies based on this approach
will likely provide insight into structure–function relationships,
elucidating the role of structural parameters on optical perfor-
mance and enabling the fabrication of large-scale devices based
on hierarchical optical metamaterials.
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Materials and Methods
Synthesis and Functionalization of Nanocrystals. All nanocrystals used in this
work were synthesized through seed-mediated methods. Cubes, octahedra,
and cuboctahedra were synthesized using single-crystalline seeds; decahedra
were synthesized using pentatwinned seeds; small triambic icosahedra were
synthesized using icosahedral seeds. As-synthesized nanocrystals were
centrifuged and washed with H2O to remove excess surfactant. Purified
thiolated DNA was added directly to the nanocrystal solution. After the
addition of thiolated DNA, the NP solutions were brought to 0.01 M sodium
phosphate buffer (pH = 7.4) and 0.01 wt. % sodium dodecyl sulfate (SDS) in
water. Stepwise addition of 2 M NaCl (aq) was then carried out every half
hour, such that the NaCl concentration was stepped through 0.05, 0.1, 0.2,
0.3, 0.4, and 0.5 M after each successive addition. Following the last NaCl
addition, the nanoparticles were placed on a shaker at 1,000 rpm and left
overnight to ensure a dense loading of oligonucleotides.

Fabrication of Surface Template. Polymer templates were fabricated on
Au-coated Si substrates using EBL. A p-doped <100> Si wafer with 500-μm
thickness from NOVA Electronic Materials was cleaned via an O2 plasma at
50 W for 30 min. Following plasma cleaning, electron beam evaporation
(Kurt J. Lesker Company) was used to deposit a 5-nm Cr adhesion layer,
followed by a 100-nm Au layer onto the Si substrate. Directly prior to NP
assembly, Au substrates were spin-coated with positive e-beam resist (496
PMMA A2, MicroChem) at 4,000 rpm in order to achieve a 50-nm-thick layer
of PMMA. We note that other PMMA thicknesses can be achieved by
changing the spin speed as well as the PMMA concentration and solvent
type (SI Appendix, Table S2) (28). The PMMA was prebaked at 200 °C for 60 s
and then an FEI Quanta scanning electron microscope (SEM) was used to
fabricate patterns of pores into the PMMA via EBL. Specifically, we used an
accelerating voltage of 30 kV with a dosage of 120–200 μC/cm2, depending
on the desired pattern arrangement and PMMA thickness. The substrates
were then developed in a methyl isobutyl ketone/isopropyl alcohol (IPA) 1:3
solution for 60 s, rinsed with IPA, and blown dry with N2. The substrates
were then cleaned with O2 plasma at 50 W for 60 s to remove any residual
PMMA on the Au surface at the base of each pore. It is important to note
that, in principle, nearly any symmetry or spacing between NPs could be
achieved simply by making a desired 2D arrangement of pores. After de-
velopment, the substrates were cut into four smaller pieces, each roughly

7.5 mm by 7.5 mm, which allowed them to fit in the bottom of 2-mL
Eppendorf tubes.

Assembly of Nanocrystals. DNA-functionalized nanocrystals are allowed to
assemble onto specific binding sites of substrates with complementary DNA
under shaking at 1,000 rpm at specific temperatures. The assembly process is
typically finished in less than 2 h. For cuboctahedral nanocrystals, a decrease
in temperature is required for two types of facets to register correctly.
Therefore, the substrate–-NP solution mixture was shaken in 1-h increments
at temperatures of 50, 45, 40, 35, 30, and 25 °C. The substrates after as-
sembly were rinsed with 0.5 M NaCl buffer solution three times to wash off
NPs that are not connected to the substrate by DNA-specific interactions.
After NP assembly, the PMMA template was removed, and the substrates
were dried prior to characterization using SEM. Specifically, the substrates
were rinsed three times with a solution containing 80% IPA, 0.2 M ammo-
nium acetate (AA), and 0.01% SDS. After the last rinse, the substrates were
left in 80% IPA, 0.2 M AA, and 0.01% SDS at 45 °C for 30 min to fully remove
the PMMA. Note that in addition to removing the PMMA, the alcohol re-
duces the solvent polarity around the DNA-assembled nanoparticle archi-
tectures, which condenses the DNA bonds between NPs and allows
structures to be transferred intact from the solution phase to the solid state
(SI Appendix, Fig. S4). After PMMA removal, the substrates were rinsed three
times with a solution of 80% IPA and 0.2 M AA, then blown dry with N2.

Data Availability. All study data are included in the article and SI Appendix.
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(Left) and 3 nm (Right). (C) Simulated (Top) and experimental (Bottom) reflected power at 670 nm as a function of the reflected angle, where gaps between
nanocubes and the gold substrate are 20 nm (0% EtOH) and 3 nm (80% EtOH), respectively.
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