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Programmable assemblies of gold nanoparticles engineered with
DNA have intriguing optical properties such as Coulomb-interaction-driven strong
coupling, polaritonic response in the visible range, and ultralow dispersion : il
dielectric response in the infrared spectral range. In this work, we demonstrate the
optical Mie resonances of individual microcrystals of DNA—gold nanoparticle
superlattices. Broadband hyperspectral mapping of both transmission and dark-field
scattering reveal a polarization-insensitive optical response with distinct spectral
features in the visible and near-infrared ranges. Experimental observations are
supported by numerical simulations of the microcrystals under a resonant effective
medium approximation in the regime of capacitively coupled nanoparticles. The
study identifies a universal characteristic optical response which is defined by a
band of multipolar Mie resonances, which only weakly depend on the crystal size
and light polarization. The use of gold superlattice microcrystals as scattering
materials is of interest for fields such as complex nanophotonics, thermoplasmonics,
photocatalysis, sensing, and nonlinear optics.
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it has limitations, for example, in the design of three-
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Programmable configuration of materials at the nanoscale is
central for the development of new photonic devices and their
applications in many fields such as biochemical sensing,
imaging, therapeutics, photovoltaics, photocatalysis, and
photodetection.”” Control of the bottom-up assembly of
metallic nanoparticles (NPs) is an attractive approach to
realize and master the collective optical properties of matter.
Metallic NPs can redirect propagating electromagnetic
radiation and transfer it into strongly enhanced localized
subwavelength modes at the nanoscale through the excitation
of localized surface plasmon resonances (LSPRs).”* Assembly
of metallic NPs into mesoscale structures offers an attractive
approach to achieving new photonic functionalities exploiting
the electromagnetic coupling among constituent particles for
light control and manipulation and has been used for the
fabrication of optically active metamaterials and metasurfa-
ces.”™ Plasmonic assemblies can exhibit unusual optical
properties such as near-zero permittivity,'’”"* negative
refractive index,">'* polaritonic and strong coupling effects,”>
chirality,lé_19 local field enhancement,*~** nonlinea.rii:y,z‘)”24
and lasing.>*

Typically, lithographic top-down approaches have been
widely used to fabricate optical metamaterials and meta-
surfaces.”””” While this strategy is efficient and well-explored,
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dimensional (3D) structures,””*® prompting the need for
complementary approaches enabling the fabrication of more
complex optical metamaterials for ultracompact next-gener-
ation photonic device applications.””>" Bottom-up, DNA-
based assembly approaches indeed yielded new types of 3D
metamaterials’* ™ and have been shown to serve as a versatile
strategy for creating programmable self-assembly of nano-
particles, yielding superstructures exhibiting unique optical
properties.” ”" Previous studies of such 3D materials have
already revealed intriguing properties such as near-zero
permittivity,3g photonic band gaps,40 unconventional optical
scattering,?"s’g’7 and high refractive index in the mid-infrared
range.38 Since 2008, when for the first time DNA-function-
alized gold nanoparticles were assembled into large 3D
superlattices with body-centered cubic (bcc) and face-centered
cubic (fcc) lattice conﬁgurations,33’34 DNA clesign35’4l’42 has
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Figure 1. Optical setup and correlated SEM optical imaging. (a) Schematic of the optical setup for hyperspectral scanning microscopy showing
light sources, double 0.5 NA transmission microscope (“high NA” setup), imaging, and detection paths. Shaded regions include dark-field annulus
with relay lenses and matching aperture stop. (b) Details of the modified setup involving a 0.2 NA illumination objective and matched aperture stop
for dark-field imaging at low-angle excitation (“low NA” setup). (c) SEM image of cluster of AuSLs. (d) Bright-field transmission, (e) reflection,
and (f) dark-field scattering used for colocalization of optical image with the SEM region. Dashed rectangle in (d,f) denotes scan area for
hyperspectral imaging. Bright spot in (d) is the focus of the supercontinuum light source.

enabled the elaboration of a rich library of nanoparticle
superlattices, consisting of nanoparticles of various size,*
shape,™ and composition.*”**™* The ability to combine and
control the assembly of a variety of nanoparticles into desired
3D structures has allowed the construction of new designer
nanomaterials® for applications in electronics,”’ catalysis,>*
and optics.'**>**

Experimental®® as well as theoretical’”** studies on the
optical properties of nanoparticle superlattices have recently
been reported, focusing on colloidal crystals assembled from
large-size gold nanocubes. DNA-mediated assembly of nano-
cubes results in a simple cubic lattice symmetry,*® which allows
exploiting the very strong capacitive coupling and the intense
electric and magnetic fields that exist between flat facets of
neighboring nanocubes”>***’ to design optical metamaterials
with unique properties. Large nanocubes assembled into
microcrystals were shown to exhibit strong Mie resonances
in the mid-infrared range.”® In comparison, crystals assembled
with spherical-shape nanoparticles can result in fcc as well as
bee symmetry.** Despite lacking the strong capacitive coupling
of nanocubes, earlier works on colloidal crystals with spherical
particles have also revealed an optical response governed by
strong light—matter interaction. For instance, Turek et al.
experimentally studied the optical response of their spherical
supercluster metamaterials in the visible range and demon-
strated their use in surface-enhanced Raman scattering
applications.”’ Reich et al. explored light—matter coupling
between surface plasmons and continuum of photons into
polaritonic modes in the strong coupling regime in the visible
part of the spectrum.” Both of these works make use of larger-
size spherical nanoparticles (43 nm in ref 21 and 25—59 nm in
ref 7) and used non-DNA-based self-assembly approaches to
fabricate their respective superlattices. Experimental studies on
such superlattices are still very limited, and a detailed
spectroscopic investigation especially of crystals assembled
from small sizes (~10—1S nm) and closed-packed spherical
nanoparticles covering the entire visible—near-IR range is
lacking.

Here, we report an experimental investigation of the optical
response of three-dimensional gold NP superlattice crystals
obtained via DNA-mediated assembly. We use a multimodal

hyperspectral imaging technique®® with optical transmission
(bright-field) and light-scattering (dark-field) microscopy to
explore extinction and scattering over a wide spectral range
covering the visible and near-infrared spectral range from 400
to 1700 nm. This technique enables us to reliably measure
optical response down to individual superlattice microcrystals.
Optical spectra of the individual microcrystals are correlated
with scanning electron microscopy (SEM) as well as atomic
force microscopy studies. Detailed numerical simulations are
used to confirm the multipolar nature of the modes, which
depend only weakly on polarization or superlattice crystal size.

In our experiments, we synthesized spherical gold nano-
particles (AuNPs) in aqueous solution with an average
diameter of 15 nm (Supporting Information, Figure S1) and
subsequently functionalized them with oligonucleotides.
Following previously established protocols,”” " we produced
microcrystals of superlattices (AuSLs) comprising AuNPs
functionalized with single-stranded DNA that contain 3-
cyanovinyl carbazole nucleobase chemical modifications.’**
After hybridization with a complementary DNA strand, the 3-
cyanovinyl carbazole group can react photochemically with an
adjacent thymine nucleobase, forming a covalent bond
between the two complementary DNA strands. Thus, the as-
synthesized AuSLs were photochemically cross-linked in order
to increase the stability of the crystals and were subsequently
purified by centrifugation, followed by removal of the
supernatant and resuspension of the pellet in Milli-Q_water.
Detailed experimental structural studies on the functionalized
AuSLs using small-angle X-ray scattering were reported
elsewhere, and these clearly revealed the bcc arrangement®
and an edge to edge gap between AuNPs of about 10 nm in the
carbazole cross-linked AuSL crystals.”® To perform correlated
electron microscopy and optical studies of single microcrystals,
a small amount (20 uL) of the redispersed solution was drop-
cast onto an aluminum-doped zinc oxide (AZO)-coated
gridded glass slide and left to dry overnight. The AuSLs
were then characterized by SEM in order to identify structures
for optical studies. Correlated SEM and optical studies are
challenging as they require careful exposure and absence of
additional conductive film to avoid modification of the sample
which could affect the optical response. The use of AZO-
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Figure 2. Hyperspectral maps and spectra of cluster of AuSLs. (a) Hyperspectral maps corresponding to transmittance (left column) and scattering
(right column) spectra averaged over visible (440—850 nm) and near-IR (850—1650 nm) wavelength bands. (b) Transmittance and (c) scattering
spectra as a function of wavelength corresponding to crystals 1—4. These maps were generated for vertically polarized light focused onto the sample
plane, scanned in steps of 100 nm. Scattering spectra are scaled relative to the incident dark-field illumination intensity. Inset b: SEM image of

AuSLs, scale bar 1 ym.

coated slides reduced charging during SEM and hence allowed
imaging of crystals without requiring deposition of additional
conducting coatings. Selected structures were characterized
further using atomic force microscopy (Supporting Informa-
tion, Figure S6). The height of individual crystals ranged
between 300 and 500 nm, while the in-plane size was typically
on the order of 1-2 ym.

AuSLs were characterized optically using a hyperspectral
microscopy setup for both transmission (bright-field) and
forward scattering (dark-field) configurations. The setup is
schematically shown in Figure la and consists of two long-
working distance, infrared-corrected microscope objectives
(Mitutoyo) with a numerical aperture (NA) of 0.5, a
supercontinuum light source and visible and near-infrared
spectrometers (Andor Shamrock/iDus). The supercontinuum
light source produced a collimated beam of unpolarized light
covering 380—2300 nm in wavelength, which was attenuated
to <1 mW total power on the sample to reduce thermal stress
on the crystals. A linear polarizer placed just before the
focusing objective controlled the polarization of the incident
light. An extended white light source was used to locate the
superlattices onto an EMCCD camera (Andor). For dark-field
measurements, a dark-field annulus and two relay lenses were
introduced in the beam path. An adjustable aperture stop
blocks the direct light transmitted through the sample and
ensures that only the scattered light from the sample is
collected. The measured forward scattering intensity at each
wavelength was scaled relative to the measured incident dark-
field illumination intensity measured at a location away from
the AuSL, with the annular illumination ring in place but
without the top aperture stop, hence transmitting the full
incident illumination light to the spectrometer. The resulting
normalized scattering spectra can be compared to theoretically
determined scattering spectra resulting from single micro-
crystal optical cross section calculations, as shown further
below. The sample was mounted on a computer-controlled
motorized stage to allow spatial mapping with 100 nm
resolution.

Figure lc—f shows an example of correlated SEM and
optical images for a cluster of four AuSLs. The SEM reveals the
detailed in-plane structural information on this cluster
(Supporting Information, Figure SS for high-magnification
detail of a typical AuSL and Figure S7 for a higher-resolution
image of the particular cluster under study). The square object
below the crystals is a NaCl crystal originating from the
supernatant, which is a feature regularly seen in our samples.

These and other debris surrounding the AuSLs are not taken
into consideration in our analysis. Bright-field transmittance
and the dark-field scattering image shown in Figure 1df help
localize the structure and identify the scan area for further
hyperspectral study, as indicated by the dashed rectangle.
Bright-field reflection (Figure le) was taken using another
commercial microscopy setup (Zeiss) and reveals a markedly
different contrast between the AuSLs, the translucent salt
crystals, and other non-AuSL objects present on the sample.

Hyperspectral maps were generated by scanning the sample
over a region of interest containing the AuSLs. Figure 2a shows
maps of the transmittance and scattering intensity, averaged
over spectral bands in the visible (440—850 nm) and NIR
(850—1650 nm) regions. These hyperspectral maps reproduce
the bright-field and dark-field images (scanned region) in
Figure 1d,f but now encoded with full spectral information. We
note that while the transmission map shows a near-diffraction-
limited performance, the point spread function for the annular
illumination dark-field configuration has a smaller central spot
but more pronounced side lobe oscillations.*®

Figure 2b,c shows corresponding spectra extracted from the
maps for the four AuSLs labeled 1—4. The results overall reveal
strong extinction (low transmittance) in the visible range and
reduced extinction (high transmission) in the NIR range. The
transmittance spectra show several dips in transmittance
occurring at 1100, 750, and 450 nm for all four crystals
under study. Scattering spectra reveal a main maximum with
up to 12% of scattering in the range of 1200—1600 nm, with a
second weaker band in the range of 700—900 nm. While some
variation between the AuSLs is seen, the general shape and
trends of the spectral features are very similar for the different
crystals.

Figure 3 presents more detailed and polarization-dependent
studies for selected AuSLs and clusters of crystals. Small
micrometer differences in registration between bright-field and
dark-field maps are a result of the additional relay lenses placed
in the setup. The crystal position is re-established in the maps,
as indicated by labels (i) and (ii). Spectral response at these
locations is shown in the corresponding panels below the
maps. Again, similar features are observed for all crystals, with a
particularly pronounced transmission dip at 1150 nm wave-
length for the AuSLs in Figure 3ab,d. Generally, the
polarization studies reveal little to no change in the optical
spectra of the AuSL upon changing the polarization of the
illumination. Stronger scattering in the infrared region is
generally observed, and the position of its maximum is found
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Figure 3. Polarization studies of different microcrystals. (a—f) Studies showing NIR maps (integrated over 850—1650 nm) of transmission and
scattering, with spectral response of transmittance and relative scattering intensity at coordinates (i) and (ii) indicated in the maps. Polarization was
varied between vertical (0°) and horizontal (90°) (see legend). Corresponding SEM images are shown in the insets. Scale bar corresponds to 1 ym.

to be red-shifted compared to the transmission dips for most of
the AuSLs. This behavior is maintained for even more complex
AuSL assemblies, such as that shown in Supporting
Information Figure S10.

An experimental aspect of importance is the potential impact
of laser irradiation upon the AuSL structure. The delicate and
soft nature of DNA-assembled AuSLs renders the structure
particularly susceptible to damage during measurement. The
incident laser power was kept at a sub-mW level to limit energy
deposited in the crystal. To check the robustness of the
superlattice at these incident power levels, we inspected the
crystals in SEM after measurements, as shown in the
Supporting Information, Figures S8 and S9. While the overall
morphology of the AuSLs remains intact, there appear to be
some changes on the surface and edges of the structure. A
redistribution is observed of the residue around the AuSLs
attributed to various deposits from the buffer solution. The
remeasured spectral responses generally look almost identical

to the first measurement but with slight shifts in resonance
positions while still maintaining its insensitiveness to input
polarization.

Numerical simulations were performed to provide an
explanation of the key features seen in the experimental
optical spectroscopic response of the AuSLs. Given the small
diameters of the AuNPs (~15 nm) and relatively large
interparticle gaps (~10 nm) of the constituent Au nanospheres
of our superlattice, a dipole—dipole coupling among the
individual AuNPs is expected to dominate the light—matter
interaction. Such a dipole coupling through Coulomb
interactions among constituent AuNPs creates a continuum
of collective plasmon modes in the superlattice.””" Excitation
of such collective resonant plasmon modes in the superlattice
is responsible for the observed multiple resonance bands in the
spectral response, similar to what has been reported in earlier
works of AuSLs assembled with larger-size nanospheres.””' We
carried out full 3D numerical simulations (Supporting
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Figure 4. Numerical simulations. (a) Schematic of model geometry under different light incident conditions for exciting in-plane (6 = 0°), out-of-
plane (6 = 90°), and mixed (6 = 45°) modes of the superlattice. (b) Corresponding simulated scattering cross section spectra for superlattice sizes
of 1 and 2 ym with S nm gap and 10 nm gap (n;,. = 1.5) effective index values. (c) Same as (b) but for only for & = 45° (mixed mode) incident.
The spectra undergo a red shift for the larger-size superlattice and smaller interparticle gap effective index value. (d) Multipole decomposition
corresponding to 6 = 45° (mixed mode) incident showing contributions of electric dipole (ED), magnetic dipole (MD), electric quadrupole (EQ),
and magnetic quadrupole (MQ) for superlattice sizes of 1 and 2 ym with S nm gap and 10 nm gap (n;,. = 1.5) effective index values. (e) Schematic
of model geometry under normal incident (6 = 0°) for different light polarization directions. (f) Corresponding simulated scattering cross section

spectra with S nm gap and 10 nm gap (1, = 1.5) effective index values.

Information, section S8) based on finite-element methods for
more physical insight on the nature of the spectral response of
our AuSL crystals. For simplicity, we assumed our AuSL to be
cylindrical in shape, lying in the x—y plane and suspended in
air. A comparison with a more realistic rhombic dodecahedron-
shaped crystal is presented in Figure S13, Supporting
Information, and shows that the simplified cylindrical
geometry provides a good approximation. Experimentally
determined values of crystallite size (diameter between 1 and
2 um) and fixed thickness (500 nm) were adopted for the
cylinder. Effective optical constants were used for the
superlattice material inside the model cylinder. These

constants were determined using an effective medium
approach® (Supporting Information, section S8). Taking
into consideration the length of the DNA strand used during
AuSL synthesis as well the partial collapse of the microcrystals
during drying, we estimated the interparticle spacing (edge to
edge) to be between S and 10 nm. The presence of DNA was
included as an effective medium with refractive index, n;,,
ranging between 1 (air) and 1.5, as discussed in Supporting
Information Figure S11.

The scattering cross section for an isolated AuSL was
calculated for three different plane wave illumination geo-
metries, as illustrated in Figure 4a, corresponding to (i)
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illumination from the top (6 = 0°) with E-field polarized along
the cylinder diameter, exiting in-plane modes; (ii) illumination
from the side (6 = 90°) with E-field polarized along the
cylinder axis, exiting out-of-plane modes; (iii) illumination at 6
= 45° exciting mix of both in-plane and out-of-plane modes. It
was found that the presence of the AZO layer and glass
substrate does not have a major impact on the resonance
modes of the superlattice (Supporting Information, Figure
S12).

Figure 4b shows the simulated scattering spectra for four
combinations of superlattice diameters of 1 and 2 ym, gaps of
S and 10 nm, all with a height of 500 nm and n;,. = 1.5. The
scattering spectra show the main resonance modes peaking in
the NIR and tailing off to longer wavelengths, in general
agreement with the behavior seen experimentally.

Coupling to out-of-plane modes results in a red-shifted
response seen for 8 = 90°; however, for illumination conditions
as in our experiment, the effect of out-of-plane modes is
moderate, as seen for § = 45°. The modes are red-shifted for
smaller interparticle gap (i.e., higher effective index) and for
larger AuSL crystal size, as expected for typical Mie resonant
nanostructures,””*® however, much less than expected on the
basis of geometric scaling of the crystal size. Figure 4c shows
the dependence on crystal diameter for the @ = 45° incident
mixed mode. Multipole decomposition®””® was carried out for
the 6 = 45° incident mixed mode, shown in Figure 4d,
revealing the nature of the main resonance modes to be a
mixture of overlapped higher multipoles. Electric dipole (ED)
modes are more red-shifted for both 1 and 2 ym diameter
AuSLs and do not contribute much to the main scattering
peak. Instead, it is mostly a mixture of overlapped electric
(EQ) and magnetic (MQ) quadrupole modes and partly
magnetic dipoles (MD) that contribute to the main resonance
modes for 1 ym diameter AuSL, and even more higher-order
modes are expected to be the dominant contributions to the
main resonance modes for the 2 ym diameter AuSL. Such an
overlap of higher multipoles over an extended wavelength
range could also further explain the broad spectral nature of
our experimentally measured scattering spectra.

To explore the insensitivity of the experimental scattering
response toward the polarization of the input light for even
more anisotropic assemblies, we carried out additional
simulations where the constant diameter cylinder was replaced
by an asymmetric shape (see Figure 4e for schematics)
consisting of two fused AuSLs with a long axis of 2 ym and a
short axis of 1 ym but keeping the overall thickness at 500 nm.
Figure 4f shows the simulated scattering cross section for the 8
= 0° incident with polarizations along the short axis (¢ = 90°),
long axis (¢ = 0°), and between (¢ = 45°). As seen, the
scattering spectra overlap for all polarizations and hardly show
any variations for the main resonances apart from an effect at
long wavelengths corresponding to the ED mode. Such a
polarization insensitivity of the resonance modes in AuSLs is
also consistent with the highly multipolar nature of the
scattering which inherently has weak dependence on input
polarization.

To reveal the microscopic nature of the resonant modes in
the AuSLs at the level of the individual AuNPs, we performed a
limited number of full 3D numerical simulations, which are
presented in Figure S14, Supporting Information. Here, the
response of an AuSL of 20 AuNPs in each dimension (total of
8000 AuNPs) was simulated showing qualitative response in
agreement with our observations. Electromagnetic near-field
maps reveal the strong local field enhancement around
individual AuNPs due to their dipole oscillation as well as
the larger-scale mode structure over the entire AuSL
corresponding to the geometric Mie resonances of the crystal.

To further explore the extent of out-of-plane mode
contributions, we changed the illumination configuration in
our dark-field setup to that shown in Figure 1b, where a 0.2
NA objective was used combined with a central beam stop in
the transmission. The low-NA illumination contributes mostly
normally incident light and therefore excites mostly the in-
plane modes. Figure 5 shows a direct comparison of the
measured scattering spectra of selected AuSL crystals for the
two illumination conditions. For 0.2 NA excitation, the shorter
wavelength scattering shows a large increase in magnitude but
maintains its spectral position, while the longer wavelength
main resonance mode undergoes a small blue shift. A red shift
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of the main scattering peak with increasing angle of
illumination agrees well with simulation results in Figure 4b,
which suggests that scattering spectra measured with 0.5 NA
excitation could have weak contributions from the out-of-plane
resonances. We note that some of the increase in magnitude
for the shorter wavelength resonance mode when using the 0.2
NA excitation geometry may be furthermore attributed to
contributions from debris surrounding the AuSLs (see SEM
images), which is more effectively suppressed when using the
more tightly focused 0.5 NA geometry.

In conclusion, we have experimentally investigated the visible
and near-infrared optical response of individual three-dimen-
sional plasmonic crystals obtained through DNA-mediated
assembly of Au nanospheres into closely packed superlattices.
Hyperspectral mapping of these superlattices at the single-
crystal level reveals a polarization-insensitive optical response
with absorption dominating mostly in the visible range, while
strong scattering occurs in the near-infrared range. Excitation
of collective plasmonic supermodes due to dipole coupling,
mediated by the Coulomb interactions among individual
spherical NPs in the crystal, accounts for their characteristic
optical response. Numerical simulations based on an effective
medium approach reveal the main Mie resonances of the
AuSLs, which can be attributed to higher-order multipoles.
The crystals display good stability and robustness over time
and could be measured several times within a period of weeks
with little drift. Our work unambiguously shows the effective
Mie resonances of these structures in a spectral range lying
between the strong polaritonic response in the visible region
and the dispersion-less effective dielectric regime in the far-
infrared and provides an important foundation for exploiting
these materials in a range of future applications. The
characteristic structural and optical properties of AuSLs may
be of interest for applications in the field of thermoplasmonics,
photocatalysis, biochemical sensing, surface-enhanced Raman
scattering, nonlinear optics, and potentially as strongly
scattering materials for complex nanophotonics. While the
microscopic origin of dipole—dipole coupling in our present
crystal assembled with small-size spherical nanoparticles is not
as strong as the capacitive coupling seen in crystals with large-
size nanocubes, a significant amount of near-field is expected to
exist in the nanogaps between the nanoparticles, which may be
exploited for nonlinear optics and sensing in future studies.

All data supporting this study are openly available from the
University of Southampton repository (DOI: 10.5258/
SOTON/D2368).

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaom.2c00008.
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