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ABSTRACT

Plasmonic waveguides consisting of metal nanoparticle chains can localize and guide light well
below the diffraction limit, but high propagation losses due to lithography-limited large
interparticle spacing have impeded practical applications. Here, we demonstrate that DNAorigami-based self-assembly of monocrystalline gold nanoparticles allows the interparticle
spacing to be decreased to ~2 nm, thus reducing propagation losses to 0.8 dB per 50 nm at a deep
subwavelength confinement of 62 nm (~λ/10). We characterize the individual waveguides with
nanometer-scale resolution by electron energy-loss spectroscopy. Light propagation towards a
fluorescent nanodiamond is directly visualized by cathodoluminescence imaging spectroscopy
on a single-device level, therefore realizing nanoscale light manipulation and energy conversion.
Simulations suggest that longitudinal plasmon modes arising from the narrow gaps are
responsible for the efficient waveguiding. With this scalable DNA origami approach,
micrometer-long propagation lengths could be achieved, enabling applications in information
technology, sensing and quantum optics.

KEYWORDS
DNA nanotechnology, plasmonics, nanoparticle chain waveguide, electron energy loss
spectroscopy, cathodoluminescence imaging spectroscopy, fluorescent nanodiamonds
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Plasmonic structures are currently considered in numerous strategies for the miniaturization of
optical and optoelectronic components.1–4 The field of plasmonics exploits the interaction of
light with nanoscale metallic structures to confine, guide and manipulate light on scales below
the diffraction limit,5,6 thereby greatly benefiting applications such as quantum photonics or
short-range optical communications.1–4 In particular, deep-subwavelength plasmonic waveguides
consisting of closely-spaced metal nanoparticle chains have been proposed for nanoscale optical
applications7 and realized mainly by electron beam lithography.6,8–10 Lithography is, however, a
slow, expensive, and non-scalable method. Moreover, the metal nanoparticle shape, crucial in
this case, cannot be precisely controlled by the lift-off procedures and the interparticle gaps are
usually limited to 10 nm or more. These lithography-related fabrication issues have led to
nanoparticle chains with large propagation losses, impeding their application as deepsubwavelength waveguides.
In contrast to lithography, chemical synthesis of colloidal nanoparticles offers a more precise
control over the metal particle crystallinity, shape, and size. Such colloidal nanoparticles have
been self-assembled into optically large (~λ/2) plasmonic waveguides with micrometer-long
propagation lengths using lithographically prepared trenches.11,12 Here, we leverage on the
programmability and scalability of DNA nanotechnology13–23 to push the confinement below the
diffraction limit (~λ/10) while retaining a long propagation length. The robust DNA origami
method24,25 is used to pattern a large variety of inorganic nanoparticles or other functional
elements including proteins, or small molecules, with nanometer precision on two or three
dimensions.15,24 In this manner, metal nanoparticle plasmonic devices with a static18 or
reconfigurable26 circular dichroism and plasmonic hotspots for the sensing of fluorescence
molecules17,23 have been realized. Self-assembled gold nanoparticle chain waveguides on DNA
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origami have also been reported, however, without demonstrating optical mode propagation19,20
or only showing a minimal energy transfer over 35-50 nm by far-field optical measurement.21
Thus far, the energy loss in experimentally realized6,8–10,19,21 and theoretically simulated8,27 gold
nanoparticle chain waveguides reduces the incident field by around 1-2 orders of magnitude (or
by 10-20 dB) after a propagation length of only 50 nm, which hinders practical applications that
require propagation lengths of hundreds of nanometers or micrometers. While lower losses can
be achieved with much larger waveguides, such as plasmonic discs,10,28 dielectric
waveguides,29,30 metal stripes with sizes of several 100 nm,31 or multi-layer ribbons of
nanoparticles,11,12 nanoparticle chain waveguides enable much smaller device footprints, scalable
fabrication by self-assembly, and realization of more complex geometries such as corners or
splitters. For this, the large propagation losses need to be mitigated.
Here, we experimentally demonstrate that losses in nanometer-sized self-assembled single
particle line chain waveguides with an unprecedented mode size of only 62 nm can be drastically
reduced from more than 10 dB21 to 0.8 dB per 50 nm by reducing interparticle gaps to few
nanometers. We used these waveguides for local excitation of a fluorescent nanodiamond. The
proposed approach will be useful for efficient building of nano-optical circuits for quantum
technology and sensing applications, among others.
For this, we self-assembled plasmonic chain waveguides from oligonucleotide-functionalized
gold nanoparticles (AuNPs, Figure 1a, d)20 binding to six-helix bundle (6-HB) DNA origami
nanotubes (Figure 1b, e), which display binding sites for eight AuNPs, and studied their optical
properties at a single-device level with nanometer resolution. The propagation losses can be
mitigated through increased plasmonic coupling between the nanoparticles,32 making it crucial to
minimize the interparticle spacing.11,12,18 We therefore use AuNPs with a diameter roughly equal
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to the distance between binding sites (42.2 nm; Figure 1a, b). As the hydrodynamic size of the
oligonucleotide-functionalized AuNPs is larger than the distance between the binding sites on the
6-HB, the particles minimize their free energy during the drying process, 33 thereby minimizing
the interparticle spacing, which occasionally results in slightly deformed zigzag patterns (Figure
1g). This mechanical compression of the protective oligonucleotide layer around the AuNPs
allowed us to reduce the gap sizes from around 7 nm, for mechanically uncompressed
functionalized AuNPs,34 to 1.5±0.9 nm (Figure S1). Such a small interparticle spacing cannot be
routinely achieved by conventional lithography methods, but are crucial for efficient long-range
waveguiding.11,12,18 We fabricated both complete waveguides, with eight AuNPs, and incomplete
waveguides where we omit the binding sites for two particles in the center of the waveguide,
serving as a negative control (Figure 1c, g).
To characterize the waveguides, which contain feature sizes of only few nanometers, at a
single-device level, we employ two electron-microscopy-based near-field spectroscopy
techniques, where a sub-nanometer-sized focused electron beam rather than a diffraction-limited
light beam serves as the energy source. First, electron energy loss spectroscopy (EELS)35,36 is
used to reveal the different surface plasmon (SP) modes that are supported by the waveguides.
To detect energy transport along the waveguide via the SP modes, at a single-device level, we
place a fluorescent nanodiamond (FND)37 at one end of the waveguide. After excitation of the
waveguide by the electron beam in the cathodoluminescence (CL) imaging spectroscopy setup28,38, energy propagates towards the FND which emits photons into the far-field.
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Figure 1. Self-assembly of plasmonic waveguides. Schematic representation (a-c), electron
micrographs (d, e, g, i, k) and agarose gel electrophoresis (f) results of complete and incomplete
waveguides. (h) Schematic representation of the energy transfer to a fluorescent nanodiamond
(FND) and (i) experimental realization. Surface plasmon (SP) modes are excited by an electron
beam and the loss of energy is detected by electron energy loss spectroscopy (EELS). The SPs
propagating towards a fluorescent nanodiamond excite a fluorescence signal that is detected by
cathodoluminescence (CL) imaging spectroscopy. (j) Schematic of an incomplete waveguide and
(k) its experimental realization. SPs do not couple efficiently across the large gap, resulting in
the absence of a signal from the FND when the isolated sections of the incomplete waveguides
are illuminated. Scale bars: 100 nm.
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EELS provides the simultaneous high spatial and spectral resolution needed to accurately map
the relevant SP modes of the plasmonic waveguides at a single nanoparticle level.39 For these
measurements, the waveguides are deposited on a thin silicon nitride membrane and
characterized in a transmission electron microscope (TEM). When the waveguide is excited by a
high-energy monochromatic electron beam, some of the electrons are inelastically scattered by
the structure, resulting in an energy loss of the electron through the excitation of different SP
modes. The excitation of different SP modes depends strongly on the position of the electron
beam (Figure 2). The SP modes are analyzed through EELS spectra at selected positions (Figure
2a, d) and by spatially resolved EELS maps at selected resonant energies (Figure 2b, e).
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Figure 2. Electron energy loss characterization of complete and incomplete waveguides. (a)
Experimental EELS spectra of complete waveguide acquired within the squares in corresponding
colors in the STEM micrographs insets. (b, c) Experimental and simulated EELS maps at
different energies. (d-f) Same as (a-c) but for the incomplete waveguide. Propagating SP modes
labelled according to their mode number (L: 1, 2, 3) from lowest to highest energy and
longitudinal (L) / transverse (T) excitation in respect to the geometric arrangement. Scale bars:
50 nm.

The energy loss peaks for longitudinal (L) modes, where the induced dipoles are parallel to the
nanoparticle chain, and the transverse (T) mode, where dipoles are perpendicular to the AuNP
chain4 (Figure S2), can clearly be distinguished. The energies of the L modes are red-shifted
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while the energy of the T mode (2.35 eV, 527 nm) is slightly blue-shifted compared to single
AuNPs (2.3 eV, ~539 nm, see Figure S3a) due to the strong SP coupling between AuNPs. The
lowest energy mode L1, referred to as super-radiant mode,32,40 is detected at 1.27 eV (~976 nm).
The next L modes, L2 and L3, are detected at 1.68 eV (~738 nm) and 1.8 eV (~689 nm),
respectively. L modes with even numbers (L: 2, 4, ...) are so-called dark modes or non-radiative
modes as they do not have a net dipole moment, whereas bright modes (L: 1, 3, ...) have a net
dipole moment.40 Dark modes are also considered to effectively support propagation of SP
modes along the closely spaced metal nanoparticle due to lower radiative losses than bright
modes.32
In Figure 2, we compare experimental EELS results (a, b, d, and e) with boundary element
method (BEM) simulations (c, f) that are carried out on the same particle arrangement as in the
experiment (see Methods). The simulated modes are in good agreement with the experimental
results. The slight energy differences between experimental and simulation results (Figure 2) can
be attributed to simplifications required for the simulations, i.e., neglecting DNA capping on the
AuNPs surface, assumption of perfect spheres, and compensating for the silicon nitride substrate
by an effective media. The occurrence of different modes resembles that from stochastically
assembly AuNP chains40 or that of multilayer nanoparticle ribbons.11,12 The incomplete
waveguide reveals the plasmon resonances of individual trimers whereas the complete
waveguides support continuous SP propagation along the entire chain of eight particles
(Supporting Table S1).
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Figure 3. Energy transfer through plasmonic waveguides. Cathodoluminescence (CL) spectra
when illuminating waveguides adjacent to a fluorescent nanodiamond (FND). The CL spectra of
the complete (a) and incomplete (g) waveguides taken at electron beam excitation areas indicated
by squares in the corresponding colors in the SEM micrographs (b, h). The intensity of the FND
emission under direct e-beam illumination (purple) is reduced 15-fold (a) or 6-fold (g) for clarity.
Spatially resolved CL maps at the detection wavelengths of 550 nm (± 10 nm) (c, i) and 600 nm
(± 10 nm) (d, j), showing CL intensity as a function of electron beam excitation positions. (e) CL
intensity at the wavelength of 576 nm (corresponding to NV0) as a function of excitation position
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in the complete waveguide. (f) A high-resolution SEM micrograph of the same waveguide with a
FND, taken after the CL measurements. Scale bars: 100 nm.

Next, we demonstrate low-loss SP propagation through our nanoparticle waveguides towards a
FND and detect it via FND light emission, thus realizing nanoscale frequency conversion. The
FNDs are extremely photostable, bright, relatively insensitive to the chemical and physical
environments and therefore ideal for electron microscopy studies37,41 (see photoluminescence
and CL spectra in Figure S4). Moreover, they are promising nanostructures for single photon
quantum information technology.37 In our experiments, we use commercial FNDs that
unfortunately cannot directly attach to the DNA nanostructures. Our focus is, however, to
demonstrate the strongly reduced losses and subwavelength field confinements, and for this, the
lower assembly yield by the random placement of FNDs is tolerated. For future applications,
quantum dots42 or fluorophores, which have better defined shapes, size distributions, and contact
interfaces with the AuNPs, can be site-specifically attached to the waveguides.
Figure 3 shows the CL measurements on isolated complete and incomplete waveguides next to
a single FND (for CL set-up, see Figure S5). FNDs feature a nitrogen-vacancy (NV) point defect
in the diamond lattice, where nitrogen replaces a carbon atom next to a vacancy, producing
characteristic zero-phonon lines (ZPLs) at 576 nm for the neutral charge state (NV0) and 637 nm
for the negative charge state (NV-). When the electron beam is positioned on the FND, an
intense FND-characteristic CL spectrum featuring the NV0 emission is observed. In the complete
waveguide, this characteristic FND spectrum is also observed when exciting any of the AuNPs
of the waveguide, including the particle furthest from the FND, which is approximately 350 nm
away from the FND (Figure 3a). These CL spectra are markedly different in the absence of the
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FND (see Figure S6 and for simulation results, see Figure S7). This provides strong evidence
that the electron-beam-excited SP modes in the particle chain waveguide propagate energy to the
FND, which then emits light to the far field. Propagation losses can be estimated from the drop
in CL intensity at the emission wavelengths of the FND (Figure 3d at 600 nm and Figure 3e at
576 nm). The highest intensity decrease occurs between particle 1 and 2 (the ones closest to the
FND). However, CL intensities only drop by a few percent between particles 2 and 8 indicating
an efficient waveguiding over several hundred nanometers. The intensity decay between particles
1 and 8 implies a propagation loss of 5.9 dB for the entire waveguide (~350 nm), which
corresponds to 0.8 dB per 50 nm. A high-resolution SEM image of the waveguide after the CL
measurements revealed that the waveguide remains intact and that no fusing of the AuNPs
occurs (Figure 3f).
To provide further evidence that indeed energy propagation through the AuNPs is responsible
for the emission of the FND, we analyzed an incomplete waveguide as a negative control (Figure
3h). As expected, the particle closest to the FND excites the FND and exhibits a clear ZPL peak.
Excitation of the particle before the gap (Figure 3g-h, spectrum 3) still shows a ZPL peak but the
spectrum is broader and blue-shifted compared to the FND emission and is likely a combination
of the T mode of the tetramer and the FND emission. Moreover, the observed waveguide
performance of the tetramer is lower than that of the octamer waveguide (see Figure 3), which
can be explained by a lower coupling efficiency of the L3 and L4 mode to the NV0 centers. The
ZPL peak cannot be identified anymore in the CL spectrum when exciting the residual AuNP
dimer beyond the ~82 nm gap (Figure 3h, spectrum 4). The broad spectrum shows a maximum at
~570 nm that is likely to be dominated by one of the longitudinal modes and the T mode of the
dimer. No FND emission can be detected for a single isolated AuNP (Figure 3h, spectrum 5),
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which was most likely detached from the 6-HB during sample preparation or drying. This AuNP
is ~230 nm away from the FND, and its CL spectrum corresponds to that of an isolated particle
(Figure S3d). Further control experiments with isolated AuNPs near FNDs (Figure S8) confirm
that no coupling to the FND takes place if an AuNP is ≥ ~85 nm away from the FND. However,
shorter distances allow coupling to the FND to occur as indicated by a red-shift compared to the
CL spectrum of free AuNPs without a FND in their vicinity.
For further insight into the experimentally observed light propagation in the nanoparticle chain
waveguides, we perform total-field simulations of our waveguide system, accounting for the
silicon substrate and the thin oligonucleotide shell (Figure 4, Supporting note 1). We
approximated the electron beam by a dipole source at one end of the waveguide. Early
theoretical studies suggested that the T or L mode enable waveguiding7,43, however, more
recently, dark modes were proposed for waveguiding and show reduced radiative losses.32,11,12
Our simulations also indicate significant losses for the T mode (5.3 dB/50 nm at 562 nm) and the
highest energy L mode (L4: 5.3 dB/50 nm at 518 nm) and lower losses for the lower energy L3
mode (3.1 dB/50 nm at 680 nm) and the L2 mode (4.1 dB/50 nm at 750 nm; Figure 4 and Table
S1). Since the excitation wavelength needs to be shorter than the emission of the NV0 center
(shorter than 576 nm), coupling to the FND should be ineffective for the modes with a lower
energy than that of the FND emission. The modes are, however, spectrally broad, and slight
increases of the gaps size to 3-5 nm (Figure S9) cause a blue shift of the modes so that they can
efficiently couple to the FND. Deviations from the ideal linear geometry has little influence on
the mode structure (Figure S10). We have added further discussion to the supporting information
to support this hypothesis (see Supporting Note 1).
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Figure 4. Schematic illustration by refractive index image of the dielectric shelled gold
nanoparticles on a silicon substrate in air (a). Integrated electric field distribution for plasmonic
waveguide modes at (b) 518 nm (L4 mode), (c) 562 nm (T mode), (d) 680 nm (L3 mode), and (e)
750 nm (L2 mode). Color bars: logarithmic scale.

In conclusion, we demonstrate gold nanoparticle chain waveguides that can efficiently
propagate energy over several hundred nanometers with a loss of only 0.8 dB per 50 nm, while
retaining a deep subwavelength mode size of 62±3 nm (~λ/10). The low propagation losses are
found to be critically dependent on decreasing the interparticle spacing. We achieve this by a
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DNA-origami-based self-assembly approach with highly monodisperse, single crystalline,
AuNPs that are of the same size as the distance between binding sites on the DNA. We directly
visualize the energy propagation and out-coupling of energy to the far field by CL imaging
spectroscopy at a single device level, realizing a nanoscale light source through sub-wavelength
energy conversion. With interparticle spacings of only 2 nm, we find that the nanometer spatial
resolution of both EELS and CL are critical for understanding the optical properties of our
waveguides, and for future engineering of these devices.
Finally, we simulated how variations in the interparticle distance or the deviation from nonideal linear geometries influences the mode structure and propagation length. Electromagnetic
modelling shows that the energy transport along the particle chain is much more efficient via
lower order longitudinal SP modes (L3 and L2 mode) than via the T or the super-radiant L1
mode as suggested previously.11,12,32 The precise and scalable self-assembly method presented
herein can potentially be combined with an accurate positioning of DNA origami structures on
silicon wafers44 to produce complex geometries such as splitters or sharp corners. We envision
that this will enable the integration of nanometer-precise plasmonic components with larger and
lower loss technologies for high-speed optical data transmission, quantum information
technology, as single photon sources and sensing.
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