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ABSTRACT 

Optical antennas are nanostructures designed to manipulate light-matter interactions by interfacing 

propagating light with localized optical fields. In recent years, a plethora of devices have been 

realized to efficiently tailor the absorption and/or emission rates of fluorophores. By contrast, 

modifying the spatial characteristics of their radiation fields remains challenging. Successful 

phased array nanoantenna designs have required the organization of several elements over a 

footprint comparable to the operating wavelength. Here, we report unidirectional emission of a 

single fluorophore using an ultracompact optical antenna. The design consists of two side-by-side 

gold nanorods self-assembled via DNA origami, which also controls the positioning of the single-

fluorophore. Our results show that when a single fluorescent molecule is positioned at the tip of 

Page 4 of 33

ACS Paragon Plus Environment

Nano Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



3

one nanorod and emits at a frequency capable of driving the antenna in the anti-phase mode, 

unidirectional emission with a forward to backward ratio of up to 9.9 dB can be achieved.

Light-matter interactions at the nanoscale are limited by the two orders of magnitude size 

mismatch between the electronic confinement of quantum emitters (in the Å to nm range) and the 

wavelength of the optical radiation (in the hundreds of nm range). In analogy to their microwave 

or radiofrequency counterparts, optical antennas can act as transducers between propagating light 

and localized fields. To date, a plentiful library of optical antennas has been designed and 

demonstrated1,2, improving by several orders of magnitude the rates of light absorption and 

emission of individual photon emitters3. Specifically, plasmon-induced localized fields have been 

extensively exploited to enhance single-molecule spectroscopic signals including fluorescence4 

and Raman scattering5. A less studied aspect of optical antennas is their ability to impose 

directionality of the emitted light6.

Photon absorption and emission involve dipolar, or under special conditions multipolar7, 

transition moments, and therefore do not possess intrinsic unidirectionality. Thus, artificial 
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4

schemes to increase the directionality of photon emitters are of crucial significance, for example 

in the context of integrated optical circuits and quantum communication/computing schemes8,9.

Over a decade ago, Curto et al. used lithographically-made Yagi-Uda antennas to demonstrate 

the unidirectional emission of quantum dots10. A drawback of such phased array antennas is that 

they require placing various elements at distances of around λ/411,12, which extends their footprint 

to dimensions larger than the wavelength. Several more compact directional designs aiming to 

reduce the overall effective size by an order of magnitude have been proposed and numerically 

investigated13. One strategy for ultracompact unidirectional antennas exploits the interplay of 

spectrally overlapping electric and magnetic resonances of single high-index dielectric 

nanoparticles14, or arrangements of metallic nanoparticles that can support both electric and 

magnetic modes in the same spectral range15. Alternatively, Pakizeh et al.16 proposed a design of 

two gold nanodisks separated by 10 nm. A photon emitter in the vicinity of one of the disks drives 

the resonance of the two metallic disks with a phase delay between each other introduced by the 

separation gap, resulting in unidirectional emission at frequencies close to the anti-phase plasmon 

mode of the system16. 
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5

Even though the potential and working principles of undirectional ultracompact antennas for 

single emitters have been long known, their experimental realization remained elusive due to 

several shortcomings of traditional top-down nanofabrication methods. For instance, top-down 

methods can hardly produce the reduced gaps under 20 nm necessary for ultracompact antennas, 

and more importantly, they do not allow placing single emitters near an optical antenna element 

with positional and stoichiometric control. 

In this work, we report the realization of an ultracompact directional antenna for single-photon 

emitters produced by means of DNA self-assembly. The DNA origami technique17-19 was used to 

assemble two colloidal gold nanorods (AuNRs) in a side-to-side arrangement with a controlled 

separation gap, and a single fluorescent molecule at the tip of one of the AuNRs. 

Results

The geometry and working principle of the ultracompact unidirectional antenna (UUA) driven 

in anti-phase is schematically shown in Figure 1A. Two identical AuNRs are placed side by side, 

and a single dipolar emitter (black arrow) is placed at the tip of one of the AuNRs. The overall 

emission can be approximated by the sum of the induced dipolar oscillations in each element (blue 
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and red arrows). Depending on the geometry, materials, and wavelength (frequency of the emitter), 

conditions can be met where constructive and destructive interference occur at opposite sides of 

the UUA, leading to unidirectional emission. To illustrate this, Figure 1B shows schematically the 

calculated angular emission pattern of a UUA driven in anti-phase, along with the emission pattern 

of a single AuNR (monomer antenna).

To fabricate these UUAs, we used a T-shaped DNA origami host structure (Figure 1C) as a 

template to assemble through DNA hybridization previously functionalized colloidal AuNRs in a 

side-to-side configuration (Figure 1D) with a separation gap of 5 nm (further details are included 

in Figure S1 and Table S1). The origami design enables the incorporation of a single fluorescent 

molecule at the tip of one of the AuNRs, 5 nm away from the gold surface (red dot in Figures 1C 

and D). AuNRs with nominal dimensions of 40 nm in diameter and 68 nm in length were self-

assembled in solution with the DNA origami to form the UUAs, which were then purified by gel 

electrophoresis and imaged by transmission electron microscopy (TEM), confirming the correct 

self-assembly of our structures (Figure 1E). Some degree of variability in the dimensions of the 

AuNRs is observed, in agreement with the size distribution of the colloid. Considering these 
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7

dimensions, UUAs have an overall size of 85×73 nm2,  an order of magnitude smaller than phased-

array (Yagi-Uda) configurations11,12.

 

Figure 1. Geometry and working principle of a unidirectional ultracompact antenna (UUA) based 

on two gold nanorods (AuNRs) placed side-to-side. (A) If the quadrupole-like anti-phase mode is 

excited by a dipolar source (black arrow) in the near-field of one element, constructive and 

destructive interferences can be achieved at opposite sides of the antenna, leading to unidirectional 

emission. Red and blue solid lines represent the emission from each rod whereas the black solid 

line represents their sum. (B) Calculated angular emission patterns for a single AuNR (monomer 
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antenna) and a UUA (dimer) driven by a single dipolar source in vacuum. (C, D) Sketch of the 

DNA origami host structure (C) and the assembled antenna (D) with a single photon emitter (red 

dot). (E) TEM image of UUAs, scale bar 200 nm. (F) Spectral directivity for both a UUA with the 

geometry described in (C), and a monomer antenna placed on a glass substrate, together with the 

emission spectra of ATTO 594. The insets show the emission pattern close to the anti-phase mode 

wavelength (620 nm) and away from it (700 nm).

The expected spectral response of the UUAs on a glass substrate was investigated numerically 

by means of finite element simulations. The directivity vs. wavelength and exemplary emission 

patterns of a UUA (red line) and a monomer antenna (black line) are shown in Figure 1F. Strong 

unidirectional emission is predicted for emitters with an emission wavelength from 600 to 630 nm, 

where the UUA is driven in anti-phase20. These wavelengths are red-shifted from both the 

longitudinal resonance of a single AuNR and the in-phase resonance of the UUA (see Figure S2). 

Thus, a fluorophore emitting in this range (e.g., ATTO 594, Figure 1F), is expected to show 

unidirectional emission when coupled to the UUA, detectable for instance by the very distinct 
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back-focal plane (BFP) images21 when compared to the dipolar emission from the monomer 

antenna control (Figure 2A).

The performance of the fabricated UUAs was studied experimentally in a custom-built scanning 

fluorescence microscope modified to relay the BFP image of the structure into a CCD (see details 

in Methods). For each UUA, a series of BFP images was acquired, from which an intensity 

transient was generated (Figure 2B). Only transients with a single bleaching step, a signature of 

emission arising from a single fluorophore, were employed for further analysis. This approach, in 

addition to confirming that only one molecule was driving the antenna, enabled the discrimination 

of the single-molecule fluorescence (FL) emission from photoluminescence (PL) of AuNRs22. This 

analysis was combined with scanning electron microscopy (SEM) imaging to correlate the antenna 

structure with the directionality of single-molecule emission.
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10

Figure 2. Back-focal plane imaging and analysis pipeline. (A) Simulated back-focal plane images 

for the monomer antenna and the UUA. (B) Determination of fluorescence (FL) and 

photoluminescence (PL) patterns from back-focal plane (BFP) imaging. For each antenna, a series 

of BFP images were acquired. From the integrated intensity transient, the time point where the 

single ATTO 594 fluorophore bleaches is identified. The BFP image corresponding to FL emission 

by the single fluorophore is obtained by subtracting the averaged BFP image before (PL+FL) and 
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after (PL) bleaching. From this pattern, we integrate the pixels in a sector containing the highest 

signal (black sector) and divide by the opposite sector (yellow) to obtain the forward-to-backward 

ratio (F/B).

An exemplary result for a UUA is shown in Figure 3A. The PL BFP image shows a symmetric 

pattern with two lobes of similar intensity, separated by a line of minimum intensity parallel to the 

AuNRs, as determined from the SEM image. This emission pattern is characteristic of a dipolar 

emitter and can be rationalized based on the symmetry of the structure and the fact that PL emission 

corresponds to far-field excitation of the in-phase plasmon dipolar mode. The situation changes 

for the FL emission when the UUA is driven in anti-phase by the single fluorophore in the near-

field. The FL BFP image shows a single lobe of high intensity indicating unidirectional emission. 

More examples of UUAs are shown in Figure S3.

The directionality achieved with this ultracompact design depends critically not only on the 

positioning of the antenna elements but also on the position of the emitter. To demonstrate this, 

we exploited the unique flexibility and nanometer positioning control of the DNA origami 

technique to self-assemble a monomer antenna (Figure 3B) and a symmetric dimer antenna where 
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the single ATTO 594 fluorophore is laterally shifted to a position equidistant to the two AuNRs 

(Figure 3C). In these two cases, both BFP images of PL and FL are symmetric with two main lobes 

as expected for a dipolar emitter. The experimentally determined angular emission patterns for the 

three antenna designs are in excellent agreement with the calculations (lower panels of Figures 

3A-C). 
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Figure 3. Antennas’ performance. (A-C) Performance examples of a unidirectional ultracompact 

antenna (UUA) (A), a monomer antenna (B), and a dimer antenna with the fluorophore in the 

center (C). From top to bottom, 3D sketch of the structure, SEM image, BFP PL and FL images, 

and emission polar patterns. The position of the single fluorophore is indicated by a red dot. (D) 

Bee swarm distribution plots of the forward-to-backward (F/B) ratios obtained from the BFP 

patterns of both a monomer and a UUA. Color scale in BFP images represents counts in the 

camera.

Another advantage of nanofabrication based on DNA self-assembly is that it enables the parallel 

production of zillions of nominally identical structures. We characterized 67 UUAs and 17 

monomer antennas, and quantified their performance in terms of the forward-to-backward ratio 

(F/B) from the BFP images using the so-called areal method23,24 (see further details on Methods 

and highlighted sectors in Figure 2B). Figure 3D shows the fluorescence F/B distributions in dB 

for the control monomers and UUAs. While the monomer antennas should have F/B = 0 dB, 

experimental values range between 0 and 1.3 dB. We ascribe this residual asymmetric emission to 

the limited signal-to-noise ratio and slightly irregular geometry of AuNRs. In contrast, the UUAs 
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present a much broader distribution of F/B values, spanning a range from 0 to almost 10 dB. The 

maximum directionally obtained, 9.9 dB, is higher than the best reported values for top-down 

lithographic Yagi-Uda antennas, either driven by a single quantum dot (6 dB)10 or electrically (9.1 

dB)23. Several factors account for the observed distribution of F/B25. In addition to the signal-to-

noise ratio and AuNR imperfections mentioned above for the monomer antennas, the magnitude 

of the directivity, as well as the spectral operating range of the UUAs, is also be affected by the 

size distribution of the colloidal AuNRs and their alignment in the DNA origami template (more 

in Figure S4).

Conclusions

We have experimentally demonstrated that the emission of a single-photon source can be 

mediated with a high degree of unidirectionality using an ultracompact optical antenna based on 

two metallic nanorods in a side-to-side configuration with deep subwavelength separation gaps of 

~λ/50. This approach, theoretically predicted over a decade ago, is not based on a phased array or 

the interplay between magnetic and electric resonances. Instead, it uses the near-field excitation of 

the anti-phase mode by a dipolar emitter precisely located on top of one of the antenna elements. 

Page 17 of 33

ACS Paragon Plus Environment

Nano Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



16

This type of antenna shows a critical spectral dependency of the directionality on the geometry of 

the antenna. Our results confirm the theoretical predictions and show that ultracompact 

unidirectional optical antennas can be realized when the nanofabrication is sufficiently fine 

controlled, in terms of antenna elements geometry and position of the photon emitter. We 

addressed these challenges by bottom-up self-assembly using a T-shaped DNA origami structure 

to host two colloidally prepared AuNRs and a single organic fluorophore. While unidirectionality 

was obtained when the fluorophore was placed on top of one of the two AuNRs, it was lost when 

the fluorophore was shifted sideways just 22.5 nm to a position equidistant to the two AuNRs, or 

if only one AuNR was present. Furthermore, we achieved a maximum unidirectionality of almost 

10 dB, outperforming previously reported top-down lithographic Yagi-Uda antennas based on five 

elements and with a footprint an order of magnitude larger.

We foresee that this work, in combination with recent advances and current efforts in DNA self-

assembly26,27, will open new routes for the fabrication of more complex nanophotonic devices, 

optical circuits, and light-emitting metasurfaces28 at large scales29,30.

Experimental Methods
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Numerical simulations

Three-dimensional full-wave simulations were carried out using frequency domain solver of 

CST Studio Suite. 

AuNRs were modeled as cylinders (R=20 nm, L=52 nm) with two semi-ellipsoidal caps (a=b=R, 

c=8 nm), making the total length 68 nm. For the dielectric function of gold, we used fitting data 

from Johnson & Christy. AuNRs were uniformly coated with 2 nm DNA layer (nssDNA = 1.7), 

and the gap between them was set as 5 nm. The distance between substrate and coating layer was 

set as 5 nm. The surrounding medium was set to air (ɛ = 1).

The scattering spectra of AuNRs on a glass substrate (ɛ = 2.25) were obtained by subtracting the 

scattered fields in the absence and in presence of the AuNRs. Plane waves with TE and TM 

polarization were used as excitation sources at normal incidence. The final simulated scattering 

spectra was then obtained by averaging according to . 𝐶𝑠𝑐𝑎 =
1
2(𝐶𝑇𝐸

𝑠𝑐𝑎 + 𝐶𝑇𝑀
𝑠𝑐𝑎)

For the far field pattern, a Hertzian dipole (oriented along the long axis of AuNR) was simulated 

as one electric dipole emitter. This dipole was placed 3 nm away from the DNA coating layer of 

AuNR and oriented along the AuNR´s long axis. Other orthogonal orientations had a negligible 

contribution to the overall signal due to quenching25 (see Figure S5)  The directivity of an antenna 
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is defined as , where  represents the power radiated by the 𝐷𝑖𝑟𝑚𝑎𝑥 =
4𝜋𝑆𝑚𝑎𝑥(𝜃,  𝜑)

∫2𝜋
0 ∫𝜋

0𝑆(𝜃,  𝜑)𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜑
𝑆(𝜃,𝜑)

antenna in a given direction  per unit solid angle. In order to facilitate comparison with (𝜃,𝜑)

experimental BFP images, far-field radiation into the lower half-space was projected into the 

Fourier plane to get 2D patterns.  

Forward to Backward ratio quantification

Forward to Backward ratio (F/B), defined as the integral ratio of radiated power  in two 𝑆(𝜃,𝜑)

angular ranges ((  – δ1→  + δ1,  – δ2→  + δ2) and (  – δ1→  + δ1,  – δ2→  + δ2)) 𝜃1 𝜃1 𝜑1 𝜑1 𝜃2 𝜃2 𝜑2 𝜑2

is used to quantify unidirectionality of antenna:

                              (dB)𝐹/𝐵 = 10𝑙𝑜𝑔10

∫𝜃1 + 𝛿1
𝜃1 ― 𝛿1

∫𝜑1 + 𝛿2
𝜑1 ― 𝛿2

𝑆(𝜃,  𝜑)𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜑

∫𝜃2 + 𝛿1
𝜃2 ― 𝛿1

∫𝜑2 + 𝛿2
𝜑2 ― 𝛿2

𝑆(𝜃,  𝜑)𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜑

Here, ( ) corresponds to the angular position of the region of maximum signal (forward 𝜃1, 𝜑1

direction) whereas ( )  is the position of the opposite sector (backward direction), with 𝜃2, 𝜑2 𝜃2 =

 and . Given the signal distribution in the observed BFP patterns, we chose 2δ1 to 𝜃1 𝜑2 = 𝜑1 + 𝜋

cover a 6 super-pixels distance, δ2 = 25° (total angular range of 50°). Given the F/B ratio in the 

simulated BFP patterns, we chose δ1=10°.
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Single molecule measurements

A sample-scanning confocal microscope with a high NA objective (Olympus, 100× NA=1.4) 

was modified to include a flip mirror in the detection path to switch between confocal and BFP 

imaging. Briefly, the BFP imaging path consists of a relay lens (f=100 mm) and a Bertrand lens 

(f=50 mm)31, that produce a BFP image onto a CCD sensor (Andor iXon Ultra 888). The confocal 

detection is done with a single-photon counting avalanche photodiode (τ-SPAD, PicoQuant)

Measurements started with a confocal image of a region of interest in the sample from which the 

location of the target structures is determined. Then, the detection is switched to BFP imaging and 

the sample is moved to position a single structure in the center of the excitation focus. The CCD 

was used in kinetic mode in order to acquire videos. An integration time of 1s per frame was 

applied, and a sufficient number of frames was recorded (~60 frames) to allow for the observation 

of the bleaching step and to record PL BFP images after that. A 4×4 binning was applied during 

acquisition to have a higher signal per pixel21. This results in an emission pattern consisting of 

36×36 super-pixels (1.9×1.9 mm). To achieve a good SNR, the EM gain of the camera was set to 

75. 
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For analysis of the BFP videos, the total signal inside a circular ROI containing the pattern is 

retrieved and plotted as a function of the frame number. This yields an intensity time trace (see 

Fig. 2A) that can be used to identify the bleaching frame. Frames are averaged before (PL+FL) 

and after (PL) this bleaching step, and the subtraction of these two averaged images yields the 

average single-molecule signal (FL).

DNA origami design and folding

The T-shape DNA origami was designed using CaDNAno32 and visualized for twist correction 

using CanDo33. Fig. S1 shows a cartoon of the origami indicating its dimensions and the positions 

of the modified staples. In short, the DNA template has 18x Poly-A8 (blue) and 2x Poly-A12 

(green) ssDNA strands (Biomers.net GmbH) at each side that serve as handles to accommodate 

nanoparticles surface functionalized with Poly-T. An ATTO 594 fluorophore (red, Biomers.net 

GmbH) is positioned directly on top of one of the NRs, or at the top-center, as shown on Fig. S1. 

The design files are uploaded at https://nanobase.org/34.

Unmodified DNA sequences were purchased from Integrated DNA Technologies INC. In short, 

a scaffold consisting of a vector derived from the single-stranded M13-bacteriophage genome 
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(M13mp18, 7249 bases, Bayou Biolabs) and staples (100 nM, ca. 32 nts) were mixed in a 1x TAE 

buffer (40 mM Tris, 10 mM Acetate, 1 mM EDTA, pH 8, stock purchased from Alfa, CAS#77-

86-1, J63931.k3) containing 12 mM MgCl2 (stock purchased from Alfa, CAS#7786-30-3, 

J61014.AK). The solution was heated to 75°C and ramped down to 25°C at a rate of 1 degree every 

20 mins. The folded DNA origami structures were purified from excess staple strands by gel 

electrophoresis using a 0.8 % agarose gel (LE Agarose, Biozym Scientific GmbH) in a 1x TAE 

buffer/12 mM MgCl2 buffer for 2.5 hours at 4 V/cm. The appropriate band containing the targeted 

DNA template was cut out and squeezed using cover slips wrapped in parafilm.

Nanorods functionalization and attachment to DNA template

Experiments were performed with AuNRs prepared following previously established protocols35 

and with commercial nanorods with nominal dimensions of 40 nm diameter and 68 nm length 

(Nanopartz INC.). Functionalization of both custom built and commercial AuNRs was performed 

in the same way. Thiolated DNA (Thiol-C6-T18, ELLA Biotech GmbH) was mixed with Au 

nanorods at a 100 nmol:100 uL_100 OD ratio and frozen overnight36. Excess DNA was removed 

using gel electrophoresis. This step also ensures the removal of any self-aggregated dimer formed 
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during the NP functionalization. The concentration of AuNRs was determined via UV-Vis 

absorption spectroscopy (Nanodrop).

The purified DNA template was mixed with the purified AuNRs using an excess of five AuNRs 

per binding site and adding NaCl to a final concentration of 600 mM. The sample was then 

annealed at 30° C and cooled down to 25° C at a rate of 1 degree every 30 min. This cycle was 

repeated 6 times. The excess of NPs was then removed by gel electrophoresis (running for 4.5 

hours) and the band containing correctly formed dimers was extracted as described before.

Sample preparation 

For immobilization of the structures, glass cover slips were first rinsed with water and then 

cleaned in a UV cleaning system (PSD Pro System, Novascan Technologies, USA). The surfaces 

were functionalized by sequentially immersing the substrates in the following solutions: BSA-

biotin/PBS (0.5 mg/mL, Sigma Aldrich, CAS#9048-46-8, A8549-10MG) for 20 mins, 

neutrAvidin/PBS (0.5 mg/mL, Thermofischer, 10443985) for 20 min, and 5’ biotin-Poly-A15-3’ 

ssDNA for 20 mins (Biomers.net GmbH). In between all the steps, the coverslips were washed 

with 1x PBS buffer (Alfa, J75889.K2). The so prepared substrates were incubated overnight with 
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the purified structures of DNA-origami with AuNRs for their immobilization through DNA 

hybridization of the Poly-A on the surface and the free Poly-T on the AuNRs.

ASSOCIATED CONTENT
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