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1 Introduction

Abstract: Tailoring the fluorescence emission of quantum
emitters to a desired direction is a crucial issue to achieve
high efficient photodetection and realize unique optoelectronic devices. In this study, the directional emission of
quantum dots controlled by optical traveling wave antennas based on 1D silver nanowires (NWs) was investigated.
Both leaky waves and surface waves on a single NW are
utilized for fluorescence emission control, and we show
that the coupled fluorescence transforms from bidirectional to unidirectional emission when the surrounding
medium changes from air to water. Moreover, in the unidirectional case, we obtain an ultra-narrow half-power
bandwidth about 20°. Finite-difference time-domain
simulations and Green’s function method in a stratified
medium are used to calculate the far-field emission patterns of the hybrid structures, which agree well with the
experiments. Further analyses based on typical modes
and the dipole-chain model also reveal the mechanism
behind the bidirectional and unidirectional fluorescence
emission. These results show that the structures have
great potential in integrated on-chip, sensing and photoncollection devices.

The isotropic nature of fluorescence emission from
quantum emitters (QEs) severely limits its application in
various fields, such as effective photon detection [1, 2], fluorescence imaging [3, 4], biochemical sensing [5, 6], and
quantum information [7, 8]. Optical antennas, possessing
the capability to interface near fields and far fields, offer
unprecedented possibilities for directional fluorescence
emission control [9–12]. Various kinds of optical antennas have been designed for this purpose. For example,
nanorod antennas and U-shaped resonators based on
resonant electric dipoles or magnetic quadrupoles [13,
14], parabolic reflectors and bull’s-eye structures relying
on the geometrical effect to redirect far-field emission
by reflection or refraction on appropriately shaped surfaces [15, 16], and antenna arrays using the interference
of antenna elements with different relative phases [17, 18].
To realize the desired emission control of fluorescence, all
these antennas need a robust parameter design and costly
nanofabrication technology, and the emitter should be
precisely placed at a certain location with respect to the
antennas [19, 20], which limits the wide application of
such antennas. Recently, optical traveling wave antennas
(OTWAs), a new branch of optical antennas, have been
investigated [21, 22]. OTWAs can transform free-space
light into nanoscale leaky or guided waves travelling on
the optical wave guide, which can be classified as leaky
wave antennas (LWAs) and surface wave antennas (SWAs)
[23]. The LWAs have been successfully achieved both by
dielectric nanofibers and metallic nanowires (NWs), while
the SWAs can be achieved by metallic NWs due to the confinement of surface plasmons (SPs).
Chemically synthesized crystalline Au or Ag NWs
possessing relatively low ohmic losses are usually the
preferred structures to serve as OTWAs [24–27]. Former
studies on light-matter interactions of Au or Ag NWs are
focused on their transmission or enhancement to the QEs’
emission [28–31]. The unique potential of these structures
to achieve far-field fluorescence directional control of QEs
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is rare. Moreover, former studies on metallic NW-based
OTWAs do not give detailed analyses about the emission
patterns in the far field [32]. Therefore, the unique radiation properties and mechanism behind NW-based OTWAs
to direct emission by QEs are still unclear.
In this paper, hybrid structures with quantum dots
(QDs) uniformly wrapped on the Ag NWs by an SiO2 spacer
are designed and fabricated to achieve far-field emission
control of QDs. We experimentally observed bidirectional
emission lobes of fluorescence in the Fourier images
when the hybrid NWs (HNWs) were immobilized on the
substrate and exposed in the air. While the surrounding
medium changed from air to water, the bidirectional emission disappeared and a unidirectional emission emerged
with an ultra-narrow divergence. The divergence of the
emission assessed by the half-power bandwidth (HPBW)
can be reduced to 20° at certain diameters of the HNWs.
To confirm the validity of our experiments, finite-difference time-domain (FDTD) simulations and Green’s function method on stratified medium were used to construct
the full-field emission patterns. The calculations agreed
well with the experiment measurements. Further calculations based on mode analysis and the dipole-chain model
revealed that the bidirectional and unidirectional emissions originated from the leaky radiation and the scattering of the confined mode at the NW end. Therefore, single
NWs can serve both as LWAs and SWAs, and the fluorescence emission patterns of QDs can be tuned diversely by
controlling the contribution of these two parts. These findings enable us to better understand the emission process
of QDs modulated by NWs and show great potential in
nanophotonics devices.

(rectangular and spherical coordinate systems) are defined
in this configuration. Due to the specific dispersion in relation to SP waves, the leaky light will mainly distribute above
the critical angle θc, which can be calculated by the relation
n1 = n2 × sin(θc) [22, 33, 34]. In the experiment, Fourier optical
imaging microscopy was used to investigate the direction of
the scattered light. The scattered light was recorded at the
glass side by a charge-coupled device camera with an integration time of 1000 ms. The angular distribution described
by θ and φ can both be inferred from the measured Fourier
image according to the internal relation between the spherical coordinate system and the Fourier image [34, 35]. A
cross-sectional view of the HNW on a glass substrate is
present in Figure 1B, where the HNW was immobilized on
glass substrates (n2 = 1.52), and immersed in the medium
with a refractive index (RI) of n1. The QDs with a radius of
about 4 nm were uniformly adsorbed onto the SiO2 spacer.

2 Results and discussion
The experimental schematic diagram is present in Figure 1A.
The HNW with axis points to the positive direction of the
x-axis was placed on the glass substrate. CdSe/ZnS core/
shell QDs which are more stable and slow to photo-bleach
were chosen as the fluorescence source. The QDs absorbed
on the HNW were excited by a focused continuous laser
beam (λ0 = 532 nm) from the glass side (n2 = 1.52) and the
power of the incident laser beam was kept at about 200 μW.
Then, the fluorescence emission of the QDs (with a central
peak at λ = 645 nm) will partially couple to the SPs traveling
along the HNWs. While the SPs propagate along the HNW,
most of the energy will leak into the substrate or scatter at the
HNW end, while only a tiny fraction reflects back. According to the scattering process of light, two coordinate systems

Figure 1: The designed structure and optical images.
(A) Schematic of the hybrid nanowire (HNW) on the glass substrate
and the fluorescence emission process of quantum dots (QDs).
In the defined rectangular and spherical coordinate systems, the
x-axis is along the nanowire and the z-axis is perpendicular to the
glass substrate, while θ and φ are the polar and azimuthal angles,
respectively. θc is the critical angle due to the symmetry breaking of
the refractive index in the z-axis. (B) The cross-sectional view of the
HNW on the glass substrate. (C) Transmission electron microscopy
(TEM) image of a representative HNW. Scale bar: 200 nm. (D), (E) The
optical bright field images of the HNWs excited by a focused laser
beam when the upper surrounding mediums are air (n1 = 1.00) and
water (n1 = 1.33), respectively. Scale bar: 5 μm.

Y. Wang et al.: Bidirectional to unidirectional emission of fluorescence

The SiO2 layer with a thickness d = 11.96 ± 1.71 nm is a carefully designed layer to prevent QDs from quenching and
to achieve high fluorescence enhancement. The D, which
denotes the diameter of the Ag NW, is a crucial parameter
to adjust the divergence of the scattered fluorescence. A
transmission electron microscopy (TEM) image of a representative HNW with a hemispherical end is shown in
Figure 1C. Figure 1D and E are the optical images of the
excited HNWs when they were immersed in air (n1 = 1.00)
and water (n1 = 1.33), respectively. We can observe that the
light on the HNW surface in air is much brighter than that
in water, which is because of the stronger leaky radiation
of SP energy into the glass substrate. In all experiments,
we kept the excitation of the focused laser spots about
10 μm away from the right end of the HNWs. In addition,
we obtained the optical images by adding a long-pass
filter to the light path to remove the laser spot. In Figure
1D, A1 represents the fluorescence of excited QDs radiating
into free space, while A2 is the coupled fluorescence scattering at the HNW end. To filter out A2 for the directional
study, the spatial filtering system must be employed and
the spatial filtering region is denoted with a black dashed
square in Figure 1E.
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To reveal the changes of the emission patterns from
QDs induced by NW antennas, we first measured the
Fourier images of QDs deposited on the glass substrate,
without the Ag NW antenna (Figure 2A). Due to the limiting numerical aperture (NA) of the objective lens, only
fluorescence emission of 0° ≤ θ ≤ θNA could be captured.
The outer circle in the Fourier image is determined by
NA = 1.40 of the objective, and the inner circle is determined by the critical angle θc The captured image shows
a uniform ring distribution between the critical angle
θc = 41° and θNA = 67°, which implies the isotropic characters of the QDs’ fluorescence emission in the φ direction.
In the next step, the Fourier images of the QDs’ emission modulated by HNWs (D = 230.37 ± 28.09 nm) were
recorded and are shown in Figure 2B. The isotopic emission of QDs transformed into a line-shaped main lobe concentrated near θc. Also, (θm, φm) = (43°, 0°) representing the
maximum intensity point in the Fourier image is used to
describe the direction of the main lobe. Moreover, a secondary lobe in an arc shape with a much smaller intensity
can also be observed near θNA. Therefore, there are bidirectional emission lobes when the HNWs are immersed in
air. However, when the upper surrounding medium of the

Figure 2: Measured and calculated Fourier images.
(A) Measured Fourier image of fluorescence from excited quantum dots (QDs) immobilized on the glass substrate, without a nanowire (NW)
antenna (n1 = 1.00, n2 = 1.52). The inner dashed circle at θc = 41° represents the critical angle between the air and glass substrate. The outer
dashed circle at θNA = 67° marks the experimentally accessible angular range. (B), (C) Measured Fourier images of excited hybrid nanowires
(HNWs) immersed in air (n1 = 1.00) and water (n1 = 1.33), respectively. The inner dashed circle at θc = 61° in (C) denotes the critical angle in the case
of water. (θm, φm) is the maximum intensity point. (D–F) Calculated Fourier images show a similar behavior as the experimental Fourier images.
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Figure 3: The radiation properties for unidirectional emission.
(A–D) Normalized intensity distributions versus φ at θm extracted from the Fourier images. Hybrid nanowires (HNWs) with four different
diameters were measured and calculated (n1 = 1.33). The green circles and red solid lines represent the experimental and calculated dates,
respectively. (E) Experimental and calculated results with respect to half-power bandwidth (HPBW, Δφ) for diameter (D).

HNWs changed from air into water, the line-shaped main
lobe disappeared and the fluorescence emission exhibited
a unidirectional arc-shaped lobe concentrated near θNA, as
shown in Figure 2C. The θc changed to 61°, which is also
marked as an inner dashed circle and the emission direction was measured to be (θm, φm) =(62°, 0°). Obviously, the
emission lobes for both cases are at φ = 0°, corresponding
to the φ direction of the HNW axis, which is due to the
symmetry of the RI in the φ direction. The Fourier images
in Figure 2D–F constructed by FDTD simulations and
Green’s function method are consistent with the experimental results, and are described in the next section.
To further investigate the unidirectional emission,
a series of HNWs with varying diameters (D) were fabricated. The statistical values of D according to the
TEM images were 102.65 ± 11.40 nm, 173.89 ± 37.72 nm,
230.37 ± 28.09 nm and 444.84 ± 89.75 nm (see section S1
in the Supporting information). Figure 3A–D are the polar
diagrams of normalized intensity distributions versus φ
for θm extracted from the Fourier images. We can clearly
observe that the unidirectional lobes point toward φ = 0°
both in the experimental and the calculated results. As D
increased, Δφ increased as well, but the increment speed
became slower, as shown in Figure 3E. The dates for each

D were obtained by measuring five HNWs. The minimum
HPBW was reduced to Δφ = 21.5 ± 1.52° for D = 102.65 nm,
and the calculated value Δφ = 22.9° was well within the
error bar of the experiment results. The measured and
calculated HPBW at about 20° for unidirectional emission was much narrower than the previous report [16, 36],
which is crucial for efficient collection of fluorescence
from QDs.

3 C
 alculation methods and
mechanisms
For full-space radiation patterns of the HNWs, the 3D
FDTD simulations and Green’s function method for stratified medium were utilized. In the FDTD simulations, the
smallest mesh size was 4 nm. HNWs were modeled as
cylindrical Ag NWs with a layer of silica nanotubes tightly
wrapped on them, and the lengths of the whole structures
were reduced to 6 μm due to computational constrains.
The HNW ends were enclosed with a hemisphere to mimic
the end shape according to the TEM image in Figure 1C.
The parameters of the simulated models of HNWs and the
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Figure 4: Far-field radiation patterns calculated by Green’s function method.
(A–D) The calculated far-field radiation patterns projected onto the yz-plane by varying n1 (D = 230.37 nm). L1 and L2 (A) denote the
bidirectional emission lobes. The grid lines indicate the spherical coordinate system. (E–G) The calculated far-field radiation patterns
corresponding to three lowest-order modes (TM0, TM1 and TM2) in the hybrid nanowire (HNW), for λ0 = 645 nm. The insets show the
transverse electric near field intensity distributions (|E |) and vector plots of the three typical modes. The white arrows indicate field
directions in the transverse plane.

properties of the surrounding medium strictly followed
the experimental scheme. The optical index for the Ag
NWs was taken from the experimental values provided
by Palik [37]. A dipole (z-polarizations) with a modified
spectrum according to the emission spectrum of the QDs
was used as the optical source. This is because when Ag
NWs are excited by z-polarized dipoles, the far-field intensity of the scattered light will be much higher than that
excited by x- or y-polarized dipoles (see section S2 in the
Supporting Information). Firstly, we obtained the nearfield complex electric distributions of HNWs excited by
the dipole by including emission from the final 0.5–3 μm
of wire length. Then, the far-field radiation patterns of
the structures were calculated through Green’s function
method in a stratified medium [38, 39]:

  

 2
1
S = c ε0 εb E 0 (r ) + ∫dr ′G(r , r ′ )k02 ∆ε(r ′ ) E (r ′ ) 
2

(1)

where S denotes the radial component of the Poynting vector at a large distance r from the scatterer, k0 and
c are the wave number and speed of light in vacuum,
respectively, ε0 is the permittivity of vacuum, and εb is the
dielectric permittivity of the material the radiation is scat


tered into. In ∆ε(r ′ ) = ε(r ′ ) − εb , ε(r ′ ) corresponds to the

dielectric function of the material where the scatterer is


present. E 0 (r ) and E (r′ ) represent the
source field
 electric

and total near field, respectively. G(r , r′ ) is the Green’s
function, which describes field propagation in a certain
direction (see section S3 in the Supporting Information).
Figure 4A illustrates the calculated 3D radiation
pattern projected onto the yz plane when the HNW was on
the substrate and exposed in air. Bidirectional emission
can clearly be observed with the directions of the main
lobe (L1) centered at (θ, φ) = (41°, 0°) and the secondary
lobe (L2) at (θ, φ) = (70°, 0°), respectively. To better demonstrate the experiments, we also calculated the cases
when the upper mediums were water (n1 = 1.33), ethylene
glycol (EG) (n1 = 1.42) and index matched oil (n1 = 1.52)
and the results are shown in Figure 4B–D. The bidirectional emission became unidirectional emission with the
directions centered at (θ, φ) = (66°, 0°), (70°, 0°) for the
cases of water and EG, respectively, which meant that
the maximum value of θ for each emission was approximately located at their θc. For n1 = n2 = 1.52, corresponding
to the case that the HNW was placed in a homogenous
medium, the emission direction (θ, φ) = (90°, 0°) well
along the HNW axis was due to the complete symmetry
of the structure.
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To investigate the mechanism behind the evolution
of bidirectional to unidirectional fluorescence emission,
we calculated the three basic modes (TM0, TM1 and TM2)
supported by HNWs (D = 230.37 nm, n1 = 1.00). Figure 4E
shows the emission pattern of the HNW individually fed
by the confined plasmon mode TM0. There was a unidirectional lobe at (θ, φ) = (70°, 0°), corresponding to L2 in bidirectional cases (Figure 4A). The transverse mode pattern
of the TM0 mode with the electric field mainly confined
around the HNW surface at the glass side is also shown
in the inset. For the bound plasmon modes, their effective
RIs were larger than that of the substrate, and for the leaky
modes, their effective RIs were smaller than that of the
substrate. The effective index of the TM0 mode was calculated to be 1.49 when the upper medium was air. However,
it was 1.66 when the upper medium changed into water,
which was larger than the RI of the substrate (1.52). Thus,
TM0 is a bound plasmon mode in water and a leaky mode
in air. For the TM1 and TM2 modes, the far-field radiation
patterns (Figure 4F and G) both exhibited a unidirectional
lobe centered around (θ, φ) =(41°, 0°), corresponding to
L1. For the transverse mode pattern of TM1 and TM2 modes
in the insets, the electric field mainly concentrated at
the air side while it leaked at the glass side. The effective
indexes for the TM1 and TM2 modes were 1.10 and 1.04,
approaching that (1.05) of the infinite silver/air interface
plasmon mode. Given that their effective RIs were considerably smaller than that of the substrate, a large portion of
energy will have leaked into the substrate during propagation. Moreover, when the surrounding medium changed

from air into water, the effective index of the leaky modes
increased (1.50 for TM1 and 1.48 for TM2), being much
closer to that of the substrate n2 = 1.52 (see section S4 in
the Supporting Information). This will have reduced the
energy that leaks into the substrate. Therefore, the bidirectional emission will have evolved into unidirectional
emission when the upper medium changed from air into
water or medium with higher RIs.
For further exploration of the fluorescence emission
from HNWs, the charge densities of these structures were
calculated by solving the Poisson’s equation [19, 40].
Figure 5A shows the case where HNW is exposed in air
(n1 = 1.00) and illuminated by a nearby dipole source with
λ0 = 645 nm. The excited charges periodically propagated
along the HNW with the effective wavelength λair > λair–glass
and reverse charges were induced at the glass side. As we
changed the upper medium from air into water or EG, the
reverse charges decreased substantially (Figure 5B and
C). Until the RI of the upper medium (oil) matched with
that of glass perfectly, the induced inverse charges disappeared completely (Figure 5D). Based on the above discussion, we used a chain of oscillating electric dipoles with
polarizations perpendicular to the substrate to model SPs
propagation on the HNW (see section S5 in the Supporting
Information). The far-field radiation pattern of this configuration was calculated and is shown in Figure 5E. The
direction at (θ, φ) = (41°, 0°) and the shape of this lobe corresponded well to the radiation of the leakage plasmon mode
TM1 (L1 in Figure 4A and F). Thus, the leaky radiation on the
HNW surface originates from the induced reverse charges

Figure 5: The dipole-chain model.
(A–D) The charge density distributions at the xz-plane that cut cross the axis of the hybrid nanowires (HNWs) (D = 230 nm, d = 12 nm) when
they are deposited on the glass substrate (n2 = 1.52) and immersed in air (n1 = 1.00), water (n1 = 1.33), ethylene glycol (EG) (n1 = 1.42) and
index matched oil (n1 = 1.52) under dipole (λ0 = 645 nm) excitation. Scale bar: 200 nm. (E) The far-field radiation patterns for the surface
waves of HNWs at the glass side are modeled as a chain of electric dipoles with polarization perpendicular to the glass substrate.
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caused by the mismatch of RI. Moreover, the reduced reverse
charges for those in higher RI will lead to the weakening of
leaky radiation. Therefore, the model further proved that
by controlling the RI of the surrounding medium, which
will change the contribution of the leaky radiation to the
total radiation, the fluorescence radiation patterns of QDs
can be tuned diversely to the desired directions.

4 Conclusion
In conclusion, we realized the bidirectional and unidirectional fluorescence emission by employing HNWs immersed
in different surrounding mediums. The divergence of the
unidirectional lobe can be reduced to 20° by decreasing the
diameter of the NW. The calculated results from FDTD and
Green’s function method are consistent with the Fourier
images obtained experimentally. From the analysis of the
far-field emission patterns for three typical travelling modes
and the constructed dipole-chain model, we found that the
evolution of the fluorescence emission from bidirectional to
unidirectional comes from both the leaky and bound waves
supported by the HNW. Therefore, we realized the fluorescence directional control both by leaky waves and surface
waves in a single structure. By controlling the contribution of these two parts, the fluorescence emission patterns
of QDs can be tuned diversely. These findings enable us to
better understand the emission process of QEs modulated
by the travelling wave antennas and show great potential in
achieving multifarious nanophotonics devices.
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