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ABSTRACT Steering incident light into specific directions at the nanoscale is very
important for future nanophotonics applications of signal transmission and detection. A
prerequisite for such a purpose is the development of nanostructures with high-efficiency
unidirectional light scattering properties. Here, from both theoretical and experimental
sides, we conceived and demonstrated the unidirectional visible light scattering behaviors
of a heterostructure, Janus dimer composed of gold and silicon nanospheres. By carefully
adjusting the sizes and spacings of the two nanospheres, the Janus dimer can support both
electric and magnetic dipole modes with spectral overlaps and comparable strengths. The
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interference of these two modes gives rise to the narrow-band unidirectional scattering
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behaviors with enhanced forward scattering and suppressed backward scattering. The directionality can further be improved by arranging the dimers into
one-dimensional chain structures. In addition, the dimers also show remarkable electromagnetic field enhancements. These results will be important not

only for applications of light emitting devices, solar cells, optical filters, and various surface enhanced spectroscopies but also for furthering our

understanding on the light—matter interactions at the nanoscale.
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uring the past decades, tremendous

advances have been achieved in

integrated optoelectronic systems
with low power consumption, fast proces-
sing speed, and highly sensitive responsiv-
ity. In order to push the envelope of these
devices to meet today's explosive demands
of information transfer and processing, one
needs to further miniaturize various pho-
tonic structures and devices down to the
nanoscale for the purpose of obtaining un-
precedented operational speed and chip-
scale ultracompact integration. As the sizes
of the devices get smaller and approach the
nanoscale, how to focus and manipulate
light beyond the diffraction limit become a
great challenge not only for manufacturing
techniques but also for physical fundamen-
tals. One attractive topic toward this direc-
tion is the steering of incident light into a
specific direction, which is of fundamental
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significance for the various device applica-
tions, such as solar cells,” light-emitting
devices,>* and ultrasensitive sensors.*> Con-
ventional approaches for such purposes
usually incorporate various complex archi-
tectures, such as metallic nanoantenna,
photonic crystals, and metamaterials, to en-
gineer the wavefront of the light and control
its flow direction.®~'° These structures rely
on precisely locating many individual build-
ing units into specific arrangements, which
usually requires very complicated and time-
consuming lithography techniques and are
therefore not favor for the device integration.
On the other hand, localized surface plasmon
resonances existing in individual metal nano-
structures have expanded research in nano-
photonics due to their ability to focus free-
space light down to the subwavelength
scale.”'™"® Under resonance excitation, the
plasmonic oscillations can induce remarkable
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electromagnetic field enhancement in the vicinity of
the nanostructures and strongly modify the localized
photonic density of states, giving rise to anisotropic
light radiation. However, usually only the dipolar plas-
mon modes can efficiently couple with the free-space
optical field, and consequently, scattering patterns
with doughnut shape will be obtained."*'> In order
to direct the light scattering into one specific direction
while suppressing the radiation in other unwanted
directions, complex architectures with several metal
nanostructures structuring into specific arrangements
have to be applied."®"'® In addition, all-metallic-type
nanostructures always suffer from the high ohmic loss
by the metal, which is not favorable for applications in
signal generation and transmission.

In recent years, dielectric nanoparticles with a high
refractive index have been shown to exhibit intriguing
anisotropic light-scattering properties originated from
their intrinsic optical magnetic resonances.'®~%* The
presence of the magnetic modes can lead to its strong
interference with the electric dipole mode of the
nanoparticle, which can strongly suppress the back-
ward scattering and lead to unidirectional forward
scattering even in an individual nanoparticle.?"*~2’
However, in order to induce efficient coupling be-
tween the magnetic and electric dipole modes, the
operating spectral regime should be kept within the
range where the magnitudes of these two modes are
equivalent to each other. Usually, such a regime is far
from the resonance frequency, and therefore, the
anisotropic scattering is generally weak.2® For the sake
of enhanced unidirectional scattering, one needs to
generate electric and magnetic dipoles with the same
resonance frequency and comparable amplitude. Re-
cently, hybrid structures composed of dielectric and
plasmonic metal components have received extensive
attention due to their extraordinary optical properties
derived from the synergistic interactions between
these two components.?? 33 Specifically, silver core—
dielectric shell nanostructures have been proposed
whereby the strong coupling between the magnetic
resonance of the shell the electric resonance of the
core can lead to enhanced broadband forward scatter-
ing while suppressing backward scattering.?®3*~37
Although the reported results are all based on theore-
tical calculations, the proposed strategy has opened up
a new avenue toward unidirectional light scattering.

In this paper, from both theoretical and experimen-
tal viewpoints, we present our study on realization of
unidirectional forward scattering in the visible range
using Janus nanosphere dimers composed of a high-
refractive-index silicon nanosphere and plasmonic
gold nanosphere. By properly adjusting the sizes of
these two components and the spacings between
them, the electric and magnetic dipoles can be tuned
to have equivalent strength in a specific narrow wave-
length range. In such a regime, the electric and
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magnetic dipole modes can interfere destructively in
the backward direction but constructively in the for-
ward direction, giving rise to unidirectional forward
scattering under the excitation polarization along
the dimer axis. Furthermore, the frequency regime
for the unidirectional scattering can be facilely tuned
by tailoring the sizes of the two nanospheres. For
applications such as sensing, light-emitting devices,
and photovoltaic devices, usually nanostructures with
“hot-spots” of large electromagnetic field enhance-
ment are strongly needed. We also demonstrated that
remarkable electric field intensity enhancement up to
170 times can be established in the gap region be-
tween the gold and silicon nanospheres, which can
further be verified using Raman spectroscopy. Finally,
we showed that the directionality of the light scatter-
ing can be additionally enhanced by employing a chain
of the magneto—electric Janus dimers. We want to
emphasize that in prior studies metallic heterodimers
with close spacing have been demonstrated to show
anisotropic scattering behavior in response to different
excitation directions.” The anisotropic scattering origi-
nates from the hybridization between various electric
plasmon modes of the heterodimers due to the retarda-
tion effect, while the mechanism for unidirectional light
scattering in our current study is the hybridization
between electric and magnetic dipole modes with
comparable magnitudes. Therefore, no phase retarda-
tion effect is needed for the anisotropic light scattering
in the gold and silicon nanosphere dimers.

RESULTS AND DISCUSSION

According to the predictions using Mie theory, light
scattering from spherical nanoparticles can be decom-
posed into a series of multipolar contributions, which is
stated as'*

21T &
Coa = 5 2 @n+1)(an|* +[ba]") (1)
n=1

where k is the wavevector and a, and b, are the
scattering coefficients standing for electric and mag-
netic multipolar contributions, respectively. For nano-
particles with sizes much smaller than the incident
wavelength, usually only the first two terms dominate.
The far-field scattering spatial distributions are deter-
mined by the interference between these different
multipolar modes.'*?® Figure 1 gives the theoretical
scattering cross sections for an individual gold nano-
sphere and silicon nanosphere in free space, which are
excited by a plane wave with linear polarization from
top. The diameters of these two particles are both
150 nm. For the gold nanosphere, the scattering reso-
nance centers at 560 nm (Figure 1a). At this resonance,
the contribution from a; overwhelms those of the other
terms, which means that the scattering in the gold
nanosphere is dominated by the electric dipole mode
(Figure 1a, left). As a result, the far-field scattering
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Figure 1. Calculated scattering properties of individual
gold and silicon nanospheres in free space. The diameters
of the gold and silicon nanospheres are both 150 nm. (a)
Scattering cross sections (red) of an individual gold (left)
and silicon (right) nanospheres. The contributions from the
a, (dark blue) and b, (green) terms in the Mie expansion are
also included. (b) Far-field scattering patterns of the three
resonances: 560 nm, electric dipole mode of the gold nano-
sphere; 500 nm, electric dipole mode of the silicon nano-
sphere; and 610 nm, magnetic dipole mode of the silicon
nanosphere. The nanospheres are excited by a plane wave
with linear polarization from top.

exhibits a doughnut-shaped pattern with symmetric
backward and forward scattering (Figure 1b). In con-
trast, the scattering spectrum for silicon nanosphere
shows two well-defined resonance peaks (Figure 1a,
right). These two peaks can be attributed to the con-
tributions from a; and b,, which are the electric (around
500 nm) and magnetic (around 610 nm) modes, respec-
tively. Both modes are of dipolar nature with doughnut-
shaped scattering patterns (Figure 1b) similar to that of
the gold nanosphere. The electric and magnetic modes
in the silicon nanosphere are orthogonal to each other
and can interference together to suppress the backward
scattering in specific frequency regime 2'?%3** However,
as mentioned above, the resulting unidirectional for-
ward scattering by an individual silicon nanosphere is
usually weak because the operating frequency is not
close to both of the two resonances.

In order to obtain enhanced unidirectional scatter-
ing, one needs to create electric and magnetic dipole
resonances with simultaneous spectral overlap and
comparable strength. This can be understood by con-
sidering the far-field scattering intensity distribution
where only the dipolar modes dominate?”28

[sin%p(a; + b, cosf)? + cos?p(a;cos + b, )2]

= )

Isca(9/ (/)) o<

where 6 and ¢ are the polar and azimuthal angles,
respectively. For equal dipolar electric and magnetic
resonances the scattering intensity is reduced to

a?(1 + cos6)?

Isca (0) o< K2

3)

where the scattering is solely dependent on the polar
angle between the incident and detection directions.
As a result, the backward scattering (60 = 7) is com-
pletely canceled while the forward scattering (6 = 0) is
enhanced. Although the above analysis is based on the
point dipole model, from a practical point of view, the
unidirectional scattering can be realized via incorpora-
tion of two nanospheres with respective electric and
magnetic dipole resonances. As is well-known, the
electric dipole mode, or the dipolar plasmon mode,
of the gold nanospheres is of surface type, making its
resonance properties very sensitive to the surrounding
environment. In contrast, the magnetic dipole mode
supported by the silicon nanosphere is of a cavity type
where the magnetic field is confined inside the nano-
sphere, and therefore, it is less sensitive to the sur-
rounding environment. In this regard, one can
engineer the electric and magnetic dipole resonances
by placing the gold and silicon nanospheres close to
each other (Figure 2a). Under excitations polarizing
along the dimer axis, the electron oscillations in the
gold nanosphere can strongly couple with the polar-
ized charges within the silicon nanosphere through the
Coulomb interactions. In this way, new electric and
magnetic dipole modes can be formed, as will be
analyzed in more detail in the following discussion.
One can finely tune the strength and the frequency of
these two dipole modes by carefully adjusting param-
eters such as the spacings of the dimer and the sizes of
the nanospheres, whereby enhanced unidirectional
scattering can be obtained via interference between
the newly formed electric and magnetic dipole modes
with spectral overlap.

Figure 2 gives the scattering properties of Janus
dimer composed of gold and silicon nanospheres
(Figure 2a) under excitation with polarization along
the dimer axis from the top. The diameters of the gold
and silicon nanospheres are 100 and 150 nm, respec-
tively. When the spacing (defined as the shortest
distance between the surface of the two nanospheres)
between the two nanospheres is large enough
(100 nm), the forward and backward scattering spectra
resemble those of the individual silicon nanosphere
(Figure 2b and c), with small enhanced scattering
around 550 nm. This observation indicates that for
large spacings the interaction between the two
spheres is too weak to form strong enough new dipole
modes for sufficient interferences. As a result, the
scattering is dominated by the simple superposition of
the contributions from both sides. As the gold nano-
sphere progressively approaches its dielectric counter-
part, their mutual interaction becomes stronger to
establish new dipole modes. When the newly formed
electric and magnetic dipole modes are of com-
parable strengths in their spectrally overlapped
regime, constructive (destructive) interference be-
tween these two modes will happen in the forward
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Figure 2. Calculated scattering properties of Janus dimer composed of gold and silicon nanospheres with various spacings in
free space. The diameters of the gold and silicon nanospheres are 100 and 150 nm, respectively. (a) Schematic showing the
Janus dimer and excitation geometry, where the dimer is excited by a plane wave polarizing along the dimer axis from top. (b)
Backward scattering spectra of the Janus dimers with various spacings. (c) Forward scattering spectra of the Janus dimers with
various spacings. For comparison the backward and forward scattering spectra of the individual silicon nanosphere are also

included in (b) and (c). (d) Far-field scattering patterns of the Janus dimers with varying spacings.

(backward) direction, giving rise to enhanced (sup-
pressed) forward (backward) scattering (Figure 2b,c).
For example, for a dimer with spacing of 1 nm, the
forward scattering intensity around the magnetic di-
pole mode at 620 nm is more than twice that of the
individual silicon nanosphere. At the same time, the
intensity for the backward scattering is only 5% of that
for the forward scattering in the dimer. Such unidirec-
tional scattering properties can be further corrobo-
rated by monitoring the dependence of the far-field
scattering patterns on the spacings between the two
nanoparticles at 620 nm (Figure 2d). As the gold nano-
sphere approaches the silicon nanosphere, the far-field
scattering patterns progressively change from a
doughnut-like pattern into the unidirectional forward
scattering pattern with azimuthal symmetry. In addi-
tion, the unidirectional scattering is also strongly de-
pendent on the polarization of the incident light. Pro-
nounced unidirectional scattering only occurs using
excitation polarized along the dimer axis. For excitation
with polarization perpendicularly to the dimer axis, the
forward and backward scattering spectra of the dimer
resemble those of an individual silicon nanosphere
with 150 nm diameter (Figure S1, Supporting Infor-
mation). Such polarization dependence of the scatter-
ing behavior emphasizes the importance of the long-
itudinal (along the dimer axis) coupling of the electric
and magnetic dipole modes for the unidirectional
scattering.

On the basis of the above simulation results, the
underlying physics of the unidirectional scattering in
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the Janus magneto—electric dimer structures can be fur-
ther understood using the hybridization model.'*3”~4°
Figure 3 illustrates how the various resonance modes
in individual gold and silicon nanospheres hybridize to
form the new electric and magnetic dipole modes
responsible for the unidirectional scattering. The left
and right panels in Figure 3a show the scattering
spectra of the individual nanospheres. Together with
the charge and current distributions associated with
various resonances, the electric dipole mode in the
gold nanosphere and the electric and magnetic dipole
modes of the silicon nanosphere are clearly visible. The
closeness in the energy levels of the monomers pro-
vides opportunity for the electric dipole mode (2.33 eV)
of the gold nanosphere to hybridize strongly with both
the electric (2.48 eV) and magnetic (2.03 eV) dipole
modes of the silicon nanosphere (Figure 3b). As in-
dicated by the dotted lines, when the dimer is formed
the two electric dipole resonances will hybridize to
form a new bonding electric dipole mode, which is
clearly revealed in the charge distribution around the
maximum (minimum) of the forward (backward) scat-
tering. We assigned this new mode as the gap electric
dipole mode (GEDM). The GEDM is a bright mode, and
its line width is relatively broad. Meanwhile, because
the circular electric current produced by the magnetic
dipole in the silicon nanosphere is parallel to the
electric dipole in the gold nanosphere, these two
dipoles can also hybridize with each other to form
a new resonance mode. This newly formed mode can
be readily assigned as dimer magnetic mode (DMM)
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Figure 3. Hybridization model for the unidirectional scattering of the Janus dimer composed of gold and silicon nanospheres.
The diameters of the gold and silicon nanospheres are 100 and 150 nm, respectively. The spacing between the two
nanospheres is fixed at 1 nm. (a) Calculated scattering spectra of the individual gold nanosphere (left panel), individual silicon
nanosphere (right panel), and the forward and backward scattering spectra of the Janus dimer (middle panel). Insets are the
charge and current distributions corresponding to each resonance. (b) Hybridization diagram for the Janus dimer. (c) Electric
field intensity enhancement contour on the central cross section of the Janus dimer. The contour is plotted at the logarithmic
scale. (d) Magnetic field intensity enhancement contour on the central cross section of the Janus dimer. For (c) and (d) the
dimer is excited at 620 nm with polarization along the dimer axis.

according to its related circular current distribution at
the same frequency as that of the GEDM. The line width
of the magnetic mode is usually narrower than that of
the electric dipole mode. Therefore, the DMM is a type
of dark mode. The energy level of these two modes
should be different, as indicated by the energy diagram
shown in Figure 3b. The “bright” GEDM and “dark”
DMM have opportunity to interference with each other
in a specific wavelength range where the magnitudes
of these two modes are comparable with each other.
Such a hybridization manner is similar to the coupling
of broad bonding dipole—dipole mode and narrow
bonding dipole—quadruple mode in pure metal nano-
sphere dimers, which leads to the Fano resonance line
shape in the far-field scattering spectrum.?” These
observations unambiguously corroborate our previous
standpoint that the unidirectional scattering is coming
from the interference between the hybridized electric
(GEDM) and magnetic (DMM) dipole modes.

Similar to the metallic and dielectric dimers, the
GEDM can induce remarkable electric field intensity
enhancement within the regime between the gold and
silicon nanospheres.'>*" At the forward scattering
maximum the enhancement factor can be as high as
170 for dimer at the center of the gap with 1 nm width
(Figure 3c). Such enhancement is larger than that
induced in the pure silicon nanosphere dimers,*'
which is very promising for applications in various
surface enhanced spectroscopies. On the other hand,
the magnetic field enhancement at the center of the
gap associated with the DMM can be up to 18 and is
also larger than that of the pure silicon dimers.*’ The
magnetic field enhancement is mainly confined inside
the silicon nanosphere (Figure 3d), suggesting that this
newly formed magnetic dipole mode is contributed
mostly from that of the individual silicon nanosphere.
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This is reasonable because the magnetic mode of the
silicon nanosphere is insensitive to the surrounding
environment due to its cavity nature. By realizing this,
we can further discuss one interesting behavior that
in contrast to the previous study where metal core—
dielectric shell nanostructures have been demon-
strated to show broadband unidirectional scattering
response,?® the Janus dimer exhibits a very narrow
spectral regime with distinct backward scattering
suppression and forward scattering enhancement
(Figure 2b and c). Such behavior can be understood
via the hybridization model. The interference between
the broad GEDM and narrow DMM can induce the
narrow unidirectional scattering band. The bandwidth
is mainly determined by the line width of the DMM.
This interesting property can make the Janus dimers as
excellent light filters and routers, which may find broad
applications in future nanophotonics devices.

The above discussion suggests that the narrow
wavelength regime where unidirectional scattering
occurs can be tuned by tailoring the magnetic dipole
mode of the silicon nanosphere. This can be done
through tuning the sizes of the silicon nanospheres.
Figure 4 shows the dependence of the forward/back-
ward scattering spectra of the dimer on the sizes of the
monomers. When fixing the diameter of the gold
nanosphere (100 nm) while changing the sizes of
the silicon nanospheres, the narrow band showing
enhanced forward scattering and suppressed back-
ward scattering strictly follows the magnetic modes of
the individual silicon nanospheres (Figure 4ab and
Figure S2, Supporting Information). The backward scat-
tering dips exhibit a nearly linear dependence on the
diameters of the silicon nanospheres (Figure 4d). On the
other hand, for dimers with fixed silicon nanosphere
diameter (100 nm) while changing gold nanospheres,
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Figure 4. Dependence of the scattering properties of the Janus dimers on the diameters of the monomers in air. (a, b)
Normalized forward (upper panel) and backward (lower panel) scattering spectra of dimers with varying silicon nanosphere
diameters. The diameter of the gold nanosphere is fixed at 100 nm. (c) Normalized forward (upper panel) and backward (lower
panel) scattering spectra of dimers with varying gold nanosphere diameters. The diameter of the silicon nanosphere is fixed at
100 nm. (d) Dependence of the dip positions with minimum backward scattering on the diameters of the gold (pink) and

silicon (green) nanospheres in the dimers. The dashed lines are guides for the eyes.

the enhanced forward scattering or suppressed back-
ward scattering band is almost invariant around the
magnetic dipole resonance of the silicon nanosphere
(Figure 4c¢,d). Moreover, by gradually increasing the
diameter of the gold nanospheres, the narrow-band
forward scattering can be further enhanced without
deteriorating the suppressed backward scattering. All
of these properties allow one to design Janus dimers to
fulfill different application requirements by choosing
the proper monomer sizes.

Single-particle dark-field scattering spectroscopy
was then utilized to verify the unidirectional scattering
properties of the Janus dimers composed of gold and
silicon nanospheres. For preparation of the dimer
structures, gold (NanoSeedz Ltd.) and silicon nano-
sphere colloidal solutions were first mixed together
and 10 uL of the mixture was drop-casted onto indium
tin oxide (ITO)-coated glass substrates. After the de-
posits were dried naturally under ambient conditions,
various dimers could be formed through the joint
actions of the capillary force established by the eva-
porating solvent and the van der Waals force between

WANG ET AL.

the surfactant-capped gold nanosphere and silicon
nanosphere.*? The spacings between the two nano-
spheres were estimated to be ~1 nm by taking into
consideration the surfactant layer of the gold nano-
sphere.*>*3 The use of ITO substrates allows the dimers
to be characterized with both scanning electron micro-
scope (SEM) and dark-field imaging. The backward and
forward scattering spectra were then measured under
the dark-field microscope equipped with a spectro-
meter. A pattern-matching method was employed
to correlate the morphology of each dimer and its
scattering spectrum.*?

We have measured various dimers with diameters of
the silicon nanospheres ranging from 100 to 160 nm,
while those of the gold nanospheres were fixed around
100 nm. Figure 5 shows the experimental scattering
properties of three representative Janus dimers, to-
gether with their dark-field and SEM images. The
scattering spectra clearly indicated that the forward
(orange curves) and backward (green curves) are dis-
tinctly different from each other for every dimer
(Figure 5a—c). The forward scattering overwhelms
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Figure 5. Experimental measurements of the scattering properties of the Janus dimers. (a—c) Forward (orange) and backward
(green) scattering spectra of three typical dimers. The uppermost images are colored forward (marked with letter F) and
backward (marked with letter B) dark-field scattering images and SEM images for each dimer. The scale bar in the SEM images
is 200 nm. The diameters for the silicon nanospheres in the dimers are 120, 130, and 160 nm, respectively. The diameters of the
gold nanosphere are fixed around 100 nm. The blue arrows indicate the maxima in the forward scattering and the sinks in the
backward scattering. (d—f) The calculated forward (orange) and backward (green) scattering spectra of the three dimers
shown in the SEM images. In the calculations, the dimers were supported onto ITO substrate with dielectric constant of 2.56.
The specific dimer was arranged into the geometry where the axis between the centers of the gold and silicon nanospheres

had an angle corresponded to the offset of their radii.

the backward scattering in broad spectral regimes. In
addition, each dimer exhibits a sink on its backward
scattering spectra. Corresponding to the sink position
there always exists a sharp enhancement on the for-
ward scattering spectra, as indicated by the blue
arrows shown in Figure 5a—c. These anisotropic scat-
tering behaviors are also manifested by the dark-field
scattering images showing different colors in the for-
ward and backward scattering directions for the same
Janus dimer.

With the help of the dark-field spectroscopic tech-
nique, the polarization dependence of the electric and
magnetic dipolar hybridization discussed above can be
further corroborated using excitations with different
polarizations. Although the limitation of our dark-field
microscope only allows for measuring the backward
scattering of the Janus dimers using excitations with
polarizations parallel and perpendicular to the dimer
axis (Figure S3, Supporting Information), the experi-
mental results clearly indicate the difference between
these two excitation schemes. For the three dimers we
have measured, the dips in their backward scattering
spectra are more pronounced under excitation polar-
ized along the dimer axis, suggesting the importance
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of the longitudinal excitation for the hybridization of
the electric and magnetic dipole modes.

Although the main features in the experimentally
observed spectra are quite similar to those of the
numerical calculations (Figure 4a,b), the deviations
regarding the spectral shapes and the maxima
(minima) positions are relatively large. One possible
origin of such deviations is the presence of the ITO
substrate in our experimental studies. The substrate
will lead to redshift of the electric dipole modes, which
can thereafter affect their overlaps with the magnetic
mode and disturb their mutual interferences. The
angular radiation pattern will also differ from that of
the free-space scenario because of the dielectric inter-
face. Furthermore, for a specific dimer supported onto
the substrate, the axis between the centers of the gold
and silicon nanospheres will be no longer parallel to
the substrate but at an angle corresponded to the
offset of their radii. This can also affect the related
scattering spectra. We then performed numerical si-
mulations by incorporation of the ITO substrate. The
results clearly indicate that for a dimer composed of
100 nm gold and 150 nm silicon nanospheres these
two issues only lead to small broadening of the forward
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and backward scattering without modifying their over-
all spectral shapes (Figure S4, Supporting Information).
Therefore, presence of the substrate will not strongly
affect the scattering spectra of the dimers.

Another reason for the deviations refers to the
excitation and collection schemes used in the experi-
mental measurements. A previous study has shown
that the collected spectra are strongly dependent on
the numerical apertures of the objective used in the
dark-field microscope.** When the forward scattering
spectra of the Janus dimer were measured, the light
was incident through the dark-field condenser from
the bottom of the substrate (Figure S5a, yellow lines,
Supporting Information). The light scattered from the
dimer in the forward direction (Figure S5a, green
arrows, Supporting Information) was then collected
by the dark-field objective. The numerical apertures of
the dark-field condenser and dark-field objective were
1.4 and 0.8, respectively. These can thereafter give
incidence angles of 68° and collection angles of 53°
with respect to the normal of the sample surface,
respectively. Considering the light propagating along
the red line, in this way the objective can simulta-
neously collect parts of the forward and backward
scattered light. On the other hand, during backward
scattering measurements, the light was shone from the
upper dark-field objective (Figure S5b, yellow lines,
Supporting Information). The scattered light in the
backward direction (Figure S5b, blue arrows, Support-
ing Information) was then collected by the same
objective. The geometry of the dark-field objective
provided an incidence angle of ~54° with respect to
the normal of the sample surface. Therefore, the
collected light was also consisted of parts of forward
and backward scattered light. As a result, there should
be deviations between the experimental spectra
and those from the simulations, which are contributed
only by pure forward and backward scattered light
separately.

This effect can be demonstrated by calculating the
forward and backward scattering spectra of a specific
Janus dimer with various incidence angles, which are
defined as the angles between the incidence directions
and the direction normal to the dimer axis. As the
incidence angles are increased steadily while fixing the
collection geometry, light scattered off to the side
of incidence will be collected, instead of the pure
forward/backward scattered light. Therefore, the uni-
directional scattering performance of the dimer will be
deteriorated (Figure S6, Supporting Information). At
large enough incidence angles (>80°), the intensity of
the backward scattering even overwhelms that of the
forward scattering, a phenomenon opposite to our
desired effect. These features has already been mani-
fested in our experimental studies.

By realizing these features, we then calculated the
scattering spectra of various Janus dimers by taking
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into full consideration of the experimental geometries
(see the Methods for details). Two excitation polariza-
tions, which are s- and p-polarized light, are respec-
tively considered. For the s-polarized light, the
polarization is parallel to the dimer axis while for the
p-polarized light the polarization has an angle with
respect to the normal of the surface. This angle is
determined by the incidence angle. The total forward
or backward scattering spectra are then obtained by
simply summing up the contributions from these two
polarization excitations. The simulation results are
shown in Figure 5d—f, which indeed indicates some
improvements for the agreement with the experimen-
tal measurements (Figure 5a—c). The remaining differ-
ences should be due to the nonideality of the
nanosphere shapes. As already pointed out in previous
study,”’ nonideality of the nanosphere shapes, as
shown from the SEM images in Figure 5a—c, can
strongly modify the electric and magnetic resonance
wavelengths of the respective nanospheres, whereby
the spectral and strength overlaps between the newly
formed dipole modes will be influenced. On the other
hand, due to the self-assembly process, the spacings in
the dimers may more or less deviate from 1 nm utilized
in the numerical calculations. Because the GEDM stems
from the near-field coupling between the two nano-
spheres, small deviations in the spacings can lead to its
strong spectral and magnitude variations, which can
therefore interrupt the interference between the
GEDM and DMM. One more origin for the deviations
is the contamination of the nanospheres. As shown in
their respective SEM images, some of the nanospheres
are contaminated by several small particles or clusters,
which we believe are the byproducts during the laser
ablation process for fabrication of the silicon nano-
spheres. The presence of these contaminations can
certainly alter the resonance properties of the electric
and magnetic dipole modes.

As mentioned above, the hybridized GEDM can
induce strong electric field enhancement inside the
gap regime (Figure 3c). In order to verify this, we
compared the Raman scattering spectra measured on
the individual silicon nanosphere and the Janus dimer
(Figure 6a). The silicon Raman signal (520 cm™ ') in the
dimer is 2.5 times that of the individual one, justifying
the existence of the strong electric field inside the gap
regime. We need to mention that such Raman en-
hancement value is relatively low compared to typical
plasmonic structures with high Raman enhancements.
This is due to the relatively low electric field enhance-
ment at the surface of the silicon nanosphere.
Although at the excitation wavelength of 532 nm,
the electric field enhancement at the center of the
gap can be ~30 times that of an individual silicon
nanosphere, the strongest enhancement at the surface
of the silicon nanosphere in the dimer is only ~6. This
value is only ~1.5 times that of an individual silicon
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Figure 6. Enhanced Raman scattering properties of the Janus dimer. (a) Raman spectra from an individual silicon nanosphere
(red) and Janus dimer (blue). The diameter of the individual silicon nanosphere is close to that in the dimer, which is ~150 nm.
The diameter of the gold nanosphere in the dimer is ~100 nm. The excitation wavelength is 532 nm. (b) and (c) Calculated
electric field intensity enhancement contours at 532 nm of the individual silicon nanosphere and Janus dimer at the
logarithmic scale. The diameters for the silicon nanospheres in the monomer and dimer are both 150 nm. The diameter of the
gold nanosphere in the dimer is 100 nm. The dimer is excited by a plane wave polarized parallel to the dimer axis from top.
The individual silicon nanosphere is excited by a plane wave polarized along the diameter direction from top. (d) and (e) The
related electric field enhancement distributions along the diameter of the individual silicon nanosphere and the dimer axis of

the Janus dimer, respectively.

nanosphere with the same diameter (Figure 6b—e). As
a result, the Raman enhancement factor from the
silicon nanosphere in the dimer (approximately square
of the electric field intensity) is ~6.6 compared to that
of an individual silicon nanosphere, a factor close to the
experimental value of 2.5. Underestimation of the
enhancement factor can be also ascribed to suppres-
sion of the backward Raman scattering by the Janus
dimer. Nonetheless, the strong electric field enhance-
ment revealed in the gap regime can make the Janus
dimers an excellent platform readily used in ultrasen-
sitive sensing applications.

The unidirectional scattering from the Janus gold
and silicon dimers is much different from the previous
study using pure metal heterodimers.3’ In that study,
the anisotropic light scattering is caused by the hybri-
dization of different electric modes due to the retarda-
tion effect. The phase retardation can be varied using
incidence light with different propagation directions.
By controlling the incidence direction, a certain nano-
particle in the heterodimer can be excited more than
the other, and the corresponding hybridized electric
modes are then excited and give rise to a specific
scattering spectrum. Without such a retardation effect,
the various electric modes in the pure metal systems
cannot be excited efficiently, and therefore, no aniso-
tropic scattering can be observed. The Janus dimer
proposed in this study is composed of gold and silicon
nanospheres. The anisotropic light scattering is due to
the hybridization of the electric and magnetic dipole
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modes, not pure electric modes. In this way, unidirec-
tional forward scattering with suppressed backward
scattering can be achieved once the magnitudes of the
electric and magnetic dipole modes are comparable to
each other. No retardation effect is needed for such
anisotropic scattering, which means only light incident
from one direction can lead to such unidirectional
scattering. In addition, the hybridization of the electric
and magnetic dipole modes in the gold and dielectric
Janus dimer can give simultaneously strong electric
and magnetic field enhancements in an individual
dimer structure, a merit that cannot be observed in
pure metal heterodimers.

The above theoretical and experimental studies
unambiguously show that the Janus dimers composed
of gold and silicon nanospheres with small spacings
exhibit unidirectional scattering property. However,
the forward scattering spatial distribution of a single
dimer is still broad. In order to circumvent this problem,
one-dimensional dimer chains are then utilized to
improve the directionality by taking advantage of the
successive backward scattering suppression and for-
ward scattering enhancement. As shown in Figure 7a,
the dimer chain is arranged with the axis parallel to the
propagation direction of the incident wave, where the
spacing between adjacent dimer is d. We then calcu-
lated the far-field scattering patterns by a chain with
different dimer numbers. The spacing d is kept at
150 nm. The diameters of the gold and silicon nano-
spheres in each dimer are the same as those used in
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Figure 7. Unidirectional scattering properties of one-
dimensional chains of Janus dimer. The chain axis is parallel
to the propagation direction of the incident plane wave. The
excitation polarization is along the axis of an individual
dimer. (a) Scheme of the dimer chain (left) and the far-field
scattering patterns of chains composed of 2, 4, 8, and 10
dimers (right). The scattering patterns are given at the
principal plane defined by the incident wave vector and
polarization vector. The spacings between adjacent dimers
are kept at 150 nm. The polar angles are measured with
origin axis pointing toward the propagating direction of the
incident wave. (b) Dependence of the main lobe angular
beamwidth, o, on the dimer numbers in the chain.

Figure 2. The operating wavelength is 624 nm, which is
approximately the forward scattering maximum of a
single dimer. In order to characterize the directionality,
we adopt the main lobe angular beamwidth, a, which
corresponds to the polar angle where the scattering
intensity drops to half of its maximum.?® Figure 7a
shows the far-field scattering patterns at the principal
scattering plane (defined by the wave vector and
polarization vector of the incident wave) by a chain
with dimer numbers of 2, 4, 8, and 10. It is clearly seen
that the main lobe beamwidth will decrease gradually
along with increasing the number of dimers. Figure 7b
indicates more clearly the dependence of a on the
dimer number. By using chain composed of 20 dimers,
the main lobe angular beamwidth can reduced from
200° to 34°. These behaviors unambiguously demon-
strate that the unidirectional feature can be greatly
enhanced using chains with large number of dimers.
On the other hand, the scattering properties of the
chain are determined by the far-field interference of
the many individual dimers, which relies on the phase
difference between adjacent dimers. In the far-field
zone, the phase difference between two adjacent
dimers is A® = kd(1 — cos 6),*® indicating that the
far-field scattering of the chain is strongly dependent
on the spacings between adjacent dimers. The calcu-
lated scattering patterns by the chains with varying
dimer spacings at 0 nm (touching dimer), 150, 300, and
450 nm are shown in Figure 8a. In the calculations,
the dimer number in the chain was fixed at 8 and the
operating wavelength is 624 nm. From the results, one
can see clearly that the main lobe beamwidths of the
chain are smaller for larger dimer spacings. By increas-
ing the spacings to 600 nm, which is approximately the
operating wavelength, the o is reduced down to 38°
(Figure 8b). It is expected that the directionality can be
further improved by increasing the dimer spacings. It is
noted that along with increasing the dimer spacings,
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Figure 8. Dependence of the unidirectional scattering
properties of the chains on the dimer spacings. The chain
axis is parallel to the propagation direction of the incident
plane wave. The excitation polarization is along the axis of
an individual dimer. The number of dimers in the chain is
fixed at 8. (a) Scheme of the dimer chain (left) and the far-
field scattering patterns of chains with dimer spacings as 0,
150, 300, and 450 nm (right). The scattering patterns are
given at the principal plane defined by the incident wave
vector and polarization vector. The polar angles are mea-
sured with origin axis pointing toward the propagating
direction of the incident wave. (b) Dependence of the main
lobe angular beamwidth, a, on the dimer spacings of the
chain.

scattering into directions with very narrow angular
distributions will occur (Figure 8a). This is a signature
of the collective grating diffractions of the chain when
the spacing is large enough to induce sufficient phase
delay between adjacent dimers.?® Such a grating effect
will lead to energy leakage into other directions, which
should be taken into account for applications such as
light routing.

From an experimental point of view, stacking the
Janus dimers into one-dimensional chains is very
challenging. We think that this can be done via two
approaches. The first one is the chemical assembly
method. One can first functionalize the surface of the
silicon nanospheres with some organic molecules. Such
molecules should have the —SH group and —OCH;
group (such as (3-mercaptopropyl)trimethoxysilane),
whereby the gold and silicon nanospheres can be
bound together to form the dimers in aqueous solution.
Once the dimers have been formed, they can then be
assembled into one-dimensional chains using elec-
trostatically directed organization using polypeptide
self-assembly, liquid—liquid interface assembly, pressure-
driven assembly, and polymer-directed assembly
approaches.*** One can also use the electron beam
lithography method to fabricate one-dimensional
chains with stacked dimers. Such a lithography tech-
nique has already been successfully utilized for fabri-
cating three-dimensional Yagi—Uda antennas.*®

In comparison with the optical Yagi—Uda antennas,
we think that our Janus dimer chains should have
several merits. First, at the frequency where unidirec-
tional scattering occurs, the Janus dimer chains can
induce simultaneously electric and magnetic field en-
hancements. Second, in the dimer chain the backward
scattering is suppressed automatically by each indivi-
dual Janus dimer. There is no need for extra reflectors,
which is pivotal element in the Yagi—Uda antenna,
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to reflect the backward radiation. This can ease the
fabrication complexity. Last, but not least, most of
the Yagi—Uda antennas usually suffer from the high
ohmic loss due to their pure metal compositions.
Previous study suggested that the loss can be up to
one-third of the incident energy.* In contrast, nearly
half of the components are dielectric nanospheres in the
Janus dimer chains. Therefore, the ohmic loss can be
reduced remarkably, which should be more favor for
applications in signal generation and transmission. In
view of these findings, we believe that the Janus dimer
and related one-dimensional dimer chains proposed
in our study should be competitive in future nano-
photonics applications of light directing and routing.

CONCLUSION

From theoretical and experimental viewpoints we
have explored the unidirectional visible light scattering
properties of Janus nanosphere dimers composed of
gold and silicon nanospheres with small spacings.
When the two nanospheres are placed close to each
other, their intrinsic electric and magnetic dipole
modes can hybridize to form new gap dipole modes
and magnetic dipole modes. These newly formed

METHODS

Electromagnetic Numerical Simulations. Numerical simulations
were performed using the commercial software package COM-
SOL Multiphysics v4.3b in the frequency domain. The dielectric
functions of gold and silicon were employed according to
previous measurements.*> During the simulations, a linearly
polarized plane wave with wavelength ranging from 430 to
900 nm was launched into a box containing the target nano-
structure to simulate a propagating plane wave interacting with
the nanostructure. The polarization is along the dimer axis. The
nanostructure and its surrounding medium were divided using
fined meshes. The surrounding medium was set as vacuum with
refractive index of 1.0. Perfectly matched layers were used at the
boundary to absorb the scattered radiation in all directions. The
forward and backward scattering spectra were calculated by
integrating the energy flow into the forward and backward
hemisphere surrounding the Janus dimer. For calculating the
scattering spectra of dimers supported onto the substrate, the
dielectric constant of the substrate is taken as 2.56. The axis
between the centers of the gold and silicon nanospheres in the
dimer will be no longer parallel to the substrate but at an angle
corresponded to the offset of their radii. For calculation of the
backward scattering spectra, the incidence angle of the light
(the k vector) is 54° with respect to the normal of the surface,
while for calculation of the forward scattering spectra, the
incidence angle of the light is 68° with respect to the normal
of the surface. The collection angles for the forward and back-
ward light scattering are both 53° with respect to the normal of
the sample surface.

Synthesis of Silicon Nanospheres. In our study, the silicon nano-
spheres with various diameters were synthesized using the
femtosecond laser ablation in liquid.*®>' A single-crystalline
silicon wafer was used as target and immersed in deionized
water. A Legend Elite Series ultrafast laser (Coherent, Inc.) was
utilized as the ablation source in our experiment (wavelength
800 nm). The pulse width was 35 fs, with the energy of a single
pulse of 4 mJ and the repetition rate of 1 kHz. The silicon
nanosphere colloidal solution could then be obtained after laser
ablation of the silicon wafer in water.
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modes can interfere with each other to give rise to
the enhanced forward scattering and suppressed
backward scattering. Due to the small line widths of
the magnetic dipole modes, such unidirectional light
scattering is of narrow-band nature. The wavelength
regime where unidirectional scattering occurs can
therefore be tuned by tailoring the diameters of the
silicon nanospheres in the dimers. Moreover, there
exists remarkable electric field enhancement within
the gap regime of the Janus dimers, which can be
readily used for various surface enhanced spectro-
scopies. We further showed that the directionality of
the light scattering can be improved by arranging the
dimers into one-dimensional chains with large dimer
numbers and interdimer spacings. The additional in-
terferences by the adjacent dimers can eliminate light
scattering in other directions and coercively steer the
incident light into the forward direction. The results
found in our current study can be extended to Janus
magneto—electric nanosphere dimers composed of
other metal and dielectric nanospheres, which we
believe will be of great interest for applications in
nanoscale light focusing, manipulating, routing, and
ultrasensitive biological and chemical sensings.

Dark-Field Scattering Imaging and Spectroscopy. The scattering
images and spectra of the individual Janus dimers were recorded
on a dark-field optical microscope (Olympus BX51) that was
integrated with a quartz tungsten halogen lamp (100 W), a
monochromator (Acton SpectraPro 2360), and a charge-coupled
device camera (Princeton Instruments Pixis 400BR_eXcelon).
The camera was thermoelectrically cooled to —70 °C during the
measurements. A dark-field objective (100x , numerical aper-
ture 0.80) was employed for both illuminating the dimers with
the white excitation light and collecting the scattered light. The
scattered spectra from the individual dimers were corrected by
first subtracting the background spectra taken from the adja-
cent regions without dimers and then dividing them with the
calibrated response curve of the entire optical system. For
collection of the backward scattering spectra, the light was
launched from the 100x dark-field objective, and the light
scattered in the backward direction was collected by the same
objective. For measuring the forward scattering signal, an oil-
immersed dark-field condenser with numerical aperture of 1.4
was utilized for illumination from the bottom of the sample, and
the light scattering in the forward direction was recorded using
the 100x dark-field objective. Color scattering images were
captured using a color digital camera (ARTCAM-300MI-C, ACH
Technology Co., Ltd., Shanghai) mounted on the imaging plane
of the microscope. Polarization-dependent backward scattering
spectra were measured according to the scheme used in
previous study.>? Briefly, a linear polarizer (U-AN360 Olympus,
JAPAN) was placed in the optical path right after the white-light
source. The polarization axis of the polarizer was aligned
horizontally. In order to obtain a clean polarization at the
substrate plane, a pinhole with a diameter of ~5 mm was
inserted in the optical path right after the polarizer. The pinhole
was used to select only one portion of the white light beam that
was then reflected at a particular position of the circular mirror.
The excitation polarization schemes were realized by rotating
the sample under the dark-field objective.

Raman Spectroscopy Measurements and SEM Imaging characteriza-
tions. Raman spectra of the individual silicon nanospheres and
Janus dimers were acquired using a Renishaw inVia Reflex system
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equipped with a dark-field microscope (Leica). The excitation laser
of 532 nm was focused onto the samples with a diameter of
~1 um through a 50x objective (Leica, numerical aperture: 0.8).
SEM imaging was performed using an FEl Quanta 450 microscope.
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