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Bulk transition-metal dichalcogenides (TMDs) materials are becoming attractive candidates for the study
of light-matter interactions and manipulation of light emission due to its surprisingly high refractive index in
visible to infrared range. Here, we propose a nanoresonator composed of bulk tungsten disulfide (WS2) as an
all-dielectric nanoantenna, demonstrating its capability in controlling the emission of light. We demonstrate
that the WS2 nanowire can efficiently control the emission directionality of an adjacent quantum emitter via
multimode interference and self-hybridization. The influence of oscillator strength of the intrinsic excitonic mode
on the directional emission property is investigated. We reveal that exciton-Mie self-hybridization can effectively
modulate the emission directionality leading to a dramatic suppression of directional emission at the excitonic
resonances. We also demonstrate that the light emission from monolayer WS2 can be controlled by adjusting the
radius of the nanowire, achieving unidirectional and directional radiation at different nanowire radius, which is
attributed to the mutual interference between different optical modes. The proposed system is expected to offer
a promising route for potential applications in ultracompact and multiplexed integrated photonic devices.
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I. INTRODUCTION

Manipulating light at the nanoscale is the basis of a wide
range of applications including the integration of photonic
devices and optical chips [1–3]. In recent years, effective
control of light, in particular the manipulation of radiation
directionality has became a very important subject and has
been widely studied. This is of great importance for improv-
ing the efficiency of optoelectronic systems [4], as quantum
emitters, two-dimensional semiconductors [5], quantum dots
[6,7], and color centers [8] are becoming promising plat-
forms for next-generation integrated photonic devices, such
as nanoscale light sources [9–12]. Effective control of light
emission properties from these quantum emitters has impor-
tant applications, including solid-state lighting and displays
[13,14].

Metal nanoantennas, including Yagi-Uda antenna [15],
dimers [16,17], v-shaped antennas [18], etc., can excite
surface plasmon modes to capture and concentrate light
at subwavelength scales to achieve large-field localization,
which is one of the most promising solutions for control-
ling the direction of optical radiation. However, conventional
plasmonic nanoantennas suffer from intrinsic Ohmic losses
[19,20], which are incompatible with most semiconductor
device-processing technologies. This strongly affects their
overall performance and limits their potential applications.

High-refractive-index dielectric materials are becoming
complementary platforms for the manipulation of radiation
directionality [21–25]. Compared to metallic nanostructures,
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cost-effective dielectric materials can be easily handled by
using mature semiconductor fabrication techniques with high
compatibility [14,26–28]. Resonances in high refractive-index
dielectrics are excited with low energy losses even in the op-
tical and near-infrared (NIR) regions, owing to the absence of
free-electron absorption. Furthermore, magnetic resonances
can be excited, originating from the rotation of the displace-
ment current [29,30]. The mutual interference between the
magnetic and electrical modes leads to a directional regulation
of light, like Kerker effect [31–33]. Studies of the Krker effect
have shown that resonant multipole excitation of nanostruc-
tures can be used to direct the flow of light very effectively.
The far-field scattering of each multipole has a unique an-
gular distribution and phase symmetry. When two or more
multipoles are simultaneously excited, a strong interference
effect can be observed and used to direct the scattered light. In
addition, interference between different modes can also lead
to unidirectional and bidirectional radiation, etc. [34,35].

Recent exploration has extended to multilayer or bulk
transition-metal dichalcogenides (TMDs) as alternative plat-
forms for manipulating emission of light [36–39]. Dielectric
nanostructures based on bulk TMD materials, characterized
by very large in-plane refractive indices higher than the best
high-index semiconductor materials such as silicon or ger-
manium, can excite multiple Mie resonances, and therefore
can function as resonant nanoresonators. Importantly, such
TMD-based nanoresonators possess intrisic excitons, which
can directly couple to the Mie resonances supported the
nanoresonator itself, leading to self-hybridized exction po-
laritons [37,39]. So far, there has been a lack of in-depth
discussions on the use of bulk TMD materials as optical
nanoantennas for controllable directionality. Moreover, bulk
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FIG. 1. (a) Schematic of the bulk WS2 nanowire under excitation
by the electric dipole source. (b) Scattering spectra (in color scale)
with different radius r. (c) Scattering efficiency and multipolar contri-
butions (electric dipole p, magnetic dipole m and electric quadrupole
qe) of the nanowire with f0 = 0 at zero detuning.

TMDs exhibit self-hybridization coupling between Mie res-
onance and exciton mode [40,41], suggesting potential for
exploring directed radiation at specific wavelengths through
interference between different modes.

Here, we propose a nanowire composed of bulk tungsten
disulfide (WS2) as a dielectric nanoantenna to examine its
capability in controlling the emission of light. We demon-
strate that the nanowire can efficiently control the emission
directionality of an adjacent quantum emitter via multimode
interactions and self-hybridizations. The influence of oscilla-
tor strength of the intrinsic excitonic mode on the directional
emission property is investigated, revealing the fact that
exciton-Mie self-hybridization can effectively modulate the
emission directionality, leading to a dramatic suppression of
directional emission at the excitonic resonances. We also
demonstrate that the light emission from monolayer WS2

can be controlled by adjusting the radius of the nanowire,
achieving unidirectional and directional radiation at different
nanowire radius. The phase diagrams reveal the underlying
physical mechanism: modulation on light emission originates
from the mutual interference among magnetic dipole, electric
dipole, and quadrupole mode.

II. RESULTS AND DISCUSSIONS

A. Strong self-hybridization in the bulk WS2 nanowire

The proposed nanoresonator is composed of a bulk WS2

nanowire with a radius r, as shown in Fig. 1(a). We selected
an electric dipole emitter 1 nm away from the nanowire (d =
1 nm) as the excitation source, and the excitation direction
was parallel to the nanowire. The localized dipole models the
exciton emission from the monolayer TMD. In addition, the
forward scattering and backward scattering of the nanowire to

the dipole source are marked. In this work, we theoretically
investigated optical response of the nanowire under dipole-
source excitation, including the self-hybridization effect of the
nanowire, the radiation characteristics from the nanowire to
the dipole emitter, including the forward and backward scat-
tering efficiency, and the ratio of the forward and backward
radiation.

To investigate the self-hybridization effect of the bulk WS2

nanowire under the electric dipole excitation, we calculated
the scattering efficiency of the nanowire using the modified
Mie theory [42]

Qdipole
scat = Pscat/Pinc =

∞∑
n=−∞

|bn|2
∣∣H(1)

n [k0(R + d)]
∣∣2

. (1)

Here, Pscat and Pinc denote the scattered and incident powers
as a function of the scattered and incident electric fields. bn is
the conventional Mie coefficient. H(1)

n is the first-order Hankel
function. k0, R, d are the vacuum wave number, radius of
the WS2 nanowire, and the distance from dipole to nanowire,
respectively. For the calculation of scattering efficiency with
the WS2 nanowire, a complex dielectric function as a Lorentz
oscillator is considered [43]:

ε = ε0 + f0
ω2

ex

ω2
ex − ω2 − iγexω

. (2)

Here, ε0 = 20 is background permittivity, f0 is the oscillator
strength, ωex is resonance energy of exciton, and γex is the
exciton full width.

We first calculated the scattering efficiency of the nanowire
as a “pure” high-refractive-index Mie resonator. For this pur-
pose, the intrinsic exciton transition is “switched off” by
setting f0 = 0. Figure 1(b) gives the spectra of the scattering
efficiency (in color scale) as a function of the radius r of the
nanowire. A prominent Mie resonance is visible with two
distinct aspects: (i) The resonance red shifts linearly from
2.2 eV to 1.75 eV as the radius increases from r = 47 nm
to r = 56 nm, as marked by the white dashed line, and im-
portantly (ii) the Mie resonance shifts across the transition
energy of the A exciton (dashed green line) of the bulk WS2 at
h̄ωex = 2 eV (620 nm).

To fully understand the optical response of the nanowire,
we calculated the scattering efficiency and the multipolar con-
tributions for the radius of r = 51 nm, as shown in Fig. 1(c).
Note that the radius of the nanowire was chosen such that the
Mie resonance can still cover the spectral region of interest
to facilitate its interaction with the excitons (h̄ωex). We can
clearly see that the magnetic dipole m dominates in the scatter-
ing power, particularly at the scattering peak. The results are
helpful to understand the far-field characteristics of the Mie
resonance and its hybridized interaction with excitons, which
will be discussed in the later section.

To further study of the self-hybridization effect in the bulk
WS2 nanowire, we “switched on” the excitonic transition by
applying a nonzero value of f0. Figure 2(a) plots the scat-
tering spectra (in color scale) as a function of the nanowire
radius r ranging from 47 nm to 56 nm with f0 = 0.2. Two
distinct bending branches appear in the spectrum with typical
anticrossing behavior. This indicates that coupling between
the magnetic Mie resonance and the excitons is realized,
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FIG. 2. (a) Calculated scattering spectra (in color scale) of the
self-hybridized system as a function of nanowire radius r. (b) Cal-
culated (solid black) and fitted (dashed red) scattering spectrum of
the hybrid system at zero detuning (r = 51 nm). (c) The calculated
(dashed curves) and fitted (solid circle) dispersion relation of the hy-
brid system. (d) F/B ratio with different f0 of the dielectric function
for the bulk WS2 nanowire. The inset gives the zoomed-in picture at
resonance for the structure.

resulting in the emergence of high-energy polariton (UP) and
low-energy polariton (LP). The coupling properties, such as
spectral width, energetics, coupling strength, and more optical
details of the newly formed states, can be quantitatively evalu-
ated by fitting the calculated spectra to a Fano-like line shape.
The scattering spectrum S(ω) = |s(ω)|2 can be expressed
as [44]

s(ω) = ab +
N∑
j

b jγ jeiφ j

ω − ω j + iγ j
. (3)

Here, ab, b j , γ j , φ j are the background amplitude, amplitude,
damping rate, and phase of the spectra, respectively. ω j and
2γ j are the resonance and the scattering spectrum full width at
half maximum (FWHM) of the hybrid states. Figure 2(b) gives
the scattering efficiency spectra with the radius r = 51 nm at
zero detuning (the exciton is exactly in resonance with the
magnetic Mie mode). It can be seen that the calculated spec-
trum (solid black line) can almost perfectly overlap with the
Fano-like fitted spectrum (dashed red line), which indicates
that the inhomogeneous broadening of the hybrid states has

little effect or small contribution on the scattering spectrum.
Based on this, we use the Fano-like line shape to fit the
calculated scattering spectrum as a function of the nanowire
radius r, as shown by solid circles in Fig. 2(c).

To give a deep insight of the coupling between the
magnetic Mie resonance and the excitons, we quantita-
tively calculated the coupling strength by employing a 2×2
Hamiltonian matrix [45]

H = h̄

(
ω̃ex g
g ω̃M

)
. (4)

Here, ω̃ex = ωex − iγex, ω̃M = ωM − iγM represent the com-
plex resonance frequencies of the WS2 excitons and the
magnetic Mie resonance, respectively. ωex and ωM represent
the eigenenergies of these two modes, respectively, as shown
by the solid lines in Fig. 2(c). 2γex and 2γM are FWHM. g is
used to describe the coupling strength. Diagonalizing Eq. (4),
the dispersions and damping rates of the polariton modes
are given by the real and imaginary parts of the complex
eigenvalues:

E± = h̄ω̃± = h̄
( ω̃ex + ω̃M

2

)
± h̄

√
g2 +

( ω̃M − ω̃ex

2

)2

. (5)

The coupling strength can be given by Rabi splitting (�R) as

g = 1
2

√
�R

2 + (γex − γM)2. (6)

In order to determine that the coupled system is in the strong-
coupling regime, the Rabi-splitting energy should exceed the
sum of the spectral widths of the two hybrid polariton bands
and satisfy the following formula [46]:

g>

√(
γ 2

ex + γM
2
)/

2. (7)

We solved Eq. (4) and very nicely reproduced the dispersion
of the hybrid modes, as shown by the dashed lines in Fig. 2(c),
which overlapped well with the fitted results with an opti-
mized coupling energy h̄�R = 120 meV. The corresponding
spectral width of the magnetic Mie resonance and the ex-
citon modes are h̄�M = 2h̄γM = 210 meV, h̄�ex = 2h̄γex =
50 meV, respectively. In this case, the strong coupling condi-
tion [Eq. (7)] is satisfied.

B. Directional emission from the dipole source mediated
by the nanowire

In order to quantify the directionality and investigate the ra-
diation characteristics of the nanowire under strong coupling,
we calculated the ratio of the forward (F) and backward (B)
radiation from the WS2 nanowire to the electric dipole source
using the following equation [42]:

Iff (θ ) = ω2μ2
0I2

8π

∣∣∣∣∣
∞∑

n=−∞
(−i)n

{
Jn[k0(R + d )] − bnH (1)

n [k0(R + d )]
}
einθ

∣∣∣∣∣
2

. (8)

The ratio of F/B can be described as

F/B =
∫ θ=251.8◦

θ=108.2◦
Iff (θ )dθ

/ ∫ θ=33.5◦

θ=326.5◦
Iff (θ )dθ. (9)
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FIG. 3. Forward and backward scattering efficiency and F/B ratio for r = 70 nm with f0 = 0 (a) and f0 = 0.2 (b). Scattering efficiency
and multipolar contributions for r = 70 nm with f0 = 0 (c) and f0 = 0.2 (d). F/B ratio (in color scale) of the bulk WS2 nanowire to the dipole
source with f0 = 0 (e) and f0 = 0.2 (f). The vertical shaded area corresponds to the emission band of the monolayer WS2, and the solid circles
represent the maximum F/B ratio corresponding to the radius of the bulk WS2 nanowire.

Here, μ0 is the magnetic permeability of vacuum, I is the
current of the line source, Jn is the Bessel function of the
first kind, and θ is the emission angle. The forward and
backward monitors with numerical apertures of 0.95 and 0.55
were selected. We calculated the ratio of F/B with f0 = 0 and
f0 = 0.2 of the dielectric function for bulk WS2 at zero de-
tuning, respectively, by solving Eq. (8) and Eq. (9), as shown
in Fig. 2(d). Apparently, the two lines are perfectly overlapped
indicating that the strong exciton-Mie coupling does not affect
the F/B ratio from the nanowire to the electric dipole source.
Note that the inset gives the zoomed-in picture at exciton
resonance. The presence of excitons causes a small peak in
the F/B spectrum at λ = 620 nm with f0 = 0.2, which has
little effect on the F/B spectrum.

To explore the influence of the oscillator strength (f0) on
the ratio of F/B from the nanowire to the dipole source and the
underlying physical mechanism, we calculated the forward
and backward scattering efficiency and F/B ratio for different
f0 with r = 70 nm by solving Eq. (9). Figure 3(a) illustrates
the forward (green curve) and backward (blue curve) scatter-
ing efficiency and F/B ratio (orange curve) with f0 = 0. Three
main features can clearly be seen: (i) Two Mie resonances are
excited by the dipole source in this wavelength band due to
the high-refractive-index of the nanowire, and the resonance
positions of the forward and backward scattering spectra are
essentially the same. (ii) The peaks of the F/B ratio spectra
occur between the different Mie resonances, primarily orig-
inating from the interference between these two resonances.
In addition, the maximum value occurs exactly at the position
of the exciton resonance (dashed green line). (iii) The F/B
ratio is as high as 120 at λ = 620 nm, which implies that the

nanowire can effectively manipulate the light from the dipole
source and modulate the forward radiation at this wavelength.

For the case of f0 = 0.2, the forward and backward scat-
tering spectra are similar to those of f0 = 0, as evidenced
by two distinct Mie resonances in Fig. 3(b). Furthermore,
compared to the scattering spectra of f0 = 0, the bulk WS2

nanowire can excite not only Mie resonances, but also an
exciton mode, as shown in the inset of Fig. 3(b), which gives
the zoom-in picture at resonance. More importantly, we find
that the presence of the exciton mode results in a suppressed
F/B ratio at λ = 620 nm, with two distinct peaks appearing
on the left and right sides of the position. The F/B ratio is up
to 178, which is higher than that for the case of f0 = 0. This
implies a superior forward modulation from the nanowire to
the dipole source.

In order to reveal the mechanism behind the suppression
of the F/B ratio at λ = 620 nm and to fully understand the
far-field scattering spectral response, we quantitatively char-
acterized the excitation of the different electromagnetic modes
that may lead to the Mie resonance using multipole expansion
methods with different f0, as shown in Fig. 3(c) and Fig. 3(d).
This analysis contributes to the understanding of the far-field
spectral properties of the Mie resonance and its effect on the
F/B ratio. Three main features can clearly be seen: (i) The
two Mie resonances in the scattering spectrum are dominated
by the magnetic dipole m and the electric quadrupole qe with
f0 = 0, respectively, which interact with each other thus lead-
ing to a high F/B ratio at λ = 620 nm; (ii) The electric dipole
(p) mode shows a much reduced value of the scattering power
at the Mie resonance dominated by the electric quadrupole
is greatly reduced; (iii) In contrast to f0 = 0, the scattering
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FIG. 4. The radiation pattern for dipole excitation of the bulk WS2 nanowire with r = 30 nm (a) and r = 62 nm (b) at λ = 633 nm.
Scattering efficiency and multipolar contributions of the self-hybridized system for r = 30 nm (c) and r = 62 nm (d). Phasor representations
of the electric fields at a position in the backward emission direction for r = 30 nm (e) and r = 62 nm (f).

spectrum contains not only Mie resonances dominated by
magnetic dipoles and electric quadrupoles, but also exciton
modes contributing mainly to electric and magnetic dipole
with f0 = 0.2. As a result, the exciton mode interacts with
each of the two Mie resonances, resulting in higher F/B ratio
at the left and right sides of the exciton position, respectively,
while the F/B ratio is suppressed at that position in compari-
son with f0 = 0.

To better understand the effect of exciton mode on the
F/B ratio, we further calculated the F/B ratio at f0 = 0 and
f0 = 0.2 as a function of the nanowire radius r, as shown in
Fig. 3(e) and Fig. 3(f). We can clearly see that the peak of
the F/B ratio shifts almost linearly to red as the nanowire
becomes larger (increasing radius r). The number of the bands
gradually increase for both f0 = 0 and f0 = 0.2. It is well
known that the resonance position can be readily tuned by
controlling the geometry parameters of the system. More Mie
resonances are excited as the nanowire radius increases. Each
band can be identified with a unique directionality mechanism
involving different multipolar Mie resonances. For the case
of f0 = 0.2, there are two distinct bands of the F/B spec-
trum around λ = 620 nm (the exciton position) that exhibit
anticrossing behavior, which means there is no emission di-
rectionality at the exciton position. In addition, compared with
Fig. 3(e), the interaction between the exciton mode and the
Mie resonances leads to a significant increase of the F/B ratio.

On the other hand, the dipole source is used to model
the exciton emission from the monolayer TMD. The poor

emission directionality and the low quantum efficiency of
monolayer TMD have limited their practical applications.
Therefore, it is important to select the suitable structural pa-
rameters to achieve the desired emission directionality. The
orange shaded section in Fig. 3(f) shows the emission wave-
length range of monolayer WS2, and its overlap with the F/B
band shows that the nanowire has excellent forward modu-
lation of monolayer WS2 emission. Also, we find that the
F/B ratio in the orange region are the largest, 175 and 178
[as shown by the solid black and green circle in Fig. 3(f)],
with r = 30 nm and r = 62 nm, respectively. This implies
that nanowires at these two parameters have the best forward
modulation of monolayer WS2 emission, corresponding to
two different emission modulation mechanisms, which will
be discussed in detail in a later section.

C. Highly unidirectional/directional emission
from WS2 monolayer

To further study the nanowire-mediated directional emis-
sion from WS2 monolayer, we calculated the far-field
radiation pattern in the y-z direction at the emission band of
WS2 monolayer (λ = 633 nm) for the above-mentioned two
cases (r = 30 nm, r = 62 nm), as shown in Figs. 4(a) and
4(b), respectively.

For the case of r = 30 nm, the far-field radiation pattern
[Fig. 4(a)] exhibits forward unidirectional radiation with a
single lobe (solid black line) oriented along the z direction,
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corresponding to the high F/B ratio of 175 [black dot in
Fig. 3(f)]. This matches very well with the simulated result
(solid red line). Note that the length of the nanowire needs
to be set long enough during the simulation to ensure the
accuracy of the results.

To explore the nature of the higher F/B ratio and explain
the physical mechanism of unidirectional radiation, we further
calculated the scattering spectra of the nanowire with r =
30 nm and quantitatively characterized the multipole proper-
ties by means of the multipole expansion method, as shown in
Fig. 4(c). A corresponding phasor representation [Fig. 4(e)] is
also calculated to clearly show the relative magnitudes and
phases of the multipoles. As can be seen in Fig. 4(c), the
scattering efficiency Qscat is dominated by the electric dipole
mode p, while the contribution of the magnetic dipole m and
electric quadrupole qe are negligible. With the help of the
phasor representation in Fig. 4(e), the underlying mechanism
for unidirectional emission can be well explained by first
Kerker effect: the strong dipolar emission (solid red arrow),
with amplitude as large as that of the incident dipole source
(solid black arrow), is out of phase with respect to the incident
field of the reversed dipole radiation. The destructive interfer-
ence of the scattered fields from the excited electric dipole
resonance of the nanowire with those of the dipole emitter
leads to the forward unidirectional radiation with a complete
suppression of backward emission. In this case, the m and qe

components have very little contribution to the unidirectional
radiation due to their weak scattering strength [blue and purple
curves in Fig. 4(c)], corresponding to negligible amplitudes at
the WS2 emission band (λ = 633 nm) in the phasor represen-
tation diagram [blue and purple arrows in Fig. 4(e)].

For the case of r = 62 nm, the dipole source at WS2 emis-
sion band radiates with different features compared to the case
of r = 62 nm, as shown in Fig. 4(b). The emission pattern
clearly shows a narrowed lobe around 180◦, corresponding
to a strong forward radiation with improved directionality.
In particular, a small backward emission occurs with two
tiny side lobes around 85◦ and 265◦, indicating an imperfect
unidirectional emission.

To give a deep insight into the directional emission, we
also performed multipole decomposition and phasor plots for
each component, as shown in Figs. 4(d) and 4(f), respectively.
Obviously, at the two sides of WS2 emission band, the electric
dipole (red) and magnetic dipole (blue) components dominate
in the scattering spectrum [Fig. 4(d)]. In this sense, the under-
lying mechanism of the modulated directionality is distinctly

different from that for the case of r = 30 nm: The interference
between the nanowire-mediated electric dipole (red arrow)
and magnetic dipole (blue arrow) components cancels most
of the reversed incident field (black arrow), leading to a high
directional emission exactly around the WS2 emission band
(λ = 633 nm), as shown in Fig. 4(f). It is noted that the
reversed incident field is not completely canceled out, as man-
ifested by the phase arrows that are not fully looped, which
accounts for the tiny side lobes in the backward direction.
The above analysis strongly suggests that the self-hybridized
nanowire system can serve as an efficient nanoantenna to
modulate light emission in a desired way, thus providing a
promising platform for realizing novel quantum light emitters
with high compatibility.

III. CONCLUSIONS

In conclusion, we proposed a nanowire composed of bulk
WS2 to explore the self-hybridization under the excitation
of the electric dipole source, demonstrating the flexible tun-
ing of light emission directionality. We demonstrated the
exciton-Mie self-hybridization in strong coupling regime with
a large coupling energy over 120 meV. The influence of
the oscillator strength on the directional emission property
was studied by “switching on/off” the intrinsic excitonic
resonance. We reveal that the emission directionality can be
effectively modulated by the exciton-Mie self-hybridization in
the nanowire, leading to a dramatic suppression of directional
emission at the excitonic resonance. In addition, we realized
unidirectional and directional emission for monolayer WS2

by choosing a suitable nanowire radius. Two mechanisms are
explained with the help of multipole expansion and phase-
representation diagrams. Our work supports more possibilities
for the design of quantum light emitters and provides a new
route for improving the efficiency of optoelectronic systems
with new functions, which is conducive to the design and
realization of novel optical quantum devices, ranging from
solid-state lighting and displays to nanoscale single-photon
sources.
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