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ABSTRACT: Molybdenum disulﬁde (MoS2) monolayer as one of the
atomic thickness two-dimensional materials has remarkable electronic
and optical properties, which is an ideal candidate for a wide range of
optoelectronic applications. However, the atomic monolayer thickness
poses a signiﬁcant challenge in MoS2 photoluminescence emission due
to weak light−matter interaction. Here, we investigate the MoS2
exciton−plasmon interaction with spin−orbit coupling of light. The
plasmonic spiral rings with subwavelength dimensions are designed and
fabricated on hybrid substrates. MoS2 photoluminescence enhancement
can be actively controlled by changing the incident optical spin states,
laser powers, and the nanospiral geometries, which is arising from the
change of ﬁeld enhancement at near-ﬁeld region. Planar light-emitting
devices based on spin−orbit coupling (SOC) eﬀect were further realized
and ﬂexibly controlled by changing the polarization of light. The SOC
eﬀect is discussed by the accumulation of geometric and dynamic phases, which can be demonstrated and elaborated by the
Majorana sphere model. Our results provide a way to manipulate MoS2 light−matter interaction actively and can be further
applied in the spin-dependent light-emitting devices at the nanoscale.
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T

emission is remarkable with high coupling eﬃciency, and
selective ampliﬁcation of MoS2 PL based on exciton−plasmon
interaction is realized experimentally.14−17 However, most
designed structures must be fabricated precisely with the
structure geometries and the coupling distance, which limits the
development of active-controlled optoelectronic devices in the
future.
The SOC of light is the interaction between spin angular
momentum (SAM), intrinsic and extrinsic orbital angular
momentum (OAM),18,19 involving SAM to intrinsic OAM
conversion in nanoparticles,20,21 SAM to extrinsic OAM
conversion in directional surface plasmon propagation,22,23
and intrinsic OAM to extrinsic OAM conversion in other
systems.24,25 SOC eﬀect can be generated when plasmonic
spiral rings coupled with circular polarized light perform the
spin-dependent optical phenomena. It has been widely reported
that surface plasmon polaritons (SPPs) propagation in the
near-ﬁeld can be modulated by the geometric and dynamic

he MoS2 monolayer is a promising two-dimensional
(2D) semiconductor with direct band gap electronic
structure, notable ﬂexibility, and tunable optical
emission, which has great potential for the application of
optoelectronic devices.1−3 Valence band splitting induced by
strong spin−orbit coupling (SOC) results in multiexciton
photoluminescence (PL), and the extraordinary exciton binding
energy is utilized to generate exciton emission at the room
temperature.4 With these properties, it has motivated extensive
interest for researchers to explore its potential physical
phenomena, especially on light−matter interaction, such as
multiexciton PL, interlayer exciton coupling, and valley
polarization eﬀect.5−7 However, enhancing and modulating
the PL emission of MoS2 monolayer are still a great challenge
for its practical applications.
Great eﬀorts have been devoted to realize the active control
of MoS2 PL by utilizing photonic cavity modes and metallic
surface plasmons. Photonic microcavities formed by low-loss
dielectric material are ideal structures for pumping exciton
lasing.8,9 Localized ﬁeld enhancement induced by plasmonic
“bowtie” and “dimer” structures is an alternative way for
enhancing MoS2 PL emissions.10−13 Nanowire-coupled exciton
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Figure 1. Schematic of MDM structure and its characteristic properties. (a) Schematic of spiral ring structure on SiO2/Au/SiO2/Si substrate
with circular polarized light excitation. PL intensity was enhanced when MoS2 monolayer coupled with spiral rings. (b) The optical image of
MoS2 ﬁlm and spiral ring arrays; scale bar is 5 μm. Inset shows the schematic cross-section view of MDM structure. (c) The SEM image of
spiral ring arrays with variant ring numbers ranging from 1 to 4; scale bar is 2.5 μm. (d) Cross section view of 3-turn spiral ring at a tilted
angle 52°; scale bar is 200 nm.

from the color contrast at the ﬁlm edge, most of the area is the
monolayer region, and few two-layered MoS2 ﬂakes appear as
the dark purple. The monolayer property of the sample can be
veriﬁed by the PL mapping and the energy diﬀerence of E12g
and A1g.33 Raman signals were dramatically enhanced on this
MDM structure, which is arising from the surface plasmon
enhanced Raman scattering (see Supporting Information
Figure S1).34,35 Inset shows the schematic cross-section view
of the MDM structure, where the green layer represents the
MoS2 monolayer. In Figure 1c, SEM image shows the
morphology of spiral ring arrays on the MoS2 monolayer
with variant ring numbers ranging from 1 to 4. Figure 1d shows
the cross-section view of 3-turn spiral ring at a tilted angle 52°,
where the layer properties can be observed by the color
contrast obviously.
Active-Controlled PL Enhancement. Figure 2 shows the
diﬀerence of PL intensity of pure MoS2 monolayer and MoS2
interacting with spiral rings. Inset shows the SEM image of
measured 2-turn spiral ring structure at a tilted view. The

phase, such as plasmonic vortex,26,27 and plasmonic lens
focusing.28,29 Manipulating the SOC of light with plasmonic
structures provides an additional method for tailoring the
light−matter interaction in nanophotonics.30−32
In this article, we use metal-dielectric-metal (MDM)
plasmonic structures to investigate the MoS2 exciton−plasmon
interaction by spectroscopic measurements and numerical
simulations. MoS2 excitons coupled with SPPs wave can
enhance the MoS2 PL more than 10 times. Moreover, the MoS2
PL intensity can be further manipulated by tailoring the SOC
eﬀect, which can be controlled by the optical spin states, spiral
geometries, and the incident laser powers. The SOC-dependent
electric-ﬁeld (E-ﬁeld) distribution provides direct evidence for
actively controlled SPPs focusing. The ampliﬁcation of MoS2
PL tends to be saturated at intense laser powers, which is due to
the competition of exciton generation rate and recombination
rate. A theoretical model of phase accumulation is proposed to
understand the mechanism, involving SOC-induced geometric
phase and spiral-pitch-induced dynamic phase. Tailoring the
SOC eﬀect in nanospiral ring oﬀers a way for potential
applications on MoS2 light-emitting device. This interaction
between MoS2 exciton and SPPs can be exploited in the
development of a class of spin-dependent nanophotonic
devices.

RESULTS AND DISCUSSION
Device Fabrication and Spectral Characterization.
Figure 1a is the schematic of the MDM structure with spiral
rings and MoS2 monolayer under circular polarized light
excitation. Compared with pure MoS2 ﬁlm on the same hybrid
substrate, the PL emission is enhanced when the MoS2
monolayer couples with spiral structures. The MoS2 monolayer
was grown by chemical vapor deposition (CVD) method and
then transferred onto 35 nm SiO2 with 30 nm golden mirror
layer. Spiral rings were patterned by E-beam lithography and
deposited with 40 nm Au ﬁlm. Figure 1b presents the optical
image of spiral ring arrays on the hybrid structure. Observed

Figure 2. PL spectra of MoS2 monolayer with and without spiral
structures, under the excitation of diﬀerent circular polarized light
at 633 nm. Laser power was controlled at 2.1 mW. Inset shows the
cross section view of 2-turn spiral ring; scale bar is 400 nm.
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Purcell enhancement factor can be deﬁned as ε = Iwi/Iwo, where
Iwi (Iwo) is the maximum intensity of MoS2 with (without)
nanospiral rings. Under the excitation of left-hand circular
polarized light (LCP, red), the maximum of PL enhancement of
MoS2 monolayer is about 10 times higher than the pure MoS2
(orange), which means ε is larger than 10. However, PL signals
are barely enhanced with the illumination of right-hand circular
polarized light (RCP, blue), and ε is nearly 1. This
spectroscopic change can be actively controlled by the
polarization of the incident light, which provides an eﬃcient
way for tailoring the exciton−plasmon interaction.
The Purcell enhancement ε is associated with systematic
collection eﬃciency, quantum eﬃciency, and E-ﬁeld enhancement.36 The collection and quantum eﬃciency are analyzed in
detail, and spin-dependent E-ﬁeld enhancement induced by
nanospiral rings mainly gives rise to the huge diﬀerence in ε
(see Figure S2). The near-ﬁeld intensity and phase distributions
are simulated under LCP and RCP excitation to understand the
mechanism of the PL enhancement. Figure 3a shows the SEM
image of 2-turn spiral rings, and their structural parameters are
shown in Figure 3b. The start radius of the spiral cavity is
designed to be 150 nm. The grating width and the spiral pitch
are 100 and 200 nm, respectively. These structural parameters

are chosen to fabricate the spiral structures because the strong
ﬁeld enhancement can be generated at the ring center, and
structural diameters are smaller than the laser beam (See Figure
S3). The spiral rings couple LCP incident light at the
wavelength of 633 nm, which can generate SPPs with the
wavelength (λSPP) about 400 nm (see Figure S4).
Figure 3c shows the near-ﬁeld intensity at x−y plane for LCP
excitation. When spiral ring interacts with LCP light, SPPs are
generated by a space-variant structure, coherent and propagate
toward to the ring center forming a focusing spot. Figure 3d
shows the corresponding phase map of 2-turn spiral ring at x−y
plane with LCP excitation. The phase at the center of the spiral
ring shows locally uniform distribution with −π as the dotted
circle noted in Figure 3d, which is arising from the conversion
of spin AM to OAM. The obvious PL enhancement under LCP
excitation is because of the interaction of exciton and SPPs
ﬁeld. Figure 3e is the distribution of RCP-induced weak E-ﬁeld
without focusing spot. At the center, phase changes from π to
−π for two-round anticlockwise as shown in Figure 3f. SPPs
propagate as usual with RCP excitation, but their phase cannot
compensate generating a local uniformed spot with −π, which
results in nonfocusing mode. Therefore, the PL intensity shows
little enhancement with RCP excitation due to the poor
coupling process. The phase change is arising from the
conversion of spin AM and intrinsic OAM. The location of
focusing spot is related with the conversion of spin AM and
extrinsic OAM in our spatially varying structures.
Furthermore, tailoring MoS2 exciton−plasmon interaction by
SOC eﬀect can be applied in 2D light-emitting device (see
Figure S5). The 2-turn nanospiral is a kind of chiral structure
with diﬀerent spiral orientations, which shows a distinctive
response when interacting with a certain circular polarized light.
Under LCP excitation, MoS2 coupled with nanospirals in a
speciﬁc spiral orientation emits bright PL showing a convex
“PK” pattern. However, a concave “PK” pattern can be
observed under RCP illumination. By tailoring the SOC eﬀect
in our MDM spiral structures, the 2D light-emitting device
involving exciton−plasmon interaction can be actively controlled by optical polarization, which holds great potential for
the development of light-emitting applications based on 2D
materials in the future.
Laser-Power-Dependent Coupling. The exciton−plasmon interaction is associated with laser powers, and PL
intensities of MoS2 coupled with and without spiral rings were
investigated in details (see Figure S6). When MoS2 coupled
with a 2-turn spiral ring under 633 nm laser excitation, PL
intensity increases dramatically as laser power increases from
0.35 to 5.6 mW, but peak energy shows nonshifting (dotted
line) as shown in Figure 4a. Figure 4b shows the plots of log−
log scale PL intensity with (blue circle) and without (red circle)
SOC eﬀect. The relationship between total PL intensity (I) and
laser power can be approximately written as I = (P)m, where m
denotes exponent. For MoS2 without a spiral ring, m is ﬁtted to
be 0.86 with laser powers ranging from 0.17 to 5.6 mW. When
MoS2 couples with SPPs focusing, m is as same as 0.86 at low
powers (P < 2.1 mW). However, for P > 2.1 mW, m is
degraded to 0.65 as the exciton radiation starts to be saturated.
The enhancement factor ε increases ﬁrst at a lower power and
then decreases when the power becomes larger, and the
maximum of factor ε can reach more than 10 at 0.21 mW. This
enhancement can be understood and veriﬁed by theoretical
calculations, where the factor ε in our structure can be
estimated as 13.5 (see Figure S2).

Figure 3. Geometric structure and spin-dependent E-ﬁeld
distribution of 2-turn spiral ring. (a) SEM image of 2-turn spiral
rings; scale bar is 1 μm. (b) The grating width, the spiral pitch, and
the diameter of outer contour are 0.1, 0.2, and 1.1 μm, respectively.
(c) Near-ﬁeld intensity of |Ez|2 at x−y plane with a focusing spot
under LCP excitation. (c) Phase map of Ez at x−y plane for LCP
excitation. (e) Near-ﬁeld intensity of |Ez|2 at x−y plane without
focusing under RCP excitation. (f) Phase map of Ez at x−y plane
for RCP excitation.
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Figure 4. Analysis of PL change and schematic of a three-energy-level model. (a) PL spectra change with the increasing laser powers. (b) Plots
of PL intensity with (blue) and without (red) SOC coupling and corresponding Purcell enhancement (pink balls) under diﬀerent laser
powers. (c) Schematic view of the three-energy-level model and competition of exciton generation rate and recombination rate.

induced by outer gratings and the inner grating coupling at
subwavelength dimensions. The phase distribution exhibits a
strong dependence on the ring number as shown in Figure 5c.
For odd number spiral rings, the phase changes from −π to π
for one-round anticlockwise, however, it appears as a local
uniformed spot with −π in even number spiral rings. The
focusing and nonfocusing phenomena in diﬀerent rings can be
optimized and selected for PL enhancement. This ring-numberdependent focusing phenomena can be observed from PL
mapping images in Figure 5d. The layer properties can be
clearly veriﬁed by the color contrast, where most of the “green”
area is MoS2 monolayer ﬁlm, and few two-layered MoS2 ﬂakes
show dark blue in the shape of triangle. As predicted, PL
intensity is dramatically enhanced when the MoS2 monolayer
couples with 2- and 4-turn spiral rings. However, the intensity
enhancement almost disappears in the 1- and 3-turn spiral
rings.
Spin−Orbital Coupling Eﬀect. The SOC phenomena can
be interpreted by a Majorana sphere model29,37 as shown in
Figure 6a, including spin states (σ±), dynamic phase (Φd), and
geometric Berry phase (Φg). The LCP (RCP) light can be
represented as a spin state as |σ− ≥ −1 (| σ+ ≥ +1), which can
be shown by two unit vector u and v. A geodesic arc connecting
the north and south poles represents the evolution of light from
circular polarized light to SPP wave. The area surrounded by
geodesic arc I and II on the Majorana sphere is the geometric
Berry phase Φg = −(Ωv + Ωu)/2 (pink surface), which
intersects the x−y plane at angle φ. The general case can be
given by Φg = −σ±φ. Moreover, the dynamic phase Φd arises as
a result of a space-variant path diﬀerence induced by the
gratings spiral pitch, which can be described by p·p is deﬁned as
Lpitch /λSPP, where Lpitch is the length of the spiral pitch. More
detailed descriptions on basic Majorana sphere can be found in
Figure S8. Figure 6b shows the diﬀerence of dynamic phase in
spiral rings with p = 1 and p = 1/2. The structure parameters of
spiral ring are r = r0 + φ·λSPP/2π with p = 1. When grating

Under LCP excitation, the hot carriers induced from
absorption are excited, cooling down to the lowest exciton
energy, and ﬁnally recombine via radiative or nonradiative
decay. Meanwhile, SPPs are generated, couple with MoS2
exciton, and propagate toward the center of spiral structure
to realize the plasmonic focusing. Figure 4c shows the
schematic of a three-energy-level model, involving exciton,
trion, and ground state. The generated exciton recombines in a
radiative process and also transforms into trion during a
nonradiative decay. The exciton rate equation of steady-state is
N = G/(Γ + θ), where G, Γ, and θ are the exciton generation
rate, the exciton recombination rate, and the trion formation
rate, respectively. Under weak light excitation, there is not
enough exciton to ﬁll the exciton state, and Γ is directly related
with G because θ is negligible in this situation. When the laser
power is increased, the strong ﬁeld strengthens the charge−
charge interaction and pumps the exciton into higher
unoccupied exciton states. Besides, θ also increases, which
may create more charge exciton (trion, biexciton) in a
nonradiative decay. The competition of exciton generation
rate and recombination rate gives rise to the change of Purcell
enhancement and exponential dependence with the increased
laser powers.16
Ring-Number-Dependent Coupling. The E-ﬁeld and
phase distribution is also related with the ring number of
nanospirals (see Figure S7), and the inﬂuence of exciton−
plasmon interaction on the ring number is further investigated.
All of the simulations and experiments were carried out under
LCP illumination with the incident wavelength of 633 nm.
Figure 5a shows SEM images of 1-, 2-, 3- and 4-turn spiral rings
on the hybrid structure. The grating width and the spiral pitch
are controlled at 100 and 200 nm, respectively. The
corresponding E-ﬁeld intensities are shown in Figure 5b,
where we can see that the focusing eﬀect happens in the
nanospiral rings with an even number turn, which can be
explained by two eﬀects: including phase compensation
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Figure 5. SOC-dependent phenomena with various ring number of spiral structures. (a) SEM images of 1-, 2-, 3-, and 4-turn spiral rings; scale
bar is 400 nm. (b) Corresponding E-electric intensity with LCP excitation at 633 nm. Focusing ﬁeld can be obtained from 2- and 4-turn spiral
rings. (c) Corresponding phase distribution for 1-, 2-, 3-, 4-turn spiral rings. (d) PL mapping of MoS2 patterned with spiral ring arrays; scale
bar is 3 μm.

Figure 6. (a) Schematic view of phase accumulation in Majorana sphere model, including spin states and geometric Berry phase. (b) Dynamic
phase in diﬀerent nanospiral rings with gratings rotating for 2π geometrically.

rotates 2π geometrically, both Φg and Φd are 2π. In this
situation, plasmonic focusing is independent of the number of
spiral rings because the total phase Φ = Φg + Φd is 4π.29 The
total topological charge of the plasmonic vortex is l = −(σ± + p)
. However, the parameters of spiral ring are r = r0 + φ·λSPP/4π
with p = 1/2. When the grating rotates 2π geometrically, the Φg

and Φd are 2π and π, respectively. The total phase Φ = Φg + Φd
is 3π, which means an incomplete phase compensation. The
selective rule fails because the topological charge must be an
integer. All the above discussions are based on a general case,
where SPPs propagation and coherent happen on a metallic
ﬁlm beyond subwavelength dimensions. Speciﬁcally, our
1169

DOI: 10.1021/acsnano.6b06834
ACS Nano 2017, 11, 1165−1171

Article

ACS Nano
designed hybrid structures are plasmonic spirals with p = 1/2 at
subwavelength dimensions, which emergent properties are
manifest in complex intraparticle interactions. The E-ﬁeld phase
and focusing modes are mainly arising from SPPs interference
and may also be inﬂuenced by inner grating coupling in the
near-ﬁeld.

Figures S1: Optical properties of MoS2; S2: Purcell
enhancement; S3: E-ﬁeld distribution at x−z plane; S4:
Wavelength of SPPs; S5: Light-emitting device; S6: PL
spectra changing with laser powers; S7: Electric phase
and ﬁeld distribution; S8: SOC in Majorana sphere; and
S9: SEM images (PDF)

CONCLUSIONS
In summary, we have demonstrated that tailoring the SOC
eﬀect opens up a strategy for active control of MoS2 exciton−
plasmon interaction. The mechanism is that the SPP focusing
ﬁeld ampliﬁes the exciton emission of MoS2 monolayer, which
is induced by the interaction of MoS2 exciton and plasmon. The
emission signals are dramatically enhanced and reversibly
controlled by changing optical spin states, laser powers, and
spiral structure parameters. PL eﬃciency of MoS2 monolayer is
easily saturated with plasmon coupling due to the competition
of exciton generation and recombination rate. In this hybrid
structure, the signiﬁcant role of tailoring SOC eﬀect in
exciton−plasmon interaction is identiﬁed and elaborated by
the Majorana sphere model. 2D light-emitting devices based on
plasmon−exciton interaction were realized and can be actively
controlled by circular polarized lights. Our work provides a
potential opportunity for the exploration of light−matter
interaction in the nanoscale and promotes the development
of spin-dependent nanophotonic devices.
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MATERIALS AND METHODS
Preparation of MoS2 Monolayers. MoS2 samples were
synthesized by CVD. Sulfur (S) and molybdenum oxide (MoO3)
powder are the source of S and Mo, respectively. A boat with MoO3
powder was put into a fused quartz tube located at the center of the
CVD furnace. A piece of SiO2/Si wafer was suspended on the boat.
The furnace temperature was raised up to 750 °C in 15 min and was
held for 20 min, yielding MoS2 triangle domains. During the process,
50 sccm of argon was used as the carrier gas, and the growth was
carried out under atmospheric pressure. Samples with spin-coated
PMMA can be transferred onto prepared substrates by wetting transfer
methods.
Fabrication of Spiral Rings. Spiral ring structures were fabricated
by E-beam lithography. A drop of PMMA A2 was spin-coated on the
prepared substrate at 3000 rpm for 50 s and then heated on a hot plate
for 5 min. The designed structure was drawn by nanometer pattern
generation system (NPGS) and patterned by FEI Helios600i scanning
electron microscope (SEM). A 40 nm Au ﬁlm was evaporated by Ebeam evaporation system and then lifted oﬀ after soaking in acetone
for 2 h.
Simulations and Optical Measurements. Simulations on
electromagnetic ﬁeld were performed by ﬁnite-diﬀerence time-domain
(FDTD) solutions, and the experimental spectra were measured by a
home-built spectra system. An iHR550 Raman spectrometer from
Horiba was utilized with 1200 g mm−1 and 2400 g mm−1 gratings. The
Raman spectra was detected using 2400 g mm−1 gratings for high
resolution. PL spectra and mapping were measured with 1200 g mm−1.
The objective lens is 50× magniﬁcation. The excitation laser is 633 nm
He−Ne laser, which was focused to a diﬀraction-limited spot about 2
μm. For PL mapping measurements, the laser power was controlled at
1.4 mW, and the PL intensity ranging from 645 to 685 nm was
integrated to draw the mapping images.
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G.; Hatami, F.; Yao, W.; Vučković, J.; Majumdar, A.; Xu, X. Monolayer
Semiconductor Nanocavity Lasers with Ultralow Thresholds. Nature
2015, 520, 69−72.

ASSOCIATED CONTENT
S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsnano.6b06834.
1170

DOI: 10.1021/acsnano.6b06834
ACS Nano 2017, 11, 1165−1171

Article

ACS Nano
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