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Abstract

Various exciton species in transition metal dichalcogenides (TMDs), such as neutral excitons, trions (charged excitons),
dark excitons, and biexcitons, have been individually discovered with distinct light-matter interactions. In terms of
valley-spin locked band structures and electron-hole configurations, these exciton species demonstrate flexible control
of emission light with degrees of freedom (DOFs) such as intensity, polarization, frequency, and dynamics. However, it
remains elusive to fully manipulate different exciton species on demand for practical photonic applications. Here, we
investigate the contrasting light-matter interactions to control multiple DOFs of emission light in a hybrid monolayer
WSe,-Ag nanowire (NW) structure by taking advantage of various exciton species. These excitons, including trions,
dark excitons, and biexcitons, are found to couple independently with propagating surface plasmon polaritons (SPPs)
of Ag NW in quite different ways, thanks to the orientations of transition dipoles. Consistent with the simulations, the
dark excitons and dark trions show extremely high coupling efficiency with SPPs, while the trions demonstrate
directional chiral-coupling features. This study presents a crucial step towards the ultimate goal of exploiting the

comprehensive spectrum of TMD excitons for optical information processing and quantum optics.

Introduction

In the monolayer limit, the strong Coulomb interactions
and direct band gaps in transition metal dichalcogenides
(TMDs) result in tightly bound excitons with striking
optical signatures'~°. Excitons in the monolayers possess
large binding energies of a few-hundred meV and are
stable at room temperature. More interestingly, emerging
exciton species, such as trions and biexcitons, are formed
and spectrally separated with bound multiple-particle

configurations’"?, offering many opportunities to
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investigate many-body interactions and related quantum
phenomena. Meanwhile, some unique excitonic effects
have been discovered because of spin-valley locking band
structures in TMD monolayers'*. For the conservation
of spin angular momentum, optical transitions of direct-
gap excitons in K valleys can occur only with specific
circular polarizations'”*", This polarization selection rule
is also referred to valley polarization, acting as the core
mechanism for the booming research of valleytronics. On
the other hand, optical transitions of some excitons are
spin-forbidden, leading to the discovery of dark excitons
in tungsten-based TMD monolayers. The dark excitons
are found to hold a much longer lifetime of a few nano-
seconds than spin-allowed bright excitons, and unex-
pectedly their transition dipoles are oriented along the
out-of-plane direction®”. In TMD monolayers, these
exciton species of spectral separations, different transition
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dipoles, unique valley polarization dependence, and dis-
tinct carrier dynamics provide flexible approaches to
control the emission light with degrees of freedom (DOFs)
such as frequency, intensity, polarization, and dynamics.
TMDs have been demonstrated as a versatile platform
to manipulate the excitonic emissions with different
DOFs when coupled with various photonic nanos-
tructures. In optical cavities, the bright excitonic emission
intensities could be significantly amplified with acceler-
ated dynamics by the Purcell effect and even get into the
stimulated regime for coherent lasing actions™*,
Remarkably, these bright excitons could also reach the
strong coupling regime by controlling the coupling
strength, giving rise to intriguing polaritonic phenom-
ena”’**. In deliberate photonic structures, the excitonic
valley polarization could be well preserved and even
enhanced'>****?’; via chiral photonic designs, the valley
polarization could be utilized as a novel DOF for sorting
and routing optical signals®*~*'. With considerable spec-
tral separations, it is worth noting that different excitons
(e.g., trions, dark excitons, and biexcitons) of specific
electron-hole configurations provide great opportunities
to investigate many-body interactions and related quan-
tum phenomena”™ '***, Moreover, dark excitons with
spin-forbidden transitions are found to couple with pho-
tons in a totally different way because of their out-of-
plane transition dipoles’. The above-mentioned pro-
gresses indicate the tremendous potential to exploit TMD
excitons with different DOFs, establishing one ultimate
goal to exploit the comprehensive spectrum of TMD
excitons for optical information processing and quantum
optics*>**. However, towards this goal, there is still a
considerable gap because it remains elusive to fully
manipulate all the excitons simultaneously on demand.
In this work, we showcase the optical versatile manip-
ulation of various excitons in a hybrid monolayer WSe,-
Ag nanowire (NW) structure by harnessing the con-
trasting photon-exciton interactions with dependences of
dipole orientations, diffusion, and chirality. Here the Ag
NW is taken as the photonic structure for two-fold rea-
sons: (i) The surface plasmon polaritons (SPPs) in Ag
NWs can largely enhance the light-matter interactions for
all the exciton species of WSe,. The enhancement can be
ensured by the highly confined electromagnetic fields;
excitons with different transition dipole orientations can
all couple to different SPP modes®>***"*1*>~*"_(ii) The
valley polarization-dependent coupling of excitonic
emissions is possible in Ag NWs. By breaking the mode
symmetry, the chiral coupling and routing of SPP modes
provide a convenient way to manipulate the valley
polarized emissions”’. In this experimental configuration,
the excitons (including trions), dark excitons (including
dark trions), and biexcitons (including charged biexci-
tons), are found to couple independently with propagating
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SPPs in quite different ways. Consistent with the simu-
lations, the dark excitons and dark trions show extremely
high coupling efficiency with SPPs, while the trions
demonstrate highly directional chiral-coupling features as
the valley polarization is present. The detailed experi-
ments and result discussions are elaborated as follows.

Results
Design and characterization of the hybrid structure

The schematic of the sample structure is shown in
Fig. 1a. It consists of an Ag NW with ~8 um length and a
monolayer WSe, encapsulated between two hexagonal
boron nitride (hBN) thin films, which are sitting on a
SiO,/Si substrate (see Methods and Fig. S1 for more
details). The exciton species of monolayer WSe, could be
distinguished via the hBN encapsulation, as the photo-
luminescence (PL) spectrum shows in Fig. 1b (pumped by
a continuous-wave (CW) laser of 685 nm at 4 K). There
appear multiple narrow PL peaks, which are labeled as the
neutral A exciton (X°), biexciton (XX°), trion (X°), dark
exciton (Xp), charged biexciton (XX'), dark trion (Xp).
The lower energy peaks besides X are considered as
exciton complexes (Xc¢), which are not the focus of this
research®®, These exciton species are identified by their
peak energies, pump-power dependence, and valley
polarization (see more details in Figs. S2 and S3), which
are consistent with previous reports*>*~', The valley
polarization of these excitons is examined with circular
polarization degree as p=(I"-I')/(I"+I'), where I" and I
represent the right and left circular polarized PL intensity.
Under right-circular polarized (6) pump light of 685 nm
CW laser, the p of X° XX° and X" are 27%, 79 and 92%,
respectively (see Fig. S2 and Table S2 for detailed analysis
for the p of Xp, XX and X[;, see Fig. S4 for the ¢ pump
case). Moreover, the sample structure also enables effi-
cient coupling between the SPPs of NWs and the WSe,
monolayer. The thin hBN could not only prevent the
charge transfer between WSe, and Ag NWs without
suppressing the PL quantum efficiency, but also ensure
sufficient coupling strength as shown in Fig. 1c, d and
Supplementary Fig. S5. The effect of hBN is further ver-
ified by the control sample without hBN between the
WSe, and Ag NW (Supplementary Fig. S6).

For the distinct properties of these exciton species, their
coupling with SPPs of NW occurs in quite different ways.
The most distinct properties of these excitons lie at the
orientations of transition dipoles. For instance, the dipoles
of exciton (X% and trion (X) are in-plane oriented”?,
while those of dark excitons (Xp) are out-of-plane
oriented®>?**2, Based on these differences, numerical
simulations are carried out to look into their coupling
with NW SPPs. In Fig. 1c, the simulated electromagnetic
field of an out-of-plane dipole source with NWs is pro-
filed as a function of position (the cross-section electric
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Fig. 1 Contrast exciton-photon coupling of various excitons in WSe2. a Schematic of the Ag NW-WSe, sample structure. The inset shows the
bright field microscopic image. b Helicity-resolved PL spectra of monolayer WSe, far away from Ag NW at 4K under o™ excitation at 685 nm.

¢ Simulated electromagnetic field (left) and normalized SPP power ¢ (right) of out-of-plane dipoles coupled with NWs as a function of position,
respectively. d Simulated electromagnetic field (left) and normalized SPP power ¢ (right) of in-plane dipoles coupled with NWs as a function of

field distribution is shown in Fig. S7). Along the NWs (x-
axis) at both directions, the uniform wave-like spread-out
indicates the efficient coupling and thus can support long-
range propagation towards both ends of the NW. To
better characterize the coupling, normalized SPP power
E=P/P .« is defined to represent the strength. Along the
y-axis, however, the coupling becomes more efficient at
the NW edges and slightly weaker in the center. When the
dipole source goes outside the NWs range, the coupling
diminishes drastically. On the contrary, the simulated
field of the in-plane dipole source is profiled in Fig. 1d.
The field is much weaker than that of the out-of-plane
dipole. For the normalized SPP power, the coupling is
more efficient around the edge of the NWs and becomes
extremely weak at the center.

Experimental observation of the contrasting exciton-
photon coupling

PL spectroscopy is carried out to observe the coupling
features of these different excitons. The pump CW laser
of 685 nm is focused onto the middle point of the NW
and the PL are collected in the pump area (at the middle)
and at both ends of the NW. For convenience, the
polarization of pump and PL collections are all set to be
right circularly polarized (the polarization analysis is dis-
cussed in Figs. 4 and S2). In the PL image of Fig. 2a, the
white spots in the middle and at both ends correspond to

2804 | Light Sci Appl | 2023 | Vol 12 | Issue 12

the scattered signals from the in-situ excitons, and the
propagating SPP coupled excitons, respectively. The PL
spectra of these two areas are then plotted in Fig. 2a.
Apparently, the PL spectrum in the middle is consistent
with Fig. 1b, where the exciton (X° emission dominates.
In contrast, the PL at the right end shows a totally dif-
ferent profile, where the emissions of dark excitons (Xp)
and dark trions (Xp,) dominate but those of X’, X~ and
XX° decrease drastically. This could be well explained by
the simulation of Fig. 1c, where the transition dipoles of
Xp and X are out-of-plane oriented and are expected to
couple more efficiently than those in-plane oriented
dipoles of X° and X"

The pump-power dependent PL spectroscopy is taken
to further look into the contrasting coupling behaviors.
The power-dependent PL spectra at both areas are plotted
in Fig. 2b, d (those for the left end are shown in Fig. S8). In
the PL spectra of right end, the intensities of Xp and X
are already quite prominent at low pump powers, and
their linewidths are considerably narrower than PL
spectra in the middle. As the power increases, other
exciton peaks, such as biexcitons (XX°) and charged
biexcitons (XX), become visible for different power-law
dependence. By normalizing the end spectrum (PL
intensity Irq, at the right (left) end) with respect to the
middle one (PL I, in the middle), the coupling efficiency
for each exciton species is defined as (k=Iz/Iy;). This
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Fig. 2 Power-dependent PL spectra from the middle and the right end of the Ag NW. a In-situ (collected at the middle point of NW) and
propagated PL spectra (collected at right end) with the excitation power of 160 uW (pumped at the middle), the inset shows the corresponding PL
image. Color map of in-situ (b) and propagated PL spectra (d) as a function of pump powers. For better demonstration, the data is acquired at 4K
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efficiency « at three typical powers is then summarized in
Fig. 2c. It is apparent that the coupling efficiency « is
dominant for Xp and Xy, which is far larger than all the
other excitons which have strong in-plane dipoles.
Although the efficiency x decreases as the pump power
increases, it is always the unambiguously highest for the
Xp and Xj. The dominant efficiency x of Xp and X is
about 2.8 times larger than the x for in-plane dipoles, i.e.,
the trions under 320 pyW pump power. The 2.8 times
stronger coupling efficiency is consistent with the simu-
lation, where the coupling strength is calculated to be 2.5
times stronger. Moreover, time-resolved photo-
luminescence (TRPL) and numerical simulation are car-
ried out to further characterize the efficient coupling
between the Xp, Xp and Ag NW (Fig. S9). Interestingly,
the efficiency « for trions (X°) reveals more fine features of
the trions. This directly helps resolve two peaks at the
original X position as inter-valley trion (Xl’) and intra-
valley trion (X;) because of different valley-indexed
three-particle configurations, as reported by the magneto-
optical measurements®>>*, The efficiency x is close to
zero for neutral excitons and biexcitons (X° and XX°).
The case of XX° may be just resulted from the low
emission yield and low coupling strength here; the case of

X is attributed to the low coupling strength and much
higher propagation loss of SPPs with large re-absorption
at the exciton resonance. Due to the narrow absorption
linewidth of hBN encapsulated WSe,, this SPP loss of re-
absorption mainly affects the X° resonance. The light-
matter coupling with SPPs thus shows contrasting beha-
viors for each specific excitons, rendering versatile
approaches to control their light emissions.

Manipulate the light emissions of different excitons by
tuning the coupling

Once the light-matter coupling is established for these
distinct excitons, their light emissions can be flexibly
manipulated by taking advantage of their distinct char-
acteristics. For demonstration, the excitonic emission
intensity, and directional coupling with polarization
dependence would be deliberately controlled with specific
spectral signatures. This controllability is exemplified by
exploiting the spectral separations, different excitons’
diffusion lengths and valley DOF.

We first demonstrate that the spectral profiles for each
exciton can be intentionally altered and even some exci-
tonic emissions can be selectively turned off, as we tune
the photonic coupling of different excitons. This is
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realized by moving the pump spot around the vicinity of
the middle point NW. In Fig. 3a, the PL spectra collected
at right end (see Fig. S10 for the left end) are mapped by
indexing the pump positions along the y-axis (the direc-
tion perpendicular to the NW axis). As the pump spot
moves away from the center point (y=0), Xp and X
would preserve their emission intensity even at the posi-
tion y > 1.0 um, while the trions (X; and X;) and charged
biexcitons (XX') decrease their intensity much more
rapidly. Detailed spectra are shown as the two line-cuts of
the PL map at the positions of y =0 and y = —0.5 pm as in
Fig. 3b. As a function of pump position, the emissions of
XX, X7 and X; can be selectively turned off. To quan-
titatively analyze this dependence for accurate control, we
map out the wide-spread coupling efficiency by normal-
izing all the spectra with respect to the spectrum at y =0
as in Fig. 3c. With this normalization, Xp and X, have the
most wide-spread efficiency while the XX has the least.
This efficiency is largely determined by the diffusion
length, as well as the intrinsic coupling behaviors of the
dipole orientations as discussed in Fig. 2. The normalized
PL intensity for typical excitons (X;, X5, Xp, X and XX")
is then plotted as a function of pump position for

2806 | Light Sci Appl | 2023 | Vol 12 | Issue 12

diffusion length analysis in Fig. 3d, where a diffusion
model is employed to fit the data. As excited by a CW
laser, the exciton concentration n can be depicted by a
simple steady-state diffusion equation>°
Pa 2,2 AT
Py e = T(—x) — Dx*n(r) (1)
Where P is the excitation power,a the absorption
coefficient at the photo energy /v, e”"/*" the Gaussian
profile, rx and Dy are the exciton lifetime and diffusion
coefficient, respectively. The analytical solution to Eq. (1)
in a 2D crystal is

n(r) o / h Ko(r /Lx)e~ =V 1" gy! (2)

—0o0

where Kj is the modified Bessel function of the second
kind, Lx = /Dxtx is the diffusion length. Equation (2) is
employed to obtain the diffusion length in Fig. 3d. The
diffusion lengths of X and X, are then estimated to be
0.59+0.10 pm and 0.84 + 0.13 pm, while those of trions
and XX  cannot be quantified as they are too small
compared to the beam spot size (see Supplementary S11

LSA
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for more details). The diffusion length thus provides an
efficient approach to tune the exciton-photon coupling to
manipulate the spectral profiles of each exciton. Note here
that only this SPP coupling with diffusion model can well
explain the observed features. The possibility of the in-
plane propagation via substrate waveguide is excluded
with a detailed discussion in Supplementary Section 12.
To demonstrate the control of polarization DOF, the
directional coupling of some excitons is then shown to be
possible with polarization dependence. Away from the
NW center (y=0), the excitation scheme can support
transverse optical spin angular momentum (t-OSAM) for
directional coupling of circularly polarized light, i.e. spin-
momentum locking of light with time reversal sym-
metry’®*, The circular polarized light can be emitted
from excitons, trions, and biexcitons in the studied
structure (Fig. 1b). To investigate the directional coupling,
the PL spectra as a function of pump position y at both
right and left ends are compared and analyzed for direc-
tionality (Fig. 4a). The directionality D is defined as
D=(I;-IR)/(I. +1r), where I} and I represent the intensity
at the left and right ends, respectively. All these mea-
surements are pumped by a right-circularly polarized o*
CW laser at 685 nm with 1 mW power. Primarily, X; and

X5 show clear pump position-dependent directionality: as
the position y moves from the positive to negative values,
the directionality changes its sign. This is due to the
t-OSAM with time reversal symmetry as elaborated later.
But the directionality for other excitons does not show
such features. To take a closer look, the PL spectra at both
left and right ends at y = 0.4 pm are plotted in Fig. 4b. The
directionality of XX without such features is due to the
small valley polarization (Fig. S2); the directionality of
XX is attributed to the extremely low coupling efficiency
induced low directionality contrast, and the X° emission is
invisible here as discussed above. In contrast, the X and
Xp with strong emission intensity have smaller direc-
tionality without such clear pump-position dependence.
To confirm that the directional coupling of X;” and X is
resulted from the t-OSAM, the directionality is measured
as a function of pump polarization by changing the exci-
tation half-wave plate (see “Methods” section and Fig. S13
for details) as in Fig. 4c. When the polarization changes
from linear polarization to right/left circular polarization,
the directionality starts from O and reaches its positive/
negative maximum for both X; and X, . This observation
directly proves the mechanism of the t-OSAM, consistent
with other similar t-OSAM configurations®**’. In contrast,
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the Xp and X; show negligible polarization dependence
(see Fig. S14). To corroborate this conclusion, the time-
averaged power flows of SPPs toward the NW ends for
both in-plane and out-of-plane dipole sources are simu-
lated in Fig. 4d, e. The in-plane dipole is set to right cir-
cularly polarized o for trions and out-of-plane dipole is set
to linearly polarized for dark excitons and dark trions (see
“Methods” section). For the in-plane o dipole, the SPP
power flows to the right end when the position y is set to be
positive, and vice versa for the negative y position. For the
out-of-plane linear dipole, the SPP power flows evenly for
both ends without dependence on the position y. This
confirms the polarization dependence for X, and X;. The
observed non-zero directionality in Fig. 4a may be
explained by the simulation of Fig. S15, where tilted out-of-
plane dipole orientation is introduced by the inhomo-
geneity of the sample. Nevertheless, the reason of inho-
mogeneity for non-zero directionality needs further
experimental investigations. Based on these detailed ana-
lyses, the directional coupling via t-OSAM is well estab-
lished for the trions.

Discussion

In summary, this work presents versatile optical
manipulation of trions, dark excitons, and biexcitons in
a monolayer WSe, via contrasting exciton-photon
coupling with dependences of dipole orientations, dif-
fusion, and chirality. By leveraging the photonic modes
in Ag NWs, the exciton-photon coupling behaves quite
differently for various excitons, including X7, X5, Xp,
Xp. and XX™ according to the excitonic transition
dipole orientations. By the established contrasting
exciton-photon coupling, the DOFs of intensity, fre-
quency, and polarization can simultaneously be
manipulated on the excitonic spectrum. With the dif-
fusion lengths of various excitons, the exciton-photon
coupling could be flexibly tuned to control the full
spectral profiles. Via the t-OSAM, the X, and X; of in-
plane transition dipoles can support directional chiral
coupling with polarization dependence. Toward the goal
of full manipulation of the comprehensive excitonic
spectrum on-demand, this work presents a crucial step
for exploiting various excitons with multiple DOFs
simultaneously.

For practical applications based on versatile manipula-
tion, the parameters of the photonic structures can be
tuned and optimized. In the studied plasmonic NW's here,
for example, the diameters of the Ag NW and the thick-
ness of the top hBN can be tuned to adjust the coupling
strength and the polarization dependence. As shown in
Figs. S5 and S16, the optical contrast for the selective
turn-on/turn-off, optical sorting, and directional routing
of excitonic emissions could be optimized for realistic
optical information process.

2808 | Light Sci Appl | 2023 | Vol 12 | Issue 12
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Materials and methods
Sample fabrication

Monolayer WSe, was prepared by mechanical exfolia-
tion of bulk materials (HQ graphene). The dry transfer
method was conducted with a home-build transfer stage.
The top hBN thin film (~ 5nm), WSe,, and bottom hBN
were picked up in sequence and transferred the hetero-
structure to a cleaned 285 nm SiO,/Si substrate. Chloro-
form was utilized to dissolve the polycarbonate (PC) film
that was used for the 2D materials transfer. The chemi-
cally synthesized Ag NWs were first spin-coated on
another clean substrate and then transferred to the hBN/
WSey/hBN heterostructure by the same dry transfer
method. After removing the residual PC film, the sample
was deposited with 10 nm aluminum oxide immediately
by atomic layer deposition to prevent oxidation of the Ag
NW in the air.

Spectroscopy measurement

For the PL measurement, a CW 685nm laser was
employed to excite the sample. Before reaching the 50x
dark-field objective (Olympus, 0.5 NA), the laser passed
through a half-wave plate (HWP) and/or a quarter-wave
plate (QWP) to alter its polarization. The PL signal from
the sample was collected by the same objective and guided
to a spectrometer (Andor, Kymera 328i). For the PL
spectra in Figs. 1, S2, and S4, the spectrometer was
switched to spectrum mode to collect a single spectrum.
For the PL spectra in other figures, the spectrometer was
switched to image mode. In this mode, the PL signal from
the entire Ag NW was diffracted by a grating (300 line/
mm) and recorded by an electron multiplying charge-
coupled device (Andor, DU970P). The recorded images
have two dimensions that contain the information of the x
position and wavelength, separately. The integration time
was 30s. The spectra from the left and right ends of the
Ag NW can be extracted from the same image by
selecting different interested areas. All the spectra were
collected at a sample temperature of 4K (Montana,
Cryostation S50).

Electromagnetic simulation

The electromagnetic simulations were carried out using
COMSOL Multiphysics 5.2a. Johnson and Christy’s
experimental data was adopted to determine the
frequency-dependent permittivity of Ag®’. The refractive
index of SiO, was considered as 1.5. In the model, the Ag
NW was constructed with a pentagonal cross-section and
a corner rounding of 10 nm. The length of the Ag NW is
around 8 um. To simulate an infinite length condition,
200 nm perfect matched layers were added to both ends of
the Ag NW. An electric dipole was positioned 5nm
underneath the center of Ag NW to simulate various
excitons in WSe,. The dipole’s polarization can be
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controlled by modulating the amplitude and phase
between linear dipoles in different directions. Finally, time
averaged-power flow SPPs to both ends of the Ag NW
were collected to calculate the total coupling strength &
and directionality D of different excitons.
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