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Abstract

Strong light-matter interactions in two-dimensional transition metal dichalcogenides
(TMDGCs) with robust spin-valley degrees of freedom open up the prospect of val-
leytronic devices. A thorough understanding on the dynamics of the valley polariza-
tions in the strong coupling regime is urgently required. Here, multiple polarized
TMDCs-SPPs hybrid systems were constructed by combining monolayer WS, flakes to
linear, circular, and spiral Ag gratings, resulting in linear and circular polarized modula-
tion on the coherent hybrid states, respectively. Particularly, valley polaritons can be
tailored asymmetrically by chiral strong coupling regime. Furthermore, the dynamics of
the polarized polaritons were directly analyzed by transient absorption (TA) measure-
ment. Both of the linear and circular polarization difference in the TA spectra can be
retained for a remarkable long time, leading to a polarized PL even at room tempera-
ture. More importantly, in the chiral strong coupled WS,-spiral Ag grating devices, the
mechanism of the asymmetrical valley-polarized PL (p ,, =14.9% and p ,. = 10.8%) is
proved by the opposite valley polarization dynamics in the circularly polarized TA spec-
tra. The multiple polarization modulation in monolayer TMDCs-SPPs strong coupling
devices could provide a viable route toward multiple polarization polaritonic devices.

Keywords: Strong coupling, Polarization, Valley dynamics, Surface plasmon polaritons,
Transition metal dichalcogenides
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Introduction

Compared with traditional semiconductors, two-dimensional transition metal dichalco-
genides (TMDCs) with the excellent optical [1, 2], electronic [3, 4] and valley pseudospin
properties [5-8], have shown various important applications in optical switching [9],
high-speed transistors [10, 11], and quantum information processing [12]. Furthermore,
because the lattice-match condition is not required, TMDCs are easy to manipulate into
functional devices with stacking processes [13]. Additionally, compared to bulk mate-
rials, monolayer TMDCs with reduced dielectric screening and strong quantum con-
finement [14, 15] has become one of the most preferred candidates for the research of
light-matter interaction.

According to the energy exchange rate between the light and matter component, two
kinds of light-matter coupling regimes can be identified. One is weak coupling regime
[16], in which the excitation energy lost rapidly and can'’t be oscillated between the oscil-
lators. In this regime, significant enhancement of fluorescence is afforded by Purcell
effect, which is the most used method to make up the disadvantages of low quantum
efficiency (typically less than 1%) of monolayer TMDCs [17]. In contrast, the excitation
energy can be exchanged back and forth between light and matter in strong coupling
regime, where the rate of the exchange is faster than any decoherent process, leading to
the formation of hybrid light-matter states, called polaritons. As a half-light and half-
matter hybrid system, the polaritons not only have the advantages of light, such as small
effective mass, fast propagation, long-term spatiotemporal coherence, etc., but also have
the remarkable properties inherited from matter fraction, such as strong interaction and
nonlinearities. Combining these advantages, strong coupling hybrid states have sug-
gested many applications including Bose—Einstein condensation [18, 19], low-threshold
polariton lasing [20, 21] and long-range energy transfer mobility [22].

Recently, light-matter interaction [23] has been extensively studied on monolayer
TMDCs coupled with electromagnetic fields confined in microcavities [24—26] or sur-
face plasmon polaritons (SPPs) [27-31]. Importantly, as excellent valleytronic materials,
great interest has been focused on TMDC s, in which valley degree of freedom can be
directly addressed under strong coupling regime [24]. In multiple experiments, it has
been demonstrated that valley polarization can be retained even in ambient conditions
by coupling TMDC:s to optical microcavity [24, 32, 33]. On the other hand, plasmonic
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nanostructures, as another solution to confine light, can also be used to couple with
TMDCs [34-36]. Particularly, SPPs have the advantages of being capable of flexible
design and opening to environment [37, 38]. These peculiarities offer a better platform
for polarization modulation [39-43], especially for valley pseudospin control [35, 36].
For example, Shi et al. report that a linear polarized second-harmonic generation can be
achieved by coupling WS, to Ag nanogroove gratings [43]. Besides, precisely designed
plasmonic chiral resonators have been used to successfully control valley-polarized PL
emission [35, 44—48]. Especially, Hu’s work successfully achieved the modulation of the
nonlinear valley—exciton-locked emission in any direction in free space [35]. However,
until now valley dynamics in the strong coupling regime have not been reported yet.
In particular, little is known about the valley depolarization mechanism in the TMDCs-
SPPs coherent hybrid system.

In this work, we demonstrate that strong TMDCs-SPPs coupling can be achieved by
combining triangular monolayer WS, to linear, circular, and spiral Ag gratings, in which
the mechanism of linear and circular polarized modulation on the exciton-polaritons is
revealed by the ultrafast pump-probe approach. In the strong coupling regime, the dif-
ference of the polarized TA spectra can be retained for an extremely long time, which
were measured in both WS,-linear and circular Ag gratings devices. Particularly, an
asymmetrical valley-polarized PL (P, =14.9% and P, =10.8%) is clearly shown in the
WS,-spiral Ag grating device at room temperature, behavior associated to a long kept
asymmetric valley polarization in the chiral strong coupling regime. These multiple
polarized strong coupling WS,- Ag grating devices could provide new opportunities in

the manipulation of information processing and communication.

Result and discussion

The devices used in this work were all fabricated by a series of nano-processing steps
on silicon substrate (see Methods for details). The WS,-linear Ag gratings devices were
first studied and their schematic is shown in Fig. 1la. The lattice periods (p) varied from
375nm to 450 nm, while the groove width (w) and depth (d) was kept at 150nm and
160nm. According to the cross-sectional image shown in Fig. S4, the side wall of the
gratings is nearly vertical and the surface of the sample is smooth enough. The triangular
monolayer WS, flakes were transferred on the top of the linear Ag gratings through a
wet transfer method (see Fig. S2 in Supporting Information). According to the Raman
spectra of the WS,-Ag gratings device as shown in Fig. S5, there is no tension to the
triangular monolayer WS, on the surface of the gratings. Before the transfer, a 5nm
aluminum oxide (Al,O;) was evaporated on the Ag film to avoid fluorescence quench-
ing. Particularly, because the Al,O, film is thin enough, the monolayer WS, is still in the
maximum field of the enhancement area. Finally, a 300 nm thick polyvinyl alcohol (PVA)
film was spin-coated onto the devices, resulting in the SPPs resonance can be tuned to
the location of the A exciton of monolayer WS,. In addition, the PVA layer can also pro-
tect the devices away from oxidation in the air environment.

Figure 1b illustrates the simulated electric field distribution of the linear Ag grat-
ings with 400 nm period for excitation at 617 nm. Here, we refer to a TM (TE) mode
when the polarization of the light is perpendicular (parallel) to the grating pitch. As
can be seen, the strong SPPs fields can only be excited by TM polarized light and
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Fig. 1 Modulation of the WS,-linear Ag grating strong coupling device. a Schematic diagram of WS.-linear
Ag grating device. b Electric field distribution of the linear Ag gratings with 400 nm period in TE (i) and TM (ii)
mode at 617nm. ¢, d Simulated reflection spectra of the linear Ag gratings (c) and monolayer WS,-linear Ag
gratings (d) with different periods in TM mode. The relevant experimental data are marked with white open
circles. e Reflection spectra of the WS,-linear Ag grating devices in TM mode. f PL spectra of the WS,-linear Ag
gratings devices in TE (dotted line) and TM (solid line) mode

localized near the edge of the slit. Then the linear polarized reflection spectra in TM
mode were calculated from the linear Ag gratings without and with monolayer WS,,
in Fig. 1c-d, which is consist with the experimentally measured reflection spectra as
shown in Fig. le. It is noted that the A exciton transition energy of WS, and the SPPs
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modes slightly split into two new hybrid states, whose peaks with the anti-crossing
behavior show the evidence of strong coupling in TM mode.

To further display the linear polarized strong coupling in the hybrid WS,-linear Ag
grating devices, linear polarized PL spectra were measured (Fig. 1f). The devices were
excited by a 532nm laser in TM mode, while the PL spectra were collected along TM
and TE, respectively. For reference, monolayer WS, on flat Si shows a negligible linear-
polarized emission according to previous report [49]. With respect to bare WS,, the
PL spectra from the hybrid devices exhibit distinct differences in TM and TE mode. In
addition, the linear-polarized emission of the hybrid devices can be modulated by tai-
loring the periods of the Ag gratings. At the period of 375nm, both the (1,1) and (1,0)
SPPs resonance peaks of the linear Ag grating have overlap parts with the A exciton of
monolayer WS,, leading to stronger Purcell effect along the TM mode. Thus, it seems
to have the largest difference between the TE and TM mode. However, the peaks of the
two SPPs modes can’t match the A exciton of monolayer WS,. Weak coupling still plays
a dominant role in this device. Hence, in this case, the shape of the PL spectrum keeps
the same shape under TE and TM mode. When the period increases to 400 and 425 nm,
the SPPs resonance peak will red-shift and can overlap with the A exciton of monolayer
WS,, thus maximizing the coupling strength. Under this condition, the shape of the PL
spectra under TE and TM modes show significant difference. Compared with TE mode,
a shoulder emission peak at 627 nm corresponding to the lower band appeared in TM
mode, which further reveals that the polarized strong coupling can be achieved. As the
period further increases, the SPPs resonance peak of the Ag gratings will shift out of the
A exciton of monolayer WS,. Hence, the PL emission from the hybrid WS,-linear Ag
grating device with the period of 450nm shows slight differences between the TE and
TM mode. Above all, only in TM mode, the shape of the linear-polarized PL emission
spectra can be tailored in the WS,-linear Ag grating coupling devices, which indicated
that polarized strong coupling can be modulated by the orientation of the gratings.

Although the steady-state reflection and PL spectra has proved that the linear polar-
ized strong coupling can be achieved in the WS,-linear Ag grating devices. The pho-
tophysics of the polarized hybrid devices still needs to be clarified. In order to further
understand the dynamics of the linear polarized strong coupling, transient absorption
(TA) spectra [50] were carried out based on a 100fs Ti-sapphire amplifier system (see
Methods for details). In particular, the pump beam was always kept in TM mode, while
the broad white light was set in TM or TE mode to realize linear polarized TA measure-
ment. Thus, more information of the excited state in the hybrid devices can be reflected
by the variation of the optical density (AOD=0D ., = OD yithout pump)-

The reference sample with bare monolayer WS, on flat Ag film was first pumped by
a 560nm laser pulse. Figure 2a shows the TA spectra recorded immediately after the
initial excitation at 0.3 ps. The TA spectra showed similar behavior under TM and TE
mode probe. The narrow negative signal at around 610nm was the ground state bleach-
ing (GSB) signal. And the positive signal at 630 nm was attribute to excited state absorp-
tion. The TA experiments performed on the hybrid devices with different periods were
also pump at 560nm in TM mode. With respect to the reference sample, the TA spectra
from the devices with different periods show similar behaviors under TE probe as shown
in Fig. 2b. By contrast, totally different transient features are recorded in the TM probe.
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Fig. 2 a Linear polarized TA spectra of monolayer WS, in TM and TE mode at 0.3 ps. b Linear polarized TA
spectra of monolayer WS,-linear Ag gratings with different periods in TE mode at 0.3 ps
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Fig. 3 Linear polarized TA spectra of the WS,-linear Ag grating devices. a Linear polarized TA spectra of the
WS,-linear Ag grating devices probe in TM mode with different periods. b, ¢ Evolution of linear polarized TA
spectra at different delay times (0.24 ps, 2 ps, 10 ps, 30 ps) probed in TE (black line) and TM (red line) mode
with a period of 400 nm (b) and 425 nm (c). The excitation wavelength is 560 nm

As shown in Fig. 3a, two distinctive negative bands associated with the new hybrid SPPs-
exciton states are observed. In addition, by varying the grating periods, the two peaks
simultaneously red shift with increasing the period. Compared with steady-static meas-
urements, TA spectra probed in TM mode give clearer characteristic of strong coupling:
anti-crossing of energies. A Rabi splitting up to 50meV can be achieved. These results
indicate that linear-polarized coherent SPPs-exciton hybrid states can form in the hybrid
devices.

Specifically, for the optimal coupling devices with periods of 400nm and 425nm, the
TA spectra evolution probed in TM and TE mode are compared in Fig. 3b-c. As can be
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seen, the two distinctive bands corresponding to the hybrid states in TM mode probe
can be retained for a long time. Namely, the lifetime of the coherent hybrid states can be
extremely long, which is consistent with previous reports [51, 52]. Hence, such unique
anisotropic features in the WS,-linear Ag gratings devices should provide important
applications in the linear polarization-modulated optical encoding technique [43].

In addition to the modulation on linear polarization, the control on circular polari-
zation is also of great significance due to the existence of energy valley in monolayer
TMDCs. valley band transition in TMDC was illustrated in the insert diagram in Fig. 4c.
It has been demonstrated that the valley pseudospin can be retained even at room tem-
perature by coupling TMDCs to microcavities [24, 32, 33]. Namely the robustness of the
valley pseudospin can be improved in strong coupling regime. Thus, to clarify whether
the TMDCs-SPPs hybrid states can play the same role in valley polarization modulation,
we further carried out circular polarized TA spectroscopy, in which the pump and probe
light was set as left (o+) or right (o-) circular polarization by adding a quarter wave plate
into the light path.

As a reference, the monolayer WS, on flat Ag film was also first measured. The initial
TA spectra at 0.3 ps with different pump-probe configurations were plotted in Fig. 4a, in
which the maximum differences between the same (SCP) and opposite (OCP) circular
polarization of the pump and probe pulses are recorded. The prominent distinction of
the SCP and OCP spectra are located at the red-side of the GSB and the photoinduced
absorption (PIA) signal at 630nm, which can be attribute to the energy band renor-
malization originating from the coulomb-induced intervalley scattering [53]. Then we
compared the valley dynamics at the GBS peak (617 nm) under SCP and OCP probe in
Fig. 4b. It can be seen that the differences between the SCP and OCP signal disappeared
within a very short time due to the fast intervalley scattering effect. The differences of
the valley dynamic can be characterized by circular polarization degree (P):

AODy; —AOD; AOD__ — AOD_,
= or =
AOD4; + AOD,_ "7 AOD__ + AOD_, (1)

P0+

where AOD_, (AOD__) and AOD__ (AOD_,) refer to the SCP and OCP probe signals
under o+ (0-) excitation. As illustrated in Fig. 4c, the valley polarization for monolayer
WS, has a very short lifetime ~650fs, which is consistent with the previous report.
Besides, it’s also worth noticing that the kinetics of the circular polarizability curve
excited by o+ light almost coincide with that excited by the o- light, which suggests that
the K and - K energy valleys are symmetric in monolayer WS,

More importantly, the circular polarized TA spectra were performed on the WS,- lin-
ear Ag gratings devices. Two distinctive bands assigned to the hybrid states were plotted
in Fig. 4d, which demonstrate that strong coupling regime can still be achieved under
circular light excitation. But the difference of the TA spectra under SCP and OCP probe
is almost negligible even at the initial time. As shown in Fig. 4e, the valley dynamics of
the upper band peak also show the same behavior under SCP and OCP probe, leading
to a zero circular polarization degree over time (Fig. 4f). Thus, we can conclude that the
valley polarization cannot be distinguished in the strong coupled WS,-linear Ag grating
devices. In fact, the linear Ag gratings can be considered as a wire-grid polarizer [54, 55],
which can convert circularly polarized light into linearly polarized light once the pump
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light hits on the hybrid devices, resulting in excitons generated in both K and -K valleys
without valley polarization. The simulated circular polarized steady state spectrum of
the linear Ag grating in Fig. S6 can also explain this.

Since the linear Ag gratings cannot be directly used in valley modulation, we further
designed circular gratings to couple with monolayer WS, The circular gratings can not
only provide an enhanced electric field, but also increase the circular polarization degree
of the SPPs as demonstrated in Clara’s work [56]. Figure 5a exhibits the schematic of
the WS,-circular Ag gratings device, which was fabricated by the same procedure. The
radius of the innermost circular ring is 150 nm, while the groove width and the spiral
pitch are set as 80 and 400 nm, respectively.

Once again, the circular polarized TA experiments were still carried out by a 560nm
pump laser. The excitation position was chosen at the center of the circular gratings to
maximize the coupling intensity. The evolution of the spectra for the WS,-Circular Ag
gratings devices are reported in Fig. 5b-c illustrating two GSB signals in all the pump-
probe configurations. Even though the separation of the two peaks is not obvious as that
measured from the WS,-linear Ag gratings devices, we can still argue that the system
is dominated by strong coupling regime. Importantly, significant differences in the SCP
and OCP spectra can be distinguished and retained for an extremely long time. Espe-
cially, the dynamics of the circular polarization degree with the maximum value at the
peak of the upper band (613 nm) were plotted in Fig. 5d. As can be seen, the circular
polarization degree can be kept around 20% over a long time under both 6+ or o- exci-
tation. Hence, we demonstrated that significant enhancement of the valley polarization
lifetime can be achieved under strong coupling regime in the WS,-Circular Ag gratings
devices. Such a feature is of considerable importance for potential applications in val-
leytronics. In addition, another should be noted is that the GSB signals in the SCP spec-
tra is always bigger than that in OCP spectra, resulting in a positive circular polarization
degree under both 0+ and o- excitation as shown in Fig. 5d. In other words, owing to
the symmetry of the circular gratings, the modulation on the two valleys is still equiva-
lent under o+and o- excitation, which is also consistent with the simulated circularly
polarized steady state spectrum of the circular Ag grating in Fig. S6.

It is well known that the o+ and o- circular polarization light can be selectively
enhanced by right-hand or left-hand structures [44, 46, 48, 56], such as a plasmonic
Archimedean spiral. Rather than enhancing valley spin lifetime, spirals with asymme-
try of structures would provide a better platform for improve the valley-addressable
ability [56]. In the next step, we focus on valley modulation under strong coupling
with chiral plasmonic structures. The circular Ag grating was replaced by a clock-
wise spiral grating to couple with monolayer WS, as the schematic diagram shown
in Fig. 6a. The start radius of the spiral is set to 150 nm, while the groove width and
the spiral pitch are still set as 80 and 400 nm, respectively. First, the circular dichro-
ism (CD) spectra were measured to reveal the differential response from the bare
spiral Ag gratings between o+ and o- light. Here, the CD spectra is calculated with:
CD=R(0+) - R(o-), where R(o+) and R(o-) are the reflection spectra from the
devices. As shown in Fig. 6b, there is no obvious chiral light response at the flat Ag
film and the circular Ag gratings. While for the spiral Ag gratings, the CD spectrum
shows a strong chiral light response around 617nm as the black curve depicted,
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which is also consistent with the simulated circular polarized steady state spectrum of
the spiral Ag grating in Fig. S6. Thus, we confirm that the clockwise spiral grating can
absorb more o+ right. Besides, the CD resonance of the clockwise spiral Ag gratings
matches well with the transition energy of the A exciton in monolayer WS,. Then, the
corresponding near-field electric field distribution of the clockwise spiral grating for
o+ and o+ light at the CD peak of 617 nm is simulated and plotted in Fig. 6¢c and d,
which agrees with the experimental spectra well. As can be seen, only for o+ light,
the excited SPPs can propagate along the clockwise spiral and focused to a strong hot-
spot at the center of the spiral gratings (Fig. 6¢c). Conversely, without a focusing effect,
a relatively weak electric field distribution is displayed for o- light (Fig. 6d).

Then for the hybrid WS,-spiral Ag grating device, circular polarized PL spectra was
measured under excitation with a 532 nm laser. In the PL. measurement system, a lin-
ear polarizer and a broadband quarter-wave plate (350—-850 nm) were placed before
the spectrometer to separate the 0+ and o- PL spectra (see details in Methods). To

quantify the measurements, the circular PL polarization degree was defined as:
| P L_—L
Pot+ = [=1— and ps_ = — + )

where [++ (I--) and I+ - (I —+) is the PL intensity component with the same and oppo-
site polarization relative to the excitation.

First, the circular polarized PL spectra of monolayer WS, on SiO,/Si substrate were
measured as reference. As shown in Fig. 7a, the bare WS, shows an A-exciton PL
peak at 620 nm with a full-width half maximum linewidth about 18 nm. Notably, there
is almost no difference between o+ and o — PL spectra under ¢+ excitation. Namely,
the circular PL polarization of bare WS, is close to 0%, which can be attribute to the
fast intervalley scattering at room temperature as previously reported [57]. In con-
trast, the circular polarized PL spectra of the WS,-spiral gratings hybrid device are
shown in Fig. 7b and c. The first point worth noting is that the full-width half maxi-
mum linewidth is up to about 30nm, which is much wider than that of bare WS,.
Although the Rabi splitting cannot be clearly observed, the highly reshaped PL spec-
tra can still be considered as modulated by strong coupling effect, which is similar to
the other TMDCs-SPPs strong coupling systems. More importantly, different circular
polarization was observed under o+ and o — excitation. The maximum value at the
PL peak (615nm) can be up to p,, =14.9% and p,. =10.8%, respectively. Thus, as
compared to o- excitation, a larger circular PL polarization can be achieved under
0+ excitation, which confirms that an asymmetric modulation on the K and -K val-
leys are performed by the WS,-clockwise spiral Ag gratings hybrid device.

In order to further gain insight into the asymmetric valley control properties
in the strong coupling devices, we carry out circular polarized TA spectroscopy
again. The corresponding TA spectra on the WS,-spiral Ag gratings hybrid device
under o+ and o- excitation are shown in Fig. 8a and b. Similar to WS,-circular
grating devices, two GSB signals, which can be assigned to the upper and lower
bands, appear in all the pump-probe configurations, while the GSB from the uncou-
pled WS, is not detectable. Furthermore, with respect to lower bands, the upper
bands at 613 nm with a larger intensity is more apparent and there are no positive
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Fig. 8 Circular polarized TA spectra of WS,-spiral Ag grating devices. a, b Circular polarized TA spectra of

WS,-spiral Ag grating devices with a 400 nm period at different delay times (0.34 ps, 1.5 ps, 10 ps, 30 ps) under

the 0+ (a) and o- (b) excitation. ¢ The 0+ 0+ and o-0- TA spectra at different delay times are extracted and

compared. The excitation wavelength is 560 nm

signals overlapping in this range. Hence, we can compare the circular polarization
degree at the upper bands more directly. As shown in Fig. 8a and b, the upper band
acquires a larger signal intensity under SCP probe for o+ excitation; while the fea-
ture is just contrary for o- excitation, in which a larger signal intensity was observed
under OCP probe. Namely, the circular polarization at the upper band marked a
complete reversal trend under o+ and o- excitation. To visualize this feature, the
circular polarization dynamics of the upper bands for o+ and o- excitation are cal-
culated from the valley dynamics (Fig. 9a and b) according to formula (1). As shown
in Fig. 9c¢, the circular polarization degree with a value of P, =6% and P,_ =—8%
can be kept for an extremely long time (more than 20 ps). Compared with the bare
WS, sample, the circular polarization degree not only have a much longer lifetime,
but also show opposite polarization degree under o+ and o- excitation. Besides,
the TA spectra for SCP probe under o + and o- excitation are extracted in Fig. 7c,
where a huge difference can be observed. As can be seen, the GSB signals under
0 + excitation is much bigger than that under o- excitation over time. These results
clearly indicate that valley polarization can be well preserved in the hybrid states
and asymmetric control on the K and -K valley can be realized in such chiral strong
coupling regime.

Finally, we would like to stress that the valley asymmetric modulation mechanism
can be alternatively explained by the schematic diagram in Fig. 6e. According to
simulation results in Fig. 6c, a stronger hot-spot can be generated only for o+ exci-
tation in the clockwise spiral Ag grating and leads to an enhancement on the
absorption of the hybrid system, resulting in a higher rate of o+ exciton-polaritons
excited to K valley under o+ excitation. Conversely, there is no hot-spot generated
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under o- excitation (Fig. 6d), thus the absorption cannot be enhanced in this case.
Hence, selective absorption enhancement directly triggered the asymmetric modu-
lation on the valleys. Besides, we conjecture that the remarkable long lifetime of
the circular polarization degree can be caused by the inhibited valley depolariza-
tion in the strong coupling regime. In fact, the valley polarization lifetime is mainly
determined by the exciton-polaritons relaxation and intervalley scattering rates.
It has been demonstrated that robust valley polarization can be obtained even at
room temperature in the cavity based strong coupling system. Due to the reduction
of disorder scattering effect in strong coupling system, a 20 times longer polari-
ton spin relaxation time [32] is estimated as compared to bare WS,. Here, an even
longer circular polarization lifetime was measured from the chiral strong coupling
devices, which results in valley pseudospin retention at room temperature.

Conclusion

To conclude, we have constructed various strong coupling systems by combining
monolayer WS, with different types of Ag gratings to investigate the polarization
dynamics of the hybrid states using polarized TA spectroscopy. Firstly, we demon-
strated that linear polarized PL can be tailored in WS,-linear Ag grating device. The
mechanism is understood by linear polarized pump-probe measurements, in which
the TA signals from the strong coupled hybrid states can only be detected in TM
mode and have an extremely long lifetime, resulting in robust linear polarization.
But because the circular polarized light can be converted to linear polarized light
by the linear Ag gratings, valley polarization cannot be detected in WS,-linear Ag
grating device. Hence circular Ag gratings were introduced to couple with WS,. In
WS,-circular Ag grating devices, strong coupled hybrid states can also be achieved
and a long valley polarization lifetime was observed. More importantly, to further
improve the valley-addressable ability, chiral strong coupling was constructed in
WS,-spiral Ag grating devices. More than with a long lifetime, the valley polarization
shows opposite behavior under o+ and o- excitation. This is the reason why the PL
circular polarization is different (P, =14.9% and P, =10.8%). Our measurements
suggest that the valley of the hybrid states can be controlled asymmetrically in chi-
ral strong coupling regime. The above understanding on the valley dynamics of the
coherent hybrid states could provide a new way to improve coding performance in
valleytronic devices at room temperature.

Methods

Sample preparation

The Ag gratings with different periods were fabricated by electron beam lithog-
raphy (EBL). Positive resist (950 PMMA AR-P 672.045) was first spin-coated
(6000rpm, 60s) on the precleaned silicon substrate and annealed at 150°C for
3 min, resulting in a PMMA film with thickness of 160nm. Then the sample was
patterned by EBL machine (Raith Pioneer Two, electron energy 10 KeV and beam
current 150 pA) and developed in a conventional solution of MIBK:IPA =1:3 for
3 min followed by isopropanol washing 1 min. After that, 200 nm silver and 5nm

Al,O; was deposited by electron-beam deposition (evaporation rate 2 As™!).
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Finally, triangular monolayer WS, (purchased from SixCarbon Technology ShenZ-
hen) was transferred to the gratings by wet method to finish the preparation of the
WS,-Ag gratings coupling devices. Raman spectra of the monolayer WS, before the
transfer was shown in Fig. S1.

Wet transfer method of monolayer WS, onto the gratings

The transfer process referred to Lu’s work [58]. First, 1.5g of PVP (Alfa Aesar, aver-
age MW 58000), 1.5 mL of NVP (J&K, 99.5%), 0.75 mL of deionized water, and 7 ml of
ethanol was mixed in a vial for 10 min at room temperature. The solution was spin-
coated on the triangular monolayer WS, flakes adhered to the SiO,/Si substrate at
2000rpm for 1 min and then baked at 70°C for 1 min. After that, a 9wt% PVA film
(Alfa Aesar, 98 —99% hydrolyzed, high molecular weight) was spin-coated on top of
the sample at 2000 rpm for 1 min. The PVA/NVP film with triangular monolayer WS,
flakes was peeled off from the SiO,/Si substrate and then attached to the Ag-grat-
ing substrate through the electrostatic force. Finally, the WS,-grating devices were
washed in deionized water for 1h to remove the PVA/NVP film. The process is shown
schematically in Fig. S2a. The SEM images of the multiple WS,-gratings devices were
shown in Fig. S3.

Optical measurements

The polarized PL spectra was excited by a 532nm continuous-wave solid-state laser in
the TM direction. The PL emission was collected by a fiber-spectrometer (AvaSpec-
ULS2048XL-EVO). A polarizer is set in front of the spectrometer for the polarization analy-
sis, where the TE and TM mode are defined as perpendicular (90°) and parallel (0°) to the
long axis of the gratings. For the reflection spectra, the incident white light was set in the
TE direction and the reflected light was collected under the normal incidence by the same
fiber-spectrometer.

The linear polarized femtosecond transient absorption (TA) experiments were per-
formed using a 100fs laser pump-probe setup. A mode-locked titanium sapphire laser/
amplifier system (Solstice, Spectra-Physics) was used. The output fundamental pulses
centered at 800nm with a repetition rate of 500Hz and a pulse width of 100fs was
split into two laser beams. The stronger part was sent to an optical parametric ampli-
fier (TOPAS C, Spectra-Physics) to generate pump laser at 560 nm. The other beam with
lower energy was focused on a 5mm thick sapphire crystal to generate broad white-light
continuum (from 450 nm to 800 nm) as probe beam. The pump and probe laser were col-
linear by a beam splitter cube and focused on the same position of the sample at normal
incidence. The diameter of the probe spot is about 5pum under optimized focusing, while
the pump spot is a little larger due to the chromatic aberrations. The delay time between
the pump and the probe pulses were controlled by a motorized mechanical delay stage
(DL325, Newport). Finally, the reflected probe light from the sample was collected by the
same objective and sent to a highly sensitive spectrometer (Avantes-ULS2048CL-EVO).
The group velocity dispersion of the whole experimental system was compensated by a
chirp program.
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tion; PIA: Photoinduced absorption.
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