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1. Introduction

Monolayer 2H-phase transition metal 
dichalcogenides (TMDs) MX2 are direct-
bandgap semiconductors that consist of an 
atomic layer of transition metal atoms (M) 
sandwiched between a top and a bottom 
layer of halogen atoms (X) that are arranged 
in their respective hexagonal lattice struc-
ture.[1,2] The band structures of monolayer 
TMDs[3–7] consist of two inequivalent K 
(−K) valleys in the hexagonal Brillouin 
zone. The strong spin-orbit coupling and 
broken inversion symmetry in monolayer 
2H-TMDs result in a large energy split-
ting between the top spin-up (spin-down) 
and bottom spin-down (spin-up) valence 
bands in the K (−K) valley.[8–13] This 
spin-valley coupling gives rise to valley-
dependent optical selection rules:[14–16] 
circularly polarized light with positive heli-
city (σ+) couples to the K valley and that of 
the negative helicity (σ−) couples to the −K 
valley. It is therefore possible to selectively 
populate and manipulate the different  
valleys (K or −K) by means of circu-

larly polarized light (CPL).[11,15] The spin and valley degrees of 
freedom (DOF) in these monolayer TMDs materials provide an 
important platform for exploring new condensed matter physics 
and for applications in spintronic and valleytronic devices. 
Noting that the control of circularly polarized emission of light 
is also a key step toward developing functional optical devices 
for applications in display technologies[17,18] and quantum infor-
mation processing/communication,[19–21] manipulation of the 
valley DOF is one of the promising approaches to achieving 
practical information processing devices that are more energy 
efficient than existing charge-based technologies.

Although accessing different valley DOF through CPL has 
been demonstrated in several TMDs, including molybdenum 
disulfide (MoS2),[8–10] molybdenum diselenide (MoSe2),[22] tung-
sten disulfide (WS2),[13,23] and tungsten diselenide (WSe2),[24–27] 
it has been challenging to manipulate the valley polariza-
tion and the resulting photoluminescence (PL) of monolayer 
2H-TMDs at room temperature (RT) because of the weak light-
matter interaction and substantial defects[13] in these atomically 

Monolayer transition metal dichalcogenides (TMDs) have intrinsic valley 
degrees of freedom, making them appealing for exploiting valleytronic appli-
cations in information storage and processing. WS2 monolayer possesses two 
inequivalent valleys in the Brillouin zone, each valley coupling selectively with 
a circular polarization of light. The degree of valley polarization (DVP) under 
the excitation of circularly polarized light (CPL) is a parameter that determines 
the purity of valley polarized photoluminescence (PL) of monolayer WS2. Here 
efficient tailoring of valley-polarized PL from monolayer WS2 at room tem-
perature (RT) through surface plasmon–exciton interactions with plasmonic 
Archimedes spiral (PAS) nanostructures is reported. The DVP of WS2 at RT 
can be enhanced from <5% to 40% and 50% by using 2 turns (2T) and 4 turns 
(4T) of PAS, respectively. Further enhancement and control of excitonic valley 
polarization is demonstrated by electrostatically doping monolayer WS2. For 
CPL on WS2–2TPAS heterostructures, the 40% valley polarization is enhanced 
to 70% by modulating the carrier doping via a backgate, which may be  
attributed to the screening of momentum-dependent long-range electron–hole 
exchange interactions. The manifestation of electrically tunable valley-polarized 
emission from WS2–PAS heterostructures presents a new strategy toward 
harnessing valley excitons for application in ultrathin valleytronic devices.
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thin layers. Various approaches, such as applying an in-plan 
electric field,[24,28] an out-of-plan magnetic field,[29–33] or a local-
ized magnetic field,[34] have been proposed in an attempt to 
enhance the circular dichroism (CD) of PL in these TMDs.

An alternative approach to enhancing the CD of PL in 
TMDs is by means of chiral plasmonic metasurfaces.[34–43] This 
approach is based on the strong optical chirality in metallic 
chiral metasurfaces and the enhancement of light-matter inter-
action through localized surface plasmon resonance (LSPR) 
modes. Specifically, the confined LSPR modes can strongly 
interact with the carriers within the monolayer TMD material 
to form a compact, functional nanophotonic devices. Further-
more, the geometry-dependent LSPR modes of chiral plas-
monic metasurface provide wavelength tunability for the wide 
emission range of different TMDs. Thus, implementing chiral 
plasmonic metasurfaces[44–54] on 2H-TMDs is likely an efficient 
approach to manipulating the CD of PL in these monolayer 
materials.

In this study, a metal–dielectric–metal (MDM) structure 
that consists of monolayer WS2 and plasmonic Archimedes 
spiral (WS2–PAS) nanostructures is designed to investigate the 
monolayer WS2 exciton-plasmon interaction and to manipu-
late the valley-polarized PL in WS2–PAS heterostructures by 
spectroscopic measurements and numerical simulations. The 
device configuration included a monolayer WS2 single crystal 
grown by chemical vapor deposition (CVD) and transferred to 
a substrate of 60 nm-thick SiO2 on top of a 150 nm-thick gold 
reflection layer. A 60  nm-thick gold film was subsequently 
deposited on the WS2/SiO2/Au structure, and then either 
righthanded (RH) or lefthanded (LH) spiral gold rings were  
patterned on the gold film by E-beam lithography. To demon-
strate the crystallinity of our monolayer WS2 samples, we per-
formed Raman spectroscopic studies of the A1g and E2g

1  modes 
using a 514.3 nm laser (2.41 eV) as the excitation source. Addi-
tionally, X-ray photoelectron spectroscopy (XPS) was conducted 
to examine the chemical composition and valence states of mon-
olayer WS2, as detailed previously.[13] Representative Raman and 
XPS characterization results of a monolayer WS2 are given in 
Figures S1 and S2, Supporting Information, respectively.

The magnitude of the degree of valley polarization (DVP) in 
as-grown monolayer WS2 was <5% at RT, whereas those of the 
DVP in monolayer WS2–2TRHPAS (with 2 turns of RHPAS) 
and WS2–4TRHPAS (with 4 turns of RHPAS) under the excita-
tion of right-handed circularly polarized (RCP) light were found 
to be 40% and 50%, respectively. Here the DVP value (PDVP) is 
defined by the following expression:
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where I (σ+) and I (σ−) denote the right- and left-handed circular 
polarization-resolved PL intensity, respectively. In contrast, the 
corresponding values of the DVP under the excitation of left-
handed circularly polarized (LCP) light decreased to ≈5% in both 
monolayer WS2–2TRHPAS and WS2–4TRHPAS heterostruc-
tures. Additionally, the DVP values could be further enhanced 
by applying a back-gated voltage VGate from 40% for VGate = 0 up 
to 70% for VGate = −20 V. This finding suggests that modulating 
the carrier doping level can enhance the valley polarization by 

screening the long-range electron–hole exchange interactions, 
thus reducing the momentum-dependent intervalley scattering. 
The capability of enhancing and tuning the DVP in monolayer 
2H-TMDs at RT by plasmonic chiral metasurfaces and elec-
trical gating offers new opportunities toward developing valley-
dependent optoelectronic devices for energy-efficient informa-
tion processing.

Our proposed underlying mechanism for tailoring the 
valley-polarized PL of monolayer 2H-WS2 by PAS and gated 
voltage is schematically shown in Figure  1a–c: in WS2 mono-
layer, excitons in the K valley couple with the RCP light (σ+), 
whereas excitons in the −K valley couple with the LCP light 
(σ−). However, after σ+ light excitation, the exciton population 
pumped in the K valley could be scattered to the −K valley due 
to phonon- and defect-induced intervalley scattering. There-
fore, the DVP of PL was usually low at RT as show in Figure 1a. 
On the other hand, when WS2 monolayer interacts with the 
RHPAS structures in the near-field range, optical absorption 
is enhanced, which contributes to more σ+ excitons under the 
RCP light in the WS2–RHPAS structure. In the K valley, the 
σ+ excitons interact with the RH chiral near-field of the sur-
face plasmon polaritons (SPP) of PAS, leading to giant optical 
activities that contribute to enhance the PL intensity in the far 
field, as shown in Figure  1b. In contrast, the σ− exciton emis-
sion generated from −K valley is suppressed by the interaction 
with the RH chiral near-field. The interplay of exciton genera-
tion, exciton emission, and intervalley scattering in each valley 
contributes to far-field measurements of the valley-polarized 
PL spectra. As schematically shown in Figure  1a, the DVP of 
the PL emission depends on the decay rates of the excitons at 
K (γK) valley, −K valley (γ−K), and the intervalley scattering rate 
between the two valleys. Therefore, the DVP can be enhanced 
through increasing the decay rates of the valley-polarized exci-
tons or decreasing the intervalley scattering rate in two valleys 
by the chiral Purcell effect. Although the presence of RHPAS 
structures contributes to increasing the decay rate of the σ+ 
excitons, the intervalley scattering is still significant so that the 
DVP enhancement is limited. The latter situation may be miti-
gated by applying a gate voltage between the WS2 and the gold 
mirror, as shown in Figure 1c, so that the excess carrier doping 
helps screen the momentum-dependent long-range electron-
hole exchange interaction, thereby reducing the intervalley 
scattering and leading to significantly enhanced DVP in gated 
WS2–RHPAS heterostructures.

2. Results and Discussion

Coupling TMDs with chiral plasmonic metasurfaces can 
enhance the light–matter interaction through the confined 
localized surface plasmon and can be a promising approach to 
enhance the CD of PL in 2H-TMDs. Figure 2a is a schematic 
illustration of the MDM structure that consists of a mono-
layer WS2 and plasmonic Archimedes spiral nanostructures  
(WS2–PAS) under the excitation of CPL. The WS2 monolayer 
was grown by chemical vapor deposition (CVD) method and 
then transferred onto a substrate consisting of a 60  nm-thick 
SiO2 layer on top of a 150  nm-thick gold mirror layer. The 
Archimedes spiral rings were patterned by E-beam lithography 
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on a 50  nm-thick Au film deposited on the top of the WS2 
monolayer.

Figure 2b shows the PL intensity differences between the as-
grown monolayer WS2 and the MDM structure of a monolayer 
WS2 integrated with right-handed plasmonic Archimedes spiral 
(RHPAS) nanostructures. Under the excitation of right-hand 
circularly polarized light (RCP, red), the PL intensity of the 
WS2–2TPAS heterostructure was enhanced by more than ten 
times relative to that of the as-grown WS2 (green). In contrast, 
the PL intensity was barely enhanced under the excitation of 
left-handed circularly polarized light (LCP, blue). The strong 
polarization contrast is a good indicator for exciton–plasmon 
coupling, and the quantitative strength can be characterized by 
the intensity enhancement factor (EF). The enhancement factor 
(EF) is defined as EF = Iwi/Iwo, where Iwi (Iwo) is the maximum 
intensity of WS2 with (without) the Archimedes spiral nano-
structures. Figure  2b shows the EF is larger than 10 between 
the RCP emission of the WS2–2TPAS and that of the as-grown 
WS2, whereas the EF is nearly 1 between the LCP emission 
of the WS2–2TPAS and that of the as-grown WS2. This spec-
troscopic phenomenon suggests that coupling WS2 with PAS 
nanostructures is an efficient way for tailoring the exciton–
plasmon interaction through actively controlling the polariza-
tion of the incident light. The inset of Figure 2b is a scanning 
electron microscopy (SEM) image of arrays of WS2–2TPAS  
heterostructure, where the scale bar represents 5 µm.

To understand the enhancement of PL intensity and valley 
polarization, we note that in the saturation regime, the EF 
consists of contributions from three processes: an enhanced 
absorption rate (α), an enhanced light extraction factor (ε), 
and a total rate enhancement factor (γon/γoff) from the Purcell 
effect that includes both radiative and nonradiative rates as well 
as metallic losses. Thus, we have EF  =  αε(γon/γoff), where γon 
is the total decay rate of WS2 coupled to the PAS nanostruc-
tures, and γoff is the total decay rate of the as-grown WS2. The 
total rate enhancement factor can be directly determined by 
the time-resolved PL measurements. As shown in Figure S3,  
Supporting Information, the extracted decay time of the as-
grown WS2 was 1.5  ns (τoff  = 1/γoff ), whereas that for the 
WS2–2TPAS was 0.3  ns (τon  = 1/γon ). The WS2–2TPAS heter-
ostructures displayed a significantly faster decay rate and the 
total rate enhancement was found to be (γon/γoff) ≈ 5 (≈500%). 
Therefore, the underlying Purcell factor (Fp) could be esti-

mated from the relation 1p
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in Section S2, Supporting Information. Here γR and γM are 
the radiative and metallic-loss decay rates, respectively, and  
ηoff ≡ γR/(γR + γNR) represents the quantum efficiency of the as-
grown WS2, where γNR is the non-radiative decay rate of WS2. 

From the measured value (γon/γoff) ≈ 5 and using 1
p R

p R M

F

F

γ
γ γ+







≈  

in the limit of a large Fp and taking ηoff =  0.1,[24–27] we obtained 
an underlying Purcell factor Fp  ≈ 40. The coupling factor  
β ≡ Fp/(1 + Fp) thus estimated was around 98%, which implied 
that nearly all the PL emission was coupled to the MDM nano-
cavity mode.

The exciton–plasmon interaction in WS2–PAS nanostruc-
tures is dependent on the incident laser power, the PL inten-
sity of the as-grown WS2, and the specific designs of the 
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Figure 1. Proposed mechanism for tailoring the valley-polarized PL 
of gated WS2–RHPAS heterostructure. a) Schematics of the energy 
bands of monolayer WS2 under RCP light with significant inter-
valley scattering. b) Schematics of the energy bands of monolayer 
WS2–RHPAS heterostructure under RCP light, showing significantly 
increased decay rate of σ+ excitons. c) Schematics of the energy 
bands of a gated monolayer WS2–RHPAS heterostructure, showing 
both increased decay rate of σ+ excitons and suppressed intervalley 
scattering due to carrier doping-induced screening of the long-range 
electron–hole interaction.
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Archimedes spiral nanostructures. The laser power dependence 
of PL, under 514 nm RCP laser excitation in WS2–2TPAS with 
RH spiral nanostructures, was revealed in Figure  2c. The PL 
intensity of the WS2–2TRHPAS was found to increase rapidly 
with the laser power from 1.9 to 16.2 µW, and the PL peak posi-
tion also exhibited a slight blue shift with increasing laser power 
up to 5.5 µW, and then remained invariant from 5.5 to 16.2 µW.  
Figure  2d presented a log-log plot of the power-dependent 
PL intensity of WS2 with (red, triangle) and without (blue, 
inversed triangle) the plasmonic coupling effect. The relation-
ship between PL intensity (IPL) and laser power (Plaser) could 
be approximately expressed by the relation IPL  = (Plaser)m, 
where m denoted a constant. For both WS2 with and without 
spiral structures, the corresponding m values were fitted to be  
≈1.37 for laser powers ranging from 1.9 to 16.2 µW, and a max-
imum enhancement factor ε reached >10 at 9.1 µW.

Valley polarization in monolayer TMDs could be induced 
by CPL excitations and detected by PL measurements at 
RT. Figure  3 shows the comparison of the valley polar-
ized PL spectra between an as-grown monolayer WS2 and a  
WS2–2TRHPAS heterostructure under the excitations of RCP 
and LCP light. The wavelength of the excitation laser was 

514 nm (Epump = 2.41 eV), which was far away the neutral exciton 
resonant energy (EX  = 2  eV). A linear polarizer and a quarter-
wave plate (400–800  nm) were placed after the laser to obtain 
CPL. The polarized PL signal was resolved by a broadband polar-
izer and a quarter-wave plate placed before the spectrometer.

The representative PL spectra of the as-grown WS2 single 
crystal exhibited similar behavior under both the RCP and LCP 
excitations, as shown in Figure 3a,d. The obtained DVP (<5%) 
was consistent with previous studies at RT. According to the 
valley-dependent optical selection rule of TMDs, σ+ (σ−) exci-
tations only coupled to the specific excitonic transitions in the 
K (−K) valley so that the corresponding light emission should 
have carried single handedness. However, as schematically 
shown in Figure 1, when the K valley was selectively excited by 
σ+ polarized light, the PL emission contained not only σ+ sig-
nals from polarized excitonic transitions in the K valley but also 
σ− signals from the −K-valley, which may be primarily attrib-
uted to optical phonon-assisted intervalley scattering of excitons 
from K to −K-valley, with spin angular momentum exchanged 
at a finite rate.

As shown in Figure  3b, the PL intensity of the σ+ emission 
spectra from the WS2–RHPAS heterostructure was significantly  
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Figure 2. Structure and optical spectral properties of monolayer WS2 integrated with two turns (2T) of a right-handed plasmonic Archimedes spiral 
(WS2–2TRHPAS) heterostructures, where the resonance wavelength of the PAS (RPlasmon) is 620 nm. a) Schematics of a WS2–2TRHPAS heterostructure 
under CPL excitations, where a CVD-grown monolayer WS2 is placed on top of an SiO2 layer sandwiched between Au spiral structures and an Au film.  
b) PL spectra of monolayer WS2 with and without the Au spiral structures, under the excitation of different CPL at 514 nm and the laser power at 8.8 µW. 
The inset shows an SEM image of the WS2–2TRHPAS array and the scale bar is 5 µm. c) Evolution of the PL spectra of monolayer WS2–2TRHPAS with laser 
power. d) Power-dependent PL intensity with (red) and without (blue) Au spiral nanostructures and the corresponding Purcell enhancement (dark red).
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enhanced relative to that of the σ− emission spectra under 
the σ+ excitation. In contrast, the PL intensity of the σ+ and 
σ− emission spectra from the WS2–2TRHPAS heterostruc-
ture did not exhibit any enhancement under the σ− excitation, 
as shown in Figure  3e. For comparison between the DVP 
under σ+ and σ− excitations, the corresponding DVP spectra 
are shown in Figures  3c and  3f for the as-grown WS2 and the  
WS2–2TRHPAS heterostructure, respectively. We find that the 
value of DVP from the WS2–2TRHPAS heterostructure increased 
to ≈55% under the σ+ excitation and decreased to ≈1% under the 
σ− excitation. These notable DVP values of the WS2–2TRHPAS 

may be attributed to the nontrivial interaction between the exci-
tons in WS2 and the chiral plasmonic mode in the PAS.

To better understand the exciton-plasmon interactions, we 
further investigated the effect of different plasmonic struc-
tures on the valley-polarized PL spectra. Figure S4a, Supporting 
Information, shows the SEM image of 2-turn RHPAS, and the 
structural parameters of the PAS are given in Figure S4b, Sup-
porting Information. The spiral structure has an inner radius 
r0  = 200  nm, width = 50  nm, and pitch = 310  nm so that the 
outer radius r  = r0  + N(RPlasmon/2), where N is the integer 
number of turns and RPlasmon  = 620  nm is the resonance 

Adv. Mater. 2021, 2104863

Figure 3. Valley-polarized PL spectra of the as-grown WS2 and WS2–2TRHPAS. a,b) Circularly polarized PL spectra of WS2 and WS2–2TRHPAS under 
the excitation of σ + light (514 nm) at RT. d,e) Circularly polarized PL spectra of WS2 and WS2–2TRHPAS under the excitation of σ− light (514 nm) 
at RT. c,f) The degrees of valley polarization (DVP) spectra associated with WS2 and WS2–2TRHPAS for σ+ excitations (c) and for σ− excitations (f).



© 2021 Wiley-VCH GmbH2104863 (6 of 11)

www.advmat.dewww.advancedsciencenews.com

wavelength of the surface plasmon polariton, which coincides 
with the neutral A-exciton emission wavelength in the PL spec-
trum of monolayer WS2. These structure parameters were 
chosen by the COMSOL simulation results (Figures S4 and 
S5, Supporting Information) so that strong field enhancement 
could be achieved at the ring center under the RCP excitation. 
Moreover, the pitch of the spiral must match the wavelength of 
the surface plasmon polariton (SPP). Overall, proper choices of 
the structural parameters are essential to optimize the exciton-
plasmon interaction in the PAS structures.

Figure S4c, Supporting Information, shows the near-field PL 
intensity in the x–y plane under RCP excitation. When a 2-turn 
RHPAS interacted with the RCP light, the surface plasmon 
polaritons (SPPs) were generated by the RH spiral structures 
and coherently propagated toward to the ring center to form 
a constructive focus point. The excitons thus generated (RCP 
emission) interacted constructively with the SPP field, which 
resulted in enhanced PL intensity at the center of the RH spiral 
structure. Figure S4e, Supporting Information, shows the cor-
responding phase map of the 2-turn RHPAS in the x-y plane 
under RCP excitations. The phase at the center of the spiral 
ring revealed a locally uniform phase distribution as shown 
by the white dotted circle in Figure S4e, Supporting Informa-
tion. Thus, the constructive interaction of excitons and SPP 
fields resulted in significant PL enhancement under the RCP 
excitation. In contrast, the LCP excitation induced weak E-field 
distribution without focusing effects, as shown in Figure S4d,  
Supporting Information. At the center of the spiral ring the 
phase varied from −π to π as shown in Figure S4f, Supporting 
Information. The SPPs propagated as before with the LCP exci-
tation, but the phase could not compensate to yield construc-
tive, focusing effects at the center of the spiral structure.

Interestingly, the E-field and phase distribution were also 
dependent on the number of turns of the PAS, and the depend-
ence of the exciton–plasmon interaction on the number of turns 
is manifested in Figure 4 and Figure S5, Supporting Informa-
tion. In Figure 4a–d, we show the SEM images of 1-, 2-, 3-, and 
4-turn PAS arrays on a monolayer WS2 single crystal. The cor-
responding PL intensity maps under RCP excitation are shown 
in Figure 4e–h, where it is evident that the PL intensity became 
dramatically enhanced when the WS2 monolayer coupled with 
the 2-turn and 4-turn RH spiral rings. In contrast, the inten-
sity enhancement was insignificant in the case of 1-turn and 
3-turn RH spiral rings. The corresponding E-field distributions 
are shown in Figure S5a–d, Supporting Information, where we 
found that the focusing effects only happened for the RHPAS 
structures with an even number of turns. This finding may be 
explained in terms of the phase compensation effects induced 
by the outer and inner spiral coupling at subwavelengths. The 
phase distribution of the PAS heterostructure demonstrated a 
strong dependence on the number of turns in the spiral struc-
ture, as shown in Figure S5e–h, Supporting Information. For 
PAS with an even number of turns, the phase at the center of 
the spiral ring revealed a locally uniform phase distribution, 
as manifested by the white dotted circle Figure S5f and S5h,  
Supporting Information. In contrast, the phase changed from 
−π to π for PAS with an odd number of turns.

In addition to the PL intensity, spatially resolved DVP 
maps further revealed that the DVP was also dependent on 

the number of turns in the PAS structure and the CP of the 
light excitations, as shown in Figure  4i–l and Figures S6–S9,  
Supporting Information, for 1-, 2-, 3-, and 4-turn RHPAS arrays 
on a monolayer WS2. For a RHPAS with an odd number of 
turns, the DVP values under RCP excitations were lower than 
10%. In contrast, for a RHPAS with an even number of turns, 
the DVP values under RCP excitations were much enhanced, 
ranging from 35% to 55% for 2T-RHPAS and from 40% to 55% 
for 4T-RHPAS. On the other hand, the DVP values for 2- and 
4-turn RHPAS arrays under LCP excitations were uniformly and 
strongly suppressed (Figures S7 ans S9, Supporting Informa-
tion), whereas those for 1- and 3-turn RHPAS arrays under LCP 
excitations exhibited significant spatial inhomogeneity (Figures 
S6 and S8, Supporting Information). Such a strong dependence 
of the valley polarization associated with the far-field PL map-
ping of the WS2–PAS heterostructure may be attributed to the 
consequences of the near-field interaction between the valley 
excitons in WS2 and the surface plasmon modes in the PAS.

We further investigated the effect of the PAS resonance 
wavelength (RPlasmon) on the enhancement of the DVP by 
performing PL measurements on WS2–2TRHPAS hetero-
structures with three different resonance wavelengths  
RPlasmon  = 310  nm (2.42 × 1014  Hz), 620  nm (4.84 × 1014  Hz), 
and 930 nm (7.26 × 1014 Hz), and the corresponding PL spectra 
and the DVP values are shown in Figure S10, Supporting Infor-
mation. These results revealed the best RT DVP enhancement 
occurred at RPlasmon = 620 nm, which coincided with the neutral 
A-exciton emission wavelength.

Neutral excitons are the natural low-energy excitations of a 
charge-neutral semiconductor, whereas trions are only formed 
in the presence of excess charge. Therefore, the intensity of 
trion emissions is generally dependent on the amount of excess 
charge in the semiconductor. For this reason, trion emissions 
were usually not found in the PL spectra of our CVD-grown 
monolayer WS2 samples unless a back gate voltage was applied. 
For the gated samples, the PL spectra typically exhibited addi-
tional emissions at 30–60 meV below the neutral excitonic 
line, which may be attributed to the emission from negatively 
charged trions (X−). Thus, by simply varying the applied back 
gate voltage, we were able to control the ratio between neutral 
exciton and charged trion emissions.
Figure  5a shows a schematic of a back-gated FET device 

based on WS2–2TRHPAS and an SEM image of the top view 
of such a device. For a given gate voltage, there were two well-
defined PL spectral components associated with the emission 
bands of the neutral excitons (X) and the negatively charged 
trions (X−). We found that the emission near 620  nm (2  eV) 
from neutral excitons (X) was dominant around the charge neu-
trality point at VGate = 0. The optimal line shape fitting for the 
spectral contributions was found to be a mixed Gaussian–Lor-
entzian function, as shown in Figure S11, Supporting Informa-
tion, for WS2 and Figure S12, Supporting Information, for WS2–
2TRHPAS, respectively. The PL spectral evolution of these two 
emission bands with the gate voltage is illustrated in Figures 
S13 and S14, Supporting Information, for as-grown 1L-WS2, 
and in Figure 5b,c for WS2–2TRHPAS. We note that the trion-
to-exciton intensity ratios of both WS2–2TRHPAS and 1L-WS2 
exhibited similar dependence on the gate voltage, as shown in 
Figure 5c and Figure S13c, Supporting Information, respectively.

Adv. Mater. 2021, 2104863



© 2021 Wiley-VCH GmbH2104863 (7 of 11)

www.advmat.dewww.advancedsciencenews.com

Figure S13a, Supporting Information, shows a color map 
of the PL spectra from a back-gated field-effect device of as-
grown 1L-WS2 with the back-gate voltages (VGate) from −25 to 
25  V at RT. For negative gate voltages (VGate  <  0), both X and 
X− features were visible, and the integrated intensity of the 
X-peak gradually decreased while that of the X−-peak increase 
when |VGate| decreases. In contrast, for positive gate voltage 
(VGate  >  0), the integrated intensity of the X-peak gradually 
decreased and the X−-peak became dominant with increasing 
VGate due to electrostatic doping, which led to a single X−-peak 
profile for sufficiently high carrier densities, implying that the 
Fermi level moved much closer to the energy of the bound 
trion states than to that of the neutral exciton states.

Helicity resolved PL spectra of an as-grown gated WS2 sample 
are shown in Figures S14b and S14c, Supporting Information, for 
VGate = −2 V and +5 V, respectively. When the WS2 sample was 
negatively gated at VGate = −2 V, both X and X− emissions revealed 
relatively low DVP of 4.2% and 5.8%, respectively. Similarly, at a 
positive gate voltage (VGate = 5V), both X and X− emissions also 
revealed low DVP of 4.7% and 5.1%, respectively. These low DVP 
values implied that the significant intervalley scattering was 
insensitive to the gate voltage in the as-grown WS2 sample.

In contrast to the small effect of the gate voltage on the 
DVP of the as-grown WS2 sample, the gate voltage dependent 
DVP became significantly different in the case of 1L-WS2–
2TRHPAS heterostructures. Figure 5b,c shows the PL spectral 
evolution of X and X− emissions from the 1L-WS2–2TRHPAS 
sample with the gate voltage. Additionally, polarization-resolved 
PL spectra of the 1L-WS2–2TRHPAS sample under σ+ excita-
tions are shown in Figure 5d–f for VGate = 0, −10 V, and −20 V, 
respectively. For VGate = 0, the photon-excited excitons at the K 
valley were more populated under σ+ excitations, which corre-
sponded to the valley-polarized state in pristine WS2 and WS2–
2TRHPAS. By increasing the electron density via decreasing 
the gate voltage from 0 to −10  V and −20  V, the difference 
between the σ+ and σ− components of the PL spectra became 
more significant, implying increased valley polarization of the 
neutral excitons. Specifically, we found that the values of DVP 
for VGate = 0, −10 V, and −20 V were 40%, 50%, and 70%, respec-
tively, suggesting significantly enhanced valley polarization as 
the applied bias was detuned from the charge neutral point. 
The corresponding RT spatially resolved DVP map and PL 
maps of a WS2–2TRHPAS device at VGate = −20 V are shown in 
Figure 5g and Figure S15, Supporting Information, respectively.

Adv. Mater. 2021, 2104863

Figure 4. Dependence of the RT valley polarization of WS2–RHPAS structures on the ring number of PAS. a–d) SEM images of 1-, 2-, 3-, and 4-turn 
RHPAS arrays. (Scale bar: 1.25 µm). e–h) PL intensity mapping of WS2 samples with 1-, 2-, 3-, and 4-turn RHPAS arrays under σ+ (RCP) excitation at 
514 nm. Apparent focusing effects can be obtained from 2- and 4-turn RHPAS arrays, in contrast to the absence of focusing effects from 1- and 3-turn 
RHPAS arrays. (Scale bar: 1.25 µm). i–l) Maps of the DVP taken on WS2 with 1-, 2-, 3-, and 4-turn RHPAS arrays under the RCP excitation. Apparently 
high values of DVP can be obtained at RT from WS2 with 2- and 4-turn RHPAS arrays (Scale bar: 1.25 µm).
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To gain further insights into this behavior, we performed 
gate-dependent transport measurements, using a scheme 
where a positive bias induced hole-doping and a negative 
bias introduced electron-doping. We observed typical n-type 
transport behavior with on/off current ratios greater than 104 
at RT, as shown in Figure S16, Supporting Information. The 
doped carrier density n under gate voltage VGate was estimated 
from the geometric capacitance and back-gate voltage using the 
following relation

/ /0 0x Gate CNPn t V V eεε( )( )= −  (2)

where ε  =  3.9 is the dielectric constant of SiO2, t0x is the thick-
ness of SiO2, and ε0 is the vacuum permissivity. As shown in 
Figure S16, Supporting Information, the charge neutral point 
(CNP) was observed to be at 2 V so that the n-type carrier con-
centration could be estimated by using Equation  (2), which 
yielded −7.19 × 1011 cm−2, −4.31 × 1012 cm−2, and −7.91 × 1012 cm−2 
for 0 V, −10 V, and −20 V, respectively. Given a carrier concen-
tration n, the corresponding Fermi-level position could be esti-
mated by using the following expression for semiconductors:

ln 1f c B
/ 2D BE E k T en g k T( )− = −  (3)

where Ef is the Fermi-level energy, Ec is the conduction band 
edge, /2D v

2g g m π= ∗  is the density of states, gv is the valley 
degeneracy factor, and m* =  0.34m0. Therefore, the Fermi-level 
position was estimated to be 0.3 eV, 0.25 eV, and 0.23 eV lower 
than the conduction band minimum for 0 V, −10 V, and −20 V, 
respectively. As shown in Figure  5d–f, the degree of valley 
polarization steadily increased with the carrier density at RT, 
which may be attributed to the noticeable screening effect by 
the doped carriers.

Specifically, the mechanism for the enhancement of valley 
polarization by electrostatic doping in the WS2–2TRHPAS het-
erostructure may be attributed to carrier doping-induced sup-
pression on the intervalley relaxation process. The intervalley 
relaxation process of bright excitons is dominated by the long 
range electron–hole (e–h) exchange interaction, and the long-
range e–h exchange interactions can be efficiently screened 
by adding 2D electrons/holes with electrostatic doping.[55] The 
screen length is determined by the inverse of the Thomas–
Fermi wave vector, which is given by the following expression:[55]

Adv. Mater. 2021, 2104863

Figure 5. a) Electrically tunable valley polarization of WS2–2TRHPAS heterostructure. b) PL spectra at RT for VGate from −25 V to 25 V, with an increment 
of 5 V. c) Gate voltage dependence of the PL peak position for neutral excitons (blue) and trions (red) under VGate from −25 V to 25 V. The intensity ratio 
of trions to excitons (green) is also shown as a function of VGate from −25 V to 25 V. d–f) The σ+ (red) and σ− (blue) PL intensity taken at RT under VGate = 
0 (d), VGate = −10 V (e), and VGate = −20 V (f), respectively. g) Spatial map of the DVP in a WS2–2TRHPAS heterostructure under VGate = −20 V at RT.
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, 1TF f TF0
/f Bk T E k e E k T( ) = − 

( )−  (4)

where /(4 )TF0 s v
2 2k g g m e πε= ∗  is the zero temperature 

Thomas–Fermi wave vector, gs (gv) are the degeneracy for 
spins (valleys), m* is the effective electron or hole mass, and 
ε is the dielectric constant. The Fermi energy Ef measured 
from the bottom of the conduction band (to the top of the val-
ance band) is defined by 2 /( )f

2
s vE n g g mπ= ∗ , where n is the 

doped electron (hole) density. Therefore, kTF increases rapidly 
with increasing n according to Equation (4). In the strong scat-
tering limit, the intervalley scattering rate (τv)−1 due to e–h 
exchange interaction may be approximated by the relation 
(τv)−1 ∝ (kTF)−2.[55] Therefore, the intervalley scattering rate (τv)−1 
is strongly suppressed by carrier doping. In contrast, the intra-
valley relaxation time τ0 is much less affected by carrier doping, 
as supported by the stable linewidths and integrated intensities 
upon doping.[56] Our work aims to tailor the degree of valley 
polarization by manipulating the intervalley scattering rate 
(τv)−1 via tuning the carrier doping. Noting that the valley polari-
zation PDVP

[57] is given by

1 2 /
DVP

0

0 v

P
P

τ τ( )=
+

 (5)

where P0 is the ideal valley polarization, we find that the suppres-
sion of (τv)−1 by electrostatic doping leads to the enhancement of 
PDVP, which agrees well with our experimental observations.

3. Conclusion

We have demonstrated that ultracompact PAS nanostructures 
can efficiently tailor the valley-polarized PL of monolayer WS2 
at RT. The chiral-SPP focusing fields from the PAS nanostruc-
tures can significantly amplify the exciton/trion emissions in the 
WS2 monolayer with specific chiral emission due to the interac-
tion of WS2 excitons/trions with the plasmons of the PAS nano-
structures. The plasmon–exciton coupling is shown to provide 
control of the valley-polarized PL through manipulating the 
imbalance of valley population, leading to significant PL modula-
tions through valley-dependent control of the excitonic emissions 
at RT. In particular, we have demonstrated enhancement of the 
DVP at RT from ≈3% for the as-grown 1L-WS2 to ≈40% for the 
1L-WS2–2TRHPAS heterostructures and to ≈50% for the 1L-WS2–
4TRHPAS heterostructures. Furthermore, by applying a back-gate 
bias voltage (VGate), the valley polarization is found to be further 
enhanced from 40% to 70% for VGate = −20 V, which implies that 
the excess carrier doping can enhance the valley polarization by 
screening of the momentum-dependent long-range electron–hole 
exchange interaction and therefore reducing the intervalley scat-
tering. Themethodology described in this work provides a prom-
ising platform to manipulate the valley degrees of freedom in 
2H-TMDs efficiently at RT, paving ways for future applications of 
opto-valleytronic/spintronic devices based on these 2D materials.

4. Experimental Section
Synthesis of WS2: Monolayer WS2 was grown by using APCVD as 

reported previously. 95  mg WO3 precursor mixed with 5  mg KI was 

placed in a quartz boat containing the SiO2/Si substrates that were 
set face-down directly above the W source precursor, and the quartz 
boat was then positioned at the center of the furnace. A second boat 
containing 100  mg S was placed upstream at 18  cm away from the W 
source. Next, the system was pump down to 3 × 10−2 Torr to eliminate 
air and moisture. After the system reached the base pressure, the  
Ar/H2 (80/40 sccm) carrier gas was introduced until atmospheric 
pressure was achieved. The furnace was then heated up with a ramp 
rate of 35 °C min−1 to the growth temperatures (750 to 850 °C). The S 
component melted at 150  °C was sent into the furnace at the growth 
temperature to grow WS2. The sample growth procedure proceeded for 
10 min, after which the furnace was directly opened to RT to stop the 
reaction immediately.

Transfer of Mono- and Multilayer WS2: Polystyrene (PS) was 
used as the supplementary film to peel off the WS2 crystals from 
sapphire substrates. PS (M.W. 192  000) dispersed in toluene solution  
(20 mg mL−1) was spin-coated on top of the WS2 sample at a speed of 
3000  rpm. The edge of the PS film was scribed with a blade, and then 
the sample of PS/WS2/Si-substrate was inserted into water slowly. The 
PS/WS2 film became peeled off naturally in water, and was subsequently 
rinsed with deionized-water thrice before it was picked up and placed 
onto the target substrate. The PS coating was removed with toluene 
after baking the sample at 80 °C for 60 min.

PL and TRPL Characterizations: The PL spectra were taken with a 
Renishaw InVia Raman spectrometer system using a 514.3  nm laser 
(2.41  eV) as the excitation source. A 50× objective lens with a numerical 
aperture of 0.75 and a 2400 and 1800 lines/mm grating were chosen 
during the measurement to achieve better signal-to-noise ratio. The 
time-resolved PL measurements were taken on an inverted microscope 
(Zeiss Axio Observer) equipped with an avalanche photodiode 
(Picoquant PDM series with PicoHarp 300 timing electronics). For 
the PL lifetime measurements, a 532  nm picosecond laser diode  
(70 ps pulse duration, 40 MHz repetition rate; PicoQuant) excitation source 
was used, and a 532  nm band pass filter was placed after laser source 
to purify the laser beam. A 100× objective lens with a numerical aperture 
of 0.9 (Zeiss, Inc.) was used to focus the pulsed laser to a small spot of  
1.6 × 10−6 cm2 with an estimated peak power density of 7.5 kW cm−2.

Device Preparation and Device Measurements: The MDMs were 
fabricated on a heavily p-doped Si substrate via an E-beam evaporator 
and PECVD. The 150  nm-thick gold mirror layer was deposited on the 
heavily p-doped Si substrate by E-beam evaporation. Then, a thin silicon 
oxide (≈10  nm) layer was deposited by PECVD. After forming 10  nm 
SiO2 layer on top of the Au/Si substrate, an annealing treatment in Ar 
at 1050  °C for 5 h was followed by the growth of an additional oxide 
to the final thickness (60  nm). The CVD-grown WS2 was transferred 
on to the dielectric spacer using the method described above. Lastly, 
the Archimedes spiral rings were patterned by E-beam lithography 
on a 50  nm-thick Au film deposited on the WS2–PAS. The electrical 
properties of the WS2–2TRHPAS FETs were studied using a Keithley 
2636 sourcemeter as a DC voltage source in vacuum at 300 K.
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