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Abstract
Layered transition metal dichalcogenides (TMDCs) have shown great potential for a wide range of
applications in photonics and optoelectronics. Nevertheless, valley decoherence severely randomizes its
polarization which is important to a light emitter. Plasmonic metasurface with a unique way to
manipulate the light-matter interaction may provide an effective and practical solution. Here by
integrating TMDCs with plasmonic nanowire arrays, we demonstrate strong anisotropic enhancement of
the excitonic emission at different spectral positions. For the indirect bandgap transition in bilayer WS2,
multifold enhancement can be achieved with the PL polarization either perpendicular or parallel to the
long axis of nanowires, which arises from the coupling of WS2 with localized or guided plasmon modes,
respectively. Moreover, PL of a high linearity is obtained in the direct bandgap transition bene�ting from,
in addition to the plasmonic enhancement, the directional diffraction scattering of nanowire arrays. Our
method with enhanced PL intensity contrasts to the conventional form-birefringence based on the aspect
ratio of nanowire arrays where the intensity loss is remarkable. Our results provide a prototypical
plasmon-exciton hybrid system for anisotropic enhancement of the PL at the nanoscale, enabling
simultaneous control of intensity, polarization and wavelength toward practical ultrathin photonic devices
based on TMDCs. 

Introduction
Two dimensional semiconducting transition metal dichalcogenides (TMDCs) have recently attracted
considerable interest because of tunable bandgap, tightly bound excitons and highly tunable excitonic
properties1, enabling applications in various photonic and optoelectronic devices ranging from infrared to
visible spectra, such as light emitting diodes2,3,4, photodetectors5,6, photovoltaics7, modulators8,9,
nanoscale quantum devices10,11,12, etc.. To be a light emitter, an important property is the linear
polarization, which is highlighted in areas like ultrasensitive sensing, super resolution imaging, medical
diagnosis, and optical communications13–20. Photoluminescence (PL) of TMDCs is intrinsically linearly
polarized under linear excitation, because of the coherent superposition of excitonic states in +/-K valleys
at the corners of Brillouin zones. However, due to the Coulomb exchange interaction and intervalley
scattering, valley coherence is severely suppressed at room temperature, resulting in random polarization
in practice. To recover the valley coherence, resonant nanocavities have been proposed to either generate
exciton-polariton quasiparticles21,22 or accelerate the electron-hole recombination rate to surpass
quantum decoherence12. Despite of these efforts, it remains di�cult to achieve a strong PL signal with a
high linearity and conventional polarizers that are bulky and of high losses are still in use. To be
compatible with on-chip integration, new types of anisotropic modulation of the excitonic emission is
highly demanding.

Optical processes such as absorption and emission in quantum emitters can be greatly modi�ed by using
optical cavities because the interaction between light and matter closely depends on the local density of
electromagnetic modes23,24. The enhancement occurs when the interaction between EM modes and
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emitters overcomes the damping in the system, such as MoS2/WS2 with nanodisks, dimer nanoantennas

and bull’s eye-shaped Bragg re�ectors due to Purcell effect25–28, and Fano resonance in the hybrid of
MoS2-bowtie nanoantenna array29. To further emphasize the optical anisotropy, metallic nanowires are
more advantageous, which enable tailoring multiple parameters of light emission in a single device, e.g.
wavelength, polarization, phase and direction30–37. In regard of the polarization, the anisotropy arises
from generally the form-birefringent effect of subwavelength nanowire arrays, which is characterized as a
re�ection of the TE polarization and the transmission of the TM polarization and determined by the
aspect ratio of a nanowire38,39. Whereas, intriguing processes of plasmonic resonance and coherent
interference that could also lead to strong anisotropy have not been properly treated. Hence, the radiative
behaviors of a wire array-TMDCs hybrid system certainly deserve to be investigated comprehensively.

Here, we demonstrate strong anisotropic enhancement of the PL in a plasmon-exciton hybrid system
consisting of plasmonic nanowire array and WS2. For the indirect bandgap transition around 750 nm, up
to 7 (4.2) folds enhancement was achieved with the PL polarization perpendicular (parallel) to the long
axis of the nanowire. The enhancement arises from the Purcell effect which is attributed to the coupling
of WS2 with localized (guided) surface plasmon modes in nanowire arrays of different periods. Despite
that the enhancement is realized along both TE and TM polarizations, the magnitudes of the
enhancement are distinct, leading to a high degree of linearity. For the direct bandgap transition, a high
degree of linearity was also observed because of the enhancement/suppression of the PL in TE/TM
polarization directions, i.e. plasmon enhanced coherent scattering of the TE polarization in the forward
direction and the high re�ection of the TM polarization in the backward direction. The degree of the
linearity is found to depend on the wire width and period of the array while it is less in�uenced by the
polarization of the excitation laser. Our results demonstrate the unique anisotropic light-matter
interactions in a highly con�ned TMDC-metasurface device, which offer the possibility of manipulating
the intensity, polarization and wavelength of the scattered light in one single device and provide
guidelines for establishing the ultrathin optical devices with multifunctionalities.

Results

1.1 Device con�guration
WS2 �akes were grown by chemical vapor deposition on silicon wafers with thermally grown SiO2 of
285 nm (Supplementary note 1). The crystal is identi�ed by the E2g and A1g Raman bands at 350 and

420 cm− 1 (Fig. 1a) and layer numbers are characterized through the PL spectra, in which only the direct
bandgap transition around 636 nm can be observed in the monolayer WS2 (black curve in Fig. 1b) while
an additional broad emission appears around 750 nm (1.65 eV) corresponding to the indirect bandgap
transition of a bilayer WS2 (red curve in Fig. 1b)40,41. For the bilayer WS2 grown by chemical vapor
deposition, the intensity of the PL at 640 nm is as strong as that from the monolayer. This is probably
due to the twist between layers in the stacking, leading to a quasi-direct bandgap because of the enlarged
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interlayer space hence a weakened interlayer coupling42. To establish a practical device, 20 nm thick
Al2O3 layer was deposited to protect the WS2 from dopants in ambient atmosphere. Nanowire arrays with
varying period p and wire width w were fabricated subsequently on top using electron-beam lithography
followed by silver metallization (Fig. 1c). WS2 �akes are partially covered by the nanowire array to de�ne
regions with and without photonic structures for comparison, where the WS2-Ag hybrid region is indicated
by a red dashed box (Fig. 1d).

1.2 Anisotropic enhancement behaviors of the PL in the
direct and indirect bandgap transitions

1.2.1 Experimental characterization of the anisotropic
enhancement
After patterning nanowire arrays, the hybrid devices were �rstly characterized by the polarization resolved
PL imaging (Supplementary note 2). Brie�y, samples were excited by a 450 nm light emitting diode and
the polarization of the PL emission was resolved by rotating a polarizer before the CCD camera. For the p 
= 400 nm wire array, the optical image is shown in Fig. 2a where a triangular shaped WS2 (blue region) is
partly covered by the metasurface (yellow region). PL images of the TE and TM polarized light are shown
in Fig. 2b, c, respectively. The region covered by the array is slightly brighter than that of the pristine WS2

for TE (Fig. 2b) but signi�cantly brighter for TM (Fig. 2c). Note that the CCD camera showed slightly
anisotropic responses between TE and TM polarizations, therefore one should NOT compare the color
(i.e. intensity) between TE and TM images. Nevertheless, within each polarization image, one can roughly
evaluate the enhancement of the PL intensity.

To quantify the enhancement, polarization resolved PL spectra were taken in regions of pristine WS2 and
hybrid WS2-Ag wire array respectively (Supplementary note 3). The samples were excited by a 532 nm
laser with the incident polarization �xed in the TE direction. The PL emission was collected along TE and
TM directions by rotating the analyzer to be parallel and perpendicular to the long axis of the nanowire,
respectively. PL spectra of the pristine bilayer WS2 are shown by the black and blue curves in Fig. 2d. The
coincidence between TE and TM implies that the PL emission is almost randomly polarized due to the
valley depolarization mechanism, such as Coulomb exchange interaction and intervalley scattering at
room temperature43. A drastic change between TE and TM is observed when the nanowire array is
fabricated on top as shown by the red and pink curves in Fig. 2d. For the direct bandgap transition around
640 nm, the PL intensity is 1.3/0.6 times enhanced for TE/TM, respectively (Fig. 2d). In contrast, for the
indirect band gap transition around 750 nm, both TE and TM are ampli�ed. Speci�cally, the enhancement
of the PL relative to the pristine WS2 is 7 for TM and 1.5 for TE as shown by the red and black curves in
Fig. 2e. The enhancements are different at different spectral positions, implying that the underlying
mechanisms involving the plasmon mediated excitonic emission are different at different optical
bandgap transitions.
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For p = 600 nm wire arrays, the optical image of the WS2-Ag wire hybrid nanostructure is shown in Fig. 2 f.
The region covered by the nanowire array is brighter than that of the pristine WS2 in the TE polarized
image (Fig. 2g) whereas it becomes signi�cantly darker for the TM polarized image (Fig. 2h). The color
contrast between the regions with and without the metasurface can be further veri�ed by the PL spectral
measurement. For the TE polarized emission, the intensity relative to that of the pristine WS2 is 1.4 and
4.2 times enhanced for the direct and indirect bandgap transitions (the purple and red arrows in Fig. 2j),
consistent with the brighter color in Fig. 2g. In contrast, for the TM polarized emission, the intensity of the
PL in the hybrid region is only 39% of the pristine WS2 for the direct bandgap transition (pink curve in
Fig. 2i), resulting in the darker PL image as shown in Fig. 2h. The larger suppression of the TM
polarization leads to the larger anisotropy between TE and TM for the 600 nm period wire array than that
of the 400 nm (red and pink curves in Fig. 2d, i). For the indirect bandgap transition, the PL is greatly
enhanced in the TE polarization direction, which is in perpendicular to that observed in the 400 nm period
wire array, implying that the period of the nanowire array is essential to control the direction of the
polarization.

We’d like to emphasize that with signi�cant improvement in polarization, the total intensity of the
emission does not decay but increases due to the energy transfer. This is in contrast to the conventional
passive birefringent crystal, through which the light of TE polarization is much more blocked than TM
polarization thus the total intensity keeps descending due to the scattering and absorption of the crystal.
In this regards, our nanowire array is NOT just a simple polarizer.

1.2.2 Mechanism for anisotropic enhancement of the
indirect bandgap transition
To understand the anisotropic enhancement behaviors observed above, optical responses of the
nanowire arrays are simulated by commercial �nite-difference time-domain algorithm (FDTD Solution,
Lumerical) for x and y polarization incidences. For the wire array of p = 400 nm, w = 140 nm, we �nd a
pronounced re�ectance dip around 750 nm (mode I) for the TM polarization as indicated by the black
arrow in Fig. 3a, which is consistent with the experimental results shown in Fig. 3b. This dip overlaps well
with the indirect band gap transition, hence could be the main reason of signi�cant PL enhancement (7x)
in the TM polarization direction (black arrow in Fig. 2e). The dip is intrinsically a localized surface
plasmon mode whose electric �elds are densely localized around the edge of nanowires (Fig. 3e)
exhibiting strongly enhanced �elds and a high local density of states. The coupling of excitons with the
con�ned plasmonic �elds accelerates the decay rate of the spontaneous emission, causing a brighter PL
image in the 400 nm period nanowire array (Fig. 2c). Moreover, the driving �eld is oscillating along the
TM direction, thereby polarizing the PL emission in the same direction.

For p = 600 nm wire arrays, we �nd a re�ectance dip around 700 nm (mode II) for the TE polarized light in
both numerical simulation and experiment (red arrows in Fig. 3c, d). Its electric �eld distribution (Fig. 3f)
indicates the energy is mainly concentrated in dielectric layers. The �elds are polarized along the wire
with opposite phases in a unit cell, resulting in a pronounced magnetic resonance around indirect



Page 6/20

excitons that accounts for the 4.2 folds enhancement of the PL emission in the TE polarization direction
(red arrow in Fig. 2j). We identify mode II as a plasmonic waveguide mode rather than a localized surface
plasmon of individual wires44, because the electromagnetic �elds are con�ned in dielectric layers
between the top metal and the bottom silicon instead of metal surfaces whose distributions follow
closely the period of the wire array. Compared to mode I, the loss of this mode is smaller because of
vanishing dissipation from the displacement currents of the metal due to the opposite phases of electric
dipolar resonances in the dielectric layer. However, the mode volume is larger, therefore the enhancement
is slightly weaker (4.2x) compared with mode I (7x). For the TM polarization, a re�ectance dip appears
around 750 nm (blue arrows in Fig. 3c, d) which is indicative of a resonance mode III, providing the
driving force for the enhancement of the TM polarized emission (the blue arrow in Fig. 2j). The electric
dipolar resonance on the top surface of wire arrays is quite similar to that of mode I, but the magnitude is
only 1/4 (Fig. 3g), hence the enhancement of the PL emission is relatively small (1.8x).

Combining the experimental and simulation results, we can now understand the strong anisotropic
enhancement of the indirect band gap transition achieved in the bilayer WS2-silver nanowire hybrid
nanostructure. The enhancement is attributed to the coupling of excitons with the plasmonic modes of
the nanowire array through which the spontaneous emission rate as well as the quantum yield is greatly
boosted in the bilayer WS2. The degree of the enhancement depends on the intensity of local �elds, the
mode volume and the system loss. Among the three modes, mode I is a localized plasmon mode with
maximum �eld intensity and minimum mode volume, hence it enables the largest PL enhancement (7x).
Mode II is a plasmonic waveguide mode whose mode volume is much larger than that of mode I but the
loss is smaller due to the magnetic resonance, hence the PL enhancement remains large (4.2x). Mode III
belongs to a plasmonic mode whose �eld distribution is similar to that of mode I but the intensity of the
local �eld is much weaker. In addition, the mode volume is larger because of the larger period, therefore
leading to the smallest PL enhancement (1.8x). The polarization direction of the enhancement is
consistent with the oscillation direction of the electric dipolar resonance in the nanowire array which can
be either parallel (mode II) or perpendicular (mode I and III) to the nanowires.

1.2.3 Mechanism for anisotropic enhancement of the direct
bandgap transition
As indicated by the experimental results in Fig. 2d and i, the anisotropy for the direct bandgap transition
is due to the enhancement of the PL in the TE polarization direction and the suppression of the PL in the
TM polarization direction (Fig. 2d, i). However, as demonstrated in this section, the TE enhancement
cannot be accounted for only by plasmonic effect. Rather, the interference of the periodic nanowire array
plays an important role.

Before discussing the mechanism, we’d like to con�rm the robustness of the experimental observation by
varying the wire width while �xing the array period at 600 nm (optical images in Fig. 4a). PL images
indicate that the WS2-wire hybrid region is brighter in the TE polarization direction (Fig. 4b) and darker in
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the TM polarization direction (Fig. 4c). Moreover, with increasing the wire width from 145, 187, 208, 250
to 312 nm, the degree of the enhancement relative to the pristine WS2 (dashed black curve in Fig. 4d-h)
decreases from 2.0/0.72, 1.6/0.56, 1.56/0.52, 1.35/0.37 to 1.30/0.32 for the TE/TM polarized light
(red/blue curves in Fig. 4d-h), implying that the wire width is an effective parameter in tailoring the
intensity and anisotropy of the PL emission: while narrower wires are more e�cient to enhance the PL
along the wire, wider wires are more suitable to suppress the PL in perpendicular to the long axis of the
wire.

Now we turn to numerical simulations where the dielectric substrates (Al2O3, SiO2 and silicon layers) are
added in a step-by-step fashion. To substantiate the experiment in Fig. 4, we choose nanowire arrays with
p = 600 nm, w = 100, 200 and 300 nm in Fig. 5. For the forward incidence, that is, the light goes along the
positive z direction, the transmittance of the TE polarized light around the wavelength of the direct
bandgap transition (marked by the purple strips in Fig. 5) is high as shown in Fig. 5a and c for the
nanowire array on Al2O3 and Al2O3/SiO2 respectively. Moreover, the re�ectance of the TM polarized light
increases step by step with the wire width, denoted by the black, red, blue curves as shown in Fig. 5b and
d. It suggests that the nanowire array allows a high transmission of the TE polarized PL in the forward
direction and a tunable re�ection of the TM polarized PL in the backward direction, consistent with the
near �eld distributions of the nanowire array in Exx and Eyy directions (Figure S1).

To be detailed, in Fig. 5e, absorption spectra of the nanowire array on Al2O3/SiO2/Si substrates indicate
that plasmonic resonances appear around 600 nm. These peaks locate on the blue side of the spectral
wavelength of the direct bandgap transition, offer feasible excitation and energy transfer between
nanowires and WS2 excitons, leading to the enhancement of the PL emission in the TE polarization

direction45,46. With increasing the wire width, the peak shifts to the shorter wavelength as indicated by the
dashed black arrow in Fig. 5e, hence the spectral overlap between plasmons and excitons decreases,
resulting in the descending trend of the PL enhancement in the TE polarization direction as indicated by
the red curves in Fig. 4d-h. For the TM polarization, broadband absorption of plasmonic resonances
appears around the direct bandgap transition (Fig. 5f) which is possible to accelerate the spontaneous
emission rate. However, the emission in the TM polarization is mainly re�ected by the nanowire array and
the re�ection increases with the wire width, resulting in the suppression of the PL in the forward direction
and the descending trend of the PL intensity with the wire width (blue curves in Fig. 4d-h).

However, note that in Fig. 5e the direct band emission does not coincide with the plasmonic resonance in
TE polarization. Especially for w = 300 nm, the emission actually approaches the valley of the absorption
spectra, calling for an alternative mechanism to explain the TE enhancement. Since the nanowire array
resembles a diffraction grating, the inevitable result is the constructive interference at the angle θ with
psinθ = mλ, where θ is the angle between the grating surface and the emission direction of light, p is the
period of the grating and λ is the emission wavelength47. Light collected in the normal direction
corresponds toθ=90ο, which is an interference maxima, thus the emission in the TE polarization is
enhanced as shown in Fig. 4b.
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As a result, the strong anisotropy of the direct bandgap transition is attributed to the zeroth order
constructive interference of the nanowire array in addition to the active plasmonic resonance on the blue
side of the emission wavelength in the TE polarization direction as well as the tunable re�ectance of the
nanowire array in the TM polarization direction.

Polarization modulation through the anisotropic
enhancement of the PL
To quantify the PL anisotropy as a function of the period and wire width, linear dichroism (LD) calculated
as LD=(ITE-ITM)/(ITE+ITM) is shown in Fig. 6. For the indirect band gap transition, in contrast to the
diminishing LD in pristine WS2, a positive LD of 0.5 is achieved in the nanowire array with p = 600 nm, w 
= 300 nm for the indirect bandgap transition (red arrow in Fig. 6a). Additionally, a large negative LD ~ -0.6
is observed for the nanowire array with p = 400 nm, w = 140 nm around 750 nm (black arrow in Fig. 6a). It
suggests that the period of the nanowire array is able to tune the sign of the linear dichroism. The good
linearity is attributed to the distinct coupling of excitons with plasmons along the two orthogonal
polarizations, leading to different degrees of enhancement of the PL in TE and TM directions.

For the direct bandgap transition, the maximal linearity is always observed in the nanowire array with p = 
600 nm because this period is comparable with the emission wavelength λ ~ 636 nm thus satis�es the
condition of the constructive interference p ~ λ, thereby leading to the most remarkable enhancement in
the TE polarization direction among different periods of the nanowire array (red curves in Figure S2a, d).
This is consistent with the highest transmittance of the TE polarized light in the forward direction among
three types of periods of the nanowire array (red curves in Figure S3a, b, e, f). At the same time, the
emission in the TM polarization direction is low (red curves in Figure S2b, e) because of the high
re�ectance in the backward direction (red curves in Figure S3c, d, g, h). Moreover, the wire width is a key
parameter to tune the linearity of the PL emission of the direct bandgap transition since the dominating
plasmon mode and the re�ectance of the nanowire array have a close dependence on the wire width
(Fig. 5). As a result, LD increases from 0.43 to 0.64 with increasing the wire width from 145 to 312 nm as
shown in Fig. 6b.

To show intuitively the extraordinary polarization modulation through the anisotropic enhancement of the
nanowire array, PL peaks as a function of the detection angle for indirect (red dots) and direct (blue dots)
bandgap transitions are characterized for the pristine bilayer WS2 and WS2-Ag hybrid nanostructures with
the periods of 400 and 600 nm as shown in Fig. 6c-e. For the indirect bandgap transition, PL is randomly
polarized in the pristine WS2 (Fig. 6c), then becomes linearly polarized in perpendicular (Fig. 6d) or
parallel (Fig. 6e) to the long axis of the wire for p = 400 and 600 nm wire array respectively. For the direct
bandgap transition, PL transforms from random to linear with the polarization �xed along the wire
despite that the period of the wire array is different. In summary, a large linearity is obtained for both
indirect and direct bandgap transitions in bilayer WS2. The former arises from the strong anisotropic
enhancement of the PL in both TE and TM polarization directions dominated by either the plasmonic or
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waveguide mode of the metal wire array. The latter is attributed to the enhancement/suppression of the
PL in the TE/TM polarization directions based on the enhanced transmission/re�ection of the nanowire
array in orthogonal polarizations.

Anisotropic emission as a function of the polarization angle
of the excitation
In the above, the polarization of the incident laser is �xed along the wire. What will happen if we change
the incident polarization direction? For the WS2-Ag wire hybrid nanostructure with p = 400 nm, normalized
intensity of the PL in the TE/TM polarization direction is 1/0.48, 0.7/0.37 and 0.35/0.23 for the direct
bandgap transition and 0.059/0.27, 0.050/0.23, 0.034/0.18 for the indirect bandgap transition when the
incident polarization angle increases from 0o, 45o to 90o (Fig. 7a, b). It suggests that the intensity of the
PL decreases when the incident polarization relative to the long axis of the wire is rotated from parallel
(0o) to perpendicular (90o). This is probably due to the different excitation e�ciency at different incident
angle. The excitation is the strongest at 0o incidence due to the maximum absorption as manifested by
the deeper re�ection dip at ~ 532 nm as shown by the black curve in Fig. 3b. The absorption decreases
with increasing the angle via 45o to 90o because the re�ectance increases as manifested by the red curve
in Fig. 3b resulting in the descending trend of the PL emission. Since both TE and TM polarizations
decrease, the linear dichroism keeps almost the same at different excitation angles as shown in Fig. 7c.

For the hybrid nanostructure with p = 600 nm, a descending trend as a function of the incident
polarization angle can also be observed in both TE and TM polarizations (Fig. 7d, e). But the difference of
the PL intensity between 0o and 90o is smaller than that of the 400 nm period wire array (Fig. 7a, b)
because the difference of the absorption at the excitation wavelength (532 nm) between TE and TM
polarizations is smaller (Fig. 3d). The linear dichroism keeps almost the same for different incident
polarization angles (Fig. 7f), suggesting that the degree of the linearity of the PL emission is determined
by the geometry of the wire array rather than the polarization angle of the laser excitation.

Discussion
Conventional optical modulators suffer from large volume, single function and passive modulation, thus
are hard to be directly applied to photonic circuits. Here the highly con�ned metasurface-TMDCs hybrid
systems provide a new route toward the emerging �at optics, where the intensity, polarization and
wavelength of light can be tuned by tailoring the direction and magnitude of the plasmon-exciton
coupling. Such a hybrid system is not limited to WS2 samples. Take the mode II as an example, it would
be red shifted from 550 to 850 nm when the period of the nanowire array increases from 400 to 800 nm
(Figure S4). The spectra covers almost the whole range of bandgaps of normal TMDC mono- and few
layers, for instance 620, 650, 750 and 800 nm for WS2, MoS2, WSe2, MoSe2 monolayers respectively.
Hence, it is highly promising that various TMDCs with different optical bandgap transitions can be
controlled by the plasmonic nanowire array.
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Note that traditionally for birefringence effect, the large anisotropy can be also induced by nanowire
arrays of a large aspect ratio, which is characterized by a high transmission of TM polarization and a
high re�ection of TE polarization. This is in contrast to our nanowire arrays in which pronounced
plasmonic resonances can be excited in the TE polarization and hence enhance the PL. Meanwhile, the
TM polarization is greatly suppressed due to the high re�ection of the nanowire array. Thus, the
anisotropy observed here has a different origin from conventional nanowire arrays.

Conclusion
In conclusion, we have demonstrated the strong anisotropic enhancement of the PL emission in WS2

integrated with the plasmonic nanowire array. The enhancement at different optical bandgap transitions
stems from different mechanisms. For the indirect bandgap transition around 750 nm, multifold
enhancement of the PL is attributed to the coupling of excitons with either the localized plasmon mode of
metallic nanowires in the TM polarization direction or the plasmonic waveguide mode of the nanowire
array on the dielectric substrate in the TE polarization direction. The localized mode I enables a higher
degree of enhancement up to 7 because of a smaller mode volume and a stronger �eld localization
around the surface of the metal wire. The waveguide mode II exhibits a spectral shift as a function of the
period of the nanowire array allowing for the modulation of the excitonic emission in a wide spectral
range. In contrast, for the direct band gap transition, only a moderate enhancement of the PL (1-2.5x) in
the TE polarization direction was observed which is probably due to the coherent superposition of the TE
polarized light in the periodic array, just like the zero order interference maximum in the diffraction
grating. The linearity has a strong dependence on the wire width and periods of the array while it is less
in�uenced by the polarization angle of the incident laser. Our study offers new opportunities for
establishing ultrathin photonic devices with multi-functionalities which allows technical advancements in
various important areas such as tunable displaying, ultrasensitive sensing and encoded imaging.
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Figures

Figure 1

Device con�guration of the WS2-Ag wire array hybrid nanostructure. (a) Raman spectra of mono- and
bilayer WS2. (b) PL spectra of mono- and bilayer WS2. (c) 3D schematic view of the hybrid device
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consisting of silver nanowire array on top of WS2 separated by a thin layer of Al2O3. (d) Optical
microscopy image of the WS2-Ag wire hybrid nanostructure. Scale bar is 6 μm.

Figure 2

Anisotropic enhancement of the PL emission in WS2-Ag wire hybrid nanostructures. (a) Optical image of
the hybrid nanostructure. WS2 covered by the nanowire array (p=400 nm, w=140 nm) is enclosed by the
red dashed lines. (b)-(c) The corresponding PL images for TE and TM polarizations. The dashed circles
indicate the positions of the spectral measurement. (d) Normalized PL spectra of the WS2 bilayer with
(red and pink curves) and without (black and blue curves) silver nanowire array for TE and TM
polarizations respectively. (e) PL enhancement of the hybrid nanostructure relative to the pristine WS2 for
TE (black curve) and TM (red curve) polarizations, respectively. (f)-(j) The corresponding results for the
hybrid nanostructure with p=600 nm and w=300 nm.
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Figure 3

Polarization resolved white light spectra. (a)-(b) Re�ectance spectra of the WS2-Ag wire hybrid
nanostructure with p=400 nm in simulation (a) and experiment (b) for TE and TM polarizations,
respectively. (c)-(d) The corresponding results for the hybrid nanostructure with period of the nanowire
array 600 nm. (e)-(g) Distributions of the electric �elds at the x=0 nm cutting plane for resonance modes I-
III respectively. Black arrows indicate the directions of electric dipoles.
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Figure 4

Anisotropic enhancement of the direct bandgap emission as a function of the wire width. (a) Optical
images of the WS2-Ag wire hybrid nanostructures. From left to right, the width of the nanowire is 145,
187, 208, 250 and 312 nm, respectively. (b)-(c) Corresponding PL images for TE and TM polarizations.
(d)-(h) Corresponding PL spectra for the pristine WS2 (black dashed curves), WS2-Ag wire hybrid
nanostructures in TE (red solid curves) and TM (blue solid curves) polarization directions.



Page 18/20

Figure 5

Polarization resolved spectra as a function of the wire width by simulations. (a)-(b) Transmittance of the
TE polarized light and re�ectance of the TM polarized light under the forward incidence for the nanowire
array on Al2O3 substrate with p=600 nm, w=100, 200, 300 nm respectively. (c)-(d) The corresponding
spectra of the nanowire array on Al2O3/SiO2 substrate. (e)-(f) Absorption spectra of the TE and TM
polarized light under the backward incidence for the nanowire array on Al2O3/SiO2/Si substrates.



Page 19/20

Figure 6

Linearity of the direct and indirect bandgap transitions modulated by the plasmonic nanowire array. (a)
Linear dichroism of the PL emission for pristine bilayer WS2 (grey curve) and WS2-Ag hybrid
nanostructures with p=400 (red curve) and 600 nm (black curve) respectively. (b) Linear dichroism of
WS2-Ag hybrid nanostructure with p=600 nm as a function of the wire width. (c)-(e) Normalized PL peak
intensity as a function of the detection angle for pristine bilayer WS2 (c) and hybrid nanostructures with
p=400 (d) and 600 nm (e), respectively. Blue/red dots indicate the emission of direct/indirect band gap
transitions, respectively. Here, zero corresponds to the center and 1.0 to the outermost dashed circle.
Green arrows indicate the long axis of the nanowire.
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Figure 7

Anisotropic PL emission as a function of polarization angles of the laser excitation. Normalized intensity
of the PL in the TE (a, d) and TM (b, e) polarization directions for the incident polarization angle at 0o
(black curve), 45o (red curve) and 90o (blue curve), respectively. (c), (f) The corresponding linear
dichroism. The periods of nanowire arrays in the hybrid WS2-Ag nanostructures are 400 and 600 nm for
the left and right columns, respectively.
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