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ABSTRACT: Atomically thin transition metal dichalcogenides (TMDCs) are an emerging
class of two-dimensional semiconductors. Recently, first opto-electronic devices featuring
photodetection as well as electroluminescence have been demonstrated using monolayer
TMDCs as active material. However, the light-matter coupling for atomically thin TMDCs
is limited by their small absorption length and low photoluminescence quantum yield.
Here, we significantly increase the light-matter interaction in monolayer tungsten
disulphide (WS;) by coupling the atomically thin semiconductor to a plasmonic
nanoantenna. Due to the plasmon resonance of the nanoantenna, strongly enhanced optical

near-fields are generated within the WS, monolayer. We observe an increase in
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photoluminescence intensity by more than one order of magnitude, resulting from a
combined absorption and emission enhancement of the exciton in the WS; monolayer. The
polarization characteristics of the coupled system are governed by the nanoantenna. The
robust nanoantenna-monolayer hybrid paves the way for efficient photodetectors, solar

cells, and light emitting devices based on two-dimensional materials.

Tailoring the interaction between light and matter is crucial for the performance of optical and
opto-electronic devices. Solar cells, photodetectors, and optical transistors rely on their ability to
efficiently absorb light. Light emitting devices benefit from a high radiative efficiency of the
active material. One strategy to improve device performance is to identify novel materials, which
exhibit an intrinsically strong light-matter interaction. Recently, an extraordinary optical
response of atomically thin transition metal dichalcogenides (TMDCs) has been reported'.
Monolayers of MoS,, MoSe;, WS,, and WSe, exhibit an optical band gapz'5 and are therefore
interesting for opto-electronic devices such as photodetectors and light emitting devices®".
However, the absorption is limited by the atomic thickness of the TMDC monolayers.
Concerning light emission, atomically thin TMDCs exhibit a direct optical band gap with a
photoluminescence yield, which is orders of magnitude larger than for bulk crystals®. However,
in absolute numbers the observed photoluminescence quantum yield of 107 is low?.
Consequently, for practical device applications, strategies for increasing the light-matter

interaction are needed.

Plasmonic nanoantennas made of noble metals enhance the light-matter interaction and control

12-14

light on the nanoscale “". Excitation of the antenna resonance leads to intense optical fields in

the vicinity of the antenna. In this region of high photonic density of states the absorption as well
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as the emission of photons can be significantly enhanced. By coupling to a plasmonic antenna

15,16 1 :
1® and Raman'’ response of single molecules has been

strong enhancement of the fluorescence
achieved. The efficiency of photodetectors and solar cells based on bulk semiconductors'®'” has

been improved.

Recently, plasmonic nanostructures have been placed above and below MoS, monolayers®*>.

Interesting phenomena such as a reversible structural phase transition in MoS, due to hot
electron injection® or a thermally-induced spectral modification of photoluminescence®® have
been observed. However, so far little attention has been paid to the design of the plasmonic
nanostructures. As a consequence, the reported photoluminescence enhancements were only two-
fold at best****. Even photoluminescence quenching was observed®'. Photoluminescence
enhancement was attributed to an increased absorption. Here, we demonstrate an enhancement in
both absorption and emission, leading to a record photoluminescence increase by one order of
magnitude from an atomically thin semiconductor. We use a novel hybrid system consisting of a
WS, monolayer and a single-crystalline plasmonic nanoantenna. In a combined numerical and
experimental study we demonstrate that in this way a hybrid plasmon-exciton system is formed.
The hybrid nature is revealed by the observation of a six-fold (four-fold) PL intensity
enhancement with respect to a WS, monolayer without antenna when excitation (emission)
polarization is matched to the antenna. Our analysis on single nanoantennas unambiguously
shows that the coupling results from the enhanced plasmonic near-fields at the position of WS,
monolayer. We are also able to control the shape of the photoluminescence spectrum with the
help of the antenna by tuning the plasmonic resonance via the antenna length. Our work provides
important groundwork for the design of future nanoantenna-enhanced photodetectors, solar cells,

and light emitting devices based on two-dimensional materials.
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Figure la shows a schematic drawing of the investigated hybrid system of plasmonic
nanoantenna and atomically thin WS; layer. The WS, monolayers are grown on SiO,/Si substrate
by chemical vapor deposition (CVD)* using WO; powder as a precursor and an evaporation
temperature close to 800°C. The antennas are single-crystalline, chemically-grown gold
nanorods with a diameter of 30 nm and lengths ranging from 55 to 70 nm. The rods are obtained
in aqueous solution from Nanopartz Inc. and diluted to a concentration of 10'° particles/mL. 1
pL of the solution is drop-cast onto monolayers of tungsten disulphide (WS;) on SiO,/Si
substrate. The gold nanorods are functionalized by a molecular layer (Cetyl-Trimethyl-
Ammoniumbromid, CTAB), which acts as a spacer between gold and WS,. In the electron
micrograph of Fig. 1 atomically thin WS, monolayers of triangular shape appear dark. Gold
nanorods on top of the monolayer are bright and can be clearly identified. Due to the drop-
casting process, the gold nanorods are randomly oriented on the WS, monolayers. In Fig. 1b a
horizontally aligned rod is marked by a dashed white circle and a rod with vertical orientation by

a solid circle (see Fig. S1 for images at high magnification).

Photoluminescence intensity maps recorded for excitation with circularly polarized light at a
wavelength of Ax = 588 nm and selection of vertical and horizontal emission polarization are
presented in Fig. 1c and d, respectively. Photoluminescence emission is collected with an
objective lens with a numerical aperture NA = 0.9 and detected via a spectrometer (Andor,
Shamrock SR-3031) equipped with a cooled sSCMOS camera (Andor, DC-152-Q-C00_DI). The
photoluminescence emission from the WS, monolayer alone shows no polarization dependence
and is homogenous across the flake. However, stronger luminescence is typically observed at the
edge of the WS, flakes®’. At position of the gold nanoantennas the photoluminescence is strongly

enhanced by a factor of 4.5 for the horizontally aligned rod and 2.5 for the vertically aligned rod.
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If both excitation and emission polarization are matched to the antenna we observe an
enhancement of up to 11 (Fig. S2 and discussion below). For the hybrid antenna-monolayer
system the photoluminescence is polarization dependent and is strongest for polarization along
the long nanoantenna axis. If the polarization is perpendicular to the nanorod, the luminescence
intensity is significantly lower and is similar to locations on the WS, monolayer without gold
nanorods. We also observe intrinsic gold nanorod photoluminescence®. However, it is
comparatively very weak, as evident from nanorods at sample positions without WS, (top left

corner of Fig. 1b - d).
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Figure 1. (a) Schematic drawing of the sample. (b) Electron micrograph of monolayer WS, (dark
triangles) with gold nanorods on top (bright rods). Solid (dashed) circles mark a rod with vertical
and (horizontal) orientation. (c, d) Normalized photoluminescence intensity map of the region
shown in (b). White arrows indicate the emission polarization. Strongest PL enhancement is

found for orientation of the nanoantenna along the polarization direction.

In order to understand the strong PL enhancement and elucidate the nature of the coupling
between the nanoantenna and the atomically thin semiconductor, we have to determine the
spectral position of the plasmon and exciton resonances. The strength of the light-matter
interaction of the hybrid system strongly depends on their spectral overlap. We first investigate
the resonances of the constituents of the hybrid system - the nanoantenna and the WS,

monolayer.

Single-crystalline gold nanorods are efficient optical antennas and exhibit intense optical near-
fields and enhanced scattering at their longitudinal plasmon resonance'. The position of the
plasmon resonance can be tuned by the length of the nanoantenna'’. The dark field scattering
spectrum of a single 65 nm long antenna clearly shows a pronounced longitudinal plasmon

resonance at 607 nm, as well as the weak transverse plasmon resonance at 526 nm (Fig. 2a).

The spectral positions of the excitonic resonances of the atomically thin semiconductor are also
obtained from dark field scattering spectra from the edges of WS, monolayers (Fig. 2b). The
spectra show two distinct maxima at the A and B exciton wavelengths of 618 nm and 565 nm.
The peak positions vary from flake to flake and are in good agreement with absorption spectra

(see supplementary material Fig. S3).
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Our investigated hybrid system consists of monolayer WS, and a gold nanorod of three different
lengths (55, 60, and 70 nm) and a diameter of 25 nm. The dimensions of the antenna are chosen
such that the longitudinal plasmon resonance of the nanoantenna can be tuned across the A
exciton resonance of the monolayer. The B exciton is always off-resonant to the longitudinal
nanoantenna resonance and shows no polarization-dependence of the photoluminescence, similar
to the A exciton of the WS, monolayer without antenna. In the measured dark field scattering
spectra (Fig. 2c-e) a clear shift of the longitudinal plasmon resonance from 600 to 650 nm is
observed, if the antenna length is increased from 55 to 70 nm and the emission polarization is
selected along the long antenna axis. We find a prominent narrow minimum in the broad
plasmon resonance in the scattering spectra of the hybrid system with the two short antennas
(Fig. 2c, d). The spectral position of the dip is independent of the antenna length and occurs at
the wavelength of the A exciton. For the longest antenna (70 nm) there is only small spectral
overlap between plasmon and exciton. Consequently, the coupling is weak and the minimum in

the plasmon resonance disappears.

Our experimental results are in excellent agreement with numerically calculated scattering

29, 30 .
77, which uses

spectra (Fig. 2g-i). The simulations are performed with the MNPBEM toolbox
the boundary element (BEM) approach“. We assume an antenna diameter of 30 nm and take a
distance of 0.5 nm between antenna and WS, into account (see supplementary Fig. S4 for the
distance dependence). In Fig. 2f the calculated electric field distribution for the hybrid system is
shown with polarization along the long antenna axis at the wavelength of the A exciton. Intensity

enhancements as high as 6 are obtained at position of the WS, monolayer. For polarization

perpendicular to the antenna axis no enhancement is found with respect to the WS, monolayer
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without antenna and only a weak scattering signal is observed in the experiment (blue curves in

Fig. 2c-e).

In summary, we find that the A exciton of the atomically thin WS, monolayer couples to the
metal nanoantenna via the enhanced plasmonic near-field, which leads to a pronounced
minimum in the scattering spectra. The strength of this dip critically depends on polarization as

well as spectral position of the plasmon with respect to the A exciton.

Normalized Scattering Intensity

Normalized Scattering Intensity

500 550 600 650 700 500 550 600 650 700
Wavelength [nm] Wavelength [nm]

Figure 2. (a) Polarization resolved scattering spectrum of a 65 nm long gold nanorod on SiO,/Si
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substrate. (b) Scattering spectrum of a monolayer WS, flake on SiO,/Si substrate. (c-¢)
Measured emission-polarization resolved scattering spectra of nanorods coupled to monolayer
WS, on SiO,/Si substrate. The length of the nanorods is 55, 60 and 70 nm in (c, d, e),
respectively. Polarization directions along/across the nanoantenna axis are indicated by coloured
arrows. The vertical line marks the position of the A exciton of monolayer WS, at 618+10 nm.
(f) Calculated near-field intensity map on a logarithmic scale at 612 nm wavelength (A exciton)
and polarization along the nanorod axis. (g-i) Calculated emission-polarization resolved
scattering spectra of nanorods coupled to monolayer WS, on SiO,/Si substrate. The length of the

nanorods is 60, 65 and 75 nm in (g, h, 1), respectively.

Having elucidated the different resonances and coupling of the hybrid system, we return to the
prominent photoluminescence enhancement of Fig. lc, d. In particular, we quantify how the
electric field enhancement results in an absorption and emission enhancement of the hybrid
system (Fig. 3). A hybrid system with a central wavelength of the plasmon resonance at 625 nm
is chosen for this investigation, because the broad plasmon resonance overlaps well with the

excitation wavelength of 588 nm as well as with the exciton emission at 618 nm.

First, we study a WS, monolayer without nanoantenna (see supplementary Fig. S5 for a
photoluminescence spectrum). We find that the PL spectrum is dominated by the A exciton®. The
PL intensity does not depend on excitation or emission polarization. For excitation with 532 nm
light the PL intensity is a factor of two higher than for excitation with 588 nm. This effect is due

to the different absorption (factor of two) at the two excitation wavelengths.

The hybrid nanoantenna-monolayer system exhibits a strikingly different behavior, if excited at

the plasmon resonance with 588 nm light (Fig. 3a-d). For excitation (Fig. 3a, b) and emission
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polarization (Fig. 3c, d) perpendicular to the nanoantenna axis the PL intensity is similar to the
WS, monolayer without nanoantenna. However, the photoluminescence strongly increases, if the
excitation as well as emission polarization is chosen along the nanorod axis (Fig. 3a-d). This
enhancement arises from the strong optical near-fields created by the longitudinal plasmon
resonance of the nanoantenna, which penetrate the WS, monolayer and extend over a region of
80 x 30 nm” (Fig. 2f). Excitons located in the enhanced electric field region experience an
increased absorption as well as an increased emission rate. The latter effect results in a higher
emission quantum yield of the hybrid system. In our experiment the PL enhancement is clearly
observed by comparing the polarization-resolved PL of the hybrid nanoantenna-monolayer
system to the WS, monolayer alone (Fig. 3b for excitation and 3c for emission). Whereas the
photoluminescence of the WS, monolayer is unpolarized (circle), a clear dipolar-like pattern is
observed for excitation and emission polarization of the hybrid system. To study the emission
polarization, the system was excited by circularly polarized light. The PL signal of the hybrid
system is a factor of 6.4 (4.5) larger compared to the PL of the monolayer alone, when the
excitation (emission) polarization is matched to the antenna axis. These high values underline the
increased coupling of the nanoantenna with the atomically thin semiconductor. The fact that
absorption enhancement plays a more important role than emission enhancement is revealed by
investigating the identical hybrid system with off-resonant excitation at a wavelength of 532 nm.
In this case the PL intensity is more than ten times lower that for resonant excitation at 588 nm.
If the excitation polarization is perpendicular to the long antenna axis, the PL intensity resembles
that of a WS, monolayer without nanoantenna. For excitation polarization along the antenna axis

the PL is increased by a factor of 1.3 (Fig. 3e, f). Even though the excitation is off-resonant, the
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Figure 3. (a-d) PL spectrum and angular dependence for an excitation wavelength of 588 nm.
(e-h) PL spectrum and angular dependence for excitation wavelength of 532 nm. (a, e) PL
spectrum with excitation polarization along and across the antenna. (b, f) PL intensity of a WS,
monolayer without nanoantenna and the nanoantenna-monolayer hybrid depending on the
excitation polarization. (c, g) PL intensity of a WS, monolayer without nanoantenna and the
nanoantenna-monolayer hybrid depending on the emission polarization. (d, h) PL spectrum with
emission polarization along and across the antenna axis for circularly polarized excitation. Grey
shaded regions in the spectra indicate band pass filters to block light from the laser used for
excitation. Solid lines drawn in the angular plots model the polarization dependence by a sum of

a single horizontally orientated dipole (two-lobed) and randomly oriented dipoles (circle).

plasmon and exciton resonances still overlap, and the emission rate is expected to increase.

Indeed, the PL signal is 2.3 times stronger for emission polarization along the antenna axis

(Fig. 3g, h).

Considering the fact that the spatial extension of the enhanced optical near-fields of the

nanoantenna penetrating the WS, monolayer is a factor of 100 smaller than the diffraction-
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limited collection area of PL light, the local PL enhancement is estimated to be 1000. Moreover,
it should be noted that even the highest applied continuous wave excitation power density of 14
kW/cm? is well below saturation of this hybrid system (supplementary Fig. S6). Much stronger
enhancement can be expected for even higher excitation powers, where the saturation of the WS,

monolayer can be compensated by an increased emission rate.

It is expected that an increased emission rate due to the antenna resonance not only enhances the
PL intensity but also modifies the PL spectrum’. To this end we record emission-polarization
resolved photoluminescence spectra for excitation with circular polarization with an excitation
wavelength of 588 nm (Fig. 4). We investigate three antenna-WS, hybrids with previously
characterized plasmon resonance (Fig. 2 c-e). For emission polarization set perpendicular to the
nanoantenna axis the photoluminescence spectrum resembles that of a WS, monolayer.
However, for emission polarization along the antenna axis the spectrum is enhanced at the
plasmon resonance. The modification strongly depends on the length of the antenna, which
further demonstrates the coupling of exciton and plasmon. The fact that spectral modification of
the PL is only observed for emission polarization along the antenna suggests that it originates
from an enhanced emission rate and we can exclude thermal effects’* as well as morphology

changes23 of the WS, monolayers.

It should be noted that we have observed robust photoluminescence of the hybrid nanoantenna-
monolayer systems over a time period of several months, which allowed us to conduct
systematic studies on a single nanostructure. This behavior is in stark contrast to earlier
experiments of antenna-enhanced fluorescence of single molecules, where enhanced

fluorescence was only observed for a few 100 ms before photobleaching occurred'®,

ACS Paragon Plus Environment

12



Page 13 of 17 ACS Photonics

1
2
3 1,0
g 108 g
6 06 2
7 0,4 (‘08
g 0.2
10 0,0
11 1,0
12 08 &
:
(©

04
15 @
16 0,2
17 0,0
18

1,0
19 -
20 108 €
21 06 2
22 loa 8
23 17 n
24 102
25 : : : : 0,0
%6 560 580 600 620 640 660 680 700
27 Wavelength (nm)
28
29
30 Figure 4. (a-c) Emission-polarization resolved photoluminescence spectra (colored lines) of an
31
g% antenna-WS, hybrid compared to scattering spectra (black lines). PL spectra are excited with
34
35 circular polarization with an excitation wavelength of 588 nm. The direction of emission
36
37 polarization along/across the nanoantenna long axis is indicated by arrows. The investigated
38
28 antennas are the same as in Fig. 2 c-e, with nanorod lengths of 55, 60 and 70 nm in (a, b, c),
41 .
42 respectively.
43
44
45
46
47
jg In conclusion, we have demonstrated antenna-enhanced light-matter coupling in atomically thin
50
51 WS,. Due to intense optical near-fields provided by the metal nanoantenna we observe an
52
gi absorption as well as emission enhancement, resulting in a one order of magnitude increase of
gg the photoluminescence of the WS, monolayer. We find that the polarization characteristics as
57
58
59
60

ACS Paragon Plus Environment
13



©CoO~NOUTA,WNPE

ACS Photonics Page 14 of 17

well as the photoluminescence spectrum are modified by the longitudinal plasmon resonance.
The robust hybrid nanoantenna-monolayer system lights the way to efficient photodetectors,
solar cells, light emitting and conceptually new valleytronic devices based on two-dimensional

materials.

Note added: During the review process we became aware of a related study” of Ag nanodisc

arrays fabricated by electron-beam lithography on monolayer MoS,.
ASSOCIATED CONTENT

Supporting Information. Photoluminescence enhancement of monolayer WS, with both
excitation and emission polarization matched to the nanoantenna; Absorption spectrum of a WS,
monolayer; Numerically calculated scattering spectra of the antenna-WS, hybrid as a function of
the distance between antenna and WS;; Photoluminescence of the WS, monolayer without
nanoantenna; Photoluminescence intensity depending on excitation power; Details of the
simulation technique. This material is available free of charge via the Internet at

http://pubs.acs.org.
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