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Plasmon–exciton systems have attracted 
strong interest as platforms for studying 
light–matter interactions through mecha-
nisms such as Fano interference,[1–7] 
strong coupling,[8–13] plasmon-induced 
resonance energy transfer,[14–16] plasmon-
enhanced absorption and emission.[17–19] 
In particular, Fano resonances and Rabi 
splitting phenomena in plasmon–exciton 
systems are promising for the develop-
ment of new optical devices, including 
nanolasers, biosensors, and single-photon 
switches.[4,5,20,21] So far, both Fano reso-
nances and Rabi splitting have been 
observed in plasmonic systems incor-
porating dye molecules[8–12,22,23] and 
quantum dots (QDs).[2–4,24] Due to the 
lack of efficient ways to tune the excitonic 

Tunable Fano resonances and plasmon–exciton coupling are demonstrated at 
room temperature in hybrid systems consisting of single plasmonic nanopar-
ticles deposited on top of the transition metal dichalcogenide monolayers. 
By using single Au nanotriangles (AuNTs) on monolayer WS2 as model 
systems, Fano resonances are observed from the interference between a 
discrete exciton band of monolayer WS2 and a broadband plasmonic mode 
of single AuNTs. The Fano lineshape depends on the exciton binding energy 
and the localized surface plasmon resonance strength, which can be tuned by 
the dielectric constant of surrounding solvents and AuNT size, respectively. 
Moreover, a transition from weak to strong plasmon–exciton coupling with 
Rabi splitting energies of 100–340 meV is observed by rationally changing 
the surrounding solvents. With their tunable plasmon–exciton interactions, 
the proposed WS2–AuNT hybrids can open new pathways to develop active 
nanophotonic devices.
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properties of the dye molecules and QDs, active control of Fano 
interference and plasmon–exciton coupling relies on varying 
surface plasmons or incident light, which has limited the degree 
of control of Fano asymmetric lineshape and coupling strength 
to specific light wavelengths and polarizations.[8–12,25–32] In addi-
tion, it remains unclear how to distinguish Fano interference 
and Rabi splitting in such plasmon–exciton systems.

Semiconducting transition metal dichalcogenide (TMDC) 
monolayers exhibit excitonic properties that can be tuned by 
external signals, such as electrical bias and temperature.[33–35] 
Different from dye molecules and QDs, TMDC monolayers 
possess excitons highly confined in the in-plane direction, thus 
making it convenient to align the orientation of excitons with 
the one of surface plasmons for effective dipole–dipole inter-
actions.[16] We propose that these unique features of TMDC 
monolayers, combined with their other exceptional physical 
and chemical properties, make hybrid systems of TMDC 
monolayers and plasmonic NPs ideal platforms for studying 
tunable Fano resonances and plasmon–exciton coupling.[35–39]

Herein, we report tunable Fano resonances and plasmon–
exciton coupling in atomically thin WS2–AuNT hybrids (sche-
matically shown in Figure 1a) at room temperature. Tuning was 
then demonstrated by active control of the WS2 exciton binding 
energy and dipole–dipole interaction. Single-nanoparticle meas-
urements were employed to avoid inhomogeneous spectral 
broadening brought by ensemble measurements.

We first synthesized monolayer WS2 by chemical vapor 
deposition (CVD) and transferred the as-grown monolayer 
flakes onto a glass substrate (see further information in the 
Supporting Information).[40] Figure 1b shows an optical image 
of a representative WS2 flake on the substrate. The mon-
olayer nature of the WS2 flake was confirmed by the optical 
contrast and the strong photoluminescence (PL) signal 
(Figure 1c), which is typical of direct bandgap semiconduc-
tors.[41] The PL spectrum at 300 K under ambient conditions 
shows a single intense peak centered at 630  nm (1.97  eV), 
which matches the reported exciton emission of CVD-
grown monolayer WS2.[42] The monolayer nature of CVD-
grown WS2 was further verified by atomic force microscopy 
(Figure S1, Supporting Information). We further examined 
the degree of crystallinity of the monolayer WS2 by meas-
uring the Raman scattering spectrum with a 488  nm excita-
tion laser (Figure 1c). The Raman spectrum is dominated by 
three peaks at 352, 360, and 421 cm−1, which correspond to 
the second-order longitudinal acoustic 2LA(M) mode, the 
first-order out-of-plane E′ mode, and the first-order in-plane 
A′1 mode of monolayer WS2, respectively.[43,44] Colloidal Au 
nanotriangles (AuNTs) with edge lengths of 60 and 150  nm 
(referred to as 60 and 150 nm AuNTs) and thickness of 30 nm 
were synthesized by a previously reported method.[45] The 
obtained AuNTs have atomically flat surfaces, major in-plane 
dipoles, and strong E-field enhancement at the tip positions, 
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Figure 1.  a) Schematic view of a sample comprising a single AuNT on monolayer WS2. b) Optical image of triangular WS2 monolayer. c) Raman (top) 
and PL (bottom) spectra of the monolayer WS2 in air (the excitation wavelength is 488 nm). d) Vis–NIR differential reflectance spectra of the monolayer 
WS2 immersed in air, ethanol, and water. A, B, and C label peaks of exciton A, B, and C, respectively. e) Scattering spectra of a single 60 nm AuNT in 
air, ethanol, and water. f) Scattering spectra of a single 60 nm AuNT on the monolayer WS2 in air, ethanol, and water.
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as described in the Supporting Information. Transmission  
electron microscopy was used to image the 60 and 150  nm 
AuNTs as shown in Figure S2 (Supporting Information).

We hypothesize that Fano resonances may arise from the 
interference between the discrete exciton band of mono
layer WS2 and the broad plasmonic mode of an individual 
AuNT.[4,5,46,47] Due to the low dielectric screening, the exciton 
binding energy of monolayer WS2 can be tuned by the die-
lectric constant of the surrounding environment at room 
temperature.[48,49] Thus, we hypothesized that it should 
be possible to dynamically control Fano interference and 
plasmon–exciton coupling in the hybrids consisting of mon-
olayer WS2 and AuNTs under ambient conditions, by simply 
changing the surrounding solvents. It should be mentioned 
that when dealing with the dielectric screening in monolayer 
WS2, the static dielectric constant instead of the permittivity 
at optical frequencies of the surrounding solvents should be 
considered.[48,49]

In order to verify our hypothesis, we used an optical micro-
scope integrated with a spectrometer and an EMCCD camera 
to measure reflectance and dark-field scattering spectra from 
a series of samples (see details in the Supporting Informa-
tion).[13,16] The differential reflectance spectra of the monolayer 
WS2 in different solvents are shown in Figure 1d. Monolayer 
WS2 in air has an obvious peak around 615  nm (known as 
exciton A (neutral exciton), 2.02 eV). The two peaks at shorter 
wavelengths correspond to excitons B and C.[50] The peak of 
exciton A red-shifts as the dielectric constant of the solvent 
increases (Figure 1d), in agreement with previous reports.[48,49] 
Ethanol and water were chosen because of their large dielec-
tric constants (25.3 and 80.1, respectively) that in turn lead to a 
large variation of exciton binding energies.[48,49]

We then studied the 60  nm AuNTs on the monolayer WS2 
in different environments (i.e., air, ethanol, and water). The 
60 nm AuNTs exhibit an LSPR peak wavelength of ≈620 nm in 
air (Figure 1e). Their E-field enhancement is stronger than the 
one of 150 nm AnNTs at the exciton A absorption peak wave-
length of the monolayer WS2, when AuNTs are on monolayer 
WS2/SiO2 substrates and in air, ethanol or water (Figures S4 
and S5, Supporting Information). Figure 1e shows that the 
optical scattering peak wavelength of a single 60 nm AuNT (see 
scanning electron microscopy (SEM) image of the 60 nm AuNT 
in Figure 3a) on a glass substrate red-shifts when ethanol or 
water is added to the sample, because of the increased refrac-
tive index.[51] The scattering spectra of a WS2–AuNT hybrid 
are shown in Figure 1f (see SEM image of the 60 nm AuNT in 
Figure 3b). In air or ethanol, the scattering spectrum shows a 
dip at the absorption peak wavelength of the monolayer WS2. 
In contrast, an asymmetric Fano spectral shape, which brings 
an additional shoulder near the scattering peak, was obtained 
from the hybrids in water.

We employed a theoretical approach to describe the Fano 
resonance and explain the variations in the observed spectra 
measured from the WS2–AuNT hybrids.[52,53] This approach is 
an expansion of the original Fano model to non-Hermitian sys-
tems with sufficient intrinsic dissipative losses.[52,53] The essen-
tial part of this approach is that the scattering cross-section 
spectra σsc(ω) of a nanostructure supporting dark and bright 
modes can be expressed in the following form

σ ω σ ω σ ω( ) ( ) ( )=sc ex pl � (1)

where the partial multipliers represent an interference between 
the radiation continuum and a nonradiative (dark) mode σex(ω) 
and the radiation continuum coupled to a (bright) mode σpl(ω). 
These coefficients are given by
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where ωex, Wex and ωpl, Wpl are the resonant frequency and the 
half-width of resonance line at half-maximum of the exciton 
and plasmonic resonances, respectively, q is the Fano asym-
metry parameter, b is the damping parameter originating from 
intrinsic losses, a is the maximal amplitude of the resonance. 
We note that Equation (2) assumes Wex << ωex. It then follows 
that the Fano resonance results from the competition between 
the two modes, and thus the Fano lineshape depends on the 
coupling between the relative dipole strengths. The quantity 
q represents this relative strength and can be deduced from 
Fano's original theory[54,55]
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q
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D
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where Lpl is the electromagnetic density of states at the plasmon 
resonance and g is the coupling strength between the surface 
plasmon (SP) and the exciton, Dex is the total dipole moment of 
excitons, and dpl is the dipole moment of the NP at the plasmon 
resonance. Commonly, the SPs have much stronger dipole 
moment compared to excitons in TMDC monolayers, which 
causes |q|  <<  1 in a plasmon–exciton system and the asym-
metrical Fano lineshapes are undistinguishable. However, this 
theoretical modeling indicates that, when the dipole moment of 
the exciton subsystem (which depends on the number of exci-
tons) is comparable to that of SPs, i.e., |q|  ≈ 1, more distinct 
asymmetrical Fano lineshapes appear, as shown in Figure 2a. 
Our experimental and simulated data indicate that q is nega-
tive in our system and, therefore, we only show this particular 
case. Figure 2a also demonstrates the behavior of the Fano reso-
nance, which can be deduced from Equations (1) and (2), as we 
vary the Fano parameter q.

In air, the dipole moment of SPs is stronger than the one 
of excitons, thus in WS2–AuNT hybrids the SPs are domi-
nating and |q| << 1. When the dielectric constant of the solvent 
increases, asymmetrical lineshapes appear in the scattering 
spectra (Figure 1f), which implies that |q| becomes larger and 
close to 1. In order to understand this spectral change, Equa-
tions (1) and (2) were used to fit scattering spectra in Figure 1f.  
However, it should be noted that the scattering spectra of single 
AuNTs are not single Lorentzian-like spectra, and instead pre-
sented flat shoulders at short wavelengths, which are caused 
by an additional plasmonic resonance in AuNTs (out-of-plane), 
excited by light with a large incident angle.[45] Since this addi-
tional resonance does not get involved into Fano scattering 
because of its mismatch with the orientation of exciton transition 
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dipoles, we fitted the experimental results (Figure 1f) by adding 
an additional Lorentzian-like scattering peak to Equation (1).  
The results of our analysis are summarized in Figure 2b–d 
(detailed information is provided in Figure S6, Supporting 
Information). Thus, we conclude that, by increasing the dielec-
tric constant of the solvent, we obtain an increase of |q| from 
0.29 (air) to 1.50 (water), while holding its negative value.

The increase in |q| is due to the increase in dipole moment 
(Equation (3)), which derives from the decrease in exciton 
binding energy. The exciton binding energy Eb of a 2D excitonic 
system is given by[56]

4b
0 H H

2

0
2E

m R a

aµ
= ⋅ ⋅

⋅
� (4)

where m0 and µ are the free-electron mass and exciton reduced 
mass, respectively. The parameters RH, aH, and a0 are the 
Rydberg constant, Bohr radius, and effective Bohr radius, 
respectively. Since a larger effective Bohr radius represents a 
larger separation between positive and negative charges, the 
smaller binding energy leads to a larger dipole moment of 
excitons. The increase of the exciton dipole moment was veri-
fied by the increasing PL intensity when solvents with larger 
dielectric constant were used (more information is in the Sup-
porting Information).[49] This is because the PL intensity is 
directly proportional to the square of the total dipole moment of 
all excitons in the system ~ex exD d N⋅ , where N is the number 

of excitons and decreases when the solvent changes from air to 
water.[57] Note that the differential reflectance spectra demon-
strate only slight changes in the bare TMDC light absorption in 
different solvents, thus indicating that the excitation processes 
play a minor role in the PL emission enhancement.

From Equation (3), it can be seen that the Fano lineshape 
also depends on Lpl and dpl of SPs, and g between the SP and 
the excitons. Therefore, changes in plasmonic NPs can tune the 
Fano lineshape as well. To reveal how this works, we compare 
60  nm AuNTs with 150  nm AuNTs (SEM images of 150  nm 
AuNTs are shown in Figure 3c,d). The scattering spectra of 
150  nm AuNTs on a glass substrate and on monolayer WS2 
with different solvents are shown in Figure 3e,f respectively. 
By comparing Figure 3f to Figure 3e no obvious asymmet-
rical Fano lineshape is observed in the 150 nm AuNT sample. 
To understand this difference, we compared Lpl, g, and dpl of 
60  nm AuNTs with those of 150  nm AuNTs. For Lpl compar-
ison the numerically calculated normalized local density of 
states (LDOS) distributions over the AuNTs on SiO2 substrate 
are used. The calculation approach we used is outlined in our 
previous work.[58] The results presented in Figures S8 and S9 
(Supporting Information) reveal that both 60 and 150  nm 
AuNTs exhibit the maximum normalized LDOS of ≈275 at 
615  nm nearby their tips (Figure S8, Supporting Informa-
tion). The normalized LDOS spatial dependance shows that 
the 60 and 150 nm AuNTs have similar normalized LDOS aver-
aged over AuNTs (Figure S9, Supporting Information). This  

Adv. Mater. 2018, 1705779

Figure 2.  a) Illustration of how Fano lineshape evolves as a function of the asymmetry Fano parameter q. Left curves show the Fano lineshapes for q 
values of −0.15, −0.4, −0.85, and −1, respectively. The middle curves represent the scattering spectra of single AuNTs. Right curves show the scattering 
spectra of WS2–AuNT hybrids for q = −0.15, −0.4, −0.85, and −1, respectively. b–d) Scattering spectra of a single 60 nm AuNT on the monolayer WS2 
in b) air, c) ethanol, and d) water (blue curves), and the results of theoretical analysis (red dashed curves) of the experimentally obtained scattering 
spectra.
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result implies that Lpl is approximately the same for 60 and 
150 nm AuNTs. As shown in Figures S12 and S13 (Supporting 
Information), our coupled harmonic oscillator model calcula-
tion indicates that, in air and ethanol, the hybrids with 60 nm 
AuNTs have the smaller g than those with 150 nm AuNTs. How-
ever, in water, g for the hybrid with a 60 nm AuNT is ≈1.7 times 
of that of the hybrid with a 150 nm AuNT. Moreover, the results 
in Figure S10 (Supporting Information) indicate that 150  nm 
AuNTs have a larger dpl when compared to 60 nm AuNTs (more 
than 10 times) with the same solvent. By combining the results 
of Lpl, g, and dpl, we obtain that |q| for 150 nm AuNTs is smaller 
than that for 60 nm AuNTs. This is consistent with the results 
obtained from fitting the scattering spectra in Figure 3c, which 
are shown in Figure 3e–g, (detailed information is in Figure S7, 
Supporting Information). The fittings show that |q| values for 
the 150  nm AuNT are 0.05, 0.15, and 0.3 in air, ethanol, and 
water, respectively, and are all smaller than those for the 60 nm 
AuNT in the same solvents. It should be mentioned that the 
LSPR peak wavelength can also be tuned to control the coupling 
between LSPRs and excitons. For example, Zheng et al. tuned 
the plasmon–exciton interaction between a silver nanorod and 
monolayer WSe2 by varying the thickness of the Al2O3 layer 
that covers the hybrids.[59] The thickness change of the Al2O3 
layer varies the optical permittivity of the surrounding, which 
shifts the LSPR peak wavelength of the silver nanorod relative 
to the exciton peak wavelength of monolayer WSe2, leading to 
the changes in the plasmon–exciton coupling and the optical 
spectra. However, in contrast to our work, the change of the 

Al2O3 layer does not strongly tune the exciton binding energy 
of the monolayer WSe2 due to the relatively small dielectric 
constant of Al2O3 (i.e., ≈9),[60] which also explains why there 
was no obvious asymmetrical Fano lineshape observed in the 
study by Zheng et al. Our further discussion in the Supporting 
Information rules out the possibility that the observed spectral 
changes are derived from the coupling between the high-order 
plasmonic modes or another possible plasmonic resonances 
and excitons.

In order to analyze the coupling strength in our system, 
which cannot be directly obtained from Fano's original theory, 
we further used the coupled harmonic oscillator model to 
simulate the scattering spectra.[61,62] For the hybrids with 
60  nm AuNTs, we observe that the coupled oscillator model 
reproduces the experimental results exceptionally well, as 
shown in Figure S12 (Supporting Information). The important 
observation is that the coupling strength of the hybrid system 
increases from 49.63 meV (air) to 169.60 meV (water). Since 
the coupling strength is determined by the transition dipole 
moment, the increase in the coupling strength matches the 
augment of the PL intensity of the monolayer WS2 from air 
to water (more discussion is in the Supporting Information). 
The increase of coupling strength and reduction of dissipative 
losses of the system when changing the solvent suggest that 
the strong coupling regime may be achieved in this system. 
By considering the detuning, the splitting between the upper  
plexcitonic state (E+) and the lower plexcitonic state (E−) 
equates[63]

Adv. Mater. 2018, 1705779

Figure 3.  SEM images of a) a 60 nm AuNT on a glass substrate, b) a 60 nm AuNT on monolayer WS2, c) a 150 nm AuNT on a glass substrate, and 
d) a 150 nm AuNT on monolayer WS2. The scale bars are 100 nm. e) Scattering spectra of a single 150 nm AuNT on a glass substrate in air (red curve), 
ethanol (blue curve), and water (pink curve). f) Scattering spectra of a single 150 nm AuNT on monolayer WS2 in air (red curve), ethanol (blue curve), 
and water (pink curve). Scattering spectra (blue curves) and the results of the theoretical analysis (red dashed curves) of the experimentally obtained 
scattering spectra of a single 150 nm AuNT on the monolayer WS2 in g) air, h) ethanol, and i) water.
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where W′ex is the half-width of resonance line at half-
maximum of excitons, W′pl is the half-width of resonance 
line at half maximum of plasmon resonances, ℏ is the 
reduced Planck constant, and δ is the detuning that equates 
ωpl – ωex. However, the usually used criterion for the strong 
coupling-ℏΩ0  > ℏW′ex  + ℏW′pl, where ℏΩ0 is Rabi split-
ting at zero detuning, cannot be directly applied to a system 
with detuning. Thus an extended criterion is demanded. 
When the detuning is smaller than ωex, the splitting of plex-
citonic states can be approximately expressed in the form 
of ℏΩ0 through the classic description of strong coup

ling[64,65] ( )0
2

ex pl

2
E E i W W   δ( )( )− = Ω + − −+ −

′ ′ . When  
ℏΩ0  > ℏW′ex  + ℏW′pl, the system with δ not equating to 0  

achieves the strong coupling regime. Hence, we come to con-
clusion that when 2g > ℏW′ex + ℏW′pl, the system with detuning 
achieves the strong coupling regime. In our case, this criterion 
is satisfied only for the system in water, where the ℏW′ex + ℏW′pl 
equals to 153.76 meV, whereas 2  g equals 339.20 meV. Thus, 
we can conclude that for the hybrid system with 60 nm AuNTs 
in water, we achieve strong coupling regime, where Rabi split-
ting sufficiently perturbs the scattering spectrum. The other 
parameters of the system in different solvents correspond to 
those shown in Figure S12 (Supporting Information). The cor-
responding results for 150 nm AuNTs in different solvents are 
presented in Figure S13 (Supporting Information). For 150 nm 
AuNTs, the strong coupling is again only achieved in water, 
where W′ex + W′pl and 2 g equal to 182.71 and 198.51 meV, 
respectively. Figure 4 and Figure S14 (Supporting Information) 
demonstrate the dependence of the scattering cross-section on 
the wavelength and coupling strength g of the hybrid system 
with 150 and 60  nm AuNTs in air (a), ethanol (b), and water 
(c), respectively. The green crosses indicate the experimentally 
achieved values of the coupling strength.

In summary, tunable Fano resonances and plasmon–exciton 
coupling in the monolayer WS2–AuNT hybrids have been 
demonstrated. Fano resonances can be controlled by tuning 
the exciton binding energy or the LSPR strength through the 
dielectric constant of surrounding solvents or the dimension of 

AuNTs. Similarly, a transition from weak to strong plasmon–
exciton coupling has been achieved by changing the dielectric 
constant of surrounding solvents. Large coupling strength of 
50–170 meV occur at room temperature due to the strong field 
localization of the AuNTs and large transition dipole moment 
of the WS2 exciton. Our experiments are supported by numer-
ical simulations, which provide a guidance on systematic 
tuning of the Fano lineshape and Rabi splitting energies. Our 
demonstrated tunable Fano resonance and Rabi splitting will 
pave the way toward active devices based on TMDC-plasmonic 
systems such as optical switches and tunable lasers.[66,67]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 4.  Scattering cross-section dependencies on the wavelength and coupling strength g of the hybrid system with 150  nm AuNTs in a) air,  
b) ethanol, and c) water. The green crosses show the experimentally achieved values of the coupling strength. The remaining parameters of the systems 
in different solvents correspond to those of Figure S13 in the Supporting Information.
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