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1 Decoupled absorption of dry WS2 NT calculated from total reflection

In order to separate the scattering and the absorbance processes from the total extinction 

spectra, decoupled absorption spectrum was measured using an integrating sphere. The 

method also known as “total reflection” measurement was used to extract the pure 

absorbance component. The scheme is the following: A dry sample was placed on the pole 

of the integrating sphere, white a totally scattering standard is placed behind. The incident 

light was absorbed and reflected/scattered (including all types of scattering by the sample). 

The reflected/scattered radiation (total reflection) is collected by the integrating sphere 

and detected by Si photodiode detector. The signal from this detector is subtracted from 

the incident beam intensity.

1.1 Decoupled scattering signals of the WS2 NT (ethanol) suspension

The spectra were registered using Perkin Elmer LAMBDA 950 UV/Vis/NIR 

spectrophotometer equipped with 150 mm Spectralon-coated integrating sphere. A series 

of geometries were set to characterize different interactions of incident light with WS2 NT 

suspension in ethanol. Note that completely the same ethanol suspension of WS2 

nanotubes containing ca. 0.35 mg/ml of WS2 NT was used in each position. All the spectra 

were collected in transmission (T, %) coordinates (250-850 nm range, 1 nm step, 0.2 sec 

signal acquisition duration in each point; 10x10 mm SuprasilTM fused quartz rectangular 

cuvette was used).

The interaction of the incident light (90o incident angle) with the suspension in the cuvette 

affords a number of different signals: 1. Directly transmitted; 2. Diffusely transmitted 

(caused by small-angle, forward and multiple scattering by the particles); 3. Side-scattered 

(light goes to the side walls of the cuvette); 4. Specularly reflected; 5. Diffusely reflected 



(caused by backscattering and multiple scattering on the particles); 6. Absorbed (Figure 

S1a).

In order to find out the impact of the different processes on the light transmission through 

the WS2 nanotubes suspension, the cuvette was placed at different positions with respect 

to the integrating sphere. Some other changes in geometry were made as described below. 

The following positions were used to identify respective signals:

 Position I (Figure S1b) – direct transmission and small-angle forward scattering

 Position IIa (Figure S1c) – direct transmission and forward scattering

 Position IIb (Figure S1d) – forward scattering

 Position III (Figure S1e) – backscattering

 Position IV (Figure S1f) – total scattering and transmission

The results of these measurements are shown in Figure S1g. 

Position I: Common holder for extinction measurements

The cuvette was placed in a common holder for extinction measurements located in 50-60 

cm optical distance before the entrance to the integrating sphere. The white Spectralon 

standard was placed in the reflectance port for this measurement. Directly transmitted 

light as well as a small part of diffusely transmitted radiation (small-angle forward 

scattering) were collected by the integrating sphere and were recorded by the detector. 

Note that in this case, the graph of light transmission through the suspension corresponds 

to the inverse extinction spectrum.

Position IIa: Transmittance port (directly transmitted beam is included)



The cuvette was placed to the transmission port of the integrating sphere. The white 

Spectralon standard was placed in the reflectance port for this measurement. In this 

position, transmission spectrum includes directly and diffusely transmitted (forward 

scattered) light.

Position IIb: Transmittance port (directly transmitted beam is excluded)

The cuvette was placed to the transmission port of the integrating sphere. The reflectance 

port was open, so the directly transmitted light was excluded from the transmission 

spectrum. For this position, transmission spectrum includes just diffusely transmitted light 

(due to forward scattering).

Position III: Reflectance port (specularly reflected beam is excluded)

The cuvette was placed to the reflectance port, which is mounted at 8o angle with respect 

to the incident beam normal plane. No standard sample was placed behind the cuvette 

mounted to this port. There is a removable part of the integrating sphere wall at the place 

where specularly reflected beam comes. During the Position III measurement this part of 

sphere wall was removed and the specularly reflected beam was blocked. Thus, the 

obtained transmission spectrum corresponds to the diffusely reflected light (mainly due to 

backscattering).

Position IV: Center of the integrating sphere

The cuvette was suspended in the center of the sphere using a center-mount kit. The white 

Spectralon standard was placed in the reflectance port for this measurement. In this case, 

the entire transmitted and (almost) all-angle scattered signals were collected by the 

integrating sphere and registered by the detector. In this case, the transmission spectrum 

corresponds to reverse true absorption of the WS2 nanotubes suspension.
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Figure S1. Representation and results of the measurement of different impacts in the light transmission 
through the WS2 NT suspension. (a) Signals originating from the interaction of light with the suspension. 
Schemes for optical responses of the WS2 nanotubes suspension in different positions and the integrated 
sphere geometries: (b) common holder for extinction measurements (I); (c) transmittance port, directly 
transmitted beam is included (IIa); (d) transmittance port, directly transmitted beam is excluded (IIb); (e) 
reflectance port, specularly reflected beam is excluded (III); (f) – suspended center-mount port (IV). (g) The 
spectral components of the transmission spectrum: total scattering and transmission (magenta line), direct 
transmission with forward scattering to the small angles (blue line), forward scattering and direct 
transmission (black line), forward scattering without direct transmission – diffuse transmission (red line), 
backscattering – diffuse reflection (olive line).



2 Derivation of the bandgap and the spin-orbit splitting

The spin-orbit splitting between A and B excitons (Δ) was estimated from the difference in 

the absorbance peak positions of the A and B excitons (Figure 1d, Main text). The direct 

band gap (Eg,dir) can be estimated by measuring the Rydberg series of the excited A and B 

excitons states[1] , see Equation Equation S1 [2].

Equation S1  Eg,dir=EA+ERyd

Where EA is the A-exciton energy, and ERyd= 0.042 eV is the exciton Rydberg constant 

(EAn=EAn-1+ ERyd/n2) [3] , where EAn is the energy of the n-excited state.

The indirect band gap was calculated as described by Pankove[4] using the absorption 

measurements (Figure 2, Main text) and Equation Equation S2.

Equation S2   
𝛼 =

𝐴(ℎ𝜈 ‒ 𝐸𝑔)2

ℎ𝜈

Here α is the absorption coefficient, A is a constant and Eg is the indirect band gap of the 

semiconductor.  The results of these calculations are presented in Table 1 - Main text. 

3 Coupled oscillator model:

In the phenomenological coupled oscillator (PCO) model, the polarization of a cavity mode 

and an exciton are described as damped harmonic oscillators coupled through dipole-

dipole interaction and forced by an applied electric field. Following Wu et al. [5], the model 

was extended in order to fit the WS2 nanotubes, i.e. including both the A and B excitons 

which couple to a cavity mode. The dynamics of those oscillators is described by Equations 

Error! Reference source not found. to Error! Reference source not found.: 



Equation S3  �̈�𝐶𝑀𝑅 + 𝛾𝐶𝑀𝑅�̇�𝐶𝑀𝑅 + 𝜔 2
𝐶𝑀𝑅𝑥𝐶𝑀𝑅 ‒ 2𝜔𝐴 ⋅ 𝑔𝐴𝑥𝐴 ‒ 2𝜔𝐵 ⋅ 𝑔𝐵𝑥𝐵 = 𝐹𝐶𝑀𝑅(𝑡)

Equation S4 �̈�𝐴 + 𝛾𝐴�̇�𝐴 + 𝜔2
𝐴𝑥𝐴 ‒ 2𝜔𝐴 ⋅ 𝑔𝐴𝑥𝐶𝑀𝑅 = 𝐹𝐴(𝑡)

Equation S5 �̈�𝐵 + 𝛾𝐵�̇�𝐵 + 𝜔2
𝐵𝑥𝐵 ‒ 2𝜔𝐵 ⋅ 𝑔𝐵𝑥𝐶𝑀𝑅 = 𝐹𝐵(𝑡)

Where  and  are, respectively, the resonance and damping frequency of the i-th mode (𝜔𝑖 𝛾𝑖

for the cavity mode resonance, A exciton and B exciton, correspondingly).  is 𝑖 = 𝐶𝑀𝑅, 𝐴, 𝐵 𝑥𝑖

the time-dependent polarization of the the i-th mode and  is the effective force applied 𝐹𝑖

by an external field on the i-th mode.  ( ) are the coupling frequencies between the A 𝑔𝐴 𝑔𝐵

exciton (B exciton) and the cavity mode. 

Since the polarizability of the excitons is expected to be negligible as compared with that 

of the cavity mode[5] , and the forces applied on the excitons can therefore be 𝐹𝐴,𝐹𝐵 ≪ 𝐹𝐶𝑀𝑅

set to 0. The driving force produced by an incident monochromatic wave with frequency ω 

is presented in Equation Error! Reference source not found.:

Equation S6 𝐹𝐶𝑀𝑅(𝑡) = 𝑅𝑒{𝐹𝐶𝑀𝑅𝑒𝑖𝜔𝑡}
At steady state, xCMR(t) will follow the driving frequency, as shown in Equation S7:

Equation S7 

𝑥𝐶𝑀𝑅 = 𝑅𝑒{ ‒ 𝐷𝐴(𝜔)𝐷𝐵(𝜔)

𝐷𝐶𝑀𝑅(𝜔)𝐷𝐴(𝜔)𝐷𝐵(𝜔) ‒ 4𝜔2
𝐴 ⋅ 𝑔2

𝐴𝐷𝐵(𝜔) ‒ 4𝜔2
𝐵 ⋅ 𝑔2

𝐵𝐷𝐴(𝜔)
𝐹𝐶𝑀𝑅𝑒𝑖𝜔𝑡}

Here we define  with the same subscript notation used previously. The 𝐷𝑖(𝜔) = 𝜔2
𝑖 + 𝑖𝜔𝑖𝛾𝑖 ‒ 𝜔2

work done on the WS2 nanotubes by the external field, which equals the energy lost by the 

exciting beam, is calculated as follows:



Equation S8 

𝐶𝑒𝑥𝑡 𝛼  〈𝐹𝐶𝑀𝑅�̇�𝐶𝑀𝑅〉  𝛼  𝜔𝐼𝑚{ 𝐷𝐴(𝜔)𝐷𝐵(𝜔)

𝐷𝐶𝑀𝑅(𝜔)𝐷𝐴(𝜔)𝐷𝐵(𝜔) ‒ 4𝜔2
𝐴 ⋅ 𝑔2

𝐴𝐷𝐵(𝜔) ‒ 4𝜔2
𝐵 ⋅ 𝑔2

𝐵𝐷𝐴(𝜔)}
Here   stands for the time average over an oscillation period. The expression in Equation 〈 ⋅⋅ 〉

S6 gives us the extinction of an excitation light depending on its frequency  and can 𝜔

therefore be fitted with the experimental extinction spectra.

Note that attaining a good fit is not a straightforward task as the nanotubes have a rather 

large diversity in their length and width. However, most WS2 nanotubes used in these series 

of experiments have large aspect ratio (>50). The model uses single homogenous oscillators 

while the real extinction spectrum comprises an ensemble of oscillators which induce 

broadening of the extinction features. While the scattering spectrum can be fitted quite 

well using the PCO model, quantitative simulation of the absorption spectrum is far from 

trivial, as the absorption is dependent upon the rate of radiation emission from the 

nanotubes and is therefore dependent on the geometric details of the system.

3.1 Estimating the Rabi splitting from the extinction spectrum
In order to calculate the frequencies of the hybridized modes of oscillation one can solve 

Equation. S3-S5 in the frequency domain. For two oscillators (exciton A and a cavity mode) 

this task boils down to the solution of the following equation:

Equation S9   𝐷𝐴(𝜔) ⋅ 𝐷𝐶𝑀𝑅(𝜔) ‒ 4𝜔2
𝐴𝑔2 = 0

Here,  is a complex number whose real part is the frequency of oscillation and its 𝜔

imaginary part is the damping frequency of the mode. In the simplest case of two 

degenerate oscillators ( ) and negligible damping ( ) the frequency 𝜔𝑎 = 𝜔𝐶𝑀𝑅 𝛾𝐴~𝛾𝐶𝑀𝑅~0

splitting between the two modes is given by: Δω=2g



This expression for Rabi splitting can be derived by solving the quantum mechanical (QM) 

Hamiltonian of a three-level system with two degenerate excited states. It therefore shows 

the equivalence of our model to the QM solution[6]. 

Next, we examine the more complicated case of non-degenerate lossy oscillator pair. A 

possible route to graphically solve Equation S9 in this case is to plot the absolute value of 

the left-hand side of Equation. S9 versus the real and imaginary parts of ω  Figure S2a,b .

shows this method for two coupling conditions: Strong coupling with a low damping rate (

 and the parameters extracted from the PCO model for the cavity and A exciton 𝑔 ≫ 𝛾𝐴,𝛾𝐶𝑀𝑅)

alone ( ). 𝑔~𝛾𝐶𝑀𝑅 ≫ 𝛾𝐴

In the strong coupling condition, (Figure S2c, top), the maxima of the extinction spectrum 

overlap with the solutions (zeros) of Equation. S9. Here it’s straightforward to extract the 

Rabi splitting from the extinction spectrum (  Hz). For the parameters of 320 𝑚𝑒𝑉 𝑜𝑟 4.8 ⋅ 1014

the WS2 nanotubes (Figure S2c, bottom), however, the situation is quite different. The 

modes’ splitting is smaller than the separation between the extinction peaks due to the 

high damping rates and the Rabi frequency is estimated as  Hz). 170 𝑚𝑒𝑉 (2.6 ⋅ 1014

Finally, we graphically find the energies of the resonances for a system consisting of three 

non-degenerate damped oscillators coupled as in Equation. S3-S5. Here, we find the 

condition for a non-trivial solution for Equation. S3-S5 without any external forces (

):𝐹𝐴 = 𝐹𝐵 = 𝐹𝐶𝑀𝑅 = 0

Equation S10  𝐷𝐶𝑀𝑅(𝜔)𝐷𝐴(𝜔)𝐷𝐵(𝜔) ‒ 4𝜔2
𝐴 ⋅ 𝑔2

𝐴𝐷𝐵(𝜔) ‒ 4𝜔2
𝐵 ⋅ 𝑔2

𝐵𝐷𝐴(𝜔) = 0

Figure SI 2c presents the value of the left-hand side in Equation. S10 vs. the real and 

imaginary parts of ω. The real values of  at the minima of the expression (reaching a zero 𝜔



value) are the frequencies of the resonant modes. The corresponding energies of the 

modes are 2.82 eV, 3.1 eV and 3.74 eV. The measurement data and simulated extinction 

spectrum appearing on the top show that the modes do not precisely overlap with the 

extinction. The shift of the extinction peaks is another example for the effect of a relatively 

high damping rate on the extinction spectrum, similar to the one simulated in Figure SI 

2a,b.



(a)      (b)

(c)

Figure S2. Graphical solution for the resonant modes’ equation for two coupled damped oscillators. In each 
panel the calculated extinction spectrum (top) is shown alongside the absolute value of the left-hand side of 
eq. S9 (SI). In both panels  and 𝜆𝐶𝑀𝑅 = 2.05 𝑒𝑉(604.5𝑛𝑚), 𝜆𝐴 = 2.02 𝑒𝑉 (615𝑛𝑚)

 as found from fitting the experimental extinction spectrum. The values of the 𝑔 = 0.16 𝑒𝑉(2.5 ⋅ 1014𝐻𝑧)
damping rates for the CMR (exciton) are  (  in (a) and  ( ) in 5 ⋅ 1013𝐻𝑧 5 ⋅ 1013𝐻𝑧) 1.05 ⋅ 1015𝐻𝑧 2.26 ⋅ 1014𝐻𝑧
(b); (c) Resonant modes in the PCO model for 3 oscillators. (top) Experimental data (blue) and PCO fit (red) 
for the extinction spectrum. (bottom) Graphically finding the resonances of the PCO model. The three minima 
of the expression in the left-hand side of Eq. S10 are the frequencies of the resonant modes of the system. 
The real values of these correspond to the energies of these states. Black, red, and white dashed lines 
correspond to position of the CMR, A and B excitons according to the PCO fit.



4 FDTD - finite-difference time-domain simulation

The simulated extinction spectra and TM/TE modes of NW and WS2 NT is shown in Figure 

SI 3. As expected, the TM modes of NW and NT are more pronounced (instanced) compared 

to the TE modes. The transparency dip which appear only in the extinction spectra of WS2 

NT imply that there is a strong interaction between the excitonic features of WS2 and cavity 

modes of NW with high refractive index. 
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Figure S3. (a,c) Extinction spectra of the NW/NT simulated using FDTD method for (a) different radii and (c) 
radius of 60 nm; (up) constant refractive index (nNW=4) to qualitatively represent WS2 NT without the effects 
of the excitons and (bottom) with the dielectric data of a bulk WS2.[7] The irradiation by plane waves polarized 
parallel (left) and perpendicular (right) to the nanotube long axis and corresponding to the TM and TE modes, 
respectively. The blue lines in (c) are guide for the eye (b) Chosen transverse magnetic/electric (TM/TE) 
modes for the NW and the WS2 NT. The values are normalized by the highest value recorded for both 
polarizations in each set separately. (d) Simulated extinction spectra of NW and NT for parallel (TM) and 



perpendicular (TE) polarizations compared to the measured absorbance of the dispersed NT. That comparison 
allows to visualize how the excitons overlap with the cavity modes. The dotted lines are the averaged 
extinction spectra for radius of 50 to 60 nm which better describe the situation in the actual measurement.  
From this comparison it is obvious that, although the TE (red) modes are weaker, the overlapping between 
the exciton and the cavity modes is not negligible.

Figure S4. Schematic description of 2D FDTD simulation setup. The cross-section of the nanowires is in the 
center of the simulation. It is irradiated by a pulse of “total field scattered field” (TFSF) source, which is 
confined to the orange-dashed square. The polarizations were altered: parallel (TM) and perpendicular (TE) 
to the wire’s long axis. The field monitors record the power absorbed and scattered by the wire. The electric 
field in the wire’s region was recorded as well to get the mode’s profiles. Perfectly matched layer (PML) 
were used as absorbing boundary conditions.

5 Dependence of the extinction of dispersed WS2 nanotubes on the medium 
conditions 

The position, width and intensity of the scattering peak can be influenced by the solution 

refractive index (RI) or pH. The UV-vis spectra of the WS2 nanotubes in different solvents 

were collected to understand the influence of the RI/pH on the exciton-polariton (EP). In 

addition, the NP were also measured in solutions with different pHs (1- 14)i. The normalized 

extinction spectra of the nanotubes dispersed in solvents with different RI/pH are shown 

in (Figure S5a,b). It appears that there is no systematic difference between the extrema 

positions (Figure S5c,d). Moreover, there is no consistent trend between the pH/RI and the 

width / intensity / location of the extinction bends. 

i According to the TEM analysis preformed on the NT after the measurement, most of them do not suffer from degradation or surface modification. 



As the differences between the nanotube refractive index and that of the surroundings 

affects the cavity mode resonances (CMRs), it is expected to be shifted as a function of the 

solution refractive index (RI) or the pH[8] (Table S1). However, the cavity mode of the 

dispersed WS2 nanotubes is hybridized with A, B excitons, consequently only the polaritonic 

modes can be observed in the extinction spectrum. The PCO model fit allows decoupling of 

the cavity mode band from the excitonic transitions, thus it can be used to observe the shift 

of the cavity mode band as a function of pH. Indeed, once these extinction spectra were fit 

using the PCO model, the pH induced shift of the cavity mode became apparent (Figure 

S5e,f). Notwithstanding this analysis, no clear trend of the uncoupled cavity mode was 

observed as a function of pH/RI, i.e. the EP shift is random and unpredictable.

Table S1. The RI of the solution were the WS2 nanotubes were dispersed.

1.027
SiO2 

aerogel

1.333
Deionized 

water

1.3498
EtOH/H2O 

(w/w%) 
25/75

1.36
Ethanol

1.3616
EtOH/H2O 

(w/w%) 
50/50

1.3655
EtOH/H2O 

(w/w%) 
75/25

1.372 
Ethyl 

acetate

1.377
Isopropanol

1.43
Di-methyl-
formamide

1.431 
Diethyl 
glycol

1.496
Toluene

1.497
Xylene



Figure S5. Dependence of the extinction of dispersed WS2 nanotubes on the medium conditions. (a,b) 
Extinction spectra of the WS2 nanotubes dispersed in solutions with various pH (a) and refractive indexes (b); 
(b,c) Shift of the maxima peaks as a function of the pH (c) and refractive indexes (d); (e,f) Extinction maxima 
(red and green marks) of the dispersed WS2 nanotubes compared to the uncoupled SP (orange marks) and 
exciton A (black marks) as a function of the pH (e) and refractive indexes (f) of that solutions. RI of the used 
solvents: SiO2 aerogel 1.027; deionized water 1.333; Ethanol 1.36; ethyl acetate 1.372; isopropanol 1.377; 
dimethylformamide 1.43; diethyl glycol 1.431; toluene 1.496; xylene 1.497; mixture: of ethanol and water 
(w/w%): 25/75 - 1.3498, 50/50 - 1.3616, 75/25 - 1.3655. 

6 Reflectance

For preparation of the WS2 nanotubes film, the aqueous suspension of the nanotubes was 

mixed with 1/2 volume of heptane and sonicated in ultrasonic bath for 10 minutes. Within 

30 min after sonication, the liquid hydrophobic and aqueous fractions segregated, and a 
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nanotubes film was formed on the liquid-liquid water-heptane interface. The films could 

be easily transferred onto different substrates like quartz slides and silicon wafers (Figure 

S6a, b). While the nanotubes in the film are oriented in different angles with respect to 

each other, they are all confined to the plain of the substrate with no nanotubes protruding 

outwards. Therefore, in spite of the nanotubes being oriented almost randomly in the plain, 

the interaction of the p and s-polarized light remains the same. Therefore, the reflection 

spectrum of the s-polarized light couples strongly to the excitons and exhibits small shift 

with the incidence angle θ. Contrarily, the p-polarized light couples strongly to the excitons 

in small θ and to the cavity mode in large angles of incidence. The extinction spectrum of 

this film is compared to the absorbance and extinction of the dispersed nanotubes and to 

the reflectance of the film in Figure S6c. As shown, the EP mode maximum at ~670 nm 

which appears at the extinction spectrum of the dispersed nanotubes is somewhat 

diminished and is blue shifted to ~650 nm at the extinction of the film. That phenomenon 

can be attributed to the morphology of the film. The nanotubes are located only in the plain 

of the film, such that there are no nanotubes emerging out of the plain. Hence, the 

scattering intensity is much lower compared to the solvent-dispersed nanotubes.   

For the angle/wavelength-dependent reflectivity measurements, an original set-up was 

used (Figure S7). Halogen lamp (1) was used as a light source. The initial light was collimated 

using converging lenses (2) while apertures (3) were used to shape a parallel light beam (2 

mm in diameter). The Glan prism (4) mounted on a precisely rotating support was used for 

controlling the linear polarization of the incident light. The WS2 film nanotubes was 

deposited on a fused quartz slide and was mounted on a motorized θ – 2θ goniometer (5). 

The reflected beam was focused to an optical fiber (6) mounted on a swivel mount of a 



goniometer and connected to Solar S100 spectrometer (7). The reflectivity spectra were 

collected using p-polarized and s-polarized incident light at angles θ = 5-80o (5o step), 400-

1050 nm wavelength range and 1 nm spectral resolution. To normalize the signal intensities 

of the measured spectra obtained at different θ, the same measurements were carried out 

using 635 nm laser of fixed intensity. Then the spectra sets were normalized using the ratio 

of reflectivity intensities at given θ angle and 635 nm wavelength measured in laser and 

lamp experiments: Rlaser(θ; 635 nm)/Rlamp(θ; 635 nm).
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Figure S6. Typical micrograph of WS2 nanotubes film acquired using (a) optical and (b) scanning electron 
microscopy. (c) The compression of the reflectance (green) and extinction spectra of this film (black) to the 
absorbance (red) and extinction (pink) of the dispersed nanotubes. (d) Comparison between the reflectance 
measurements (p-pol, θ=80o) and the results of FDTD simulation (WS2 NT, r=40 nm, perpendicular 
polarization)



Figure S7. The scheme of the reflectivity measurements set-up. Halogen lamp (1) was used as a light source. 
The initial light was collimated using converging lenses (2) while apertures (3) were used to shape a parallel 
light beam (2 mm in diameter). Glan prism (4) mounted on a precisely rotating support was used for 
controlling the linear polarization of the incident light. The nanotubes WS2 film was deposited on a fused 
quartz slide and was mounted on a motorized θ – 2θ goniometer (5). The reflected beam was focused to an 
optical fiber (6) mounted on a swivel mount of a goniometer and connected to Solar S100 spectrometer (7).

7 Plasmon or cavity mode resonance

Plasmonic or cavity modes are two of the most feasible explanation for the nature of the 

additional resonance found in the extinction spectra of the dispersed WS2 nanotubes. 

Remarkably, there are previous works that in favor of either of these possibilities. However, 

as the exciton and the extra resonances are intrinsically, as synthesized, coupled. It is 

impossible to separate this two in order to study each of them separately. 

7.1 In favor of plasmonic resonance: 
The synthesis of the WS2 nanotubes is carried out under high-temperature conditions (ca. 

800-950 °C) [9] and thus might induce some intrinsic defects and sulfur vacancies in the 

layers. This is supported by recent studies, which revealed that new energy states within 

the MS2 (M=W, Mo) bandgap are induced by the intrinsic defects in the layers.[10] Some of 

the defects in the nanotubes arise due to the behavior typical of polytypes mixture. While 

the 2H polytype is the stable form in ambient conditions, the WS2 nanotubes incorporate 

defects associated with “patches” of other polytypes, i.e. 1T-like (metallic) and 3R-like [ii] 



(semiconducting).[10-11]  These dislocations, defects and metal “patches”[12] in the lattice 

can induce an excess of charge carriers on the nanotubes surface.[13] Indeed, a free carrier 

density of the order of 1019 cm-3 (corresponds to the plasmonic resonance at 1500 nm) was 

recently reported for unintentionally doped WS2 nanotubes.[12] Moreover, the MoS2 

nanoparticles, which belongs to the same family of materials and synthesized in similar 

conditions with WS2 NT,  have recently been shown to exhibit a plasmonic scattering peak 

in the near-infrared region.[8c] Remarkably, in addition to the plasmonic scattering, the 

MoS2 nanoparticles also retain some of the excitonic structure of the undoped material.[8c] 

Those findings make WS2 nanotubes an intriguing material to study also in the plasmonic 

context. 

ii Note that the integers here (1, 2, 3) indicate the number of layers per unit cell and T, H, R indicate the trigonal, hexagonal, and 
rhombohedral primitive unit cells, respectively
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