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We study the optical properties of MoS2 nanotubes (NTs) with walls comprising dozens of

monolayers. We reveal strong peaks in micro-photoluminescence (l-PL) spectra when detecting

the light polarized along the NT axis. We develop a model describing the optical properties of the

nanotubes acting as optical resonators which support the quantization of whispering gallery modes

inside the NT wall. The experimental observation of the resonances in l-PL allows one to use them

as a contactless method of the estimation of the wall width. Our findings open a way to use such

NTs as polarization-sensitive components of nanophotonic devices. Published by AIP Publishing.
https://doi.org/10.1063/1.5047792

Optical microcavities of different materials and diverse

forms such as planar Bragg resonators with Fabry-P�erot modes

and toroidal resonators or microspheres with whispering gallery

modes (WGMs) have been proposed for a wide range of poten-

tial applications.1 In particular, the tubular microcavities have

attracted much attention due to their interesting properties, such

as light polarization and three dimensional mode confinement.2

Emerging studies of micro- and nanotubes as optical resonators

show that they can support the WGMs selectively enhancing

light. However, the studies concerned mostly those that were

made from thin films or membranes rolled up into tubes. For

instance, rolled-up SiO/SiO2 microcavities show resonant

modes with the polarization parallel to the tube axis.3 The on-

chip nanotubes (NTs) with InGaN/GaN quantum wells demon-

strated lasing controlled by the WGM resonances.4

After discovery of the famous carbon nanotubes (NTs),5 a

large variety of inorganic NTs have appeared.6,7 They can be

divided into two groups depending on the types of bonds

between constituent monolayers within a NT wall that are

either covalent/ionic bonds, e.g., in ZnO and GaN NTs8,9 or

van der Waals (vdW) forces. The vdW NTs were made of

transition metal dichalcogenides (TMDCs) such as MoS2,

WS2, WSe2, and some other materials including BN. All of

them have a form of a hollow cylinder with a diameter varying

from nanometers to several micrometers and length approach-

ing several millimeters. Their walls may comprise a single

monolayer or multiple monolayers.10–13 The TMDC NTs

attract attention due to the unique properties of parent 2D

materials, whose band structure strongly depends on the num-

ber of layers.14 In the monolayer limit, they have an optical

gap around 1.8 eV and exhibit exciton resonances with strong

oscillator strength.15

The band structure and optical properties of single-wall

TMDC NTs were studied theoretically using calculations

based on the density functional theory.16 It was also pre-

dicted that the electronic properties of multiwall NTs of

MoS2 should tend to those of the bulk.17 In addition, it was

shown that the band structure, density of states, and vibra-

tional characteristics of NTs depend on strain and fold-

ing.18–21 Currently, the TMDC NTs are becoming promising

for future applications in nanoelectronics and optoelectron-

ics. In particular, it was demonstrated that TMDC multiwall

NTs and nanoribbons can be used to create such nanodevices

as field-effect transistors with high current densities, and it

was also shown that NTs could be used as high-performance

photodetectors.22–24 The optical properties of NTs made of

2D vdW materials slipped away from the focus of previous

research. The luminescence from TMDC nanoscrolls has

been only recently reported.25

In this paper, we show TMDC NT optical resonators

with a strong selection of modes. To elucidate the optical

properties of NTs near the frequency of the direct A-exciton

transitions, we performed micro-photoluminescence (l-PL)

spectroscopy measurements in the range of 1.6–2.0 eV. They

have shown the enhancement of emission by the strong

peaks which are polarized along the tube axis x. We demon-

strate that this selective enhancement is related to the WGM

circulating inside the wall of NT.

The studied NTs were grown by chemical transport

reaction, using iodine as a transport agent, with a very slow

rate from the vapor phase that enables us to produce NTs

with an extremely low density of structural defects.11,26 We

have chosen MoS2 NTs which possess brighter emission as

compared with WS2 ones, where the lowest excitonic state is

dark (see Ref. 27 and references therein), although similar

resonant features were observed in these tubes as well. The

studied NTs have a form of the hollow cylinders with outer

radius �0.5–1 lm and the wall width �20–100 nm. The NT

cross-sections can be almost ideally round.12 The typical

side view of a MoS2 NT is depicted in Fig. 1(b). l-PL mea-

surements were performed on a Horiba Jobin-Yvon T64000

spectrometer equipped with a confocal microscope, a silicon
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CCD cooled by liquid nitrogen, and a 600 lines/mm grating.

A Nd:YAG-laser line at a wavelength of 532 nm

(�hxexc ¼ 2:33 eV) was used for cw excitation. The measure-

ments in the temperature range from 80 to 250 K were car-

ried out in a temperature controlled microscope stage

Linkam THMS600. A large working distance lens [Mitutoyo

100 � NIR (NA ¼ 0.50)] with a spot size of �2 lm on a

sample was used to measure PL from a single NT.

Two different experimental configurations were used in

the l-PL studies [see the inset in Fig. 1(a)]. In the yx-config-

uration, excitation was performed with the light polarization

(green arrows) perpendicular to the tube x-axis (along y) and

the light polarized along the x-axis (TM-polarized) was

detected. In the xy-configuration, the excitation was x-polar-

ized while y-polarized PL was detected.

The experimental l-PL spectra recorded in these two

configurations at 80 K are shown in Fig. 2. PL spectra mani-

fest peaks at 1.83 eV and 1.92 eV related to A- and B-

excitons, respectively, close to those in planar MoS2 layers.14

Both PL spectra exhibit A-exciton emission with a long tail

which reveals a sequence of peaks in the yx-configuration

(red line), while in the xy-configuration (blue line), these

peaks are suppressed. The nature of peaks in the yx-configu-

ration seems to be due to the WGMs inside the NT wall.

They provide the enhancement of PL intensity which is usu-

ally rather weak in the planar multilayer structures due to the

indirect nature of the bandgap in bulk.14 The quality factor

of the modes, defined as Q¼E/DE, where E is the energy

and DE is the FWHM of the resonant peak in spectra, is

around 90. Also, the free spectral range (FSR), i.e., the

energy splitting between modes, for x-polarized modes

varies from �50 to 20 meV. The decrease in the FSR with

the increase in energy is due to the increase in the refractive

index of the material near the A-exciton.28 Similar behavior

occurred in other semiconductor resonators.29,30

The temperature dependent measurements in the yx-con-

figuration (Fig. 3) showed that resonant modes are red-

shifted when temperature increases. This is caused by a

shrink of the bandgap of the material and, thus, the shift of

all resonances. Such behavior is typical for the TMDC mate-

rial and was previously observed in temperature dependent

PL studies.31,32 Besides, the total PL intensity decreases with

temperature due to the increase in the non-radiative exciton

decay rate. However, resonant peculiarities are still present

in the high-temperature spectra. It means that such NTs can

be used as polarization sensitive-devices or filters even at

room temperatures.

To confirm the origin of the PL peaks in the yx-configu-

ration and to explain their suppression in the xy configura-

tion, we performed the theoretical modeling of the PL

spectra of the TMDC NTs. Due to the cylindrical symmetry

of the system, we describe the electromagnetic field in cylin-

drical coordinates (x, r, h), where h ¼ 0� is related to the

FIG. 1. (a) A sketch of a multiwall MoS2 nanotube on the SiO2/Si substrate.

The studied NT has the outer radius 1 lm and 45-monolayer wall determined

from the fitting procedure. Blue and red lines depict the pump and PL of

NT, respectively. The inset shows two different configurations of the l-PL

experiment where green arrows indicate the light polarization. (b) A typical

side-view transmission microscopy image of a MoS2 NT. We depict a cross-

section of the NT as a bright ring. The number of monolayers inside the NT

wall can be estimated by dividing d/L, where L is the interlayer distance in

MoS2 stack (�0.6 nm).

FIG. 2. Experimental spectra of l-PL in the yx (red line) and xy (blue line)

polarization configurations with 1 mW excitation power. The spectrum in

the yx configuration exhibits peaks related to the optical modes. The calcu-

lated spectrum for PL in the same configuration is shown by the black line.

The angular number of the modes is indicated above the corresponding

peak. The inset represents the electric field distribution for x-polarized

WGM with angular number m¼ 20.

FIG. 3. Temperature dependent l-PL spectra in the yx configuration for tem-

peratures varying from 80 K to 250 K.
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direction of the incident laser beam. The PL intensity from

the NT volume with coordinates (r, h) is proportional to the

squared amplitude of the incident electric field at that point.

Thus, to calculate PL spectra, we should find the excitation

power inside the NT walls. The electric field inside the wall

of the NT can be found by solving a scattering problem of

normally incident light on NT, as described in the supple-

mentary material. The components of the electric field from

the incident laser beam that lie in the plane of the NT wall

generate excitons with spatial distribution Pðy;xÞðr; h;xexcÞ
� jEðy;xÞx ðr; h;xexcÞj2 þ jEðy;xÞh ðr; h;xexcÞj2, where EðxÞ is the

electric field inside the NT under x-polarized excitation with

frequency xexc, and EðyÞ is the electric field in the case of y-

polarized excitation, see Eq. (S7) from the supplementary

material. The exciton generation is followed by rapid energy

relaxation with the conservation of real space distribution

and loss of polarization. The subsequent reemission of pho-

tons yields the PL which is modulated by the resonator

modes.

In order to calculate the PL spectra for any polarization

of the detected light, we use the Lorentz reciprocity theorem.

We replace the problem of light emission from the system in

a certain direction by the problem of scattering of the plane

wave incident from this direction.33,34 The PL spectra for

two experimental configurations are then given by

PLyxðxÞ ¼
ð ð
jEðxÞx ðr; h; xÞj2PðyÞðr; h;xexcÞdr dh; (1)

PLxyðxÞ ¼
ð ð
jEðyÞh ðr; h; xÞj2PðxÞðr; h;xexcÞdr dh: (2)

Integration is performed over the NT cross-section. The

Eðx;yÞðr; h;xÞ fields have the same form as the pump field

Eq. (S7), but they oscillate at the frequency of detection x.

To simulate the real PL spectra, one should know not

only the electric field distribution that generates excitons

in the wall in the real space but also mandatory to know

the energy distribution of generated excitons. As we see in

Fig. 2, blue line, the y-polarized PL spectrum exhibits neg-

ligible resonant peaks; thus, we can use this spectrum as a

description of such distribution. We also account for the

deviation of the number of monolayers in the NT wall. We

relate both the widths and heights of the experimental

peaks in terms of a distribution of the wall width of 1

monolayer. The frequency dependent refractive index was

taken into account. Its variation was expressed via the

combination of the background part and the exciton contri-

bution taking into account the experimental spectra,

reported in Ref. 28.

The observed WGMs have zero wave vector along the

NT axis while they vary in the azimuthal direction as eim/,

where m is the azimuthal angular number. The electric field

of the modes can be either parallel or perpendicular to nano-

tube axis x. The x-polarized WGMs with the energies below

the A-exciton in MoS2 are characterized by m ranging from

17 to 23. The peak amplitudes vary with m non-

monotonously due to the competition of two factors. First,

the mode quality factor increases with the azimuthal angular

number due to increasing mode confinement inside the NT

wall. After a certain energy, which appears to correspond to

m¼ 20 for the studied NT, this effect is diminished by the

decrease in the mode quality factor due to the increasing

imaginary part of the refractive index as the energy of the

direct exciton is approached. The electric field distribution of

the mode with angular number m¼ 20 is shown in the inset

of Fig. 2. Modes above 1.8 eV are strongly suppressed due to

the high background absorption.

The modeling of y-polarized modes has shown that they

also can be found in this spectral range, but their angular

numbers are lower and vary around 5. In cylindrical cavities,

both the radiative decay and, therefore, the WGM Q-factor

strongly depend on the azimuthal number. The larger the m
is the larger is the Q-factor.35 This effect is even more pro-

nounced in the tubular geometry, where confinement of the

modes in the tube wall is even stronger. Because of that, the

y-polarized modes with the small angular numbers are not

revealed in the PL spectra. For the measured outer radius

1 lm, taking into account the frequency dependent refractive

index of MoS2 and the 1-monolayer fluctuation of the wall

width, we obtain a perfect agreement between experimental

peak positions, widths, and amplitudes and calculated ones,

assuming the number of monolayers N¼ 45 (black line in

Fig. 2). Thus, such fitting of experimental spectra, taking

into account the inaccuracy in the measurement of the tube

diameter and possible deviation of the tube shape from a per-

fect cylinder and the error in the determination of the number

of monolayers in the wall estimated as 65%, can be used as

a highly accurate contactless method of NT characterization.

The modeled PL spectra in parallel polarization config-

urations xx and yy (not shown) exhibit almost the same

behavior as in yx and xy configurations, respectively. The

peaks in the xx configuration are located at the same fre-

quencies as in the yx configuration, but their amplitudes

change due to the difference in the spatial exciton distribu-

tions inside the NT wall under x- and y-polarized excitation.

In the yy configuration, the resonances are not revealed,

similar to the xy configuration. When the linear analyzer

polarizer is rotated from the yx to yy configuration, the

peaks decay as a cosine function.

For a deeper insight into the impact of the tube sizes on

the optical modes, we calculated the dependencies of the

mode energies with the wall width (number of monolayers)

and tube radius. Figure 4 (top) shows the dependence of the

x-polarized mode energies on the outer NT radius (black

lines) for the fixed number of monolayers in the wall N¼ 45

and on the number of monolayers (blue lines) for fixed outer

radius 1 lm. The modes with angular number m¼ 10, 15, 20,

and 25 that have energies near the A-exciton are shown.

Alteration of the radius influences the energy of the modes

stronger than that of the monolayer number. Further, the

smaller the radius is, the smaller is the mode angular number

for the same mode energy; thus, the Q-factor of such a mode

is lower and the light weakly interacts with this mode.

Figure 4 (bottom) demonstrates the transition from the

hollow cylinder to the full one. Namely, it shows the depen-

dence of the x-polarized mode energies with the number of

monolayers in the wall. For the constant outer radius, the

increase in the wall width corresponds to the decrease in the

inner radius up to the formation of the full cylinder. When
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the NT wall width is thin (red area), there is a strong depen-

dence of the mode energy on the number of monolayers.

This is because the light is confined within the NT wall. The

thinner is the wall the higher is the energy of the supported

mode. With the increase in the monolayer number, the transi-

tion to a full cylinder region takes place (blue area). In this

case, the WGM is localized in the vicinity of the outer NT

radius and the eigenfrequencies become almost independent

of the wall width and coincide with those for the full cylinder

with the same external radius. The difference between the

NT and the cylinder is negligible when the wall width is

larger than about 20% of the outer radius.

To summarize, we have shown that the PL spectra of

multiwall TMDC NTs comprise strong peaks linearly polar-

ized along the NT axis. We modeled the l-PL spectra of

NTs for two orthogonal experimental configurations. The

perfect agreement with the experimental l-PL spectra has

been obtained taking into account the inhomogeneity of NT

parameters and the frequency dependence of the refractive

index. We explained the difference between x-polarized and

y-polarized PL spectra by the difference in angular momen-

tum numbers of the corresponding modes in the energy

region below the A-exciton. We demonstrate that the

observed WGMs are confined within the NT wall, between

its inner and outer surface. We propose that fitting of the PL

spectra modulated by the optical modes can be used as a

unique and noninvasive way to estimate the NT wall. The

pronounced PL peaks exist up to room temperature which

opens the way to use the TMDC NTs as polarization-

sensitive devices.

See supplementary material for the description of the

light scattering problem on the NTs.
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