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SPECIAL TOPIC — Optical field manipulation

Polarized photoluminescence spectroscopy in WS,, WSe, atomic
layers and heterostructures by cylindrical vector beams™
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Due to the large exciton binding energy, two-dimensional (2D) transition metal dichalcogenides (TMDCs) provide an
ideal platform for studying excitonic states and related photonics and optoelectronics. Polarization states lead to distinct
light-matter interactions which are of great importance for device applications. In this work, we study polarized photo-
luminescence spectra from intralayer exciton and indirect exciton in WS, and WSe; atomic layers, and interlayer exciton
in WS,/WSe, heterostructures by radially and azimuthally polarized cylindrical vector laser beams. We demonstrated the
same in-plane and out-of-plane polarization behavior from the intralayer and indirect exciton. Moreover, with these two
laser modes, we obtained interlayer exciton in WS,/WSe; heterostructures with stronger out-of-plane polarization, due to

the formation of vertical electric dipole moment.

Keywords: two-dimensional transition metal dichalcogenides, optical polarization, interlayer exciton, cylin-

drical vector beams
PACS: 78.67.—n, 42.25.Ja, 71.35.—y

1. Introduction

Two-dimensional transition metal dichalcogenides
(TMDCs) such as MoS,, MoSe,, WS,, and WSe; are emerg-
ing low-dimensional semiconductor materials, which have
attracted much attention due to their intriguing optoelec-
tronic properties as well as practical spin, valley related pho-
tonic, and optoelectronic applications.!'"8) Owing to the two-
dimensional nature and the reduced dielectric screening effect,
TMDCs atomic layers exhibit up to hundred meV large exci-
ton binding energy, [’ providing an ideal platform for studying
excitonic states and related devices. %14 The so-called A-, B-
excitons in TMDCs atomic layers are formed at the K /K’ point
in the Brillouin region, ! which are also named as intralayer
excitons, since the electrons and holes are spatially located at
the same layer of the TMDCs. Increasing the layer number
of TMDCs from monolayer to bilayer and multi-layers, the
interlayer coupling affects the band structure, leading to the
transition from direct to indirect bandgap semiconductors with

[16.17] Besides, interlayer

the appearance of indirect excitons.
excitons consisting of electrons and holes in different layers
can also be formed in TMDCs bilayers!!8! due to the hole delo-
calization over the bilayer.!'” However, this requires a special

treatment during the sample preparation. The formation of 2D
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(20211 combines the advantages

Van der Waals heterostructures
of individual materials and offers new means to manipulate
physical properties.!?>2% In addition, interlayer excitons in
TMDCs heterostructures, which are formed with electrons
and holes located in different materials and layers,?!]

be obtained and the energy can be tuned by choosing differ-

can

ent 2D martials.?®) Interlayer excitons play a key role in the
application of heterojunctions due to the long lifetime, val-
ley related properties, and tunability with an applied electric
field, [11:27-30]

Due to the distinct formation mechanisms, the intra-
and interlayer excitons compose different electric dipole mo-
ments, which lead to the different light-matter interaction
conditions,3!! such as the dominated in-plane or out-of-plane
optical response. Therefore, a detailed understanding of the
interaction between the electric field of light and the effective
dipole moment of intra- and interlayer excitons as well as the
indirect exciton, is of great significance for fundamental re-
search and practical device application.*?] However, the nor-
mally used linear polarized laser beam in optical microscopy
creates only in-plane electric fields at the focus, which limits
the study of different excitation conditions.

The introduction of cylindrical vector beams (CVBs) such
as radially or azimuthally polarized laser beams3*34! can
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overcome this problem. Focused by a high numerical aperture
(NA) objective, the azimuthally polarized laser beam creates
only in-plane (transverse) electric fields, while out-of-plane
(longitudinal) electric field component can be obtained with
the radially polarized laser beam.?*! CVBs have been utilized

to study linear and nonlinear optical properties of various ma-
135 [36]
S,

(391

terials, such as single molecule I molecular terraces,
semiconductor nanowires, 37381 and metal nanostructures.
With these two different CVBs, we can realize the in-plane
and out-of-plane optical excitation configurations in TMDCs.

In this work, we study the polarized PL spectroscopy
of WS, WSe;, and bilayer WS,/WSe, heterostructures us-
ing radially and azimuthally polarized laser beams. Exci-
tation power dependent polarized PL spectra were collected
from WS; and WSe, with different layer thicknesses. We
observed strong PL emission with the in-plane electric field
excitation (azimuthal mode). Furthermore, we found that the
A-exciton and indirect bandgap transition PL peaks show the
same in-plane and out-of-plane polarizations. We further stud-
ied the PL of interlayer excitons in WS,/WSe; heterostruc-
tures, which show much stronger PL emission with the out-
of-plane excitation, indicating the different electric dipole mo-
ments compared with the intralayer excitons. The use of CVBs
in this work can be applied to other 2D TMDCs semiconduc-
tors and heterostructures to fulfill the different optical excita-

tion conditions.

2. Materials and methods

Mono- (1L), bi- (2L), tri- (3L), and quad-layer (4L) WS,
and WSe; were prepared by mechanical exfoliation from the
bulk materials (purchased from HQ Graphene) and were trans-
ferred to transparent glass slides (22 x 22 mm) for optical po-
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larization measurements. Bilayer WS,/WSe; heterostructures
were obtained by manually stacking the corresponding exfo-
liated monolayers using the standard dry transfer and stack-
ing technique.* The formed heterostructures were further an-
nealed in vacuum at 150 °C for two hours to optimize the in-
terface of the heterostructures.

For optical polarization measurements, a linearly polar-
ized 532 nm continuous wave semiconductor laser was con-
verted to a radially or an azimuthally polarized cylindrical vec-
tor beam through a commercial liquid crystal (LC) polariza-
tion converter (ARCoptix) (supporting information Fig. S1).
In the optical path, a pinhole (diameter = 100 pm) was used
to filter out the higher-order modes of the laser beam. The cre-
ated radial and azimuthal polarizations can be distinguished by
monitoring the orientation of the beam patterns after passing
a rotating linear polarizer (supporting information Fig. S1(d)).
An inverted confocal microscope (OLYMPUS IX73) equipped
with an oil-immersion objective (NA = 1.4) was used to focus
the cylindrical vector beams onto the sample surface. A spec-
trometer (HORIBA iHR320) with a liquid-nitrogen cooled
CCD (Symphony II) was used to collect the emitted optical
signals.

Due to the different polarizations of the excitation laser
beams, we can obtain distinct electric field distributions at
the focus. For the radially polarized laser beam, as shown
by the theoretically calculated field distributions (Figs. 1(a),
1(b)), we obtain a strong longitudinal (out-of-plane) electric
field component (E?). Based on the intensity line profiles
(Fig. 1(c)), the ratio between the longitudinal component EZ2
and the transverse component (Ef + Eyz) is about 0.55:0.45.
According to the calculated field distributions (Figs. 1(a)
and 1(b)), the different focus sizes for the longitudinal and

2
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Fig. 1. Electric filed distributions at the focus of the polarized laser beam and the interaction with excitons in TMDCs. (a), (b) Calculated out-
of-plane (Ezz) and in-plane (E? +E§) electric filed distributions at the focus of the radially polarized laser beam (532 nm) with an oil objective
(NA = 1.4) and the corresponding (c) intensity profiles for the out-of-plane, in-plane and total electric field. (d) Calculated total electric field
distributions at the focus of the azimuthally polarized laser beam, which is exclusively in-plane polarized (E? = E2 + Eyz) The image sizes are
1 um x 1 um. The arrows in (b) and (d) indicate the different in-plane polarizations. (e), (f) Illustrations of interaction of the electric field with the
intralayer exciton in TMDCs atomic layers and the interlayer exciton in heterostructures, under the simple consideration of electric dipole.
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azimuthal components result in an integrated area ratio of
about 0.42:0.58. For an azimuthally polarized laser beam, the
calculated electric field distribution shows only in-plane trans-
verse electric field (Fig. 1(d)). Although the in-plane electric
filed distributions in Figs. 1(b) and 1(d) show the same pat-
terns, the polarizations are totally different due to the nature
of the radial and azimuthal polarizations, as indicated by the
arrows. With these distinct in-plane and out-of-plane electric
field distributions, we can manipulate the different excitation
configurations in TMDCs atomic layers and heterostructures.
The intralayer exciton in TMDCs would have electron and
hole located within the same layer (Fig. 1(e)), while the inter-
layer exciton with electron and hole located in different layers
would form in TMDCs heterostructures (Fig. 1(f)).

3. Results and discussion

We first investigate the polarized PL spectroscopy of WS,
atomic layers with different thicknesses using radially and az-
imuthally polarized laser beams. Figure 2(a) shows the optical
image of the WS, flakes. From the optical contrast, we can
distinguish the areas with different layer numbers from 1L to
4L, which are separated by the dashed lines. The layer num-
bers were further confirmed by Raman spectroscopy ! (sup-
porting information Fig. S2(a)).

Figure 2(b) shows the polarized PL spectra of the sample
with different layer thicknesses. For the same flake, the spec-
tra were auto-scaled, and the spectrum with higher intensity
(red line) was collected under the excitation of the azimuthally
polarized laser. Generally, there would be three PL character-
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istic peaks in few-layer WS,, namely, A-, B-exciton emission
peaks due to the spin—orbit coupling and the indirect bandgap
emission (indirect exciton) peak.[*”] The photon energy of B-
exciton in 1L to 4. WS is in the range of 2.34 eV-2.38 eV,
which is greater than the single-photon energy of the 532 nm
(2.33 eV) laser used in our experiments. Therefore, in this
work, we only investigated the A-exciton and the indirect ex-
citon related PL emission peaks.

To analyze the polarized spectra, we plotted the PL inten-
sity and PL peak position from different layers in Figs. 2(c)
and 2(d). As expected, for both laser modes, we clearly ob-
serve the PL intensity increase by orders of magnitude when
the thickness of WS, changes from a few layers to monolayer,
as a result of an indirect to direct bandgap transition. On the
other hand, starting from bilayer, the indirect band transition
emission outperforms the A-exciton emission with increasing
layer number. As shown in Fig. 2(c), for all cases, the PL
intensities of A-exciton and indirect bandgap peaks recorded
under azimuthally polarized laser beam are stronger than those
under radially polarized beam, which agrees with the strong
in-plane component anisotropy in 2D TMDCs layers.3?! The
peak energy of A-exciton shows a small shift from 2.01 eV
(616.9 nm) of monolayer to 1.96 eV (632.6 nm) of bilayer, and
the value has almost no changes with layer number increasing
from 2L to 4L. While the peak energy of the indirect band tran-
sition gradually redshifts from 1.77 eV (700.5 nm), 1.59 eV
(779.8 nm), to 1.52 eV (815.7 nm), when the thickness of
the layer changes from 2L to 4L. These observations are con-
sistent with the results obtained under the excitation of linear
polarized lasers.!**! Regarding to the in-plane and out-of-plane
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Fig. 2. Layers number dependent PL spectroscopy of WS, excited by the radially and azimuthally polarized laser beams. (a) Optical microscopy
image of the WS, flakes prepared by the mechanical exfoliation from bulk crystal. (b) PL spectra of the 1L-, 2L-, 3L-, and 4L-WS; excited by
both polarization modes. Spectra in red and black were taken with azimuthal and radial modes, respectively. (c), (d) Layer thickness dependent PL

intensity and peak energy.
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Fig. 3. Excitation power dependent PL spectroscopy of WS,. (a)-(d) PL intensity for intralayer-exciton and indirect band gap transition from (a) 1L-,
(b) 2L-, (¢) 3L-, and (d) 4L-WS, atomic layers as a function of excitation power, under the excitation of both radially and azimuthally polarized laser
beams. The solid lines show the linear fitting of the data on a double logarithmic scale, and the slopes of the fitting are shown as well.

polarization effect, we observe the same emission energy of
excitons and indirect bandgap transition under the radial and
azimuthal modes in our experiments (Fig. 2(d)), indicating
the same excitonic origin of the PL emission. Furthermore,
according to the normalized spectra (supporting information
Fig. S3), we found almost identical spectral profiles under
these two polarization excitations, which suggests that the A-
exciton and indirect exciton emissions follow the same opti-
cal excitation configurations with effective electric dipole mo-
ments, mainly the in-plane component.

In order to compare the PL behaviors in a larger optical
excitation power range with the different polarizations, we per-
formed excitation power-dependent PL of 1L-4L WS, under
the radial and azimuthal polarization modes (supporting infor-
mation Fig. S4). All spectra were fitted to determine the peak
position and peak intensity. The corresponding PL intensities
as a function of the excitation power are shown in Fig. 3. For
2L-4L WS,, both A-exciton and indirect exciton peaks are
compared. With the linear fitting of the experimental data on
a double logarithmic scale, we find that all the slopes are close
to one, indicating the linear relation of the excitation law for
intralayer exciton and indirect band transition. With the fitting
data, we can accurately compare the PL intensity for the same
excitation power. The ratio between PL intensities recorded
with azimuthal and radial modes is about 1.3 at 20 uW. Within
the excitation power range, we find the same polarization de-
pendent tendency of intralayer and indirect exciton with these

two laser modes.

It should be noted that all the spectra are the raw data
recorded with the polarization modes, without the correction
for the pure out-of-plane component in radial mode (Fig. 1(b)).
However, considerable intensity is observed from the out-of-
plane component, even excluded the contribution from the in-
plane electric field from the radially polarized laser mode.
This could be due to a small discrepancy between the theo-
retical calculated field distribution and the experimental con-
ditions, and on the other hand the consideration of the orbital
configuration in xyz three directions. The orbital of A-exciton
consists mainly of dxz,yz, dyy, dg orbitals from W atom and
a few p orbitals from S atom. For the optical excitation se-
lection rules, the orbital distribution and overlaps need also to
be considered, [***) although the electric dipole of intralayer
exciton is mainly in-plane.

We also investigated the polarization dependent PL spec-
tra in WSe, atomic layers. Similar as for the WS, samples,
the thickness of different areas can be determined by the op-
tical contrast (Fig. 4(a)) and further confirmed by the layer
number dependent Raman spectroscopy*!! (supporting infor-
mation Fig. S2(b)). Figure 4(b) shows the PL spectra of WSe;
with different layer thicknesses under radial and azimuthal
modes. We can observe the A-exciton and the indirect exci-
ton for 2L—-4L WSe,. The position of the indirect transition
peak red-shifts gradually from 789.8 nm (1.57 V), 832.2 nm
(1.49 eV) to 855 nm (1.45 eV) when the layer number in-
creases from 2L to 4L, while the A-exciton peaks show only a
small shift from 760.7 nm (1.63 eV) to 770.2 nm (1.61 eV).
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We observed almost identical spectral profiles of A-exciton
and indirect band transitions under these two different polar-
ization excitations (supporting information Fig. S5), indicating
the same electric dipole excitation configuration for A-exciton
and indirect exciton in WSe,. Power-dependent PL spectra
were also collected under radial and azimuthal modes (sup-
porting information Fig. S6). Figures 4(c) and 4(d) show the
A-exciton and indirect band transition emission peak inten-
sities (after Gaussian fitting) as a function of the excitation
power for 1L- and 2L-WSe, atomic layers, respectively. We
find a linear relation of the excitation law for intralayer exci-
ton and indirect band transition and the emission intensity of
WSe, with azimuthal mode is stronger than that with radial
mode, consistent with the observation in WS, layers. Simi-
lar excitation power dependent tendency was observed for 3L-
and 4L-WSe, atomic layers (supporting information Fig. S7).

Compared to the intralayer excitons, interlayer excitons
formed by the combination of electrons in one layer and holes
in the other layer, exist an electric dipole moment in the ver-
tical (out-of-plane) direction. Therefore, we expect differ-
ent spectral responses for intra- and inter-layer excitons un-
der these two different polarization modes. Given this, bilayer
WS,/WSe, heterostructures were prepared and their optical
polarizations were investigated. Figure 5(a) shows the opti-
cal images of the heterostructure, the area of which is marked
with dashed lines. The polarized spectra of the heterostructure
under both laser polarization modes are shown in Fig. 5(b).
We observe three peaks appearing at 636.9 nm, 759.4 nm, and
834.5 nm, which can be ascribed to WS,, WSe; in heterostruc-

10 pm

—~

PL intensity (arb. units) &

1L

750 800 850 900

Wavelength (nm)

700

ture and the interlayer exciton from WS,/WSe, (Fig. 5(e)).
Compared to the A-exciton emission peak from pure WS, and
WSe, monolayers (dashed lines in Fig. 5(b)), the observed
dominating emission peaks in the WS,/WSe, heterostructure
all locate at lower photon energy. As shown in the fitting of the
spectra (supporting information Fig. S8), besides the strong PL
emission with red-shifted photon energy, weak PL emissions
maintain at the peak positions of the pure monolayers. It sug-
gests that the peaks probably originate from trions of WS, and
WSe, with the binding energy of about 40 meV, which are
formed during the stacking of pure monolayers.[*®*7 From
the absolute emission intensity, spectra taken with azimuthal
mode still are stronger than those with radial mode. For com-
parison, we normalized the spectra (Fig. 5(c)). While the
peaks from WS, and WSe; are almost identical after the nor-
malization, the interlayer exciton peak is obviously stronger
under the excitation of the radial mode, as indicated by the
black lines in Fig. 5(d). Based on the measurements, with re-
spect to the intralayer exciton, we can estimate that the ratio
between the out-of-plane and in-plane components of interlay
exciton is about 1.35 (Fig. 5(d)). It should be noted that the
local morphology and the stacking angle of the heterostruc-
ture may also affect the experimentally determination of the
ratio of the in-plane and out-of-plane optical interlayer exci-
ton dipole moments. Nevertheless, with the use of radial and
azimuthal laser modes, we can clearly demonstrate the differ-
ent in-plane and out-of-plane polarizations of intralayer and
interlayer excitons.
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Fig. 4. Layers number and excitation power dependent PL spectroscopy of WSe; excited by the radially and azimuthally polarized laser beams.
(a) Optical microscopy image of the WSe, flakes. (b) PL spectra of the 1L-, 2L-, 3L-, and 4L-WSe; excited by both azimuthal (red) and radial
(black) modes. Excitation power dependent PL intensity (double logarithmic scale) for intralayer-exciton and indirect band gap transition from
(c) 1L-, and (d) 2L-WSe; atomic layers. The solid lines are the fittings for the data.
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Fig. 5. Polarized PL properties of interlayer excitons in a WS,/WSe; heterostructure. (a) Optical microscope image of the heterostructure consisting
of monolayers of WS, and WSe;. (b) PL spectra taken from the heterostructure area excited by radially and azimuthally polarized laser beams.
PL spectra from monolayer WS, and WSe, are shown as dashed lines for comparison. (c), (d) Normalized polarized spectra and the zoom in at
the spectral range for the interlayer exciton (dashed black rectangular). (e) Illustration of the WS,/WSe, band alignment, the black dashed arrow

indicates interlayer exciton transition.

4. Conclusion

In summary, the intralayer and indirect exciton in WS,
and WSe; atomic layers and interlayer exciton in WS,/WSe,
heterostructures were investigated with radially and az-
imuthally polarized laser beams. With excitation power and
layer thickness dependent spectroscopy, we conclude that the
intralayer exciton and indirect band transition have the same
in-plane and out-of-plane polarization behavior. The interlayer
exciton in WS,/WSe; heterostructures shows stronger out-of-
plane polarization, due to the formed vertical electric dipole
moment of the exciton. Our study not only contributes to the
fundamental understanding of the polarization of intralayer,
interlayer, and indirect exciton, but also provides important
information for exitonic optoelectronic device applications.
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