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Raman and photoluminescence (PL) hyperspectral mapping of a bilayer MoS; flake grown on SiO,/Si substrate
by chemical vapor deposition is studied focusing on the surface variation of the exciton and trion PL charac-
teristics. The Raman modes and the excitonic PL in the flake interior are redshifted compared to those at the
perimeter. This is attributed to tensile strain present after the post-growth cooling so that the flake perimeter is
less strained. At the perimeter, the PL blueshift is also enhanced due to a reduction of the trion (a negatively

charged exciton) peak, being attributed to an outflow of electrons (p-doping) induced by a weakening of tensile
strain towards the flake edge. This occurs because tensile strain bends down the conduction band of MoS,,
causing a drift of electrons towards the strained interior region and, in turn, creating there an increased electron
density which fosters the creation of trion.

1. Introduction

Two-dimensional (2D) transition metal dichalcogenides are novel
promising materials for optoelectronics, which gained a tremendous
scientific interest in recent years. Having indirect bandgap in bulk, they
acquire direct one when becoming monolayer (1L) [1-4]. Among them,
molybdenum disulfide (MoSy) is one of the most investigated. Only 1L
MoS; flakes manifest high luminescence efficiency, related to the
emission of exciton and trion (a negatively charged three-particle exci-
ton-like creation with an additional electron) [5-7]. However, the
reabsorption in a few-layer flake is rather weak, thus emission from such
flakes, although being several times less than the one from a 1L flake,
remains acceptable for practical application. Moreover, the optical and
luminescent properties may be modified by doping, by contact with
metal [8-11], semiconductor [12-21] nanoparticles, and by the pres-
ence of strain [22-28].

Furthermore, the properties of 2D MoS; highly depend on the
fabrication method and the substrate used. In particular, tensile strain is
introduced into a flake during the cooling after growth by chemical
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vapor deposition (CVD) at high temperatures [29], as the thermal
expansion coefficient of MoS; highly exceeds those of SiO; and Si [25,
30,31]. As a result, tensile strain lowers the bandgap and increases the
lattice constant. The strain leads to an inhomogeneous photo-
luminescence (PL) efficiency from different areas of the flake surface:
the emission from the flake interior is redshifted compared to the one at
the less strained perimeter. The effect of strain [22-28], including the
one induced by the post-growth cooling [25,30-33], has been widely
studied.

It has been suggested that, beside the strain, the properties of the
edge itself can lead to an additional doping effect on the flake perimeter
[32,34,35]: Bao et al. [33] noticed a contribution of the
long-wavelength trion in the PL spectrum at the perimeter. This indi-
cated an n-doping effect at the edge, resulting in a slight reduction of the
strain-induced PL blueshift. The researchers attributed this phenomenon
to the presence of a Mo-terminated edge, which introduces a n-doping at
the edge.

Bao et al. [33] were the first to separate the trion component in the
excitonic PL spectra derived across the surfaces of CVD-grown MoS;
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flakes among those who studied strains in MoS,. So, the investigation of
the strain effects on excitonic PL in CVD-grown flakes chiefly considered
1L MoS, with direct bandgap. However, there is an exception worth
mentioning: our recent study [31] explored both the exciton and trion
PL in low-strained bilayer (2L) MoS, flakes. Unfortunately, the spatial
resolution of Raman/PL imaging was not sufficient to clearly investigate
the strain effects. 2L MoSj is less investigated than its 1L counterpart. 1L
MoS; exists at the 2D quantum limit for this material, with no interlayer
interaction and reduced screening effect; conversely, electronic struc-
ture and indirect bandgap of 2L MoS; are defined by quantum
confinement, interlayer interaction, screening effect and crystal sym-
metry [3,7,36]. As a result, the excitonic PL of 2L, MoS; is about 2-times
less intense than in 1L material [27,36,37]. However, 2L MoS, has a
more prominent trion contribution, thus being a promising candidate for
nano-optoelectronic application [38-41] and offering a unique platform
to investigate the fundamental phenomena arising from the trion crea-
tion and exciton-trion interaction [31,36,37,42,43].

In this work, we study in detail the variation of the micro-Raman and
micro-PL spectra across an edge of a 2L MoS; flake, using sub-micron
imaging resolution. Particular attention is paid to the exciton and
trion PL behavior upon the growth-induced tensile strain in the flakes. It
is found that the perimeter of the flakes is less strained and has a blue-
shifted PL due to the strain-induced variation of the bandgap. The strain-
induced band bending towards the flake edge is analyzed considering
the trion contribution.

2. Experiment

2D MoS; flakes were grown by CVD on the surface of a Si wafer
covered by a 290 pm thick SiOy thermal oxide layer, using solid state
precursors and following the method described in-detail in our previous
reports [42,44,45].

Morphology and PL/Raman imaging were combined for the sample
characterization on a sub-micron spatial resolution: an atomic force
microscopy (AFM) image was obtained by means of a SmartSPM Horiba
scanning probe microscope; PL and Raman micro-imaging and spec-
troscopies were carried out using a LabRam HR Evolution Horiba
Raman/PL confocal microscope. Laser excitation was focused onto the
sample surface to a ~400 nm diameter spot (~80 mW/um?) using an
100 x objective. The PL mapping of the studied flake was obtained under
633 nm (1.96 eV) excitation with a spatial step of ~170 nm, the spectra
before the analysis were recalculated to be proportional to the number
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of quanta per energy unit. For the Raman mapping, 532 nm excitation
was used with a step of 400 nm. All the measurements were performed at
room temperature.

3. Results

A single-crystal 2L MoS; flake has been chosen for the study. Ac-
cording to AFM (Fig. 1a), the flake has a triangular shape with a side
length of ~17 pm, while the height profile over the flake area (see inset
Fig. 1a) allows to estimate its thickness as ~1.5 nm. Taking into account
the expected 1L MoS; thickness of 0.7-0.8 nm [2,5-7], this value cor-
responds to a 2L structure.

Under optical excitation, the flake demonstrates variable PL prop-
erties over the surface (Fig. 1b). The PL spectra at the flake perimeter
and interior are given in Fig. 2a. One can see that the spectra under the
633 nm excitation are single bands, while the pronounced asymmetry of
the band obtained in the interior evidences the presence of at least two
components. Based on the known results [7,31,36,37,42], we can infer
that the PL band is related to the A exciton (the A° component), while
the long-wave shoulder is due to the negatively charged trion (the A~
component). As a rule, a weaker B exciton band is also observed at <
620 nm, but it is not observable for our excitation at 633 nm.

According to the PL mapping of the peak intensity and peak position
(Fig. 1b), the PL band redshifts when moving from the edge towards the
interior, which is expected if considering a possible effect of tensile
strain present in the flake on the SiO2/Si substrate after the post-growth
cooling. Additionally, the PL intensity near the edge is slightly higher
than the intensity in the interior, as observed in some other similar
studies of CVD-grown flakes [25,30-33].

Furthermore, the Raman spectra were studied under the excitation of
532 nm (Fig. 1c and d and 3a). The Raman spectra (Fig. 3a) reveal the
modes Eég (~385 cm 1) and Aig (~405 em™ D) related, respectively, to
in-plane and out-of-plane vibrations. The distance between these modes
depends on the 2D flake thickness [46], and our value of ~20 cm lisan
additional evidence of a 2L structure of the studied object [46,47].

The Raman mapping of these modes (Fig. 1c and d) shows a uniform
intensity distribution over the flake surface, while the peak positions,
similarly to the PL spectra (Fig. 1b), show a blue shift in the inner zone.
This is also characteristic for strained CVD-grown flakes [25,30,31].
When analyzing the Raman spectra across the edge (along the white line
on the mappings), the Raman peaks were fitted with Lorentzian func-
tions (Fig. 3a). The extracted parameters are plotted in Fig. 3b. The
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Fig. 1. Correlative characterization of morphology and PL/Raman of the 2L MoS, flake grown using CVD: (a) images of AFM, (b) PL peak intensity, position and
width as well as the peak intensities and positions of the Raman modes Eég (c) and Ay (d). The intensity scales are in counts, the peak position and width scales of the

PL and Raman bands are, respectively, in nm and cm ™.
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Fig. 2. (a) PL spectra of the 2L MoS, flake at the edge
(curve 1) and interior (curve 2) under 633 nm exci-
tation, the measurement points are marked at the
images. (b,c) PL intensity mapping at the opposite
ranges of the measured spectra, the gray areas showed
in (a); the color scale is the same as at the respective
image in Fig. 1b. (d) Schematic of the tensile-strain-
related bending of energy bands near a flake edge
and the induced drift of charge carriers leading to the
trion formation in a strained area.
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Fig. 3. Raman (a) and PL (c) spectra of the 2L MoS, flake along the white line at the images in Fig. 1b,c,d and their fitting with two Lorentzian functions. Plots of
parameters of the bands fitting the Raman (b) and PL (d) spectra as well as the spectral weight of the PL bands, the distance between the Raman modes (A) and PL
components (trion binding energy, Ep), the curves are guides for the eye. The vertical dashed lines across the plots mark the position of the flake edge. The coordinate
x = 0 (beginning of the white line at the mappings near the edge of the flake) corresponds to the point where the PL band out of the flake is still detectable.

distance A between the modes increases when moving from the edge to
the interior. This is in a complete agreement with the fact that the Ay,
mode is less strain-dependent compared to the Eég one [22-24,28], so
that A should increase towards the strained interior. We can rule out the
effect of a possible reduction of thickness at the perimeter on the basis of
AFM data that indicate a 2L structure also at the flake edges.

The parameters of the exciton and trion components of the PL spectra
vary in a different way over the flake surface (Fig. 1b). This is notable if
comparing the PL spectra inside and at the perimeter of the flake
(Fig. 2a). While the former is obviously distorted by the long-wave A~
component, the latter looks symmetrical relatively to the peak position,
showing a dominant contribution of the A® exciton. This is more visible

on the PL mapping if considering the opposite areas of the studied
spectral range (the gray areas in Fig. 2a). Considering only the short-
wave part in Fig. 2b, we can see a clear increase in the intensity at the
perimeter, otherwise, involving only the long-wave part in Fig. 2c, the
intensity decreases towards the edges. This may evidence a decrease of
the trion contribution to the spectrum at the less strained perimeter.
Respectively, a PL band narrowing is observed at the flake edges in
Fig. 1b (the area of greatest FWHM deeper to the interior is perhaps
related to the lower intensity and, hence, to the noise effect distorting
the result, as it correlates with the intensity distribution on the
mapping).

To check this assumption, the PL spectra measured across the edge



O.I Datsenko et al.

(along the white line at the mappings in Fig. 3b) were fitted using two
Lorentzian functions (Fig. 3c), considering the A° and A~ peaks. The
fitting parameters such as integral intensity, peak position and FWHM
were plotted along the coordinate axis in Fig. 3d. Indeed, the trion
contribution to the PL spectrum increases towards the interior, as shown
in the plot of the spectral weight. According to the trion nature, the trion
binding energy (Ey, the energy distance between the A® and A~ peaks)
also gradually increases towards the interior (Fig. 3d). The obtained
value is about 36 meV. Trion binding energy in MoS; is known to be
much less than exciton binding energy, which is several hundreds of
meV [48]. In particular, the experimentally obtained value of binding
energy for exciton in bilayer MoS; is above 700 meV [49].

It is worthwhile noting that some points were analyzed in-detail even
if they are located outside the flake (see the white line in the PL map-
pings). The point x = 0 was chosen in terms of an assured observation of
the PL band, while the position of the edge is at x ~ 0.7 pm (it is marked
in the plots by a dashed line), if carefully comparing the respective sizes
on the AFM and Raman/PL images. Nevertheless, the PL is detected out
of the flake even 0.7 pm from the edge, while the spot of laser excitation
is only ~0.4 pm in diameter. We attribute this effect to the excitation
and emission scattering by the ~300 pm thick SiO4 substrate layer. Both
Rayleigh and Mie scattering are known to be highly dependent on the
wavelength or quantum energy, and this can explain an essential nar-
rowing and notable redshift of the PL band outside the flake (see the
peak position and FWHM plots). Thus, the information from the points
to the left of the ~0.9 pm point (including ~0.2 pm of the laser spot
radius) is distorted, and the respective points in Fig. 3 are reported only
for the sake of consistency.

4. Discussion

The trion contribution decreases from the flake interior towards the
edge, becoming indistinguishable at the perimeter. It is known that
strain creates a trion [22,50,51]: tensile strain bends down the con-
duction band edge of MoS; [22,52-54], causing a drift of electrons to-
wards the strained region and, in turn, creating there an increased
electron density which fosters the creation of trion. Accordingly, the less
strained flake perimeter should have an electron deficiency and a lower
intensity of the trion component (schematically shown in Fig. 2d). We
observe that the trion binding energy, Ep, reveals a trend to increase
towards the interior. This is also in accordance with the strain effect
causing an increased electron density, as other authors confirm a
stronger shift of the A~ trion band compared to the A® exciton under
tensile strain in 1L MoS, [28] and also WS, [50,51,55]. The increase in
Ep can be attributed to the strain-related band bending and the subse-
quent increase in electron density (as depicted in the schematic in
Fig. 2d). This effect is further supported by the fact that the energy
distance between the exciton and trion increases with n-doping [7,9,36,
37,56,571.

The strain effects are also confirmed by the blueshift towards the
perimeter of both the A® and A~ components. Due to the heterogeneous
tensile strain, the lattice parameter in the interior is elongated with
respect to the one at the perimeter, affecting the band structure of the
material and decreasing the bandgap. However, the shift of the total
spectrum is notably stronger due to the variation of the A~ contribution.
The reduction in the trion band causes a decrease in the FWHM of the
overall spectrum band. However, the FWHM of the A° component re-
mains unchanged, although there is a narrowing of the A” band towards
the edge. This narrowing could be attributed to the lower electron
density near the edge and a narrowing of electron localization function
at the virtual trion level.

Our results on the A™ trion contribution in different surface areas of
the flake are in general agreement with the basic knowledge on the in-
fluence of heterogeneous tensile strain on the exciton and trion [22,28,
50,51,55]. However, they are in some contradiction with the data ob-
tained for 1L MoS; by Bao et al. [33], who observed an enhancement of
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the trion contribution to the PL at the perimeter, which, in turn, caused a
broadening of the total PL band. It should be noted that, among all the
works on CVD-growth-induced strain and edge effect in 1L. MoS,, only
Bao et al. deconvoluted the studied spectra with the exciton and trion.
Most articles did not analyze the spectral composition of the main A
band, but some paid attention to the bandwidth, observing also an in-
crease of FWHM at the flake perimeter [32]. Our recent study on
CVD-grown 2L MoS; [31] also showed an increase in both the trion
contribution and the total PL bandwidth at the edge of a flake compared
to that in the interior, allowing to exclude an effect of the thickness.

As the trion is a negative exciton after capturing an additional
electron, its formation highly depends on the material doping and, thus,
on factors that affect the doping. They were preferentially studied for the
1L material with a direct bandgap, but a thicker indirect-gap MoS; was
also investigated. It was found that the trion contribution to the PL
spectrum of few-layer MoS; depends on temperature [29,42], excitation
power and energy [37,58], and varies if coupled to nanoparticles used as
PL sensitizers [10,11]. No direct effect of strains on the trion formation
was studied on few-layer flakes, but it was investigated in 1L MoS; [28]
and also WS, [50,55].

The increase of trion contribution at the flake perimeter, observed by
Bao et al. [33], suggests an additional n-doping of the perimeter
compared to the interior. However, nonuniform strain influences the
carrier distribution over the 2D flake, inducing a n-doping of stretched
areas [22,50,51]. Hence, the less strained perimeter of CVD-grown
flakes should reveal a p-doping (or at least a reduced concentration of
electrons as the main carriers) and, in turn, a lower trion contribution to
the spectrum, as well as a lower trion binding energy.

Observing the opposite, Bao et al. suggested another explanation for
their data, involving an effect of the edge. It is known [32] that there are
two types of MoS; monolayer morphology energetically stable with,
respectively, two edge termination. The flakes having the
Mo-terminated edge, so called the Mo-zigzag, may be grown adjacent to
ones with the S-zigzag. These kinds of edges may affect the doping of the
flake perimeter. When explaining trion enhancement at the perimeter,
Bao et al. [33] assumed that the edges of their flakes are Mo-terminated.
Such edges are metal-rich and could be the origin of additional equi-
librium electrons modifying the perimeter doping. The presence of
additional carriers enhances the probability of trion formation under
optical excitation and could provide Auger recombination, which is
supposed in Ref. [33] as the cause of a lower PL efficiency at the
perimeter compared to the interior. On the other hand, the MoS, flake
edges have a very high level of structural disorder such as variations of
the Mo-to-S terminated edges and the zigzag-to-armchair edges [35,
59-62]. Moreover, such structural nonuniformities of the edge cause (i)
a high compressive and tensile strains with a localization of only few
nanometers nearly the edge [60] and (ii) a variety of donor and acceptor
defect levels at the edge [34,59,62]. As a result of these edge effects, the
nano-Raman spectra are shown to be redshifted or blueshifted depend-
ing on the edge type [35]. The PL is always highly quenched by non-
radiative recombination at defects near the edge (similar to what we
observed, in agreement with Bao et al. [33] and other groups [63,64]). It
should be emphasized here that the mentioned edge effects on the
Raman and PL were observed only at 10-20 nm at the edge. Moreover,
there are no reports about a change in the exciton/trion PL towards the
edges in unstrained exfoliated flakes. It is thus reasonable to attribute
the shift in PL and Raman spectra, as well as the exciton/trion intensity
variations near the perimeter (up to about 1 pm near the edge), to the
presence of heterogeneous tensile strain [22,28,50,51,55].

The reduction of the A trion contribution and the notably higher A°
exciton emission at the perimeter is in full agreement with the effect of
strain, resulting in a drift of electrons towards the strained interior [22]
and, as a consequence, p-doping on the less strained perimeter. No effect
similar to the trion enhancement at the perimeter found by Bao et al.
[33] has been observed in our case. Considering that there is no varia-
tion of the exciton/trion PL towards the perimeter in unstrained
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exfoliated flakes, we suggest to attribute the Raman and PL change over
the flake surface to heterogeneous tensile strain.

5. Conclusions

A single 2L MoS;, flake CVD-grown on a SiO/Si substrate was
studied by means of micro-Raman/PL combined spectroscopy, focusing
on the surface variation of the exciton and trion PL characteristics. The
Raman modes and the PL spectrum in the flake interior were found to be
redshifted compared to those at the perimeter. This is in accordance with
the presence of tensile strain induced by cooling a flake with thermal
expansion higher than that of the substrate material. As a result, the
flake interior part is strained, while its perimeter is less strained. Tensile
strain causes a narrowing of the bandgap observed by the PL redshift in
the flake interior. Meanwhile, at the perimeter, the PL blueshift is
determined by not only the strain effect but also the weakening of the
trion component, which also leads to a narrowing of the PL spectrum.
This is attributed to the strain effect leading to a p-doping of the
perimeter, meaning a drift of electrons towards the strained interior.
Briefly, tensile strain bends downward the conduction band edge of
MoS,, causing the drift of electrons towards the strained region and, in
turn, creating there an increased electron density which fosters the
creation of a negatively charged trion.

Our findings, together with those reported before, allow to conclude
that strain in CVD-grown flakes has a general trend to be weaker at the
perimeter, while the heterogeneity of strain is apparently random in
different flakes and it can also define the excitonic emission
characteristics.
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