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Towards the evaluation of defects in MoS, using cryogenic
photoluminescence spectroscopy

We reveal the power of cryogenic photoluminescence (PL)
for exploring defects in transition metal dichalcogenides
(TMDs) via characteristic relaxation mechanisms of the
excitons involved. We demonstrate that the transfer process
has enormous impact on amount, localization and type of
defects within a single flake giving rise to significant variation
of electronic and optical properties of the TMD monolayers.
Our study thus provides a new insight into the defect-driven
phenomena in TMDs, with prospect for research of
TMD-based heterostructures and superlattices.
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Characterization of the type and density of defects in two-dimensional (2D) transition metal dichalcogen-
ides (TMDs) is important as the nature of these defects strongly influences the electronic and optical pro-
perties of the material, especially its photoluminescence (PL). Defect characterization is not as straight-
forward as it is for graphene films, where the D and D' Raman scattering modes easily indicate the density
and type of defects in the graphene layer. Thus, in addition to the Raman scattering analysis, other spec-
troscopic techniques are necessary to perform detailed characterization of atomically thin TMD layers.
We demonstrate that PL spectroscopy performed at liquid helium temperatures reveals the key finger-
prints of defects in TMDs and hence provides valuable information about their origin and concentration.
In our study, we address defects in chemical vapor deposition (CVD)-grown MoS, monolayers. A signifi-
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cant difference is observed between the as-grown monolayers compared with the CVD-grown mono-
layers transferred onto a Si/SiO, substrate, which contain extra defects due to the transfer process. We
demonstrate that the temperature-dependent Raman and PL micro-spectroscopy techniques enable dis-
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. Introduction

Two-dimensional (2D) transition metal dichalcogenides
(TMDs) possess extraordinary optical and electronic
properties.’ The fundamental feature that makes this class of
materials unique is the opening of a direct bandgap when at
monolayer thicknesses. Extensive experimental and theoretical
research has been reported that explores the strong light-
matter interactions of single layer TMDs and van der Waals
heterostructures that consist of stacks of single-layer TMDs
and other 2D materials.”” This new class of hybrid materials
features a great capacity for numerous optoelectronic appli-
cations that vary from light harvesting and emitting sensors®’
and lasers® to smart valleytronic devices.’

Significant effort has been invested in the controllable
growth of TMD monolayers specifically to achieve a desired
monolayer quality, which has enabled electronic and optical
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entangling the contributions and locations of various defect types in TMD systems.

performances similar to their exfoliated counterparts.*” A key
parameter to be tuned with respect to the required quality is
the control over the quantity and type of defects as the optical
and electronic properties are directly related to the
defects.'®™** Typical CVD grown and exfoliated monolayer
TMD crystals have a defect density in the order of 10'* to 10"
ecm 2" The actual type of defect depends on the ‘growth’
method; sulfur vacancies dominate in mined ‘natural’ MoS,
and CVD-grown films,"® whereas metal vacancies and antisites
dominate in crystals grown by chemical vapour transport.'®
However, the presence of defects does not represent only a dis-
advantage. Recent results on MoS, based memristors showed
that the bias induced dynamics of defects enables resistive
switching with a varying Schottky barrier height."”

All defect types modify locally the band structure and
several theoretical studies showed that the energy levels
change due to these defects."*'®2° In Fig. 1(a), a schematic
energy diagram of MoS, is shown. For non-defective MoS,, the
well-known energy diagram shows the splitting of the valence
band due to the strong spin-orbit coupling of the transition
metal, which results in A and B excitons. The A and B excitons
are the ground state (1s) of the Wannier-Mott excitons, with
excited states 2s, 3s, etc. Introducing defects creates additional
energy states available, where for S vacancies energy levels
within the bandgap are predicted."®

The characterization of the type and density of defects is
not as straightforward as it is for graphene, where the D and
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Fig. 1 (a) Schematic band structure of MoS,. The different energy levels of the exciton and the defect states due to S vacancies are indicated.

Optical (b) and AFM (c) images of the as-grown MoS, monolayers. The white triangle seed is visible in the center of most of the monolayers from
which the layer grew. Panels (d) and (e) show Raman and PL spectra of the monolayer at 10 K, with a decomposition of the different Raman modes
and PL excitons, respectively. The scale bar in panels (b) and (c) is 100 pum and 5 pm, respectively.

D’ Raman modes are directly related to the defects in the gra-
phene layer. For TMDs, room temperature Raman spec-
troscopy shows only small changes in the Raman shift with a
broadening of the characteristic E' and A’; modes.>' Also
strain and doping change®*** the Raman modes, whereby the
changes due to these effects in either the Raman shift or full-
width-half maximum (FWHM) are small and difficult to disen-
tangle. Thus, an alternative method to characterize the defect
level is strongly desired.

Room temperature PL spectroscopy reveals some infor-
mation about the type and density of defects, because the
intensity ratio between the A and B excitons depends on the
defect density.>> However, the doping and strain within
the MoS, layers strongly influence the PL signal®®**” and the
defects can also enhance the PL,*® owing to the carrier con-
finement around defects in the TMD layers. Furthermore, the
large surface-to-volume ratio of 2D materials causes the chemi-
sorbed®® and physisorbed'® molecules to significantly influ-
ence the intrinsic properties of these materials. As an analogy
to the defect-driven phenomena imprinted in the Raman-
active modes, the defect-related PL modes are barely visible at
room temperature and are only observable for very defective
samples.>®

In contrast, the low-temperature PL spectra change drasti-
cally based on the sample quality. At these temperatures, the
lattice defects allow an exciton to be more strongly bound to a
charged or neutral defect as well as to other quasi-particles to
form a bound exciton.”® The temperature determines if the
binding energy of a free exciton to a defect (Ep;nq) is large
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enough, such that the exciton can be trapped for sufficiently
long time, or that the thermal energy is significantly larger
and the exciton will be released before a radiative recombina-
tion occurs. A recent study on CVD-grown WS, showed that the
defects consist primarily of mono- and di-sulfur vacancies,
which are mostly located on the edges of the flake.>® A vacancy
at the site of a transition metal (Mo or W) also results in the
creation of a quantum emitter that can emit photons with a
very well-defined energy band.*!

Dramatic changes in the PL spectra with temperature thus
allow temperature-dependent and spatially resolved Raman
and PL spectroscopy techniques to be great tools to explore the
types and location of defects in TMDs.

Our work focuses on MoS, monolayers grown via CVD. To
reliably correlate the Raman and PL spectra over all tempera-
tures, spectroscopic mapping was performed from the same
flake. We also addressed the differences in the type of defect
in the as-grown monolayers and those transferred to another
Si/SiO, substrate. We observed significant differences in the
type of defect through the modification of the PL response,
suggesting a different exciton relaxation mechanism for the as-
grown and the transferred MoS, monolayers.

ll. Experimental methods

The MoS, monolayers were grown using chemical vapor depo-
sition (CVD) with MoO, (Sigma Aldrich #234761) and S (Sigma
Aldrich #344621) as the sources at atmospheric pressure.*>*?

This journal is © The Royal Society of Chemistry 2020
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For some experiments, the MoS, was transferred to a different
Si/Si0, (300 nm) substrate using a wet transfer process.**

Ambient Raman and PL spectral maps were measured
using a WITec Alpha300R spectrometer equipped with a piezo
stage and a RayShield Coupler. Temperature dependent
Raman and photoluminescence (PL) spectral maps were
measured using a low temperature confocal Raman micro-
scope insert (attoRAMAN, attocube) that was placed in a
Physical Property Measurement System (PPMS, Quantum
Design).

From the obtained Raman spectra, the Raman intensity,
Raman shift, and FWHM were obtained by fitting pseudo-
Voigt peak functions to the E', A’;, LO(M), and 2LA(M)
modes.>® From the obtained PL spectra, the PL intensity,
photon energy, and photon FWHM were obtained by fitting
pseudo-Voigt peak functions to the neutral A exciton X’ the
charged exciton (trion, X™), the B exciton, and low temperature
defect X®" and X®* bands.

Ambient AFM images were recorded using a Bruker
Dimension Icon with ScanAssyst-air silicon nitride probes. The
measurements were performed in the PeakForce tapping mode
with a peak force setpoint of approximately 0.3-0.6 nN. The
images were further processed using the Gwyddion software.**

For more experimental details please see the ESL

[1l. Results and discussion

The obtained MoS, monolayers were first inspected using
optical microscopy and ambient Raman and PL spectroscopy
techniques. A typical optical microscope image of the grown
MoS, monolayers is shown in Fig. 1(b). When growing MoS,
using MoO, as the precursor,* it is possible to obtain a con-
tinuous coverage of the entire sample (1 x 3 cm?) with MoS,
monolayer triangles that are tens of micrometers large. The
growth began with the nucleation of a small MoO, crystal,
which acted as a seed to grow the MoS, layer. Depending on
the exact growth conditions, such as the time of the S vapor
exposure, the seeds may not be completely converted to a
monolayer. A small area in the center of the monolayer can be
seen in the optical and AFM images [Fig. 1(b) and (c), respect-
ively], where the multilayer MoS, was grown.

Fig. 1(d) and (e) show the typical Raman and PL spectra of
a MoS, monolayer. Clearly visible are the characteristic E' and
A’y modes of the MoS,. Furthermore, on the left side of the E,,
mode, one can distinguish the LO(M) mode and on the right
side of the A’; mode there is the 2LA(M) mode. Monolayer and
multilayer MoS, can be easily identified from the Raman
spectra due to either the difference in the Raman shift of the
E' and A’; modes®**” or the presence/absence of shear and
breathing modes that are typical of multilayers.*® For the MoS,
flake studied, an average value of the difference of the Raman
modes of the non-center region is 21 cm™", which is a charac-
teristic value for monolayer MoS,. A map of the difference
between the Raman shift of the E’ and A’; modes of the MoS,
flake used in this study is shown in Fig. Si(a).f In the low

This journal is © The Royal Society of Chemistry 2020
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wavenumber range, the multilayer additionally shows shear
and breathing modes, whereas the monolayer has no such
modes visible for this spectral range, as can be also seen in
Fig. S1(b).t The overall quality of the MoS, monolayer can be
tentatively estimated from the full width at half maximum
(FWHM) of the E’' and A’; modes, which are at approximately 4
and 5 cm™' under ambient conditions, respectively. The
FWHM of the E’ is comparable to previously reported values of
3.7-4.2 cm™.%»

The PL part of the spectrum at 10 K (Fig. 1(e)) is dominated
by the X®' and X®* modes, which are induced by S vacancies.
Furthermore, the A exciton and trion are visible, whereas no B
exciton mode is present.

Both cases - as-grown MoS, and transferred MoS, - are dis-
cussed individually.

As-grown MoS,

The as grown samples were investigated using temperature
dependent Raman and PL spectroscopy techniques. Fig. 2
shows the temperature dependency of the Raman and PL
spectra for the MoS, monolayer at the position as indicated by
a black cross in Fig. 3(a). The Raman spectra did not change
significantly when the flake was cooled from 300 to 10 K.
Changes in the Raman shift of the E' and A’; modes were
small, as shown in the ESI (Fig. S34).f The FWHMs of both
modes were approximately 1.5 cm™" larger than those obtained
under ambient conditions outside the cryostat using a
common Raman/PL microscope. Therefore this effect can be
attributed to the change in the doping level to some extent
as the atmosphere in the cryostat (5 mbar He gas) is distinct
from the ambient air. Furthermore, the 2LA(M) mode became
more pronounced as the sample was cooled.

In contrast, the PL spectra exhibited a significant tempera-
ture dependence [Fig. 2(b)]. At 300 K, the PL spectrum showed
a clear contribution of the X° exciton and a minor contribution
of the trion and B exciton (see Fig. S27 for a fit of the individ-
ual components). As the MoS, flake was cooled to 100 K, the
contributions from the bound excitons X*' and X®* appeared
(see Fig. 5147 for a fit of the individual modes). The intensity
of the defect-induced excitons increased dramatically when
the temperature decreased to 10 K and became significantly
larger than the contributions of the neutral X° and B excitons
or the trion (see Fig. S201 for a fit of the individual com-
ponents). The dramatic increase of the X®' and X®* intensity
can be tentatively explained by reduced interaction with
phonons. In general, the phonons are scattered on defects;
hence the non-radiative pathways dominate. However, when
the temperature is decreased, the phonon states are less popu-
lated. Consequently non radiative pathways are less probable
and the radiative pathway starts to dominate. The intensity of
the X®' and X®* bands is finally larger than X° as the energy of
the states is lower than for X°. Note that the intensity of the X°
remains constant as the temperature decreases because the
interaction of the exciton and phonons is weak.

In Fig. 3, the spatial distribution of the intensity and
FWHM for the E' [Fig. 3(d, j), Fig. 3 A’; (e, k)], and 2LA(M)

Nanoscale, 2020, 12, 3019-3028 | 3021
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Fig. 2 Temperature-dependent Raman (a) and PL (b) spectra at the same position of the MoS, monolayer [as indicated in Fig. 3(a) with a cross]. The
black line represents the sum of the fitted contributions for the individual modes; decomposition of the fit to the individual modes is shown in
Fig. S2, S5, S8, S11, S14, S17 and S20,T whereas the black dots represent the measured data points.
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and the fitted intensity and FWHM of the E’ (d and j), A'; (e and k), and 2LA(M) (f and ) Raman modes at 300 K. The scale bar in each panel is 5 pm

and the X" mark in panel (a) indicates the place where the spectra in Fig. 2 were measured.

[Fig. 3(f and 1)] modes is shown. A slightly larger intensity for
both modes in the center and in the top corner of the flake
was observed. The increased intensity is caused by the pres-
ence of multilayer MoS, at these locations. Interestingly, the
spatial distribution for the FWHM of the E’ [Fig. 3(j)] mode
was quite homogeneous, whereas the FWHM of the A’y
[Fig. 3(k)] mode showed spatially confined enhancements due
to the presence of the multilayer MoS,. Finally, the intensity of
the 2LA(M) [Fig. 3(f)] indicates the presence of defects and has
a rather homogeneous appearance.®”

The intensity of the PL spectra [Fig. 3(a—c)] showed another
trend. A significant PL peak was observed in defined lines parallel
to the edges of the 2D crystal. At 300 K, no clear correlation was
present between the variations in the PL intensity and the Raman
shift, intensity, and FWHM of the measured Raman modes.

3022 | Nanoscale, 2020, 12, 3019-3028

At 50 K, the PL spectrum for the MoS, monolayer changed
dramatically due to the presence of bound excitons X®' and
XP!, The spatial distribution of the intensity and photon ener-
gies of the excitons is shown in Fig. 4(a-d) and (f-i). The inten-
sity distributions of the excitons and trion are the same as
those observed at 300 K. The intensity distribution of the
bound exciton X®' is the same as for the exciton and trion.
However, the intensity distribution of the X®* exciton was
much more localized and the highest intensity is present
between the center and the edges and also it decreases at the
corners of the MoS, triangle. It is assumed that in the center
of the sample the exciton is quenched by the presence of an
ad-layer, while at the edge of the grain (flake) the sulfur
vacancies are more likely passivated by oxygen. The conclusion
is corroborated by recent tip-enhanced Raman spectroscopy,

This journal is © The Royal Society of Chemistry 2020
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which revealed oxygen containing structures located systemati-
cally at the grain edges.*

The binding energy of the bound exciton is defined as the
energy difference between the neutral exciton and the bound
exciton, Eping as X = EX® — EX™, i = 1 or 2. Fig. 4(e) and (j)
show the binding energy of both bound excitons, with median
binding energies of 120 and 170 meV for the Eping X°' and
Epina X2, respectively. The binding energies of the defect
bound excitons agree with the previously found values of the V
1s and V 2s defects in exfoliated MoS,** and are slightly
smaller than the values calculated with density functional
theory using the Perdew-Burke-Ernzerhof functional.*®

The intensity of the E’ and A’; Raman modes [Fig. 4(k) and
(1)] at 50 K shows the same variations as the 300 K sample, but
the intensity distribution of the 2LA(M) mode at 50 K [Fig. 4(n)]
closely follows the maximum intensity of the PL. Furthermore, as
also shown in Fig. 2 [see Fig. S2 and S20+ for a fit of the individ-
ual modes at 300 K and 10 K], the LO(M) mode,* which is
located as the shoulder of the E' mode, became more pro-
nounced as the sample was cooled. The spatial distribution of
this mode [Fig. 4(m)] follows the same distribution as the other
disorder-activated 2LA(M) modes [Fig. 4(n)].

This journal is © The Royal Society of Chemistry 2020

Transferred CVD-grown MoS,

The CVD-grown MoS, was transferred to another SiO,/Si sub-
strate using the previously described wet transfer method.
Fig. 5(a) shows the AFM image of a transferred flake. No sig-
nificant changes in the topography are visible due to the
potential introduction of wrinkles. Some polymer residuals are
visible on both the MoS, flake and the substrate. The Raman
and PL spectra of the transferred CVD-grown MoS, flake are
shown in Fig. 5(c) and (d). It can be observed that the Raman
spectrum does not possess any significant changes compared
to that of the CVD grown MoS, monolayer without transfer.
However, if the Raman shift of the A’; mode is plotted versus
the Raman shift of the E' mode, there is a significant shift
visible for the E’ mode, as shown in Fig. 5(b). To estimate the
influence of strain and doping, the data are plotted in the
strain-doping coordinate system,>” with as origin the center of
the grown data. For the influence of the strain, the used
Griineisen parameters are 0.86 and 0.15 for the E’' and Ay
modes, respectively.”” To model the influence of the doping, a
shift rate with a carrier concentration of —0.33 x 107> cm™>
and —2.22 x 107" ecm™ was used for the E’ and A’; modes,

Nanoscale, 2020, 12, 3019-3028 | 3023
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of the transferred and grown MoS; crystals, taking only into account the influence of strain ¢ and doping n at 300 K. Temperature-dependent (c)
Raman and (d) PL spectra at the same position of the MoS, monolayer. As a comparison, also the Raman spectrum of the CVD grown MoS, mono-
layer from Fig. 1(d) is shown (grey line/dots). The black/grey line represents the sum of the fitted contributions of the individual modes; decompo-
sition of the fit to the individual modes is shown in Fig. S23, S24, S26, S28, S30 and S32,1 whereas the black/grey dots are the measured data points.

respectively.>* The contribution of defects to the Raman shift
is not included in this correlation analysis.

If we now assume that the observed Raman shift between
the grown and transferred samples is mostly caused by the
introduction of defects during the transfer, which can result in
a change of the E' Raman shift, then a shift of approximately
2 em™' corresponds to the addition of 1% S vacancies.”!
Furthermore, any significant damage of the sample topogra-
phy, in particular formation of wrinkles introducing non-
homogeneous strain, has been observed by AFM (Fig. 1c). This
observation supports the conclusion that the change in sulfur
vacancy concentration is the most important factor influencing
the PL spectra.

The two points of clouds from both the transferred and
grown samples stem from the monolayer and the multilayer
areas in the center of the flake. However, also a changed
doping and strain landscape play a role in the modified corre-
lation between the A’y and E' modes, as will be discussed
below.

3024 | Nanoscale, 2020, 12, 3019-3028

The PL spectrum shows different behaviors compared to
those observed for the as-grown MoS,. While the B exciton is
nearly invisible in the PL spectrum of the as-grown MoS,, the
B exciton is clearly visible in the transferred MoS, and it is
also shifted to higher energy. The increase of the intensity can
be attributed to the doping caused by KOH. This is consistent
with previous observation.*® The reason for the higher energy
of the exciton is not completely clear.

Furthermore, at lower temperatures, the ratio of the intensities
between the A and B excitons increased. However, no X°' and/or
X®* PL peak appeared down to the lowest measured temperatures.

Fig. 6 shows the spatial distributions of the fit intensity and
energy of the X° (a, d), X~ (b, e), and B (c, f) excitons at 50 K.
The PL intensity is more homogeneous except at the center of
the crystal because of the presence of the thicker seed-crystal.
The spatial variations in the energy suggest that the strain was
released from the transfer, and/or another strain distribution
was induced in the sample, which can be understood as
follows. During the CVD growth of TMDs, the strain was

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Maps of the fit intensities (a—c) and energies, E (d—f) of the X°, X~, and B excitons for the transferred, CVD grown Mo$S, monolayer at 50 K.

The scale bar in each panelis 5 pm.

induced in the crystals as the sample was cooled to room
temperature after its growth at higher temperatures due to the
different thermal expansion coefficients of the substrate and
the TMD layer. When the substrate was etched during the
transfer, the strain in the crystals was partly removed or redis-
tributed.*® Assuming now that the observed Raman shifts in
Fig. 5(b) are solely due to a change in strain and doping, a
maximum change in strain of approximately —0.3% relative to
the strain in the grown sample and a maximum change in
doping of approximately 0.2 x 10" cm™? relative to the grown
sample can be expected. However, the variations in strain are
smaller as the induced defects influence the Raman shift of
mostly the E' mode.

The S-vacancies play an important role in the PL intensity,**
as shown in Fig. 4(a) and (c). The intensity of the PL is maxi-
mized when the intensity of either the Raman defect modes
2LA(M) or LO(M) or the defect induced PL X®' is the largest.
We suspect that the increased intensity of the 2LA(M) and LO
(M) modes is related to the increased defect related PL due to
the strong phonon-exciton coupling.*®

This journal is © The Royal Society of Chemistry 2020

The variations in the density of S-vacancies originate from
the CVD growth due to moderate variations in the S-vacancy
concentrations, as was shown before for the CVD-grown WS, "

After transferring the MoS, flakes to another Si/SiO, sub-
strate, no X°' and X®* defect modes were visible. For these
samples, a significant increase in the intensity of the B mode
was measured, which suggests that the defect density in the
MoS, crystal increased significantly*>*” during the transfer.
The obvious question is which type of defect is created during
KOH etching. Classifying the nature of defects using chemical
means is rather inconsistent. However, Mo vacancies should
result in the creation of quantum emitters®' and S vacancies
should contribute to the creation of bound defect states. As no
signature of quantum emitters was observed one can exclude
the Mo vacancies. The S-vacancies are assumed to be a reason
for X®*' and X" bands in the PL. As those bands are not
present any more after the transfer one can assume that the
S-vacancies are passivated during the transfer. We suggest that
in the as grown MoS, sample the vacancies are protected and/
or stabilized by the underlying substrate. By the transfer pro-

Nanoscale, 2020, 12, 3019-3028 | 3025
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cedure they are exposed to transfer the polymer and aggressive
KOH environment and thus they can be passivated. The trans-
fer remnants could passivate the S vacancies, as was shown
before for exfoliated MoS, samples covered with either Al,O;
or HfO,. Nevertheless, they would not passivate the
S-vacancies in between MoS, and the substrate. Therefore we
assume that the S-vacancies are passivated by treatment with
KOH, which results in oxygen termination. This is furthermore
consistent with previous theoretical work, which suggested
that the oxygen passivation of the S-vacancies does not lead to
localized states.”®> We also assume that overall density of
defects strongly increases after treatment with KOH, which
leads to the decrease of the total PL intensity.

The large differences in the PL spectra for the as-grown and
transferred MoS, are better explained by considering the life-
time of the excitons.>® Assuming that defects are introduced
during the transfer process, the transferred samples have more
defects. As the defects introduce nonradiative pathways to
annihilate excitons, the total PL intensity decreases in pro-
portion with the defect density. The radiative lifetimes of the A
and B excitons are approximately 800 and 1 ps, respectively,
whereas the nonradiative recombination time is approximately
10 ps. The total recombination time of the excitations in the
case of the nonradiative recombination significantly decreases
the recombination time of the A exciton, resulting in a signifi-
cantly reduced PL intensity. However, the influence on the
recombination time of the B exciton is small due to its much
shorter radiative lifetime; thus, its PL intensity is not signifi-
cantly changed.

IV. Conclusions

Well-defined monolayers of MoS, were grown using CVD on
SiO,/Si using MoO, as a precursor. We transferred some of the
monolayers onto another SiO,/Si substrate using a standard
wet protocol and investigated the lattice and optical responses
by Raman and PL spectroscopy given a ~1 pm spatial resolu-
tion. We further generated temperature-dependent PL and
Raman spectroscopy mappings of the as-grown and trans-
ferred MoS,. For the as-grown sample, the Raman spectral
mappings revealed a homogeneous spatial distribution and
very moderate temperature dependence, whereas there were
significant spatial and thermal variations within the PL spec-
tral maps. In general, the signal from the defect-induced exci-
tons increased dramatically when cooling and dominated the
spectra over the X° B, and trion contributions. In the cryo-
genic regime, the spatial distribution of the 2LA(M) Raman
mode, generally used as a measurement for defects, coincided
well with the spatial distribution of the PL signal due to the
XP!, X and trion. In contrast, the X®> PL signal dominated at
the center of the flake edges. After the transfer, the B exciton
dominated the PL spectra while the defect-induced PL was
negligible. This observation is consistent with the fact that an
overall larger transfer-induced defect density stimulates the
nonradiative pathways for exciton annihilation.
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We unambiguously demonstrated that the transfer process
plays a significant role in the formation and location of defects
in MoS,. The relaxation mechanisms of the excitons at
different positions on the monolayer can be rigorously evalu-
ated using cryogenic PL spectroscopy. Our study thus provides
a reliable protocol to investigate lattice perturbations in TMDs
monolayers as well as in TMD-based heterostructures and
superlattices.
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