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37 Abstract:

40 2D transition metal dichalcogenides,(TMDs) are leading materials for next-generation optoelectronics,
2; but fundamental problems stand el;oute to commercialization. These problems include firstly, the
44 widely debated defect ‘and strain-induced origins of intense low-energy broad luminescence peaks (L-
46 peak) observed at low temperatures. Secondly, role of oxygen in tuning properties via chemisorption
48 and physisorption is intriguing but challenging to understand. Thirdly, physical understanding of
50 benefits of hBN encapsulation.is inadequate. Using a series of samples, we decouple contributions of
oxygen, defects, adserbates, and strain on optical properties of monolayer MoS,. Defect-origin of L-
peakdsreonfirmed by temperature and power-dependent photoluminescence (PL) measurements, with

a dramatic redshift ~ 130 meV for oxygen-assisted chemical vapour deposition (O-CVD) samples (c.f.

59 exfoliated). Anomalously, O-CVD samples show high A-exciton PL at room temperature (c.f.
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exfoliated), but reduced PL at low temperatures, attributed to strain-induced direct-to-indirect bandgap-
crossover in low-defect O-CVD MoS,. These observations are consistent with our density functional
theory calculations, and supported by Raman spectroscopy. In exfoliated samples, charged O-adatoms
are identified as thermodynamically favourable defects, and create in-gap states. Beneficial effect of
encapsulation originates from reduction of charged O-adatoms and adsorbates. This experimental-
theoretical study uncovers the type of defects in each sample, enables an understanding of the combined
effect of defects, strain and oxygen on band structure, and enriches undetrstanding of effects of

encapsulation. This work proposes O-CVD for creating high-quality materials for. optoelectronics.
~

Introduction:

Defects in two-dimensional (2D) materials are of 0D (vacancy, interstitial defect complexes) and 1D
(line defects, grain boundaries) nature.'” 0D defects are espeeidlly attractive for photon emitting
applications, including possibilities as photon eémitters, as well<s understanding dipolar interactions in
the case of closely spaced defects. Defects in MoS, and,other 2D materials created using various
methods including electron beam irradiation®, strain (via nanopillars), or annealing in gaseous
environment’, have been well studied using optical’and optoelectronic methods.® For example, broad
low energy peaks (L-peak) have been foundiin exfoliated monolayer (ML) MoS; in low temperature
(LT) photoluminescence (PL) §pectroscopy, and are attributed in studies to either adsorbates or sulphur
vacancies.” In other 2D, materials like WSe,, a series of low energy peaks have been observed, attributed

to defects and dark excitons.®

The major issue of comparing between different reports is the lack of uniformity of starting material
and process control. Importantly, defect nature/density and strain are incredibly hard to compare
between Studies, making it difficult to reconcile with calculations of thermodynamic defect formation
energies’ and, optical emission energies.”'? The substrate and environment also make a significant
difference, especially in terms of background doping.”"* To fully understand defects in 2D materials, a

range of defect densities need to be studied. Secondly, for understanding effect of strain, synthesis
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method dependence (chemical vapor deposition, CVD, and mechanical exfoliation, ME), as well as
processing method dependence (encapsulation, covering) need to be understood in a comprehensive
manner. Even though there have been numerous studies reporting different types of defects in MoS,,
identifying the effect of particular defects on the band structure of the material is elusive. Further, a

significant issue is the separate treatment of defects and strain, rather than together.

Conventional CVD materials have large density of defects, compared to ME; due to the high
temperature synthesis. Various methods for passivation of defects including organic superacid'*, thiol
chemistry'® and air passivation'® have been explored, however, these modificationsiate temporary and
can potentially be damaging to the sample. Oxygen-assisted CVD (Q-€VD) synthesis, where a small
amount of oxygen co-flows with the carrier gas, is an emerging way for chemisorption induced
passivation of sulphur vacancies, without significantly distufbing the crystal structure.'®*' However,
the quenching of room temperature PL after certain oxygen concentration, and modifications to the
nature of defects due to presence of oxygen has not been well stltdied. For synthesizing MoS;, with
optimized optical properties, understanding “how»oxygen influences the bandgap and defect
luminescence is critically needed. Further, a recent work discusses the physical reason behind

usefulness of encapsulation, in terms of oxygen passivation of chalcogen vacancies.”> Thus, the

complex dependence of oxygen in termsiof physical and chemical adsorption is important to understand.

We provide a comprehensive expeli@ental-theoretical framework for the study of the low-energy PL
peak in MoS; synthesized using two methods: ME and O-CVD. In both synthesised versions, we modify
the dielectric environment and defect density using hBN covering and hBN encapsulation. We are thus
able to change the chemico-physical environment, create different kinds of defects, and modify strain.
To understand the physical‘origin of peaks, we study these samples using optical methods (PL and
Raman spectroseopy) at room temperature and cryogenic temperature (4 K), as well as perform power
dependence of PLYintensity. We find anomalously high PL of O-CVD samples at room temperature (c.f.

ME'MoS,), but'low A-exciton PL intensity at cryogenic temperature.

A rich variety of defects in MoS; are observed, as evidenced by varying luminescence peaks, and large

shift of L-peak in O-CVD samples. Complementary Raman measurements are able to distinguish
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between strain (or defects) and doping, and indicate modified screening in hBN-modified samples, and
increased strain for O-CVD samples. We also probe the surface composition of these samples using X-
ray photoelectron spectroscopy (XPS), thus understanding the complex effects of oxygen. Detailed
density functional theory (DFT) calculations on defect formation energies (for stability), and band-
structure calculations incorporating strain and defects are performed. We explain the measurements on
the basis of defects and strain-induced change of the nature of the bandgap. We find that L-peak in ME
samples originates from a combination of charged O adatoms, sulphur vacancies, and hydrocarbon
complexes, whereas charged O adatoms do not contribute to the case of O<CVDisamples. We are thus
~
able to provide a comprehensive understanding of the interplay of defects, oxygen and dielectric
environment, as well as strain. The beneficial impact of hBN encapsulation isyattributed to reduction in
charged O adatoms and hydrocarbon complexes. We find that effect of oxygen, strain and defects need

to be considered together for tuning the properties of high-quality O-CVD materials for next-generation

optoelectronics. 4

Results and Discussions

To understand the rich variety of'defects and effect of strain in MoS,, we prepared a series of ML
samples (summarized in Table 1) with varying defect densities and processing conditions. The O-CVD
synthesis process uses a small@mount of oXygen along with the carrier gas (see Methods), reasoned to
reduce nucleation density en substrate,/potentially enable oxygen passivation of sulphur vacancies, and
prevent metal oxide precursorpoisoning.'”'* We have also observed that synthesis using O-CVD gives
consistent, reprodueible results, and increases the stability of the sample. For example, we measured
the properties 0f O-CVD.samples after an interval of 6 months, and measured similar optical properties
as shortly-after synthesis. The CVD MoS, samples grown on SiO,/Si are expected to be biaxially
strained due to high synthesis temperature, and different thermal expansion coefficients of the substrate
and MoS,. When we cool down the sample from the growth temperature to room temperature, the MoS,

relaxes to'adhere to the substrate, and this leads to development of strain in the MoS,™'**.
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Sample Label Sample details

S1 Exfoliated bare MoS, monolayer (ML)

oNOYTULT D WN =

S2 Exfoliated ML MoS, with hBN covering

10 S3 Exfoliated ML MoS; encapsulated between hBN layers

12 S4 O-CVD grown ML MoS; on SiO»/Si

14 S5 O-CVD grown ML MoS; with hBN covering

16 Table 1. Details of the samples considered in this work.

18 Figure 1a indicates the impact of environment (adsorbates, oxygen) on a typical 2D\ material, along with
a sulphur vacancy (Vs, i.e., the defect with the lowest formation energy):’ A typical image of a ML
grown through O-CVD is indicated in Figure 1b, showing uniform optical contrast. Images of other
samples can be found in the Supplementary Information SI-L{Layer thickness is confirmed to be that

57 of a ML using RAW optical contrast** and PL.
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Figure 1. a) Schematic of monolayer (ML)-MoS; showing sulphur vacancies (Vs), oxygen on sulphur anti-sites
(Os), and adsorbates (oxygen adatomyOggyand hydrocarbons). b) Optical microscope image of ML-MoS,; flakes
synthesized using oxygen assisted ¢hemical vapor deposition (O-CVD). ¢) Comparison of room temperature
photoluminescence (RT-PL)»in ML-MoS; obtained using O-CVD and mechanical exfoliation (ME). d) PL

mapping of O-CVD ML-MoS;; demonstrating nearly homogenous luminescence.

Firstly, we measure the Plbof O-CVD (sample S4) and bare ME (S1) samples at room temperature (296
K, RT). Interestingly, we observe higher PL intensity for S4 in comparison with S1 (Figure 1¢), by 50-
300% (statistical ‘data on various O-CVD samples is provided in Supplementary Figure S-XIII). We
also note that there is a ~ 40 meV shift of the A-exciton peak for S4 (compared to S1), which can be
attributed to both synthesis-induced biaxial tensile strain, and defect-induced doping. To decouple the

effectof strain and doping, Raman spectroscopy was performed, and the results are discussed later. The
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observation of high PL is in contrast with usual expectations, wherein higher density of defects in CVD-
grown MoS; are anticipated due to the high temperature used during synthesis. The presence of defects
can induce in-gap states that can trap carriers (electrons or holes) and lead to non-radiative channels;?*-**
We also perform RT-PL mapping of S4 (Figure 1d), and observe uniform integrated PL intensity,
indicating lack of inhomogeneities (non-uniform strain or defects) on the sample. Thus at RT, we*can
conclude that O-CVD samples will generally yield higher PL intensities than ME samples. For

unoptimized growth, however, PL intensity may be reduced for O-CVD samples as well. We also note

that S1 is expected to have a sizeable density of native defects and is not apristine sample.
~

Higher PL intensity for O-CVD samples can be related to a combination of passivation of defects,
higher quality of synthesis and/or strain. We discuss these mechanisms in sequence. Defect sites are
active sites for physisorption of adsorbates (e.g., organic molecules, oxygen, water) which can passivate
the defects, however this modification is temporary.'® Onsthe other hand, since oxygen is isovalent to
sulphur, chemisorption of oxygen (during synthesis process) is expet:ted to passivate sulphur vacancies
without significantly modifying the crystal structureyand thus improve optoelectronic quality of the
sample.'®™"” Also, the increased biaxialytensile strain in CVD samples due to the high synthesis
temperature could induce a peak shift, and increase or decrease the PL intensity, depending upon the

type and amount of strain present.'%"2¢

To decouple the effect of defects; thisorption (and chemisorption), and strain on the optical properties
of 2D materials, it is important to measure spectral signatures of defects directly. At RT, the
luminescence due to defect bound excitons and adsorbates is unobservable, due to the thermalization of
defects. At low temperatures (4 K, LT), non-radiative mechanisms due to phonon and carrier scattering
are reduced, and'defect PL«¢an be observed as a broad low-energy peak (L-peak).”” We also note the
significant high-energy/peak of S1 (> 1.9 eV), compared to S3 and S4, indicating that spin-split B-

exciton is enhancéd in S1. This may relate to higher density of defects in S1.%
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Figure 2. Room temperature (RT) and low temperature (LT;4 K) PL spectra of samples a) S1 b) S2 ¢) S3 d) S4
e) S5. The red line indicates the RT spectra, while the blue line indicates the LT spectra in all samples. The
intensity values of RT data in samples S1-S3 are multiplied by 5 for better visibility. The red, blue, and black
dotted lines indicate the spectral positions of RT A-exciton, LT A-exciton and L-peak, respectively. The LT data

in (a and c) have been reproduced from Ref 4. The LT PL spectra of all samples were taken at 50 uW laser power.
N
For all samples at LT, we observe'the L-peak, along with the delocalized A-exciton (X) and trion (X)

peaks (Figure 2). Further, total PL intensity from the samples increases as the temperature is lowered,
due to reduced phonon “interactions (reduced scattering out of light cone) and non-radiative
recombination (earrier scattefing).”’ The blue-shift in peak position with temperature is due to increase
in bandgap, as observed for most semiconductors.’**** For all samples, the linewidth of A-exciton
reduces (with temperature due to reduced phonon-induced homogeneous broadening. Further, hBN
covering (S2)rand encapsulation (S3) also improves sample quality, as evidenced by narrower
linewidths (c.f. S1), but still not approaching the homogenous linewidth (~ 2 meV).*** Interestingly,

there is no evident shift of peak position and exciton peak intensity in S5 at LT, as compared to S4. This
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suggests that unlike the ME sample, the properties of O-CVD samples are stable, suggesting oxygen is
chemisorbed in the O-CVD samples. Moreover, the L-peak PL intensity becomes narrower in S5, which
could be due to reduced hydrocarbon contamination after covering. The linewidths and peak positions
for all samples are summarized in Table 2 (also see Supplementary Section XIV). Anomalously, at LT,
A-exciton PL is stronger in S1 compared to S4, whereas the reverse trend is observed for RT. Alsoe; A-
exciton peak in S4 is shifted by ~ 60 meV (compared to S1-S3). We will discuss this shift in'detail in

the later sections of the manuscript.

Sample | Peak position for A-exciton | Peak position FWHM (A=exciton)
(A-trion), meV for L-peak (meV)
S1 1948 (1916) 1797 50
S2 1945 (1912) 1818 20
S3 1939 (1904) 1766 15.6
S4 1891 1672 60
S5 1890 1679 62

Table 2. Extracted values of L-peak and A-peak from low temperature (LT) PL spectra of samples S1-S5.

The L-peak has previously been attributed to warious, mechanisms, including defect-bound excitons
(single and bi-sulphur vacancies),sadsorbates, andyvacancy charge-transfer excitonic complexes with
hydrocarbons.”* The L-peak in all samplesiis a broad peak, but is visibly asymmetric, and is most likely
comprised of two or more broad-speetral peaks. For samples S1-S3, the position of the L-peak is at 1.79
£ 0.03 eV, with the shifts discussed later in terms of modified defects. The low-energy tail of the L-
peak also exists in all samples, with varying intensity. The lower intensity of L-peak in S2 and S3,
compared to S1, is attributed to lower extent of vacancy-hydrocarbon complexes and charged O

adatoms in S2 and S3, as discussed later.

The O-CVD samples«(S4 and S5) are drastically different compared to S1-S3. Firstly, there is a large
shift in the, L-peak position in S4 and S5 by ~ 130 meV (compared to S1-S3) at LT. The L-peak was
observed to be slightly narrower for S4, compared to S1. The drastic shift in L-peak position is attributed
to two effects. First is the lack of higher-energy defects due to passivation by oxygen chemisorption.

The second is the tensile strain present in CVD samples due to high temperature growth. It is important



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - 2DM-109169.R1

to note that strain alone may not shift the L-peak, as seen for the smaller shift of ~ 60 meV for A-exciton
between S1 and S4. Thus, both strain and defects are relevant. Even though both S1 and S4 have finite
density of defects, the nature of defects can be different. In the next part of the manuscript, we

understand the combined effect of strain, defects, and synthesis conditions on the optical properties of

ML MoS..
Formation energy (eV)
Defect .

Our work Literature values

~
Mo rich S rich Mo rich S rich
Vs 1.53 2.90 14567 2.93%7
VMo 7.52 4.77 7.27%7 4.79%7
Vsis 3.02 5.76 2.38" 5.15"
VMo+S+S+S 6.06 7.43 6.297 7.93%7
Og -2.80 -1.40 27112 -1.88%
Oad -0.65 -0.65 -0.81% -0.81%8

Og + O -3.43 -2.03 - -

N
O.d (=-2) -1.6340 1.82 | -1.63 to 1.82 - -
O.d (g=1+2) .-1.981t01.46 | -1.98 to 1.46 - -

Table 3. Comparison of calculated formation energy with reported values of different defects in monolayer
MoS; in Mo-rich and S-rich conditions at 0 K. For the charged O.q defects, the range of values reported
represent the range of formation energies as the Fermi energy varies from the valence band edge to the
conduction band edge. q= -2/ q=+2 refers to the charged states of oxygen adatom defect. So, O. (q=-2)
represents‘an oxygen adatom defect that is in a -2 charge state, i.e., two extra electrons associated with the
defect compared to a neutral oxygen adatom defect (that has a total of 6 valence electrons). So, in effect, Oaq

(q=42) represents an O that has adsorbed as an adatom, instead of a neutral O.
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31 Figure 3. Calculated electronic density of states for a) pristine monolayer (ML)-MoS,, and ML-MoS, with b) V5,
33 ¢) Os and d) O.4 (q = -2). Bandgap magnitudes (black arrows) are indicated, along with defect levels (blue arrows)

35 for Vs and Oa.a (q = -2).

To understand the nature of defects contributing to the broad L-peak, electronic density of states (DOS)
40 calculations were carried out, as shown in Figure 3 and Supplementary Figure S-VI. In all the DOS
42 plots, the red, green, and orange lines\indicate the Mo-d, S-p and O-p state respectively. The dotted blue
44 vertical lines mark the band edges;.and the band gap magnitudes are denoted by the text within the
46 panels. Note that Oag@nd Og represent an oxygen atom adsorbed on top of a S atom and an O anti-site
48 formed in a vacant S site, respectively. We have also compiled the formation energies of several defects
50 in Table 3, and compareéd our calculated values with available literature values. We also predict the
52 formation energies of Os + O.q and O.4 (q = +2, -2), for which literature values were not found.
Theoretical ‘calculations, including the determination of defect formation energies for intrinsic and
extrinsic defects, are used to identify the most stable point defects in monolayer MoS, since 2D

materials are much more prone to point defects. Identification of stable point defects as well as the
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position of defect state within the bandgap (from the density of states calculations), gives an idea about

the origin of L-peak that is generally observed in the emission spectra of monolayer MoS,.

The calculated bandgap of pristine ML-MoS; is 1.72 eV, as shown in Figure 3a, which is censistent
with previous calculations.’” The DOS of Vs confirms the presence of in-gap defect states (1.16 eV
from the valence band edge in Figure 3b). This defect state can be passivated by Os (Figure 3c), as well
as Os + O.a (Supplementary Figure S-VI b) wherein the O, molecule dissociates at\a S vacancy (see
Supplementary Figure S-II d; ‘top’ superscript indicates the location of the adsorbed Q), in agreement
with Ref '®. Neutral O.q in ML-MoS, does not show any defect states within the band‘gap, however its
charged counterparts, q =+2 and —2, which are also stable within the MoS; bandgap (see Supplementary
Figure S-VI d and Figure 3d), show the presence of shallow defect states. The defect states in Vs and

charged (q = -2 and +2) O,q are dominated by the Mo d-states.

To understand the differences in PL (energy position and intensity)k)etween ME samples and biaxially
strained O-CVD samples, band structure calculations at varying biaxial tensile strains were performed.
Such calculations provide insights on the impact of electronic structure due to the combined effects of
strain and defects, which is difficult to quantifyzexperimentally. The combined effect of biaxial strain
and defects is illustrated using band structure plots,in Figure 4, to visualize deviations from the direct
band gap nature of the pristine unstrained structure. The change in band gap and defect energy levels in
pristine MoS, as well as defect-cont{ining MoS; with Vs, and Oaq (q=-2) (i.e., those defects that have
low formation energy and exhibitan in-gap defect state) at 0.5% and 1% strain conditions are included
in Figure 4a. The band structures of MoS; with a few other defects and applied strain are compiled in
Supplementary Figure S-VIL The dotted black lines in each plot represents the band edges. The DOS
of structures deformed bysbiaxial strain, which are consistent with our band structure calculations, are
compiled in Supplementary Figure S-VIII. We find that the unstrained pristine ML-MoS; possesses a
direct bandgap of 1.72 eV at the K point, in agreement with previous studies.” In the case of pristine
structure deformed by biaxial tensile strain of 0.5%, the bandgap is no longer direct (1.61 eV), as the

valence.band maximum (VBM) is now at the I" point (K-K direct gap at 1.70 eV). Similarly, for the 1%
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strained structure, the valence band maximum does not lie at the K point, with a decrease in band gap

to 1.49 eV (K-K direct gap at 1.66 eV).

In the band structure plots of Vs, two closely degenerate in-gap states (at 1.17 eV from the VBM) are
found, with the VBM at I point, which is in line with Ref?’. With increasing strain of 0.5%and 1%, the
location of the defect state decreases to 1.11 eV and 1.05 eV from the VBM, respectivelyaSecondly for
the case of Vs, the gap also becomes indirect with increasing strain. We find that with the Os in the
unstrained case, the direct band gap of ML MoS; is not preserved, and with increasing strain %, the
band gap of Os decreases (Supplementary Figure S-VII). Further, in the ginstrained'neutral Oaq case, a
direct band gap of 1.74 eV (similar to that of the pristine structure) is‘found (Supplementary Figure S-
VII), which decreases and becomes indirect with strain. On the other hand, the negatively charged (q =
-2) O, (Figure 4a) shows an in-gap defect state near the CBM, which gets closer to the CBM with
increasing strain percentage. For the negatively chargedOjgs; the band gap remains direct, in contrast

4
with other defects.

A consolidated bar chart showing the changes in band gap.and defect states for each system is displayed
in Figure 4b. In the histogram, we indicate the'direct band gap magnitudes, since PL probes the direct
transitions and ensuing luminescence. We also indicate the indirect band gap (using dotted lines) for
completion. The decrease in directsband gap between the unstrained and 0.5% strained pristine ML-
MoS; is ~ 20 meV, and that betweeq the unstrained and 1% strained pristine ML MoS, is ~ 60 meV.
In the case of Os, the bandgap reduces to 1.46 eV and 1.34 eV at 0.5% and 1% strain respectively. For
the neutral Ogq, the band gap.reduces to 1.62 eV and 1.50 eV at 0.5% and 1% strain respectively. For
charged Oaq (q=-2), the bandgap reduces to 1.56 eV and 1.54 eV for 0% and 0.5% strain respectively,

and remains the'same for 1% strain.

For defectdevels, optical transitions do not have to be vertical in energy-momentum space, and thus we
plot defect.energy separation from the VBM (or CBM). The difference in energy of Vs defect state with
respect to the VBM is 50 meV and 120 meV for the 0.5% and 1% strain, respectively, in comparison to
the unstrained Vs defect. We suggest that the changes in the band gap and the defect states within the

gap contribute to the shifts observed in the exciton peaks in our measured PL.
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Figure 4. a) Band structures for Pristine ML-MoS,, with Vs and Oaq(q = -2), under 0%, 0.5%, and 1% applied
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biaxial tensile strain. Black arrows indicate optically relevant direct bandgap transitions (K-K) and red arrows
indicate defect-induced in-gap transitions. b) Bar chart representing the variation of bandgap and the positions of
defect-induced in-gap states with different defects and applied strain. For bandgaps, solid horizontal lines indicate

direct bandgap (K-K9 and dotted lines indicate indirect bandgap (K- I') transitions.

Let us now focusfon understanding the origin of L-peak, given insights from our DFT calculations.
Excitation laser power induced saturation of PL intensity can be observed if luminescence is contributed
by defect-bound excitons, while the free (delocalized) excitonic peak intensity will increase linearly

withrpower. Thus, PL was performed as a function of excitation laser power. In Figure 5a, 5b, we show
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data for S1 and S4 respectively (see Supplementary Section VII for all samples). We observed that the
A-exciton PL intensity scales nearly linearly with power for all samples. On the other hand, L-peak
shows saturation with power. Specifically, log of integrated intensity v/s log of laser power shows sub-
linear (slope < 1) dependence for L-peak, confirming our assignment to defect peak (see inset of Figure
5a, b). For different samples, the slope varies, as summarized in Table 4. Further, the L-peak saturates
fastest for S3, indicating low defect densities, since the peak saturation depends on available states for
radiative recombination. Interestingly, L-peak saturates faster for S4, c.f. S1. The increaseiin RT PL of
S4 and S5 c.f. S1, and the faster saturation of L-peak in LT PL, indicatesthat S4 and S5 have lower
~
density of defects compared to S1. S1 does not show saturation at the laser powers used in the study
due to higher defect density, and thus availability of more states for PL emission. The defect PL for S1

may saturate at even higher powers, but we have not accessed.those range-of powers due to possibility

of sample damage. Changes in the peak behaviors indicate that defect density and effect of adsorbates

vary with the sample preparation techniques. y
Sample Label L-peak coefficient | A-peak coefficient
S1 0.84 1.08
S2 0.94 0.93
S3 0.83 0.99
S4 0.78 0.9
N
S5 0.74 1.09

Table 4. Coefficients of L-peak and A peak from log-log plot of integrated intensity v/s excitation power for

different samples.
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Figure 5. Power dependent PL spectrasof.a) S1 and b) S4 at 4K. The PL spectra is normalized with power to
illustrate saturation behavior of L-peak. Inset shows log-log plot of intensity v/s excitation power, power
coefficients are also mentioned. Surface plots showing evolution of PL spectra with temperature for ¢) S1 and d)

S4. The L-peak emerges below 150 K.

Temperature dependent PLL'spectroscopy shows that L-peak is observable below 150 K for both S1 and
S4 (Figure 5 ¢, d). For/L-peak, increasing PL intensity with decreasing temperature is indicative of
defect potential-trapped bound excitons (Figure 5c, d). With decreasing temperatures, an increase of A-
exciton PL intensity is observed for all ME samples (Figure 5c, and Supplementary Figure S-X a, b).
Remarkably, an anomalous decrease in A-exciton PL intensity is observed for S4 and S5 (Figure 5d,

and Suipplementary Figure S-X c), attributed to only defects in earlier work.*” From our band structure
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calculations, we observed that strain can change the nature of bandgap, transitioning from direct to

slightly indirect (Figure 4). Shift of the valence band maximum towards the I' point with increasing

oNOYTULT D WN =

strain, and the possibility of MoS> ML to become indirect (for strain > 1%), has been previously
10 reported.*’ Further, defects can also cause a change in bandgap (Figure 4). The decrease in the A-
12 exciton PL in S4 and S5 with decreasing temperature is thus attributed to slightly indirect naturé of

14 strained samples, and with contributions from defects.
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Figure 6. a) Comparison of Raman spectra for samples S1-S5. The Raman intensity values of all samples are
background subtracted, and then normalized to their respective A, peak intensity. Raman data without

normalization can be found in Supplementary Figure S-XI. The dotted lines indicate the peaks for S1. b) Peak
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positions of A;" and E’ vibrational modes in Raman spectra of samples S1-S5 c) Difference between A; and E’

peaks in Raman spectra of samples S1-S5.

To further decouple strain, doping and defect density in the samples, we performed Raman spectroscopy
(at RT). As seen in Figure 6a, in-plane E peak is increasingly blue shifted for samples from S1 to S5,
indicative of increasing strain in the sample for different processing conditions. Interéstingly, out-of-
plane A’ peak shifts progressively with hBN covering and hBN encapsulation in S2and S3 respectively,
which originates from modified vdW interaction and screening, as well as reduced doping from
substrate and environment.”*> We emphasize again that S3 is a nearly pristine sar@le (low doping and
defects), and may be considered as a good reference for comparison. On the other hand, A;’ peak of S4
and S5 remains nearly same as S1, thus ruling out the presence of increased doping in the CVD sample
(c.f. ME). The large shift in E for S4 and S5 (c.f. S1) is attributedito théfmal strain developed in the
sample during high temperature growth. Considering the peak shift between S1 and S4 to be ~ 2 cm™,

114344 the strain is estimated

and the strain induced E'peak shift ~ 4.2 cm™ per 1 % biaxial/strain (lglaxial)
to be ~ 0.5%, which is large. Further, a shoulder peak is observed for all samples around 379 cm™,
which is referred to as LO peak (ref), and is indicative of density of defects.*> The peak difference
between E and A;’ increases from S1-S5, andwas discussed, is indicative of strain and changes in the
substrate-sample interaction. Samples synthesized without oxygen flow (using both two-zone and three-
zone CVD) were also analysed to/confirm theyorigin of strain in the sample (Fig S-IX). We observed
for these samples that the E' peak app\ears at the same position as S4, indicating similar amount of strain
in all the CVD samplesy This further confirms that the strain is primarily due to high temperature used

for synthesis. Thus, the'medifications to properties and quality of sample due to synthesis procedure

and post-processing can be clearly understood.

We then perform XPS on samples S1 and S4 to measure the difference in nature of oxygen bonding.
We confirm the presence of chemisorbed oxygen in O-CVD sample by measuring high percentage of

Mo(V13d32)-Osbonds in S4 (see Supplementary Section XI for fitted XPS spectra and analysis).

The differences in the optical signatures of the L-peak in different samples suggest different

combinations of defects and strain in the samples. With combined knowledge from DFT band structure
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calculations and LT PL spectra, we attribute the L-peak in S1 to a combination of Vs, Oaq (q=*2) and
hydrocarbon complexes. Reduction in the L-peak intensity after hBN covering and encapsulation is
attributed to reduction of charged O adatoms and hydrocarbon complexes (due to transfer procedure
and hBN covering). Thus, in S2 and S3, the L-peak would be primarily contributed by Vs with minor
contributions from hydrocarbon complexes and charged O adatoms. Further, the nature,of defeetsiin'O-
CVD samples is very different from ME samples. For example, the formation energy of Onadatom
becomes positive at 1023 K (i.e. growth temperature), as shown in supplementary Figure S-IV.
Interestingly Os, which does not contribute in-gap states, has a lower formation energy at 1023 K
~
compared to charged O adatoms. Thus, the L-peak in O-CVD samples originates from non-passivated
Vs and hydrocarbon complexes. This is consistent with further reduction in linewidth of L-peak upon
hBN covering (see Supplementary Figure S-XIV). The role ofcharged complexes is also supported by

gate-dependent measurements performed earlier by Chen ‘et al.® The nature of defects and effect on

optical properties are summarized via a schematic in Supplementary Figure S-XV.

We speculate that hBN encapsulation of O-CVD sample will lead to blue shift in A-exciton peak,
reduction of L-peak, and shift from indireet.to direct bandgap due to release of strain. This is expected
to lead to an increase in A-peak intensity with decrease in temperature. We may also observe splitting
of trion and exciton peaks due to reductien of inhomogeneous broadening. In Raman spectroscopy, we

may observe similar spectra for hBN-encapsulated ME and O-CVD samples.
A S

Conclusion:

In conclusion, we make.several key advances including identifying the physical origin of L-peaks in
each sample, uncovering beneficial impact of encapsulation, and identifying charged oxygen adatoms
as relevant defects./We uncover the physical origins of L-peak by measuring a comprehensive set of
samples designed to.découple oxygen, defects, strain, and dielectric environment. We calculated the
stabilities of different defects, effect of defects and strain on bandgap of the material, as well as the
DOS in the presence of different defects. Specifically, theoretical calculations aid in understanding the
propensity of formation of both intrinsic and extrinsic defects within our 2D material. DFT calculations

of defect formation energies and band-structure are performed to understand the nature of defects (and
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strain) and effect on optical properties. Anomalously high A-exciton PL of O-CVD samples (c.f. ME)
at RT, but reduced PL at LT, is attributed to low density of defects and indirect gap transition due to
synthesis-induced strain. Drastic redshift of ~ 130 meV for L-peak in O-CVD samples (c.f.“ME).is
attributed to a combination of tensile strain and absence of charged oxygen adatoms. Comparing
bandgap values obtained through DFT with the peak shifts observed in PL, we find that [.-peak inME
samples originates from a combination of sulphur vacancies, charged oxygen adatoms and hydrecarbon
complexes. For O-CVD samples, L-peak originates only from non-passivated sulphur vacancies and
hydrocarbon complexes. The conclusions are well supported by Raman measurements, power-
~
dependent PL, and temperature-dependent PL. Presence of chemisorbed oxygen in O-CVD samples is
confirmed by XPS. Importantly, the role of hBN encapsulation in improving optical quality is clarified,

and attributed to reduction in charged oxygen adatoms and hydrocarbon complexes. This helpful effect

of encapsulation holds for both ME and O-CVD samples.

We propose O-CVD samples as high-quality materials for next generation optoelectronics, following

from the high RT A-exciton PL and environmental robustness, which are attributed to effective oxygen
chemisorption. Finally, we emphasize thatstrain, oxygen, and defects should be considered together for
their effect on optoelectronic properties. Thus, careful control and choice of synthesis and post-
processing conditions is the key in, obtaining materials with desired optical properties for

optoelectronics and electronics.
N

Methods:

Sample preparation: ML MoS, sample.

Oxygen assisted.¢hemical vapor deposition (O-CVD)

O-CVD was done using sulphur and MoOj3 powder precursors kept in the first and second heating zones
of @ three-zone furnace at 200°C and 530°C respectively. 285 nm prime SiO»/Si substrate was kept
vertically'in the third zone at 750°C to ensure uniform precursor concentration along the substrate. The

tube was ramped up to the respective temperatures in 30 minutes and maintained for 20 minutes for
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growth. The sulphur boat was kept outside the first zone during heating and later pushed in using
magnets right after the temperatures were attained. 100 sccm N, was used as carrier gas with 2 sccm of
oxygen to prevent sulphurization of MoQOs in the precursor boat. Oxygen flow was stopped 5 minutes
after the set temperatures were reached to prevent etching of the as-grown sample and excessive doping,
The furnace was opened after 20 minutes of growth and cooled to room temperature in.the presence of

200 sccm No.

Mechanical Exfoliation and heterostructure preparation

MoS; (2D semiconductors) and hBN flakes (NIMS, Japan) were ptepared @ micro-mechanical
exfoliation of respective bulk crystals using scotch tape method. Monolayers of MoS; were identified
using optical contrast method. We used PDMS-PPC based transfer method to prepare hBN covered and
hBN encapsulated ML MoS, samples.* After the heterostructure is prepared, the sample was annealed
in Nitrogen atmosphere in glovebox for 3 hours at 250°C to reduce .organic contaminants and improve
the heterostructure interface. hBN covered CVDisamples were prepared by all dry viscoelastic stamping
method.*® hBN flakes are exfoliated onto PDMS, sheet and transferred onto CVD flakes at room
temperature. The heterostructure was ‘annealeédsat 150°C for 10 minutes in glovebox to improve

coupling between layers and reduce organic contaminants.

DFT calculations

The electronic ground states,of pristine ML-MoS, and its defective configurations were calculated with

DFT, as implemented in the, Vienna ab initio simulation package (VASP)"73

and employing the
projector-augmented-wave (PAW)* potentials for describing the core electrons. We expanded the
plane-wave basis/et up,/to a kinetic energy cut-off of 520 eV and utilized the strongly constrained and
appropriately nortied (SCAN)*™" functional to describe the electronic exchange and correlation (XC).
Wesampled the irreducible Brillouin zone on a well converged I' -centered k-point mesh with a density

of 48 k=points per A (e.g., a4 A lattice parameter will be sampled using 12 k-points in the corresponding

reciprocal space direction) and integrated the Fermi surface with Gaussian smearing with a width of
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0.05 eV. For both pristine and defective ML configurations, we allowed only the ionic positions to relax
till the total energies and atomic forces converged below 10° eV and [0.01| eV/A. We useda 4 x4 x 1
supercell for all defect calculations upon verifying the convergence of DFT defect formation energies
(within ~0.1 eV) for the neutral sulphur vacancy (Vs) defect (Supplementary Figure S-II1). The distance
between two periodic images in the out-of-plane direction is 21 A, for both the pristine unit cgli-and

defective supercell MoS; configurations.

We used the inorganic crystal structure database™ to obtain the initial configufation of Mo and S atoms
in pristine ML-MoS,. The strained structures for pristine ML-MoS; and defective-ones were generated
from their corresponding unrelaxed structures. We applied biaxial strains (i.e., along the a-b plane),
with magnitudes of 0.5% and 1% compared to the original lattice parameters, using the pymatgen

package.”*** Note, only the ionic positions were relaxed for all the strained structures.

For calculating the electronic density of states (DOS), we perforrned.a single self-consistent-field (SCF)
calculation, on the relaxed lattice geometry, forthe cases of pristine, strained, and defective ML-MoS,,
with a k-mesh density of 144 k-points per A (i.e., 3 X the density used in structure relaxations). Note
that we used the tetrahedron smearing Schemé>wfor calculating all electronic DOS. To calculate the
dielectric constant of pristine ML-MoS, with the SCAN functional, we introduced small symmetrically-
distinct perturbations of 0.015 A torthe SCAN-relaxed atomic positions using the finite displacement
method to capture the ionic relaxation contributions to the dielectric tensor. Also, we calculated the ion-
clamped static dielectric tensor via the self-consistent response to a finite electric field, equivalent to a
magnitude of 0.01 eV/A, inall three directions. The electronic band structures in pristine and defective
ML-MoS; were cal¢ulated with SCAN along the well-known -M—K— path in the reciprocal space.**
Note that we uséd the Latimér Munro scheme™ to generate a list of high symmetry k-points for the band
53,54

structure calculation, from which the I', M and K points were selected. We used the pymatgen

package for pre- and post-processing our DFT calculations.

The formation energy for any defect is given by,

f
Edefect = Egefect — Epristine - 2 n; Wi + qEg + Ecorr

1
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where Egefect and Epristine are the total SCAN-calculated energies of defective and pristine ML-MoS,
respectively. n; is the number of atoms of species being added (> 0) or removed (< 0), while
represents the corresponding chemical potential. Er and E,, are the Fermi energy of pristine ML-
MoS; and the electrostatic correction, respectively, which are appropriate for defects with non-zero
charge. As ML-MoS; is anisotropic, we used the scheme proposed by Kumagainand Oba,*’ as
implemented in the python charged defect toolkit (PyCDT) to account for Eqof:™. A representative

calculation of E.q term, for the case of charged Vs, is given in the Supplementary SectionIV.
Raman and PL measurements =

Raman measurements were carried out in a HORIBA LabRamHR Ramaniset up using 532 nm laser,
1800 grating lines/mm and 100x objective. The laser power used.for Raman measurements was < 100
UW. Room temperature PL. mapping was done using Witec Adpha 300 system using 532 nm laser, 100x
objective and 600 grating lines/mm. All other PL measurements,were done using a customized set up
consisting of Montana cryo-system, Andor spectrometer (300 grating lines/mm) and silicon CCD with

482 nm excitation laser, 50X objective and laser power <»100 uW.
XPS measurements

XPS measurements were carried outusing Thermofisher K-a with a 1.4 keV X-ray source,120 um

probe and 50eV pass energy. The an{llysis was done using CASA software.
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