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Abstract

®
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Due to their unique properties, two-dimensional transition metal dichalcogenides (2D TMDCs)
are considered for diverse applications in microelectronics, sensing, catalysis, to name a few. A
common challenge in 2D TMDC research is the film’s inherent instability i.e. spontaneous
oxidation upon ambient exposure. The present study systematically explores the effect aging on
the film composition and photoluminescent properties of monolayer WS,, synthetically grown
by metal-organic chemical vapor deposition. The aging rate is investigated for different oxygen-
(i.e. O, gas concentration and humidity) and light-controlled environments. Simple mitigation
strategies that do not involve capping the 2D TMDC layer are discussed, and their effectiveness
demonstrated by benchmarking the evolution in photoluminescence response against ambient
exposed monolayer WS,. These results highlight the need to store 2D TMDCs in controlled
environments to preserve the film quality and how future studies can account for the aging effect.

Supplementary material for this article is available online

Keywords: two dimensional materials, transition metal dichalcogenides, tungsten disulfide,

aging

1. Introduction

Two-dimensional transition metal dichalcogenides (2D
TMDCs), typically illustrated as MX, (M = W, Mo, ... &
X =8, Se, ...), have been the focus of substantial research
work owing to their interesting properties and broad range
of applications e.g. microelectronics [1, 2] and catalysis [3,
4]. A common challenge in 2D TMDC research is the film’s

* Author to whom any correspondence should be addressed.
Original content from this work may be used under the terms
5Y of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

inherent instability i.e. spontaneous oxidation upon ambient
exposure. Spontaneous ambient oxidation or ‘aging’ is known
to be a photo-induced process [5], which requires both an oxy-
gen source (e.g. O, gas, moisture) and light. Kotsakidis et al
[5] reported that the oxidation of monolayer WS, only occurs
when the absorbed light has a wavelength that exceeds the
threshold energy for electronic excitation, demonstrating the
photo-induced nature of aging process. Chang et al [6] pro-
posed an oxidation mechanism that initiates after monolayer
WS, absorbs a photon that induces an excitation event, gen-
erating an electron—hole pair. The excited electrons residing
in the WS conduction band (—5.6 €V vs vacuum level) trans-
fer and reduce physisorbed O, gas, forming a superoxide
0,7 (0,/60,~ reduction potential energy: —4.1 eV vs.
vacuum). The generated oxygen radicals bind to tungsten

© 2024 The Author(s). Published by IOP Publishing Ltd
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atoms in sulfur vacancies, grain boundaries or at the edge of
the film. Edge oxidation as onset of aging has been repor-
ted both theoretically [7] and experimentally [5, 8]. Basal
plane oxidation, although thermodynamically favorable, suf-
fers from a large kinetic barrier [9—11]. The kinetic barrier for
O, dissociative adsorption is also chalcogen dependent, where
faster oxidation kinetics were observed for Te > Se > S
[12]. Liu et al [13] explained the chalcogen effect on the
basis of decreasing chalcogen electronegativity, resulting in a
more efficient electron transfer to the adsorbed O, molecule.
Mitigation of 2D TMDC aging is critical to preserve film
quality and prevent aging interfering as background effect.

Many 2D TMDC-focused studies rely on steady-state pho-
toluminescence (PL) spectroscopy because of its versatility in
detecting defects, doping densities, strain, etc with exceptional
sensitivity [14]. 2D TMDC aging has been associated with a
diminishing PL response [15, 16]. In contrast, other studies
focusing on oxygen doping [15] or defect passivation using an
oxygen plasma [17] reported an enhancement in PL emission.
This raises the question of how oxygen incorporation through
aging precisely affects the PL properties of the 2D TMDC film.

In this study, the effect aging on metal-organic chemical
vapor deposited (MOCVD) monolayer WS, is systematically
evaluated by monitoring the evolution in PL response and film
composition. The aging rate is studied under different light-
and oxygen-controlled conditions, including humidity and O,
gas concentration. Simple protocols to mitigate aging are dis-
cussed and their effectiveness demonstrated by benchmarking
the evolution in PL response against ambient exposed mono-
layer WS,. These results highlight the importance of a con-
trolled storage environment to preserve 2D TMDC quality and
how future studies can account for the aging effect.

2. Results and discussion

2.1 Aging of MOCVD grown WS,

An extremely surface sensitive technique is imperative to mon-
itor the gradual sulfur by oxygen substitution in a 2D TMDC
monolayer. Low energy ion scattering (LEIS) is a surface ana-
Iytical technique that uses low energy ions in the keV range.
The low energy ions do not penetrate the sample, but inter-
act i.e. scatter off the outermost atomic layer. Hence, LEIS
provides a highly quantitative analysis with extreme surface
sensitivity [18]. Figure 1 shows the change in surface compos-
ition over 2.5 months, during which the WS, film is exposed
to ambient atmosphere and daylight (ambient-1, methods).
The backscattered ion yields indicate three different elements
that remain constant, increase, and decrease over time. These
backscattered ion yields are assigned to tungsten, oxygen,
and sulfur, respectively, given the nature of the aging process
i.e. gradual replacement of sulfur by oxygen atoms that bind
to the tungsten transition metal. However, the backscattered
tungsten ion yield shows the highest intensity, even at the start
of the experiment, although the incident ion’s field of view
comprises of a one-to-one W/S ratio, as illustrated in figure 1.

The higher backscattered ion yield is explained by tungsten’s
larger atomic mass, which results in a higher scattering energy,
greater differential scattering cross section, and thus a larger
backscattered ion yield [19, 20]. The same rationale explains
why at the end of the experiment, when all sulfur is substituted
by oxygen, the final oxygen ion yield is lower compared to the
starting sulfur ion yield.

2.2. Effect of WS, aging on photoluminescent properties

Aging affects the WS, film composition and properties [21].
Monolayer WS, has an exceptional PL response, owing to
the indirect—direct bandgap transition going from multi- to
mono-layer thickness, yielding promising applications such
as photodetector, flexible nanoelectronics, light emitter, to
name a few. While some studies report oxygen incorpora-
tion enhances PL emission [15, 17], others claim it degrades
its PL properties [16]. A 300 mm wafer of monolayer WS,
grown via MOCVD on 90 nm SiO is cut into coupons and left
in a controlled lab environment while continuously exposed
to light (ambient-2, methods). The effect of aging is eval-
uated by sporadically measuring three spectra on a coupon
for statistics, which is trashed afterwards. Each data point
corresponds to a new coupon to avoid cross-measurement
artifacts [22, 23].

Figures 2(a)—(c) shows the evolution in overall PL intens-
ity and peak position after ambient-2 exposure. Two regimes
are defined based on the linearity analysis provided in the
supporting information (Supplementary figure 1). In the first
regime, after 1 d of ambient-2 exposure, the intensity rap-
idly increases threefold and the peak redshifts 12 + 2.7 meV.
A peak shift is typically explained in one of two ways: (1)
film straining or changing dielectric environment, which both
modify the WS, band structure and shift the exciton and
trion emissions [24]. (2) Charge-related modulation i.e. dop-
ing, which does not induce a shift in the exciton and trion
emissions but changes the exciton and trion spectral weights
[25]. Hence, exciton and trion emissions are extracted (meth-
ods) and their spectral weights and peak positions are reported
in figure 2(b)—(d), respectively, to identify the origin of the
shift in overall peak position. Figure 2(b) shows a decrease/in-
crease in exciton/trion spectral weight over 1 d. Some example
spectra with exciton and trion extractions are provided in the
supporting information (Supplementary figure 2). In addition,
figure 2(d) shows a redshift in in exciton and trion peak posi-
tions over 1 d. In the second regime, after 4-16 d of ambient-
2 exposure, the WS, film exhibits maximum PL intensity
which diminishes over 12 d. The overall peak position no
longer shifts significantly, as shown in figure 2(c). This is also
reflected in the exciton and trion spectral weights, which are
scattered around 70%—-60%/30%—-40%, respectively. In addi-
tion, figure 2(d) reveals a small redshift in trion peak position
in the range of 10 meV, while no significant shift is noted in
exciton peak position.

In the first regime, the enhanced PL emission, trion to
exciton weight increase and peaks’ redshifts are very much
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Figure 1. Aging of MOCVD grown monolayer WS, upon ambient exposure. Low energy ion scattering measurements of ambient-1
exposed monolayer WS, showing the substitution of sulfur by oxygen over time, while the tungsten backscattered ion yield remains
constant. Schematic depiction of monolayer WS illustrating the field of view for incident ions consists of tungsten atoms in between

adjacent sulfur atoms, partially substituted by oxygen due to aging.
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Figure 2. Effect of aging on the photoluminescent properties of monolayer WS,. Evolution in (a) overall PL intensity and (b) exciton &
trion peak contributions (c) overall PL peak position (d) exciton & trion peak positions.
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line with the results of Zhang et al [23]. In their work,
monolayer WS, was illuminated with a 532 nm laser in a
40% relative humidity environment, similar to the ambient-
2 conditions in this work (supplementary figure 4). They
experimentally demonstrated that these three changes in PL
response originated from the interplay between physisorbed
water, O, gaseous species and sulfur vacancies. Together
with the learnings from other studies, a more comprehens-
ive explanation is provided: Directly after growth, WS, films
grown via MOCVD are known to contain some growth-related
defects like grain boundaries and sulfur vacancies [26, 27].
Sulfur vacancies are most stable intrinsic defect [28-31] and
induce defect generated subgap states (DGSS) that enable non-
radiative recombination of excited carriers [15, 32-34]. These
growth-related defects have a lower oxygen gas adsorption
barrier compared to the basal plane [8, 10] and will oxidize
first, removing their DGSS and thus enhancing the PL emis-
sion as shown in figure 2(a). Sulfur vacancy oxidation can
also be responsible for the decrease/increase in exciton/trion
spectral weight noted in figure 2(b), because of its effect on
the prerequisites for trion formation i.e. (1) free charge car-
riers and (2) exciton availability. (1) DGSS act as reservoirs
that take up free charge carries, thereby locally trapping the
latter and reducing its density in the rest of the WS, film
[35]. Moreover, at low electron density, the time scale for
trion formation is much longer than the exciton lifetime [36],
explaining the predominant exciton over trion weight, ini-
tially. (2) DGSS not only allow for nonradiative recombina-
tion, but also give rise to long-lived, immobile trapped excitons
or charges which themselves act as nonradiative recombina-
tion centers for freely diffusing excitons, similar to a defect-
mediated Auger recombination process [37]. Defect oxidation
thus allows for better trion formation conditions by removing
the DGSS and their effects. Finally, the PL redshift observed
in figure 2(c) and (d) are attributed to the changing dielectric
environment, resulting from phyisorbed O, and water vapor
[23] and water intercalation [38]. It is widely known that the
dielectric properties of the surrounding environment heavily
influence the many-body effects that govern the PL charac-
teristics of TMDC films, influencing electron—electron and
electron—hole Coulomb interactions [25, 39]. This so-called
dielectric screening effect affects both exciton and trion bind-
ing energies and the quasiparticle bandgap [40]. Intercalated
water is known for its efficient dielectric screening, even
though its dielectric constant is significantly smaller compared
to bulk water due to the lower rotational freedom of water
dipoles near surfaces [38, 41, 42]. Zhang et al unequivocally
correlated PL redshifts with the presence of intercalated water
[43]. Additionally, it has been demonstrated that physisorbed
water and O, gaseous species induce PL peak shifts, which
was also attributed to the changing dielectric constant near the
WS, surface [23].

In the second regime, the PL maximum suggests most
growth defects have been oxidized, from which the oxida-
tion process proceeds further into the film [5, 9]. The slower
rate at which the PL evolves suggests a different part of the

film gets oxidized i.e. the basal plane which is known to
have a larger kinetic barrier for O, gas adsorption and dis-
sociation compared to grain boundaries or sulfur vacancies
[10, 11]. Note the shorter time scale at which aging takes
place compared to figure 1 likely results from the different
types of ambient exposure, as explained in more detail in
the methods section. The subsequent PL. degradation indic-
ates that, at a certain point, the increasing oxygen content in
the film causes significant compositional changes that neg-
atively impact PL emission. These significant compositional
changes are also demonstrated by Rutherford backscattering
spectroscopy (RBS) measurements, provided in the support-
ing information (Supplementary figure 3). The RBS measure-
ments show a constant tungsten density, while the sulfur dens-
ity initially decreases significantly but diminishes after 1 week.
In addition, these significant compositional changes i.e. strong
increase in oxygen film concentration also explains the overall
larger exciton to trion spectral weight reported in figure 2(b).
This is because, while physisorbed O, on the basal plane does
not induce charge transfer [34], chemisorbed oxygen is known
to lower the free carrier density in monolayer WS,, which pro-
motes exciton over trion formation [15, 44]. The small scatter-
ing in exciton and trion spectral weights is attributed to small
variations in material quality, which is to be expected given the
large-scale film growth (methods). Finally, the increasing oxy-
gen concentration may also explain the additional PL i.e. trion
redshift shown in figure 2(c) and (d), since the larger elec-
tronegativity of oxygen compared to sulfur changes the mech-
anical properties [45] and may cause some strain build-up in
the WS, film.

2.3. Mitigation WS, aging via controlled storage
environments

Aging mitigation is imperative since it significantly affects
the WS, film composition and sought-after PL properties.
Strategies to prevent aging typically involve encapsulation
e.g. with h-BN [46] or organic layers like pyrene or graphene
[47, 48]. However, capping layers complicate subsequent pro-
cess steps, alter the TMDC layer’s properties and may damage
the latter upon removal [6]. An alternative strategy is there-
fore highly desirable. A 300 mm wafer of monolayer WS,
grown via MOCVD on 90 nm SiO; (methods) is cut into
coupons that are stored in various controlled environments.
The controlled environments attempt to mitigate aging by lim-
iting either of the essential elements for photo-induced oxid-
ation; (1) limiting light exposure i.e. excitation events (Black
FOUP) or (2) limiting oxygen availability (N,-purged cabinet,
glovebox, and desiccator). Detailed descriptions of the con-
trolled environments are provided in the method section. Each
measurement corresponds to a new coupon to avoid cross-
measurement artifacts [22, 23].

Figure 3 shows the water contact angle (WCA), XPS char-
acterization of the W4f core level, and overall PL intensity,
monitoring film oxidation i.e. the aging process. The wettab-
ility of ambient-2 exposed WS, increases over 2 weeks, as
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Figure 3. Aging mitigation via storage in controlled environments. Monolayer WS, stored in ambient and various controlled environments
showing the evolution in (a) surface wettability (b) W4f signal contributions measured by XPS after 10 weeks and (c) PL intensity over

10 weeks.

shown in figure 3(a), after which the WCA stabilizes around
35°. In contrast, all controlled environments show a constant
WCA over 10 weeks of storage. In addition, figure 3(b) reveals
a strong increase in Wyyige chemical states after ambient-2
exposure compared to the as-grown film, while no signific-
ant change in chemical states manifests after 10 weeks in con-
trolled environments, though a slightly higher Wqe signal
contribution is noted for the N,-purged cabinet. The W4f spec-
tra are provided in the supporting information (supplementary
figure 5) and the analysis method is summarized in the meth-
ods section. Finally, aging mitigation is assessed with extreme
sensitivity via PL spectroscopy, as shown in figure 3(c). After
1 week, all conditions show an enhanced PL intensity com-
pared to the as-grown film. Subsequently, ambient-2 exposed
WS, exhibits a linear PL decrease over 2—3 weeks, similar to
the observations reported in figure 2(a), while the WS, films
stored in controlled environments shows a rather stable PL
response over 10 weeks.

The increasing surface hydrophilicity shown in figure 3(a)
has been associated with WS, oxidation [49], reflecting the
aging process. In addition, the time scale over which the aging
transpires is in line with the trend previously observed in

figure 2. The stable WCA measured for all controlled storage
environments indicates no significant changes in WS, surface
chemistry, demonstrating aging mitigation. The small vari-
ations in WCA between the controlled environments may be
attributed to differences in volatile organic compounds layer
build-up, which also affects the surface wettability [50, 51].
The W4f XPS results shown in figure 3(b) paint a similar pic-
ture, where the strong increase in Wiqge states after 10 weeks
of ambient-2 exposure in comparison to the controlled envir-
onments and as-grown film demonstrate aging mitigation.
Moreover, the slightly higher W ;4. signal contribution noted
for the N,-purged cabinet indicates an inferior storage qual-
ity. The storage quality of the oxygen-controlled environments
is evaluated based on the O, gas concentration and relative
humidity (supplementary figure S4). Although the aforemen-
tioned oxidation mechanism proposed by Chang et al only
involves O, gas [6], water vapor might also play a role in the
aging process as reported by Atkin et al [52]. The N,-purged
cabinet holds both a larger O, gas concentration and relative
humidity compared to other oxygen-controlled environments.
Thus, the inferior storage quality of the N,-purged cabinet
results from the larger oxygen availability, which enhances
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basal oxidation that is otherwise more kinetically limited [10,
11]. Finally, the overall higher PL intensity after 1 week com-
pared to the as-grown film, noted in figure 3(a), suggests
some aging occurred for both ambient exposed and controlled
environments. The subsequent PL degradation observed for
ambient-2 exposed WS, is in line with the observations in
figure 2(a), indicating significant aging. In addition, the PL
enhancement observed for all controlled environments is sim-
ilar to the observations of regime 1 reported in figure 2(a),
related to sulfur vacancy oxidation. Also, similar exciton- and
trion weights and peak positions over 10 weeks of storage
are observed (supplementary figure 6), in line with the trends
reported in figures 2 (b)—(d). Moreover, the relatively stable
PL response between weeks 1-10 suggests no significant addi-
tional aging takes place. The small intensity variations are
attributed to limited variability in the WS, film quality over
the 300 mm wafer. Even though the XPS results for the Nj-
purged cabinet indicate slightly more aging, there are no sig-
nificant differences in absolute PL intensity compared to the
other controlled environments. Extending the time scale of the
experiment and increasing measurement frequency would help
in better differentiating between the different storage environ-
ments based on their quality. Unfortunately, this could not be
done in the present study due to coupon shortage, but, never-
theless, the current data shows that storage in controlled envir-
onments leads to significant aging mitigation and preserva-
tion of the WS, film quality. Based on these PL observations,
authors conclude that sulfur vacancies will oxidize even upon
limited ambient-2 exposure, being a highly thermodynamic-
ally favorable process [10, 11]. However, further WS, aging
can be mitigated by (1) limiting excitation events (i.e. light
exposure) required for the photo-induced oxidation or (2) lim-
iting oxygen availability i.e. take advantage of the slow kinet-
ics that rule basal plane oxidation. Ultimately, aging-induced
film degradation that occurs in a timespan of days (figure 2)
can be mitigated by storing the WS, film in a controlled envir-
onment that stabilizes the PL emission and layer composi-
tion, as demonstrated by WCA and XPS measurements, over
a timespan of months.

3. Methods

3.1. WS, growth

Monolayer WS, was synthesized using a MOCVD process
on 300 mm silicon wafers with 90 nm of thermally grown
oxide on top. The wafer was gradually heated inside the
chamber to 750 °C under a flow of high-purity N,/H, gases.
Film growth was initiated by introducing W(CO)¢ and H,S
gases into the chamber (precursor partial pressures ratio
H,S/W(CO)¢ = 5 x 10%) for 10 min at a chamber pressure of
150 Torr. Subsequently, layer closure was promoted by lower-
ing the chamber pressure to 20 Torr and increasing the tem-
perature to 900 °C. A high resolution 1 x 1 um? atomic force
microscopic image can be found in the supporting information
(supplementary figure 7).

3.2. Atomic force microscopy

The AFM scan shown in supplementary figure 7 was
recorded with a Nanoscope V AFM tool (Bruker) using
a HQ-NSC19/AIBs cantilever in PeakForce Quantitative
Nanomechanics mode. The latter allows for direct control over
the peak normal force and minimal lateral force which makes
it a non-destructive, high-resolution imaging method with no
ambiguity regarding the image contrast since the force dis-
tance data is directly analyzed.

3.3. LEIS

LEIS measurements were performed after heating the samples
to 200 °C to remove the volatile organic compounds and have
the surface of interest exposed. Measurements were carried out
at IONTOF GmbH where the measurements were performed
using *He™ as primary ions at normal incidence with an ion
energy of 3 keV and an ion current of 5.7 nA. Each spectrum
was acquired bases on an analysis area of 2 x 2 mm? with
an ion fluence of 5 10'® ions cm~2 for 55 s. The scattered ions
were analyzed using a double toroidal energy analyzer, accept-
ing ions with a backscattering (polar) angle of 145°, with full
acceptance over the azimuthal angle.

3.4. Steady-state PL spectroscopy

The recorded PL spectrum heavily depends on the measure-
ment settings, such as temperature, ambient conditions, laser
wavelength, laser power, to name a few [14, 25]. In this study,
the monolayer WS, photoluminescent response was measured
with a Horiba Jobin-Yvon HR800 system at room temperature
with a 532 nm laser, 0.05 mW laser power (or 1% ND filter),
1000 pm confocal hole, 600 grooves/mm grating, 100 x 0.9
NA Olympus objective, and a double exposure of 1 (accumu-
lations) x 10 s (integration time) with spike filter to elimin-
ate cosmic spikes. These measurements settings are widely
used in literature since it allows to generate electron—hole
pairs, while minimizing excessive energy that could damage
the WS, film via local heating [25, 53].

Not only variations in measurements settings, but also dif-
ferences in post spectrum processing complicate cross-study
comparisons. Most studies use two components i.e. exciton
and trion emissions, but vary in the mathematical models used
e.g. Gaussian [54], Lorentzian [55] or Voigt [56]. Additionally,
some studies add extra components to their fitting related
to SiO, hole-trap assisted defect-induced exciton species
[57], localized states [58] and bi-excitons [59]. Consequently,
authors believe there is no consensus regarding the spectral
deconvolution in the current literature.

Using the Origin™ software, a first peak (Voigt) was manu-
ally added near maximum intensity, after which a second peak
(Voigt) at lower energy was included to achieve an accept-
able fitting. Hence, the spectral deconvolution in this study
was limited to two components i.e. exciton and trion emis-
sions. In addition, another fitting requirement was that the



Nanotechnology 35 (2024) 475702

P-J Wyndaele et al

energy difference between the exciton and trion components
needed to be approximately 40 meV, as shown in figure 2(d),
which is both theoretically and experimentally reported [36].
Note that the missing data points shown in figure 3(c) result
from discarding specific coupons based on the physical dam-
age suffered during cleaving or mishandling during collection.

3.5. RBS

Rutherford backscattering spectroscopic measurements were
performed using a 6SDH tandem accelerator (National
Electrostatics Corporation) to accel He™ ions that were mag-
netically analyzed to determine the ion energy and eliminate
contaminants. An ion energy of 1.523 MeV with 22 nA beam
current was used and the beam collimated to 1 mm before
introduction in the scattering chamber, where the sample was
mounted at a tilt angle of 11° and scattering angle of 170°.
The detector was calibrated with a 68 KeV offset, 1.4925 KeV
gain and a FWHM of 0.01626 MeV.

The error bars reported resemble the absolute error, calcu-
lated via the formula:

\/ (Sjmy + (Sum*0.02)

where Sum represents the elemental fitting value i.e. the

amount of the element in atoms cm 2.

3.6. WCA

Wettability measurements were performed using an OCA con-
tact angle system (Dataphysics) with a standard CCD cam-
era (768 x 576 25 fps intercalated) and Hamilton 500 uL syr-
inge with a needle thickness of 0.52 mm. Surface wettability
was assessed via a static WCA method i.e. the water droplet
was manually dispensed onto the WS, surface, after which the
droplet was allowed to reach its equilibrium wetting. A snap-
shot was taken after 30 s and was used to calculate the con-
tact angle of the water droplet and WS, surface. Note that the
missing data points shown in figure 3(a) result from discarding
specific coupons based on the physical damage suffered during
cleaving after growth or mishandling during collection.

3.7 X-ray photoelectron spectroscopy

The XPS measurements were carried out using a monochro-
matized photon beam of 1486.6 eV with a 100 pums spot size
with charge neutralization in an Angle Integrated mode using
a QUANTES instrument from Physical electronics.

CasaXPS software was used to analyze and deconvolute the
Widf spectra. In case of the W4f core level, the spectra were
deconvoluted by fitting doublets corresponding to W(0) i.e.
WS, at + 32 & 34 eV, W(+1V) i.e. WO, at £ 34 & 36 eV
and W(+4VI) i.e. WOs3 at &+ 35.3 & 37.8 [60], while respect-
ing an area ratio of ¥4 resulting from spin—orbit coupling [61].
An extra peak was added at high binding energy correspond-
ing to the W5ps;, subshell [60]. A Lorentzian asymmetric
line shape was used to extract the different peak contributions

and normalized to account for any acquisition-related intens-
ity variations. The deconvoluted spectra together with the peak
numerical values are provided in the supplementary figure 5.

3.8. Ambient environments

Throughout this study two types of ‘ambient conditions’ are
defined depending on the experiment. The data shown in
figure 1 resulted from ambient-1 exposure which corresponds
to daylight (&7 h day~! exposure) in an uncontrolled envir-
onment (no special monitoring of the O, gas concentration
and relative humidity). The data reported in figures 2 and 3
resulted from ambient-2 exposure which corresponds to con-
tinuous (24 h day~!) white light exposure in a controlled
lab/cleanroom environment (supplementary figure 4). The dif-
ferent types of light exposure explain the different time scales
for WS, aging observed in figures 1 and 2, spiking the interest
in the effect of light fluence on the aging dynamics. Future
work should focus on (1) the effect of light fluence and 2) dif-
ferent O, gas or humidity levels on the aging rate.

3.9. Light limited storage environment

A non-transparent, black front opening unified pod (FOUP)
was used to verify the effect of limiting light exposure on the
aging process. The WS, coupons were placed on a pocket
wafer inside the FOUP and collected for measurements, while
minimizing the FOUP opening time i.e. exposure to the white
light of the clean room.

3.10. Oxygen limited storage environments

The N,-purged cabinet, glovebox and desiccator were all
closed off systems, but with a transparent cover i.e. exposure to
white light of the cleanroom. The WS, coupons were placed in
sample boxes and collected for measurements, while minimiz-
ing the opening time for the N,-purged cabinet and desiccator
i.e. exposure to clean room ambient. The glovebox consisted
of a load-lock system i.e. coupons stored in this system were
never again exposed to ambient after initial storage.

3.11. Quality assessment of O, controlled environments

A GX-6000 gas monitor was used to measure the O, gas con-
centration and relative humidity in combination with EasylL.og
USB for data analysis. The O, gas concentration and relative
humidity reported correspond to the environments in steady
state i.e. the measurement was performed 3—5 min after intro-
duction of the gas monitor into the controlled environment.

4. Conclusion

In summary, 2D TMDC layers, such as MOCVD grown mono-
layer WS,, are prone to aging i.e. spontaneous oxidation upon
ambient exposure as demonstrated by RBS and LEIS measure-
ments, showing the gradual substitution of sulfur by oxygen
atoms.
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In the first hours of ambient exposure, the change in overall
composition remains negligible i.e. below the sensitivity lim-
its of surface analysis techniques and aging enhances the PL
by oxidizing growth-related defects such as sulfur vacancies,
thereby eliminating DGSS and their effects. Beyond 2—4 d of
ambient exposure (~3 d in controlled lab conditions with 24 h
of white light exposure, ~10 d in daylight), the compositional
changes start to dominate, gradually diminishing the photolu-
minescent signal over time.

Aging can be mitigated without a capping layer by stor-
ing the WS, monolayer in controlled environments that either
limit light exposure or the availability of the oxygen source
(O, gas & humidity). As a result, the film quality and photo-
luminescent response no longer degrades over a time scale of
days, as is the case upon ambient exposure, but remains stable
over months. When it comes to long term storage in oxygen-
controlled environments, more aging takes place when the
oxygen source is more readily available. Although the aging
dynamics are chalcogen dependent, authors expect these mit-
igation strategies to be universally applicable given the com-
mon, photo-induced nature of the aging process.

These learnings highlight the importance of proper 2D
TMDC storage, especially synthetic layers deposited by
MOCVD; authors recommended to store these films in non-
transparent containers or environments that are O, and mois-
ture free and encourage future studies to provide a statement
in the methods section describing their storage protocol.
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