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Abstract.

Understanding the stability of monolayer transition metal dichalcogenides in atmospheric conditions
has important consequences for their handling, life-span and utilization in applications. We show that
cryogenic photoluminescence spectroscopy (PL) is a highly sensitive technique to the detection of
oxidation induced degradation of monolayer tungsten disulfide (WS;) caused by exposure to ambient
conditions. Whilst long term exposure to atmospheric conditions causes massive degradation from
oxidation that is optically visible, short term exposure produces no obvious changes to the PL or Raman
spectra measured at either room temperature or even cryogenic environment. Laser processing was
employed to remove the surface adsorbents, which enables the defects states to be detected via
cryogenic PL spectroscopy. Thermal cycling to room temperature and back down to 77 K shows the
process is reversible. We also monitor the degradation process of WS> using this method, which shows

that the defect related peak can be observed after one month ageing in ambient conditions.
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Monolayer transition metal dichalcogenides (TMDs) have attracted great interest due to it exotic

physical properties including large spin-orbit coupling, strong quantum confinement and the indirect-



to-direct bandgap crossover for monolayer.!> This leads to valley polarization,*> unexceptionally large
excitonic effect,’ and bright photoluminescence (PL) even at room temperature.® These properties
make monolayer TMDs an attractive building block to fabricate atomically thin electronics and
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optoelectronics, such as valleytronics,'” photodetector, solar cell,'*!7 and light-emitting diode

(LED).14’16’18’19

A critical aspect of the effective implementation of monolayer TMDs in applications is their stability
and processing capability. Air sensitive samples pose significantly greater challenges in large scale
fabrication and handling. The modification of TMDs properties by exposure to ambient atmospheric
conditions is important for the time-dependent variable performance of devices. This argument
especially applies to 2D materials which possesses ultrahigh surface area to volume ratios. For
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instance, Kim et al.”” reported that freshly prepared multilayer graphene oxides were metastable, with

a 1-month relaxation process with structure and chemistry evolution. Few-layer black phosphorus (BP)

is another example of a layered materials which suffers greatly from degradation in ambient conditions.
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Wood et al.?! and Doganov et al.?? observed that the mobility ratio between freshly prepared and aged

few-layer BP could be up to 10*. Aging in ambient condition can also impact the performance of

topological insulator or even graphene which was once believed to be chemically inert.?3-°

Recent work on monolayer TMDs has shown that exposure to UV light in a humid environment causes
degradation through oxidation.?® Grain boundaries are the first to be degraded due to the presence of

non-hexagonal ring structures that are less stable. Rong et al.?’

showed that monolayer WS can be
heated in air to reveal its grain boundaries between merged domains grown by chemical vapour

deposition. Both of these studies indicate that monolayer TMDs could have some instability when left



out in air (oxygen rich) and in natural light (containing UV). Therefore developing methods that can

detect changes in monolayer TMDs from exposure to ambient conditions is important.

In this paper, we examine the onset of degradation within monolayer WS, under ambient condition,
which occur on a much longer time scale compared with black phosphorus.?!*? Starting at the
nanoscale, degradation expands gradually with increasing aging time and eventually becomes optically
visible, leading to reduced PL. However, before the degradation area becomes optically visible, these
defects cannot be easily detected by simple morphological or spectroscopic methods, such as SEM,
AFM or room temperature PL or Raman spectroscopy. Here we use cryogenic PL spectroscopy to
probe PL from defect states in WS, domains. A laser induced cleaning process is employed to remove

the surface adsorbents and a new peak emerges that is associated with defects in monolayer WS,.
Results and discussion

Monolayer WS> single crystals were grown on silicon wafer with 300 nm oxide layer using previously
reported method.?® They were left in air under natural room light conditions to age. Figure 1(a)-(c)
shows the optical images of typical domains of as-grown, 2-month aged and 8-month aged in ambient
condition monolayer tungsten disulfide (WS>) crystals. As-grown and 2-month aged crystals have very
uniform optical contrast. However, the 8-month aged WS> has lots of granular structures not seen in
the other two samples. Figure 1(d)-(f) showed the SEM images of monolayer WS with different aging
time. Similar to optical image, as-grown monolayer WS; has uniform contrast in the SEM (figure 1(d)).
2-month aged crystal also has high uniformity, with only a few small particles on top and some rough
edges, shown in figure 1(e). Figure 1(f) shows that grains possessing lighter contrast in the 8-month
aged monolayer WS> domain with decreasing density from crystal edges to the central area. To further
investigate the surface morphology quantitatively, we performed atomic force microscopy (AFM)
characterization on these three types of monolayer WS; and typical examples were presented in figure

1(g)-(1). In figure 1(g),(h), both as-grown and 2-month aged crystals showed uniform surface



morphology despite small particles on the 2-month aged sample which is believed to come from
unintentional contaminant during storage in ambient conditions. However, in figure 1(f), variations in
height between regions with lighter and normal WS, optical and SEM contrast was observed on 8-
month aged crystal. The height profile across one of the light-contrast grains labeled by blue dashed
line in the inset of figure 1(f), shows that it was 3.5 nm higher than surrounding monolayer WS; sheet.
Typical values ranged from 1.5 nm to 4.5 nm. It should be made clear that these results are taken from

different typical crystals instead of the same domain.

Figure 1. (a-c) Optical images of (a) as-grown, (b) 2-month aged and (c) 8-month aged monolayer WS,. (d-f)
SEM images of (d) as-grown, (e) 2-month aged and (f) 8-month aged monolayer WS». (g-i) AFM surface
morphology images of (g) as-grown, (h) 2-month aged and (i) 8-month aged monolayer WS,. The Inset in (i):
Height profile of area with light optical contrast across the blue dash line. The height of the grain was about 3.5

nm.



In figure 2, we presented integrated intensity map of both PL and two characteristic Raman vibration
modes, A1 and E'5; of as-grown, 2-month and 8-month aged monolayer domains at room temperature.
The PL and Raman intensities of both as-grown and 2-month aged crystal have high uniformity while
noticeable intensity variations can be observed in 8-month aged sample. Carefully comparing the
intensity map with optical image revealed that area with weaker PL or Raman response in figure 2(j)-
(1) corresponded to areas with lighter optical contrast in figure 2(i). This indicates that aging in air can
lead to degradation within monolayer WS> where it can either be oxidized,?**° or etched away by water
vapor,’! followed by contamination adsorption. Such a process starts preferentially from the edges,
likely due to the increased dangling bonds and therefore enhanced catalytic efficiency of WS> edge

states.



Figure 2. 2D spatial mapping of PL and Raman signals for monolayer WS, with different aging time at room
temperature. (a-d) Maps for as-grown WS, sample. (a) Optical image, (b) PL integrated intensity map, (c)
2LA+E,," intensity map, and (d) A, map of as-grown sample. Scale bar: 10 um. (e-h) Spectroscopic map of 2-
month aged sample. (e) Optical image, (f) PL integrated intensity map, (g) 2LA+E,,' Raman intensity map, and

(h) Az Raman intensity map. Scale bar: 15 um. (i-l) Optical image and spectroscopic map of 8-month aged



sample. (i) Optical image, (j) PL integrated intensity map, (k) 2LA+Ex,' Raman intensity map, and (1) A, Raman

intensity map. Scale bar: 10 um.

The observation of degradation motivates the development of characterization methods that are highly
sensitive to the onset of the defects in monolayer WS,. Raman spectroscopy is an powerful tool to
characterize the defects in graphene with addition D peak arising in defective regions.’ In figure
3(a),(b), we presented normalized Raman spectra from area with similar optical contrast of both freshly
made and 8-month aged sample at room temperature. No obvious difference can be observed for the
overall spectra. We deconvolved the Raman spectra to extract the contributions of different vibration
modes, but hardly any difference were distinguished.*® The origins of the peaks in the Raman spectrum
is presented in supporting information. Defects have been reported to alter the luminescent properties
of TMDs.>!3435 Figure 3(c),(d) showed the PL spectra of fresh and aged monolayer WS, at room
temperature. The PL emission of aged sample is weaker and slightly blue-shifted under similar

excitation conditions. However, it cannot serve as an indicator of the existence of defects since such



an intensity and peak position variation have been observed in the different regions on one as-grown

monolayer crystal.® Apart from that, no noticeable PL shape change can be distinguished.

Figure 3. (a,b) Room temperature normalized Raman spectra of (a) as-grown and (b) 8-month aged
monolayer WS,. (c,d) Room temperature normalized PL of (c) as-grown and (d) 8-month aged WS.. In (a) and
(b), black and red spheres were experimental data. Light gray and blue curves were deconvolution results.

Dark grey curves were the cumulative results.

Cryogenic PL spectroscopy can reveal more intrinsic properties of materials that cannot be seen at
room temperature.’®” In figure 4(a),(c), we present the PL spectra from regions with similar optical
contrast of both as-grown and 8-month aged sample taken at liquid nitrogen (LN) temperature. Similar
to previous reports,’’ there were two main features in the spectra. The shoulder at high energy side is
attributed to the combination of excitons (~610 nm) and trion emission (~615 nm). The broad band at

the low energy side originated from localized states (LS) which are believed to be adsorbents related.®



However, there is still no observable distinction between as-grown and 8-month aged samples.
Previous report showed that mid-gap states induced by defects can be passivated by oxygen or other
adsorbents.*® The dominant LS emission in the PL spectra indicates that most of the photo-generated
excitons are bound to adsorbents, which may greatly reduce the diffusion length of excitons. Surface
adsorbents which are from the initial exposure to air can completely cover the WS, sheets. Defects are
likely to be sparsely distributed on the WS; crystal compared to surface adsorbents. Therefore, surface
adsorbents have larger possibility to trap excitons, which may inhibit the formation of defects bound

excitons. As a result, defects related features can be hardly observed.

It is well known that laser irradiation can enhance the desorption process of molecules physisorbed on
surfaces.*’ In figure 4(b),(d), we presents the PL spectra of as-grown and 8-month aged monolayer
WS, irradiated by focused laser beam with incident power density of ~40 kW/cm? for 30 seconds. LS
emission in both samples were suppressed greatly, indicating that some of the impurities on WS> in
this area have been removed after laser exposure. As a result, the emission from excitons and trions
relative to the LS emission were enhanced in as-grown sample after laser treatment, shown in figure
4(b). In contrast, a new luminescent feature with emission energy between LS and trions emerged after
the laser treatment of 8-month aged sample, presented in figure 4d. Here we denoted this new peak as
peak U. This feature can be observed under excitation power density of as low as 0.1 W/cm? (See
supporting information). We’ve repeated the measurement on more than 20 8-month aged crystals
which all exhibited similar behavior. The peak positions ranged from 622 nm to 628 nm, similar to
what has been reported in previous literature, where defects were created intentionally by exposing to
water vapor.®! For many applications, transferring WS> to other substrates is inevitable, where polymer
scaffold is necessary. Considering that peak U can be hidden by adsorbents from air, polymer residual
can also have the similar effect. Therefore, it is necessary to verify whether this method can be
extended to transferred sample. As shown in figure 4(e),(f), similar phenomenon can also be observed

on 8-month aged sample after being transferred from growth substrate to a new substrates. Figure 4(e)



shows the typical cryogenic PL spectrum of transferred monolayer WS, with three main features
originating from excitons (591 nm), trions (602 nm),*! and LS emission. Compared with non-
transferred sample, the PL peak positions of excitons and trions of transferred crystal have a blue shift
due to strain releasing while the LS redshifts. After laser treatment (~40 kW/cm?, 10 seconds),
luminescence of LS became much weaker while peak U emerged with similar emission energy to
defects related PL peak reported in other literature.*! Although the resemblance of peak positions with
other literatures and distinct behaviour of as-grown and 8-month aged sample, it is still essential to
exclude several other possible mechanisms before we can assign peak U to defects related emission.
Noting that peak position of peak U in non-transferred sample resembles that of biexciton emission in
monolayer WS»,>” we examined the power dependence of peak U in both non-transferred and
transferred samples, plotted in figure 4(g),(h). Both exhibited linear power dependence, excluding that
peak U was related to higher excitonic effects, in which a superlinear power dependence is

expected.’®’



Figure 4. (a,b) PL spectra of as-grown (a) before and (b) after laser irradiation at 77 K. (c,d) PL spectra of 8-
month aged sample (c) before and (d) after laser irradiation at 77 K. (e,f) PL spectra of 8-month aged transferred
monolayer WS, at 77 K. (e) before and (f) after laser treatment. (g,h) Power dependence of peak U of (g) non-

transferred and (h) transferred sample.



Exposure to lower laser power density of ~8 kW/cm? can also induce the PL transitions, but at a slower
rate. In figure 5a, the PL evolution of 8-month aged non-transferred monolayer WS> varying with
exposure time while keeping the exposure power density fixed at ~8 kW/cm?. The black curve is the
typical PL spectrum of aged monolayer WS, without laser treatment. After 1 sec laser irradiation, LS
was suppressed yet still observable, accompanied by the emergence of peak U. We then performed the
exposure treatment at the same point under a fixed laser power with increasing time. Obviously, LS
emission was dimmer along with increasing peak U, depicted by the blue and pink curves in figure
5(a). No further obvious change occurred after 10 minutes exposure regardless of increasing exposure
time or irradiation power. Similar behaviour can also be observed on transferred sample, shown in
figure 5(b). The input energy from laser irradiation may lead to 2H-to-1T phase transition of WS,
which can, as a consequence, alter its PL emission. However, 1T phase WS crystals are metallic and
therefore PL is completely suppressed.*? Along with the evolutionary behavior of this phenomenon,

we can rule out possibility that the change in PL was a result of laser induced phase transition.



Figure 5. (a) PL shape evolution varying with laser exposure time of 8-month aged non-transferred monolayer
WS, at 77 K. Black curve: before laser exposure. Red curve: 1 second exposure. Blue: 1 minute exposure.
Pink: 10 minutes exposure. Exposure laser power density is fixed at ~ 8 kW/cm?. (b) PL evolution of 8-month
aged transferred sample at 77 K. Black curve: before laser exposure. Red curve: 5 min exposure. Blue curve:

10 minutes exposure.

This phenomenon was stable for at least 12 hours if kept in cryogenic environment, probably due to
the fact that impurities were frozen at LN temperature and therefore few impurities can diffuse to the
laser treated clean area from a surrounding “dirty” area. At room temperature, the mobilization of
impurities can be activated and the laser treated area can be covered by impurities. As a result, peak U
should disappear after a temperature cycle between 77 K and room temperature, in which WSy is first

heated up to room temperature and then cooled back down to 77 K. Figure 6 shows results of both



non-transferred and transferred sample after laser treatment and then a thermal cycle, which present
that peak U can be created or removed controllably by laser treatment and thermal cycling. In figure
6(a), peak U was created under ~8 kW/cm? laser exposure for 5 minutes. After that we gradually
ramped the temperature to room temperature and then cool it down back to LN temperature. In figure
6(b), we presented the PL spectrum after the thermal cycle (blue curve) and the spectrum before laser
exposure (orange dotted line) show that peak U disappears and PL spectrum changes back to its
original shape with LS emission revived. Again, similar behavior can be realized on transferred WS>
crystals, presented in figure 6(c,d). Based on the foregoing discussion, we believe that peak U be

assigned as a degradation-related luminescent feature.

Figure 6. Thermal cycle effect on luminescent properties. (a) PL spectrum of aged non-transferred sample after
laser exposure at 77 K. (b) PL spectrum of laser treated sample after thermal cycle at 77 K. Orange dotted line:

PL spectrum at 77 K before laser exposure for comparison. (¢) PL spectra at 77 K of laser treated transferred



sample before thermal cycle. (d) PL spectra after thermal cycle (blue curve) and before laser treatment (orange

dotted line).

In figure 7 we employed this technique to monitor the degradation of monolayer WS, as a function of
ageing time. In the first week, the PL spectrum of WS; after laser processing (~ 8 kW/cm?, 10 minutes)
looks very similar to that of as-grown sample. Further increasing the ageing time can lead to the
emergence of peak U. Three weeks later, a shoulder (labelled by red dashed ellipse in figure 7b) appears
at ~ 625 nm in the PL spectrum after laser processing. In the 5" week, peak U is well resolved, as
shown in figure 7c. After 7-week ageing time, peak U dominates the whole spectrum after laser
processing while at this stage, no visible optical contrast can be observed, indicating that our technique
possesses high sensitivity towards degradation in WS>, which may also have the potential to be
extended to other TMD materials for quality characterization. In figure 7e, the weights of the PL
integrated intensities of peak U extracted by peaks fitting over those of the whole PL spectra as a
function of ageing time is presented, which clearly shows that peak U emission is gradually dominating
the PL emission from WS, with increasing ageing time. (More spectra and curve fitting results can be

found in supplementary information).



Figure 7. Typical PL spectra before and after laser processing of monolayer WS> aged in air for a) 1
week, b) 3 weeks, c¢) 5 weeks and d) 7 weeks. (e) Relative weight of Peak U (integrated intensity of

U) with respect to the whole PL spectra as a function of the ageing time in air.

1.* reported their observation of

During the preparation of the manuscript, we noticed that Gao et a
WS, and MoS,. With the detailed analysis of XPS and Auger electron spectroscopy confirms that the
degradation is a result of oxidation and organics adsorption. The time scale of degradation for both

WS, and MoS: is about several months, which coincides with our observation. Such oxidation could

lead to a reduction of source drain current by about 2 orders of magnitude.

Conclusion

This work shows how defects formed within monolayer WS crystals left in air can be detected by low
temperature PL, where laser induced cleaning can reveal unique emission states. Such a technique has

the potential to be extended to other TMD materials, which could be useful for characterization of the



crystal quality. Carefully choosing the aging time along with the laser exposure may also lead to the
WS based single photon source, which has been realized in WSe2.***® Our results also demonstrate a
controllable way to manipulate the luminescence wavelength between peak U and LS by utilizing the
adsorbents on defective WS: via laser beam writing. This might have potential as a basic component

for ultra-thin optical memory applications.*’

Methods

Synthesis and Transfer of WS>:

WS, monolayer crystals are prepared using our previously reported CVD method with sulphur and
WOs as the precursor.?® Sulphur and WO3 are placed in a 1 inch quartz tube running through two
furnace systems to provide two heating zones. Vaporized sulphur and WOs3 are carried by flowing
argon gas to the reaction zone, where WO3 undergoes sulphurization. High quality and large area WS>
domains with atomic layer thickness are synthesized on Si wafers with 300 nm SiO; if proper

parameters including temperature, Ar flow rate, sulphur introduction time are achieved.

During the transfer process, a thin layer of PMMA (495 K, A8, MicroChem) was spin coated onto the
as-grown sample, followed by an etching process in which PMMA coated samples floated on 1 mol/L
KOH (Sigma Aldrich) solution immersed water bath at 45°C for about 1 hr. The detached film was

then transferred to target substrate. In this case, the target substrate was Si0»/Si wafer.

PL and Raman Measurement:

The room temperature PL. and Raman measurement in figure 1 and figure 2 are performed in a Jobin
Yvon LabRam Aramis confocal-microscope based Raman spectroscopy using the 532 nm laser as
excitation wavelength. PL spectra were acquired with power of about 20 uW while Raman spectra

were acquired with excitation power of 2 mW.



In the cryogenic photoluminescence (PL) measurement, a 532 nm diode-pumped solid state laser
(Thorlabs, DJ532-40) was used for excitation, with excitation power impinging onto sample ranging
from ~100 nW to 10 mW. The laser was reflected off a dichroic beam splitter and focused to a spot
size of ~2um by 50x ultra-long working distance objective (Nikon, NA 0.45). WS, was placed in a
flow microscopy cryostat (Janis, ST-500) with continuous liquid nitrogen flowing to keep the

temperature constant at 77 K under vacuum of ~1 X 10 mbar. PL spectra were collected by a custom-

built confocal microscope coupled to a spectrometer with an attached CCD (Princeton Instruments

Acton SP-2300 spectrometer with Princeton Instruments, PIXIS 100 CCD).
Supporting Information

The Supporting Information is available free of charge on the ACS Publication website

http://pubs.acs.org/. Raman spectrum of monolayer WS,. Examples of peak U emergence in laser

processed aged WS2 samples. PL spectrum after laser processing at low excitation power. Testing laser
induced damage by Raman spectroscopy and optical microscopy. Power dependent PL colour maps.
Morphology characterization of WS, before and after heating treatments. PL spectra as a function of

time for aged WS, samples.
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