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Section S1. Experimental set up

The experimental set-up is shown in Figure S1. in situ PL measurements at different
temperatures were performed in real time using A = 514.5 nm from a cw argon ion laser. Plasma
lines were removed with a notch filter and a low-pass filter. The laser was focused with a 50%
objective lenses (Olympus 50x long working distance objective). The focused laser irradiated the

sample placed in a Linkam cell (LINKAM THMS 600) with in-situ control of temperature and



environment from room temperature to 873 K. Signals were captured by a cryogenically-cooled

silicon CCD detector (Princeton Instruments Spec-10:400B).
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Figure S1. Schematic of the experimental apparatus.

Section S2. Room temperature Raman scattering and photoluminescence in flowing

nitrogen and forming gas

To confirm that the WS> flakes were not degraded and were well preserved after
fabrication, the monolayer of WS, flakes were characterized by room temperature Raman
scattering and photoluminescence before the start of each run. Figures S2 and S3 respectively

show this for flowing nitrogen and forming gas (and Figures le and 1f for air).
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Figure S2. Monolayer WS; characterized by (a) PL and (b) Raman scattering at 300 K in flowing
N2
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Figure S3. Monolayer WS> characterized by (a) PL and (b) Raman scattering at 300 K in forming

gas.

Section S3. Raman scattering before and after heating in flowing forming gas

Figure S4 shows the Raman spectra of covered WS, at ambient temperature before and after
heating to 873 K in forming gas. The three main WS; peaks are the 2LA peak at ~352 cm™!, the
B peak at ~355 cm’!, and the A, peak at ~417 cm!. The 520 cm™! peak is from Si. The main 4-
BN peak at ~1380 cm™ is out of range here. There is no evidence for the formation of any
products due to the heating process, such as thiols (with main peak at ~850 cm™)! or partially
reduced SiO; (SiO with main peak at 444 cm™ or SiO.« with a weaker main peak at 520 cm!

than Si0,)*? — though each may occur but with levels too low to be seen here.
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Figure S4. Raman spectra of monolayer WS, flakes covered by 4-BN on the SiO»/Si substrate at

ambient temperature before and after heating to 873 K in flowing forming gas.



Section S4. Optical micrographs before and after heating in flowing nitrogen

Figure S5 shows optical micrographs of covered WS, flakes before and after heating in flowing
nitrogen. The spots seen in the middle of the flakes after heating in ambient air, in Figure 3b, are
not seen here in Figure S5b for flowing nitrogen. (The length of the side of the flake was ~5 um
long in experiments in air and 20-30 um for those with flowing N> and forming gas; this length

was not critical as long as the flake was encapsulated by #-BN.)
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Figure S5. (a) Optical image of WS flakes covered by /-BN on SiO»/Si substrate at ambient

temperature (a) before and (b) after heating to 873 K in flowing N».

Section S5. The temperature dependence of photoluminescence

The rate equation describing the density of excitons 7 is by: °

dn

G is the optical generation rate, and k- and k;- are the radiative decay rate and non-radiative rate,

respectively. The steady state exciton density is:
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and therefore the photoluminescence intensity can be expressed as:
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where 4 is the collection efficiency. For this two nonradiative recombination channel :
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and 7, and 7, are the nonradiative decay times
E:
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where E; and E> are the thermal activation energies for PL quenching routes. Parameters 4 and B

represent the ratio of the non-radiative recombination rate to radiative recombination rate.

Section S6. Fitting the temperature dependence of photoluminescence in flowing nitrogen

To confirm the fitting results in Figure 5a in the main text, we choose the PL data sets
from 4-BN covered WS> flakes in nitrogen and repeated the fitting by Equation S4. We have
shown WS; is relatively stable in nitrogen gas. The activation energies obtained are £;= 58.4
meV and E>= 209 meV. The values we obtained here are close to those for PL in ambient air in
the main text (E;=51.2 meV, E>= 229 meV). In both cases, the lower activation energy E;
represents the activation energy of exciton diffusion to the vicinity of local non-radiative

recombination center. The larger excitation energy E> is the energy needed to unbind an exciton



(to create a free exciton). It is in reasonable agreement with the binding energy of free excitons

in monolayer WS, of 320 meV.
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Figure S6. (a) Integrated PL intensity of the #-BN covered WS> flakes versus temperature with
flowing nitrogen. The red solid red line is a curve fit to the experimental data. The experimental

data are similar to those from the covered spot heating cycle in air in Figure 2a.
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