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Figure S1. (a) Temperature dependent Raman spectra of multilayer WSe, ranging
from 80 K to 360 K. The dashed blue and red lines are guides for the eye. (b)
Schematic diagram of out-of-plane (A,,) and in-plane (E,,!') Raman modes. The blue
and yellow ball represents W and Se atoms, respectively.
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Figure S2. AFM images of different thickness multilayer WSe;: 45.5 nm (a), 70.8 nm
(b) and 114.5nm (c). Scale bar: 10 um. Temperature dependent PL (TDPL) spectra of
the three samples are shown in (d), (e) and (f), respectively. Similar PL quenching
behavior are observed at low temperature in the three samples.
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Figure S3. (a) Schematic diagram of bandgap structure of 8L WSe,. (b) Temperature-
dependent PL spectra of 8L WSe, are fitted with Gaussian peaks. The dashed blue
and red lines are guides for the eye. (c) The PL integral intensity of direct transition
(A) and indirect transition (I) as the function of temperature.
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Table S1. Fitting parameters for decay curves in Figure 3b using Gaussian response

t/t t/t
function convoluted with a double exponential decay function of A€ 1 + Be 2
Fluence (pnJ/cm?) 71 (fs) A (%) T, (ps) B (%)
2.44 619+ 19 30.73 4125+ 14 69.27

6.58 532+ 14 21.19 502.0+12.6 78.82

9.40 637 +£22 20.74 503.6 13 79.26

15.2 604 + 24 15.92 458.0 +10.2 84.08

22.6 732 £ 40 11.96 453.3+10.8 88.04

30.1 524 £33 10.77 470.9 £ 10.9 89.23

37.6 426 + 25 9.69 402.8 £ 6.6 90.31
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Figure S4. Power dependent PL (PDPL) are measured at 77 K (a) and 300 K (b).
Upper panel: linear scale; Bottom panel: log scale. I; and I, indicate the indirect
emission and A indicates the direct emission. The several spikes in (a) stems from
laser noises and are not well deducted. These spikes of I, in (a) are noise signals
which derives from 488 nm continuous-wave laser.

It should be noted that A and I1 peaks possess a significant enhancement as the
pumping power increases from 12.5 mW to 25 mW. For A peak, the band structure is
dependence on temperature variations based on the result of Fig. 2b. As a result, more
carriers will populate in K valley and therefore the PL intensity of A peak present a
significant enhancement. As for I1 peak, we consider that more phonons could reduce
the carrier concentration in conduction band minimum (CBM) and valence band
maximum (VBM), and meanwhile decrease the probability of Auger scattering to
improve the intensity of I1 peak. Since the phonon bottleneck effect could restrict the
loss of electrons and holes in our work, and induce a high carrier concentration at 77

K to increase the probability of Auger scattering. Hence, the significant enhancement
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of I1 peak as the pumping power increases from 12.5 mW to 25 mW can be

contributed by the broken of phonon bottleneck effect.
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Figure SS. The measured (blue circle) and simulated (dashed red line) |[AR/R| as a
function of the probe delay with pump fluence of 37.6 pJ/cm?. T = 77 K. The two
different decay processes in time scale are caused by a fast defect level and a slow
defect level.
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Figure S6. Experimental setup for the measurement of the transient absorption
spectroscopy.
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