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1. Sample homogeneity
Mechanical exfoliation is a well-established method for preparing monolayer and thin-layer two-dimensional materials [1]. The samples prepared using this method typically exhibit better lattice quality, fewer defects, and controllable thickness [2]. In addition to Atomic Force Microscope image, optical image and photoluminescence (PL) image are commonly used to characterize the quality of sample.
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Fig. S1 (a) PL imaging of the sample. (b) Statistical histogram of the emission intensity.
In this work, we used a monolayer tungsten disulfide (WS2) prepared by mechanical exfoliation. The optical image of the sample was shown in Fig. 1b, and the colour of the image reflected the number of layers due to the direct correlation between the material's thickness and refractive index [3]. The uniform colour distribution indicated the homogeneity of the number of layers. The interlayer dielectric shielding effect causes the PL of transition metal dichalcogenides to weaken as the increases of layers’ number. Additionally, the bandgap of bulk materials changes from direct bandgap of the monolayer to indirect [4-6]. Therefore, homogeneous PL emission intensities can further prove that the sample is monolayer. Fig. S1a showed the PL image of the experimental sample. The orange-colored area represented the prepared monolayer WS2. It can be observed that PL intensities of the ME WS2 are essentially identical. Fig. S1b showed a statistical histogram of the emission intensity in Fig. S1a. The data were analyzed by three-peak Gaussian fitting. And the three peaks correspond to the orange region (WS2), light-green region (another material prepared by ME), and green region (heterostructure region where WS2 overlaps with the other material). The intensity peak of WS2 can be well matched with Gaussian fitting, proving the homogeneity of the sample.
2. Evolution of exciton states with gas pressure
To determine the impact of various pressure on the emission profile of the exciton states in WS2, we measured the PL spectra at different gas pressure. Results are presented in Figs. 4 and S2. The spectral weight of the neutral exciton state (A0) decreases with increasing pressure, while the proportion of the charged exciton (A−) increases. And the peak energies of A0 and A− were obtained by Lorentz bimodal fitting, as shown in the upper panel of Fig. S2b. The binding energy of trion, which is the difference between the two, decreased from 48.6 meV to 40.1 meV as the pressure increased. The main reasons for these two phenomena are the pressure-induced gas desorption and variation of the trion’s binding energy with the concentration of 2D electron gas (2DEG) on the surface of the material.
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Fig. S2 (a) Spectral weights of A0 and A− as a function of pressure. (b) Upper panel: peak energies of A0 and A−  as a function of pressure. Lower panel: evolution of the binding energy of the trion as a function of pressure.
2.1 Evolution of the spectral weights of exciton states with pressure
Fig. S2a showed that the spectral weight of A0 is higher while the proportion of A− is lower at low pressure,. As pressure increased, the proportion of A− increased while the weight of A0 decreased. The phenomenon was caused by the desorption of gas from the surface due to the combined effect of pressure and laser irradiation. This can also be observed from the bi-exponential behaviour of the PL quenching with time at different pressure (Fig. S3). The quenching process from 222 mTorr to atmospheric pressure consists of two time components. In the main text, we noted that these two time components correspond to the quenching rates induced by laser irradiation (t1) and pressure (t2), respectively. The time evolution of the electron population under pressure can be expressed by the following equation [7]:


where N(t, P) is the electron population at time t when the pressure is P; N(0) is the number of electrons at the initial time of laser illumination; k1, k3 represent the gas desorption and adsorption rates due to laser irradiation, respectively, and the adsorption rate is very slow and can be neglected in low-pressure environments; and k2 denotes the gas desorption rate under the effect of ambient pressure.
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Fig. S3 (a) Pressure-induced PL quenching trajectories at the same point. (b) Results of the bi-exponential fitting of the quenching curve in Fig. S3a, where t1 is the time component representing the laser irradiation and t2 is related to the pressure. 
2.2 Evolution of trion's binding energy with pressure
[bookmark: _Hlk164517971]WS2 is a typical transition metal dichalcogenides with an energy band structure that follows space inversion symmetry breaking [8]. It has two energy valleys, K and K', with different spin directions in the hexagonal honeycomb lattice in momentum space, as shown in Fig. S4. The K and K' valleys respond to left- and right-spinning light, respectively, making them an ideal platform for studying valley electronics. These valleys contain electrons with different spin orientations, resulting in a rich combination of particles and physical processes. Taking trion as an example, there are three main types binding modes within WS2 [9-10]: (i) Intra-valley trion, consisting of an electron-hole pair with identical spin and a charge of opposite spin in the same energy valley, as shown in Fig S4a. The binding between carriers does not require crossing energy valleys. (ii) Inter-valley trion with the same spin, consisting of an inner neutral exciton with identical spin in the K(K') valley and a charge with the same spin in the K'(K) valley, is required to cross the energy valley (Fig S4b). (iii) Inter-valley trion with opposite spin, consisting of an inner neutral exciton of the same spin in the K(K') valley and a charge of opposite spin in the K'(K) valley, is required to cross the energy valley and overcome the energy of the electron spin-flip (Fig S4c). The stability of these trions are ordered from small to large as (iii)<(ii)<(i).
At lower 2DEG concentrations, trion (i) dominates. While at higher 2DEG concentrations, when the electron’s Fermi energy level is located above the higher spin-splitting conduction band, trions are dominated by (ii) and (iii) [9]. The lower the pressure, the more obvious the effect of gas desorption on the surface of WS2. Under low pressure, the number of electrons on the surface of WS2 decreases, resulting in a decrease in the concentration of 2DEG. This result leads to the formation of low-energy and stable trions, which in turn increases the binding energy of the trions. As pressure increases, the concentration of 2DEG increases, causing the trion to tend to be bound in a high-energy form, thereby decreasing the binding energy. Furthermore, the increase in the proportion of A0 at low pressure can be attributed to the significant decrease in charged ions resulting from the gas desorption phenomenon induced by pressure (Fig. 4, Fig. S2a).
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Fig. S4 Possible combinations of trions within a monolayer WS2. (a) Intra-valley trion. (b) Inter-valley trion with the identical spin. (c) Inter-valley trion with opposite spin.
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