Supplementary Information for Interacting plexcitons for designed ultrafast optical nonlinearity in a monolayer semiconductor
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Supplementary Note 1: Sample preparation and characterization
1.1 Fabrication details and sample morphology
    To fabricate the hybrid Ag ND-WS2 hybrid devices, precleaned fused silica substrates were firstly prepared. Subsequently, thin films of monolayer WS2 with a typical fake side length of 50-70 µm, synthesized by chemical vapor deposition (CVD) methods, were transferred onto these fused silica substrates using wet transfer technique. Nanodisk arrays structures (100 µm × 100 µm) were then defined and patterned directly on the top of monolayer WS2 flakes by electron beam lithography. Finally, 30 nm thick silver was deposited via electron-beam evaporation followed by a lift-off process. All samples in the study were encapsulated by a 200-nm-thick layer of polymethyl methacrylate (950 PMMA A4, spin coating at 4000 r.p.m. for 40 s) to prevent degradation during testing.
    Figure S1a, b shows the optical microscopy and scanning electron microscopy images of Ag ND-WS2 hybrid system at zero detuning condition. The array period is observed to be around 300 nm and the diameter of nanodisk is nearly 110 nm. In addition, a typical transmission spectrum of individual monolayer WS2 flake is characterized in Figure S1c. The intense and sharp exciton peak at 2.0 eV indicates the good quality of our sample.
[image: ]
Figure S1. (a) Optical microscopy and (b) Scanning electron microscopy images of Ag ND-WS2 hybrid structure. (c) Transmission spectrum of the WS2 monolayer semiconductor.

1.2 The influences of diffractive modes in metallic arrays
    In silver nanodisk arrays, the responses of localized surface plasmon resonance provided by single nanodisk are not only dependent on its structural parameters (e.g., disk diameter) but also significantly influenced by its neighbouring nanodisks via near-flied or far-field electromagnetic coupling1-3. Based on research aim of our work (exploiting the nonlinearity of naturally localized plexcitons), neither near-filed nor far-field interaction between silver nanodisks is wanted in our work since their existence may change localized nature of original plasmonic modes. For the near-filed coupling effect (plasmon-plasmon interaction), its influence can be firstly excluded in our structure as it works only when nanodisks are relatively densely packed (our lattice period is comparably too large to achieve efficient near-field interaction). For the far-filed coupling effect (plasmon-lattice interaction), its appearance is strongly dependent on the energy dispersion relationship between diffractive modes (provided by lattice period) and plasmonic modes (provided by single nanodisk) of the structure. When the resonance energy of diffractive modes gets close to that of plasmonic modes, the far-field coupling between nanodisks becomes significant and the localized plasmonic modes will take on the diffractive character of the photonic lattice modes. 
    Therefore, the period of lattice in our work is carefully chosen to be 300 nm since the diffractive modes are sufficiently separated from plasmonic modes at this lattice period, as shown in the angle-resolved transmission spectrum of Figure S2a. For comparison, the angle-resolved transmission spectrum of a 350-nm-period sample (other structure parameters keep unchanged) is also presented in Figure S2b. Here, the diffractive modes of the lattice show an obvious redshift and strongly interact with plasmonic modes, which consequently results in an observable bending of the plasmonic modes. This phenomenon reveals that the far-flied coupling effect gradually appears at increasing lattice period and the proper selection of lattice period is necessary for our structure.
[image: ].
Figure S2. Angle-resolved transmission spectrum of Ag ND-WS2 hybrid device at (a) 300 nm and (b) 350 nm period with the same disk diameter. An evident redshift of diffractive modes can be clearly seen at a larger lattice period (350 nm), which leads to a change of the plasmonic modes.

Supplementary Note 2: Coupled oscillator model and fitting results
2.1 Derivation of Coupled oscillator model
    The classical coupled oscillator model theory has been widely used to describe the Fano interference or strong coupling interaction between two quantum systems4-6. In this approach, the system is modeled as two dissipative harmonic oscillators with a coupling spring connecting with each other. For the hybrid plasmon-exciton system in our work, it can be initially assumed that only the LSPR of Ag ND is predominately excited by the external field since the extinction cross-section of the LSPR is much larger than the exciton resonance (the exciton of WS2 is subsequently driven through it coupling to the LSPR). Thus, the motional equations of the coupled plasmon-exciton system can be described as:

                                                                          
where  and  stand for the displacements of the plasmonic and excitonic oscillators, respectively, ,  and ,  are the resonant frequency and full width at half maximum (FWHM) of the excitonic and the plasmonic resonance, respectively,  is the plasmon-exciton coupling strength and   represents the driving electric field. In fact, the assumption that all excitons are driven by plasmon is not very accurate, especially under the circumstances that the oscillator strength of excitons is not much smaller than the oscillator strength of plasmons or the incident excitation fluence is large enough to produce excitons directly. Thus, A phase difference between  and  should be considered in the displacement of plasmonic () and excitonic resonance ()7-9, and the resulting phase shift ()  between plasmon and exciton should also be accounted into the complex coupling constant , which are stated as followed: 



By solving Equations S1 to S5, we can estimate the extinction cross-section of the coupled system as:

Considering both scattering light and absorbing light contribute to the reflection of the hybrid structure, the numerical expression of   here can also be used to approximately fit the measured reflection spectrum of the coupled system. The manifestation of spectrum is the result of Fano interference between two resonances with very different linewidths when . While for , the observed spectrum can be understood as the superposition of two newly-formed normal modes, i.e., mode splitting. Moreover, If the exciton is resonant with the plasmon (i.e., ), and coupling strength , damping rates (,  are small compared to the resonance frequencies , the Equation S6 can be further simplified as (near the resonance peak,  ):

where the frequency values of two maximum peak of spectrum  are solved to be . By adding and subtracting these two peak frequencies , we can obtain: 


Accordingly, the value of  (also known as the Rabi splitting, ) can be used to characterize the coupling strength between plasmon and exciton. While for  , its value can be used to reflect the sum of resonance energy of plasmon and exciton.

2.2 COM fitting results
The experimental reflection spectrum of the zero detuning Ag ND-WS2 sample () is fitted based on Equation S6 and the relevant results and parameters are presented in Figure S3 and Table S1. In Figure S3, we can see that the fitted curve (red line) matches very well with the experimental reflection spectrum (red dots), showing the good applicability of COM theory in our work. The parameters listed in Table S1 are used to determine the coupling strength (strong, intermediate, or weak) of our hybrid plexcitonic system, as we discussed in the main text.
[bookmark: _Hlk83218826][bookmark: _Hlk83219194]It should be worth noting here, the experimental spectrum measured by different approaches with different collecting setups are not completely the same even for the same sample location. As shown in Figure S3, the red and black lines represent the reflection spectrum measured via the time-resolved approach and the extinction spectrum measured via the steady-state approach, respectively. Compared with the extinction spectrum, the spectral splitting in reflection spectrum is observed to be much wider and deeper. Besides, the intensity of reflection spectrum is also obviously weaker than the intensity of extinction spectrum at high energy range near the position of WS2 B exciton (i.e., from 2.15 eV to 2.3 eV). Comprehensively, the reasons responsible for these spectral differences can be mainly attributed to the following two aspects: (i) The testing area (20 × 20 µm2) in the extinction measurements is much larger than the testing area (π × 2.5^2 µm2) in the reflection measurements. This means the inhomogeneous linewidth broadening effect of LSPR caused by the inhomogeneity of nanodisk ensembles is less introduced in the reflection spectrum, which correspondingly results in a relatively wider and deeper spectral splitting. (ii) the collecting angular range of objective (Olympus, MPlanFLN 100×, NA=0.9) in the extinction measurements is much larger than the collecting angular range (Olympus, SLMPLN 20×, NA=0.25) in the reflection measurements. This means more absorption signals from the WS2 constituent of hybrid system are collected in the extinction measurements compared with reflection measurements10 (i.e., scattering and absorption signals from the Ag ND constituent of hybrid system, instead of WS2 constituent, dominates the reflection spectrum), which leads to the rise of signal intensity at high energy range in the extinction spectrum. Despite the differences, the spectral splitting in both the extinction and reflection measurements undoubtedly indicate the formation of plasmon-exciton hybridization (i.e., intermediate plexcitons) in our sample even if considering the more rigorous criteria for plasmon-exciton interaction under extinction experiments. Reflection spectra are mainly analyzed in the text since all subsequent researches are done based on time-resolved approach. 
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Figure S3. Experimental spectrum of the zero detuning Ag ND-WS2 hybrid sample. The red and black lines represent reflection spectrum and extinction spectrum measured via time-resolved approach and steady-state approach, respectively.

	
	 (eV)
	 (meV)
	 (eV)
	 (meV)
	 (meV)
	 (π)

	Value
	2.0197
	59.739
	1.9966
	269.85
	92.564
	-0.0327



Table S1. Obtained parameters from the coupled oscillator model fitting in Figure S3 (red line). Here, we replace , , ,  with ,  ,,  in order to be consistent with symbols in the main text.

Supplementary Note 3: Comparison of ultrafast dynamics of bare WS2, bare Ag ND, and hybrid Ag ND-WS2 under resonant excitation
    To clearly distinguish the ultrafast dynamics of coupled system (Ag ND-WS2) from the isolated systems (WS2, Ag ND) and highlight the different photophysical processes of different excitations (i.e. exciton, plasmon, and plexciton), the time-resolved reflection spectra scans of zero-detuning hybrid Ag ND-WS2 plexcitonic system and its individual WS2 and Ag ND components are carefully recorded and compared in Figure S4 under resonant pump excitation (2.0 eV) at incident fluences of 5.0 µJ cm-2. For the dynamics of bare WS2, a sharp single excitonic peak located at 2.014 eV displays evident bleaching and blue-shifting signals after laser pulse excitation, which is normally ascribed to the band filling effect and exchange interaction of excitons. For the dynamics of bare Ag ND, a broad single plasmonic peak centered at 2.021 eV can be observed and shows barely any temporal signals although in the presence of pump excitation, which is due to the inherently weak optical response of pure metallic nanostructures. However, when it comes to the dynamics of the integrated Ag ND-WS2 system, a totally different splitting double-peak feature is emerged with lower and higher resonance peaks situated at 1.951 eV and 2.064 eV, respectively. These significant distinctions of dynamics of WS2, Ag ND, and Ag ND-WS2 systems strongly indicate that the photophysical dynamics of the Ag ND-WS2 system is not a simple superposition of the dynamics of isolated WS2 and Ag ND, and a valid measure of plexcitons (rather than excitons and plasmons) dynamics in Ag ND-WS2 system is achieved in our study.
[image: ]
Figure S4. Time-resolved reflection spectra scan of the (a) bare WS2 excitonic system, (b) bare Ag ND plasmonic system, and (c) hybrid Ag ND-WS2 plexcitonic system under resonant pump excitation (2.0 eV) at incident fluences of 5.0 µJ cm-2. The temporal revolutions of peak energy of WS2 exciton, Ag-ND plasmon, and Ag ND-WS2 plexciton are marked as white dashed lines.

Supplementary Note 4: Ultrafast responses of plexcitons under resonant excitation
4.1 Power-dependent time-resolved reflection spectra scan of Ag ND-WS2 plexcitonic system
    Figure S5 demonstrates the power-dependent time-resolved reflection spectra scan of zero-detuning Ag ND-WS2 plexcitonic system under resonant pump excitation (2.0 eV). The temporal revolutions of peak energy of UB and LB plexcitons resonances are marked as white dashed lines at every experimental incident fluence.
[image: ]
Figure S5. Time-resolved reflection spectra scan of the zero-detuning Ag ND-WS2 plexcitonic system under resonant pump excitation (2.0 eV) at incident fluences of (a) 0.2 µJ cm-2, (b) 0.4 µJ cm-2, (c) 1.0 µJ cm-2, (d) 2.0 µJ cm-2, (e) 5.0 µJ cm-2, (f) 12.5 µJ cm-2, (g) 17.5 µJ cm-2, (h) 22.5 µJ cm-2, (i) 32.5 µJ cm-2.


4.2 Transient grating effect and peak energy extraction
As displayed in Figure 1c of the main text, obvious spectral oscillations show up in the time-resolved reflection spectra of our Ag ND-WS2 plexcitonic system when the pump and probe pulses approximately overlap with each other (more accurately, the oscillations begin at very early times when probe pulse precedes pump pulse) and this unique feature can be seen more clearly in Figure S6a, b in the form of time-resolved differential reflection spectra (ΔR = log10 (Rpump on/Rpump off)). These oscillatory structures sustain broadly at the spectral detection range of our experiments (mainly from 1.85 eV to 2.15 eV) and appear only within the very short pump-probe pulses overlapping duration (mainly from -400 fs to 0 fs). Normally, the emergences of transient oscillations in time-resolved differential spectra are primarily derived from three processes: they are (i) pump pulse scattering11, (ii) perturbed free induction decay12-14, and (iii) transient grating15,16, respectively. Here, the effect of pump pulse scattering can be firstly excluded since the bandwidth of pump pulse (filtering by a 10-nm-bandpass filter at 620 nm) is much smaller than the spectral oscillating range and the stray pump pulses scattered into the probe pulse by the Ag NDs are strongly inhibited in our spatially and polarized isolated pump-probe detection configuration. At the same time, the influence from perturbed free induction decay can also be safely ruled out as the appearance of oscillations induced by perturbed free induction decay requires the polarization dephasing time of system is comparable to or longer than the duration of pump pulse, which is unlikely to happen in our coupled plexcitons system. Even for the uncoupled excitons, their existence also cannot produce such broad-range spectral oscillations due to the limited energetic linewidth of exciton despite their dephasing time is comparable to the pump pulse. Therefore, the transient grating effect is most likely responsible for the occurrence of spectral oscillations in our work, especially when the pump beam is incident obliquely with respect to the probe beam. The underneath physical process of transient grating effect can be described as followed: the leading part of pump pulse interferes non-collinearly with the probe pulse at the sample surface, creating a standing wave of laser intensity (i.e., interferometric excitation intensity). The periodic variation of excitation density which is further amplified by LSPR effect greatly modulates the refractive index of sample in a regular spacing across the surface, giving rise to an extraordinary strong diffraction of transient grating (TG) signal filed. Subsequently, the TG signal field is measured by a delayed probe beam and ultimately manifested itself as spectral interference patterns in the frequency domain. It needs to be noted that the TG signal showcased here is a coherent artifact resulted from our oblique incidence pump-probe detection setup and its appearance is almost inevitable because oblique incidence detection setup is necessary for achieving completely resonant pump excitation (i.e., 2.0 eV). 
The presence of TG signal superimposed on time-resolved reflection spectra will significantly influence the accurate extraction of peak energy of the UB and LB plexcitons resonance. Thus, eliminating the effect of TG signal is the prerequisite to obtain the right peak energy evolution of EUB and ELB as a function of time, especially for the times when pump pulses overlap with probe pulses. Figure S6c demonstrates the temporal evolution of EUB and ELB with TG signal. It can be clearly seen that the temporal evolution of EUB and ELB is masked by an irregular peak energy change starting nearly from -400 fs until 0 fs, which is attributed to the TG effect. Here, we exclude this abnormal peak energy change by directly replacing it with linearly interpolated data, and the resulted temporal evolution of EUB and ELB without TG signal is shown in Figure S6d.
[image: ]
Figure 6. (a) Time-resolved differential reflection spectra of the zero-detuning Ag ND-WS2 plexcitonic system under resonant pump excitation (2.0 eV) at incident fluences of 5.0 µJ cm-2. The Black dashed box indicates the spectral and temporal range in which oscillations occur. (b) Differential reflection spectra curves at -300fs, -240fs, -180fs, -120fs projected from the cross-section of (a). (c-d) Peak energy evolution of the UB and LB plexcitons resonance as a function of time (c) with TG (d) without TG effect.

4.3 Temporal evolution of EUB - ELB and EUB + ELB
    In order to precisely observe the differences between the behaviors of UB and LB plexcitons, the peak energy temporal evolution of the EUB and ELB are enlarged in Figure S7a. Correspondingly, the calculated temporal evolution of EUB - ELB and EUB + ELB are presented in Figure S7b, which are utilized in our work to decide the unique occurring time scales of coherent plexcitons, incoherent plasmon/exciton population, and heat effect processes. 
[image: ]
Figure S7. (a) Enlarged temporal evolution of EUB and ELB with/without TG signal. (b) Temporal evolution of EUB - ELB and EUB + ELB acquired by subtracting and adding the EUB and ELB data without transient grating effect (i.e., red lines) in (a).
    According to the EUB - ELB and EUB + ELB dynamics in Figure S7b, the ultrafast optical responses of plexcitons after pulsed excitation are well depicted in Figure S8. Specifically, the coherent plexcitons are firstly generated upon excitation and accompanied by the appearance of TG effect. Then, the coherent plexcitons rapidly relax into the incoherent plasmon/exciton population with a typical dephasing time of tens of fs (estimated from the reciprocal of energy splitting value, i.e., 2π/Ω). The subsequent decay (in hundreds of fs) of incoherent plasmon/exciton population results in local heat accumulation in Ag NDs, rising the temperature of adjacent WS2 lattice. Finally, the excess heat in the system dissipates out by thermal coupling with the environment at ps timescales. 
[image: ]
Figure S8. The schematic of plexcitons dynamics after resonant pump pulse excitation.

4.4 Transient optical response of bare Ag NDs
Compared with the ultrafast response of Ag ND-WS2 plexcitonic system, the ultrafast response of individual Ag NDs shows barely any signal, as shown in the transient differential reflection spectra of Figure S9. This experimental result indicates that no obvious spectral change (i.e., peak energy shift and linewidth broadening) has happened for LSPR at this pump fluence.
Furthermore, this phenomenon reveals the intrinsically weak optical nonlinearity of pure plasmonic nanoparticles, which can be used as extra evidence supporting the statement that the plexcitons nonlinearity is mainly originated from their excitonic component rather than plasmonic component, as discussed in the ‘Giant nonlinear interaction of plexcitons’ section of the main text.
[image: ]
Figure S9. Time-resolved differential reflection spectra of individual Ag NDs under resonant pump excitation (2.0 eV) at incident fluences of 5 µJ cm-2.


Supplementary Note 5: Time-resolved reflection spectra and EUB ± ELB dynamics of plexcitons under selective pump excitation circumstances.
The whole time-resolved reflection spectra scan of plexcitons under 2.0 eV, 2.58eV, and 1.88 eV excitation are presented in Figure S10a-c, where the reflection spectra scan with 2.0 eV and 2.58 eV pump behaviors similarly, while no optical response is observed at excitation of 1.88 eV. The analogous phenomenon is also observed in the temporal evolution dynamics of EUB ± ELB displayed in Figure S10d-f. All these results indicate the nonlinearity of plexcitons is dominated by their excitonic part instead of the plasmonic part, which is consistent with the discussion in our main text.
Notably, the reflection spectra responses at 2.0 eV, 2.58eV excitation are not exactly same and there are still some minor differences between them (e.g., the intensity of UB plexciton). Here, we speculate these spectral differences are derived from the extra coulombic screening effect introduced by 2.58 eV excitation as 2.58 eV excitation pumps the high-energy free charge carriers rather than the excitons in the system17. Moreover, the EUB ± ELB dynamics at 2.0 eV excitation shows faster redshift compared with the dynamics at 2.58 eV. This discrepancy can be attributed to heat effect, which is largely absent in 2.58 eV excitation condition since 2.58 eV excitation cannot directly pump the plasmon.
[image: ]
Figure S10. (a-c) Time-resolved reflection spectra scan of individual Ag ND-WS2 hybrid system under 2.0 eV, 2.58 eV, and 1.88 eV pump excitation at 2.0 µJ cm-2, 8.0 µJ cm-2, and 3.0 µJ cm-2. (d-f) Temporal evolution of EUB ± ELB acquired by subtracting and adding the EUB and ELB data in (a-c).

Supplementary Note 6: COM fit of plexciton reflection spectra under excitation
    The COM fitting results of plexciton reflection spectra with and without EID effect at various incident fluences are shown in Figure S11. We can see that the measured data (red dashed lines) are well reproduced by COM fitting with the aid of EID effect (orange solid lines). Correspondingly, the extracted parameters are listed in Table S2. The apparent relative changes of exciton resonance linewidth () and plasmon-exciton coupling strength () parameters indicate the presence of dephasing and saturation nonlinearity in plexcitons. Moreover, the nearly unchanged plasmon peak energy () and resonance linewidth () parameters again certify the nonlinearity of plexcitons is from their excitonic component rather than plasmonic component (i.e., weak optical nonlinearity of plasmons). 
 [image: ] 
Figure S11. COM fitting results of the plexciton reflection spectra with and without the EID effect at pump excitation of (a) 0.2, (b) 0.4, (c) 1.0, (d) 2.0, (e )5.0, and (f) 12.5 µJ cm-2.

	
	 (eV)
	 (meV)
	 (eV)
	 (meV)
	 (meV)
	 (π)

	0 µJ cm-2
	2.0197
	59.739
	1.9966
	269.85
	92.564
	-0.0327

	0.2 µJ cm-2
	2.0195
	61.869
	1.9966
	269.53
	92.489
	-0.0333

	0.4 µJ cm-2
	2.0199
	64.129
	1.9964
	269.82
	91.870
	-0.0362

	1.0 µJ cm-2
	2.0198
	67.021
	1.9963
	269.86
	91.210
	-0.0393

	2.0 µJ cm-2
	2.0204
	68.928
	1.9962
	270.88
	89.499
	-0.0449

	5.0 µJ cm-2
	2.0209
	71.353
	1.9961
	272.14
	87.113
	-0.0546

	12.5 µJ cm-2
	2.0216
	71.693
	1.9961
	273.88
	86.465
	-0.0652



Table S2. COM fitting parameters obtained from Figure S11. 

Supplementary Note 7: Derivation of - relationship from the bare WS2 excitons 
7.1 Optical responses of bare WS2 excitons as a function of incident fluences
    The resonant excitation (i.e., 2.0 eV) pump-probe experiments of the bare ML WS2 system were performed here to experimentally establish the relationship of oscillator strength and resonance linewidth parameters in pure WS2 exciton, which is prepared for the theoretical derivation of - relationship in plexcitons. Figure S12 displays the measured pumped excitons reflection spectra at zero-time delay under various incident fluences. By fitting the measured excitons reflection spectra with Voigt functions, we can acquire the peak energy, oscillator strength (i.e., resonance area), and linewidth parameters correlation information of WS2 exciton at every incident fluence.   
[image: ]
Figure S12. Bare WS2 exciton reflection spectra at zero time delay under 2.0 eV pump excitation with the fluences of (a) 0.5 µJ cm-2, (b) 1.0 µJ cm-2, (c) 2.0 µJ cm-2, (d) 4.0 µJ cm-2, (e )7.5 µJ cm-2, (f) 15 µJ cm-2, (g) 30 µJ cm-2, (h) 50 µJ cm-2, and (i) 100 µJ cm-2. The solid orange lines are the Voigt function fitting of the measured excitons reflection spectra with the assistance of blue solid baselines. 

    The extracted resonance peak energy (), resonance area (, and resonance linewidth () parameters as a function of incident fluences are plotted in Figure S13a-c. As can be seen, the blueshift of  varies greatly at low incident fluences but approaches a saturation at high incident fluences, while the reduction of  (i.e., saturation of oscillator strength) and broadening of  becomes more significant with increased incident fluences (> 15 µJ cm-2). This finding is consistent with the discussion in the main text, which states first-order exchange interaction between WS2 excitons (leading to the blueshift of resonance energy) works primally at large interparticle distance (low incident fluences) while the phase space filling effect and higher-order exciton-exciton interactions (e.g., excitation induced dephasing) become only important at short interparticle distance (high incident fluences). Furthermore, Figure S13d records the kinetics of WS2 exciton (probed at ) at these pump incident fluences. The faster relaxation dynamics at higher incident fluences implies exciton-exciton collisions become quite efficient at large excitons density accompanied by the emergence of higher-order many-body effect18,19.
[image: ]
Figure S13. Pump fluences dependent parameters evolution of (a) exciton resonance peak energy (), (b) exciton resonance area (), and (c) exciton resonance linewidth (). The dash-dot lines denote the initial values of parameters at zero pump incident fluences. (d) Bare WS2 exciton kinetics probes at 2.015 eV under different excitation fluences.

7.2 Derivation of - relationship
    Since the oscillator strength (reflected by the spectral integral of exciton resonance. i.e., resonance area ) and resonance linewidth () parameters relationship of bare WS2 excitons has been experimentally acknowledged at every incident fluence (as shown in Figure S13b, c), we can theoretically derive the - relationship in plexcitons according to the mathematical expression of  20. The estimated  values in plexcitons are calculated by the relative change of resonance area (), where  and  represent the initial plexciton coupling strength and exciton oscillator strength under zero pump incident fluence, respectively. As a result, the processed - relationship (i.e., - relationship) are displayed in Figure S14 (black dots). Phenomenologically, we fit the - relationship with a well-established model for classical 2D excitons21-23:



Where Equation S10 is the conventional exciton oscillator strength saturation model, Equation S11 and S12 represent optimized linewidth broadening model (due to EID) with a density-dependent coefficient .  and  are the initial exciton oscillator strength and resonance linewidth without pump excitation.  is the density of the photoexcited exciton,  and  are the saturation exciton densities for oscillator strength and linewidth broadening coefficient. The obtained fitting curve of the - relationship is plotted in Figure S14 (red solid line), which is used in our main text to prove the accuracy of the COM fitting results of pumped plexcitons reflection spectra.
[image: ] 
Figure S14. - relationship derived from the bare WS2 excitons. The red solid line illustrates the fitting result of - relationship via using a classical 2D excitons model.

Supplementary Note 8: The evaluation of plexcitons nonlinearity  
8.1 Estimation of plexcitons nonlinearity from other microcavity polaritons nonlinearities
As we mentioned in the main text, the specific coefficient of plexcitons nonlinearity is hard to be reckoned in our complex system due to the difficulty to accurately gauge the excited plexcitons density. However, a comparison of plexcitons nonlinearity with other polaritons nonlinearity will be helpful for us to have a rough estimation of the interaction constant of plexcitons nonlinearity in our work. Thus, Table S3 summarizes a list of TMD-based polaritons nonlinearity reported in recent years.     
In this table, the polariton nonlinearities are mainly classified in terms of the exact type of polaritons (i.e., exciton-polaritons, trion-polaritons, polaron-polaritons, Moiré exciton-polaritons, Rydberg exciton-polaritons, interlayer exciton-polaritons, and plasmon-exciton-polaritons) and the key mechanism (i.e., exchange, saturation, and dephasing interaction) governing the nonlinear responses. After a comprehensive comparison, we speculate here that the coefficient of plexcitons nonlinearity in our work is most likely to be close to the coefficient of neutral exciton-polaritons nonlinearity extracted at high power excitation, and the corresponding constants of plexcitons nonlinearity (exchange and saturation) are most probably at the range of 10-3~10-1 µeV∙µm2 (refer to the literature [24, 26]) as the nonlinearity of plexcitons is originated from their neutral exciton component and the small volume (optical confinement from LSPR) of plexcitonic mode leads to a fairly high plexcitons density generated surrounding the Ag ND, just similar to the case where dielectric microcavity exciton-polaritons are excited under intense laser fluence.
It should be noted that although the coefficient of plexcitons nonlinearity is on the same level as the neutral exciton-polaritons and not as prominent as the other kinds of polaritons (trion, polaron, Moiré exciton, Rydberg exciton, interlayer exciton), the nonlinear performances of Ag ND-WS2 plexcitonic system are still considerable since the optical confinement (beyond diffraction limit) of plexcitonic mode results in naturally high excited plexcitons density in the system, which facilitates the occurrence of the nonlinear responses (considering that the ultimate nonlinear response magnitude of Ag ND-WS2 device is dependent on the product of nonlinearity coefficient and the plexcitons density).

	Year
	Materials types
	Resonators types
	Polaritons types
(Rabi splitting)
	Nonlinearity types
	Coefficient
(µeV∙µm2)
	
Testing temperature


	201824
	ML
WS2
	Bragg mirror
	Exciton-polaritons
(43.4 meV)
	Exchange ()
	6.0 × 10-2
	295 K

	
	
	
	
	Saturation ()
	5.0 × 10-3
	

	202025
	ML
MoSe2
	Photonic crystal slab
	Exciton-polaritons
(27.4 meV)
	Exchange ()
	1.0 ± 0.4
	7 K

	 202026
	ML
MoSe2
	Distributed Bragg reflector
	Trion-polaritons
(5.8 meV)
	Saturation ()
	37 ± 3.0
	4 K

	
	
	
	Exciton-polaritons
(17.2 meV)
	Exchange ()/ Saturation ()
	1.0×10-2 ~ 2.0
	

	202027
	ML
MoSe2
	Distributed Bragg reflector
	Polaron-polaritons
(2.6 meV)
	Saturation ()
	0.5
	4.2 K

	
	
	
	Exciton-polaritons
(14.0 meV)
	Exchange ()
	1.0 × 10-2
	

	202128
	ML
MoSe2
	Distributed Bragg reflector
	Exciton-polaritons
(28.0 meV)
	Exchange ()
	2.2 ± 1.6
	127 K

	
	
	
	
	Saturation ()
	2.16 ± 0.5
	

	202129
	MLWS2/
MoSe2
	Planar microcavity
	Moiré exciton-polaritons
(10.1 meV)
	Saturation ()
	6.0×10-2 ~ 5.0
	70 K

	
	
	
	Exciton-polaritons
(17.1 meV)
	Exchange ()/ Saturation ()
	2.0×10-2
	

	
	
	
	
	Dephasing ()
	N/A
	

	202130
	ML
WSe2
	Distributed Bragg reflector
	Rydberg   exciton-polaritons
(7.5 meV)
	Saturation ()
	46.4 ± 13.9
	15 K

	
	
	
	Exciton-polaritons
(27.0 meV)
	Exchange ()/ Saturation ()
	10.0 ± 4.2
	

	202131
	Bilayer
MoS2
	Distributed Bragg reflector
	Interlayer
exciton-polaritons
(21.4 meV)
	Exchange ()/ Saturation ()
	2.0 ~100.0
	7 K

	
	
	
	Exciton-polaritons
(40.4 meV)
	Exchange ()/ Saturation ()
	6.6 ~ 10.0
	

	This Work
	ML
WS2
	Ag ND
	Plasmon-exciton-polaritons
(112.3 meV)
	Exchange ()
	10-3 ~ 10-1
	295 K

	
	
	
	
	Saturation ()
	10-3 ~ 10-1
	

	
	
	
	
	Dephasing ()
	N/A
	



Table S3. List of TMD-based microcavity polaritons nonlinearity reported from other works and a rough estimation of plexcitons nonlinearity in our work.

8.2 Comparison of nonlinearity of hybrid Ag-WS2 plexcitons and bare WS2 excitons as a function of pump fluence
Since extracting the coefficient of the plexcitons nonlinearity is a rather challenging task in our work and the value of nonlinearity coefficient cannot be used to intuitively reflect the ultimate nonlinear response performance of the Ag-WS2 hybrid device, a comparison of the nonlinearity of hybrid Ag-WS2 plexcitons with the nonlinearity of bare WS2 excitons as a function of pump fluence would be helpful for us to better quantitively evaluate the magnitude of plexcitons nonlinearity and highlight its significance. Thus, we systematically compare the nonlinear response signals of the Ag-WS2 plexciton system and WS2 excitons system in terms of two kinds of nonlinearity (i.e., the saturation nonlinearity, , and the dephasing nonlinearity, ) in Figure S15. Parameters like normalized coupling/oscillator strength (defined as  for Ag-WS2 plexcitons and  for bare WS2 excitons with relationship ) and linewidth broadening () are utilized to characterize the magnitude of saturation and dephasing nonlinearities, respectively. It can be observed that, for the same magnitude of produced nonlinear responses (i.e., coupling/oscillator strength bleaching in Figure S15a and linewidth broadening in Figure S15b), the pump pulse fluences consumed by the hybrid Ag-WS2 plexcitons system are almost average 10 times smaller than the ones used in the bare WS2 excitons system. Although the times are changing at every pump fluences potentially due to the varying nonlinear interaction constants at different plexcitons density, an average tenfold difference is most reasonable when accounting for both the cases of saturation and dephasing nonlinearities.
[image: ]
Figure S15. Comparison of nonlinear responses of Ag-WS2 plexcitons and WS2 excitons as a function of pump fluences in terms of (a) saturation and (b) dephasing nonlinearities. The fluences axis of excitons is magnified by a factor of 10 compared to that of plexcitons, for better comparison.

Supplementary Note 9: Plexcitons nonlinearity at increased coupling strengths 
    Since plexcitons nonlinearity is only studied under moderate plasmon-exciton coupling strength condition in the main text, it is very necessary to explore the applicability of our conclusion along with the increase of the coupling strength. In order to obtain the Ag ND-WS2 plexcitonic devices with increased coupling strengths, three WS2 samples of different layer numbers, i.e., monolayer (1L), bilayer (2L), and trilayer (3L), were firstly prepared by mechanically stacking the CVD-grown single-layer WS2 onto a same glass substrate three times via wet transfer procedures. Subsequent annealing process (300 °C for 3 hours in a vacuum environment) ensures the good quality of our sample. Figure S16 demonstrates the measured excitons reflection spectra of the fabricated 1L, 2L, and 3L WS2. We can see that the exciton reflection signal is enhanced with the increase of WS2 layer thickness. Simultaneously, the redshift of exciton energy and broadening of resonance linewidth are also observed in multi-layer WS2 relative to single-layer WS2 due to the interlayer coupling effect.
[image: ]
Figure S16. (a-c) Exciton reflection spectra of WS2 at different thicknesses. The measured data (black lines) are well fitted by the Voigt curves (red lines) with the help of blue baselines.
    By integrating the WS2 of different layer numbers () with the Ag NDs, we obtain the Ag ND-WS2 plexcitonic devices with different coupling strength (), since  is theoretically proportional to 32. Figure S17a-c shows the measured reflection spectra results of Ag ND-WS2 at increased layer numbers. As can be seen, the coupling strength is enhanced by varying the number of layers from 1L to 3L. However, this enhancement is less than the theoretically expected value because in-plane dipole moments of WS2 decrease in thicker multilayers. Besides, the coupling strength (85.1 meV) of Ag ND-1L WS2 here is smaller than the one (92.6 meV) reported in the main text, which is likely caused by the sample damage from multiple wet transfer procedures. Finally, we conducted resonant pump-probe measurements on these Ag ND-WS2 plexcitons systems in Figure S17d-f for acquiring the ultrafast optical response information of plexcitons at increased coupling strength.
[image: ]
Figure S17. Thickness-dependent (a-c) steady-state reflection spectra and (d-f) time-resolved reflection spectra scan of Ag ND-WS2 plexcitons under pump incident fluences of 2.0 µJ cm-2.
    The plexcitons reflection spectra of Figure S17d-f at t = 100 fs are correspondingly extracted in Figure S18a-c to investigate the plexcitons nonlinearity at increased coupling strength. It can be clearly seen that dephasing nonlinearity (i.e., broadening of resonance linewidth) and saturation nonlinearity (i.e., reduction of spectral splitting) dominate the plexcitons nonlinearity in all cases. This fact verifies the universality of our conclusion that plexcitons nonlinearity is governed by excitation-induced dephasing and phase-space filling mechanisms. The much more obvious dephasing nonlinearity in the 2L and 3L Ag ND-WS2 systems compared with the 1L Ag ND-WS2 system suggests interlayer coupling effect (e.g., interlayer excitons assisted EID effect33) also play an important role in determining the whole plexcitons nonlinearity.
[image: ]
Figure S18.  (a-c) COM fitting results of the plexciton reflection spectrum at increased coupling strength with (orange solid line) and without (blue solid line) the EID effect.

Supplementary Note 10: Tunable plexcitons for designed ultrafast optical nonlinearity 
10.1   Ultrafast optical responses of Ag ND-WS2 samples with different Al2O3 thickness
    The complete time-resolved reflection spectral scans and selected spectral signals at t = 100 fs of Ag ND-WS2 sample with different Al2O3 thickness are displayed in Figure S19.
[image: ]
Figure S19.  Time-resolved reflection spectra scan of Ag ND-WS2 samples with (a) 0 nm, (b) 10 nm, and (c) 30 nm Al2O3 interlayer under 2.0 µJ cm-2 resonant excitation. Corresponding reflection spectra at = 100 fs are shown in (d), (e), and (f), respectively.

10.2   Ultrafast optical responses of Ag ND-WS2 samples with distinct disk diameters
    The complete time-resolved reflection spectral scans and selected spectral signals at t = 100 fs of Ag ND-WS2 sample with distinct disk diameters are shown in Figure S20.
[image: ]
Figure S20.  Time-resolved reflection spectra scan of Ag ND-WS2 samples with (a) 80 nm, (b) 110 nm, and (c) 140 nm disk diameters under 2.0 µJ cm-2 resonant excitation. Corresponding reflection spectra at = 100 fs are shown in (d), (e), and (f), respectively

    The successive changes of differential reflection spectra as a function of disk diameters are displayed in Figure S21. We can see the PA signal continues shifting to the low energy direction as the plasmon resonance energy decreases. At the same time, the PB signal also changes from the red side of PA signal to the blue side of PA signal. These phenomena are caused by the changes of constructive enhancement and destructive suppression positions at different plasmon-exciton tuning conditions.
[image: ]
Figure S21.  Differential reflection spectra of Ag ND-WS2 samples at t =100 fs with continuously-varying disk diameters under 2.0 µJ cm-2 resonant excitation.

10.3   I-scan measurements of individual monolayer WS2, Ag nanodisks, and substrate
[image: ] 
Figure S22.  The nonlinear absorption properties of bare ML WS2 substrate, Ag NDs, and substrate. As can be seen, the WS2 demonstrates a typical saturable absorption response while Ag NDs and substrate exhibit barely any nonlinear response, which proves the accuracy of our I-scan results. 

Supplementary Note 11: The influence of plasmonic hot electrons transfer
If there is any plasmonic hot electrons transfer in our plexcitonic system, we expect the time-resolved differential reflection spectra of Ag ND-WS2 sample will show (i) changes in spectral shapes and temporal dynamics due to the refilling of excited-state populations in ML WS234, and (ii) ultrashort broad bleaching signals (i.e., bandgap renormalization with population inversion) at lower photon energies (< 1.85 eV) due to the coherent doping of plasmonic hot electrons35. Figure S23 shows the ultrafast differential responses of Ag ND-WS2 sample with and without dielectric interlayers, in which 2 nm Al2O3 was adapted to reduce the transfer probability of plasmonic electrons in the metal-semiconductor interface. No obvious spectral feature changes that represent the existence of plasmonic hot electrons transfer are observed in Figure S23a, b, which implies plasmonic hot electrons transfer plays a minor role in our results (within the range of pump incident fluences used in our measurements).
Moreover, we have already performed below bandgap excitation (1.88 eV) measurements on Ag ND-WS2 sample in Supplementary Note 5, where no optical response signals were detected at this case. This result further indicates plasmonic hot electrons transfer is not enough efficient36 in our sample to affect the measured plexcitons nonlinearity.
[image: ]
Figure S23.  Time-resolved differential reflection spectra of the Ag ND-WS2 plexcitons under 2.0 µJ cm-2 resonant excitation (a) without Al2O3 interlayer and (b) with 2 nm Al2O3 interlayer.
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