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Methods
1. Sample preparation
Bulk MoS2 crystals (hq-Graphene) were mechanically exfoliated with Nitto tape, and few-layer samples were attached to SiO2/Si 300 nm/500 μm wafer. We selected MoS2 samples with different thicknesses under an optical microscope. Then the selected samples were attached to PVA (Aladin) films at 45 ℃ and transferred onto glass slides at 70 ℃. The PVA film was removed in deionized water for ~30 min. The AFM mapping for sample A was acquired by the Digital TNSTRUments/Veeco Dimension 3000 system under tapping mode.

2. Pump-probe-control measurements
The dual-output femtosecond laser source (InSight DeepSee, Spectra-Physics, Newport) was operated at the frequency of 80 MHz. The pump (1040 nm, 220 fs) pulse was modulated by an acousto-optic modulator (AOM, 1205C-1, Isomet) at the frequency of 2.23 MHz. A time-delay line (TD) after AOM was used to modulate the pump time delay. Both the pump and probe (902 nm, 100 fs) pulses were combined by a dichroic mirror (DMSP1000, Thorlabs) collinearly, and filtered by a polarization-maintaining single-mode optical fiber (PM-SM-F) (LPC-08-1060-6/125-P-3.8-20AC-40-3AF, OZ Optics) within a length of 0.3 m to keep the transverse Gaussian distribution. The control pulse was frequency-doubled by the probe pulse through a beta-barium borate crystal (BBOC) (SHG@900 nm, Union Optic). The control pulse was filtered by a 25 μm pinhole (H) and a quarter-wave plate (QWP). The three pulses with matched Gaussian distribution were controlled and scanned by galvanometers and scanning lens (SL) and tube lens (TL). The objectives (OBs) with high N.A (N. A. 1.49, UAPON 100XOTIRF, and N. A. 1.2 UPLSAPO 60XW, Olympus) were used to focus the pulses on the MoS2 samples. The pump pulse signal was transmitted through an oil condenser (OC) (N. A. 1.4, U-ACC, Olympus) and three bandpass filters (BPF) (ZET800/200bp, ET980sp-2P8, Chroma Technology). Then the transmitted photons was detected by a Si PIN photodiode (S3994-01, Hamamatsu). A high-speed lock-in amplifier (HF2 LI, Zurich Instruments) was implemented to demodulate the pump-probe signal for sensitive heterodyne detection. The intensity mapping results were acquired by an acquisition card (PCI 6251, National Instrument) with a frequency of 1.25 MHz.




Extended Data Note 1| WAC mechanism
	Fig. 2 verified the thickness-correlated intensity enhancement. Based on the linear relationship between intensity and power, the derivative of intensity with respect to the pulse power should be related to the thickness. Therefore, the thickness of different units can be encoded as weights for the weighted average calculation (WAC). In our experiment, the pump and control time delays were fixed at zero, and the pump and probe powers were . When the control power was increased from 0 mW to 7 mW, the intensity mapping results for 6 units with different thicknesses were summarized in Extended Data Fig. 16a. The average intensity was calculated in Extended Data Fig. 16b, showing different transient intensities for each unit device under the same control power. After assigned a weight value w for each unit, the WAC mechanism is summarized in Extended Data Fig. 16c, for which the control power for each unit device works as the input signal, and the output intensities  can be summed as the WAC result.

Extended Data Note 2| ANN simulation
	The training dataset contained 3×3 patterns forming letters ‘H’, ‘U’, ‘S’, and ‘T’, which was assigned with label [1 0 0 0], [0 1 0 0], [0 0 1 0], and [0 0 0 1], respectively in the simulation. Each pixel in the pattern was encoded as the control power in the range from 0 to 5 mW. The training dataset was randomly set for 30 epochs, each epoch contained 20 patterns, as shown in Extended Data Fig. 17. The 3×3 pattern was transformed into a 1×9 input vector, to train the one-layer artificial neural network (ANN) with 9×4 synapses. The output intensity follows:
		(1)
For each synapse, the pump and probe power were fixed at 2 mW, with zero pump time delay. The control pulse was delayed relative to the pump and probe pulses, and the delay time was defined as the signal delay Δτ. To define the correlation between weight and Δτ, we focused on the measured transient intensity evolution in Fig. 2j under a control power of 2 mW. The transient intensity I can be fitted by , therefore, we calculated the weight by . The normalized weight in the range from 0 to 1 shows a linear relationship with , then the nonlinear relationship between w and Δτ can be summarized based on  (Fig. 4f). The initial weights were set at 1, with the corresponding signal delay Δτ = 0 ps for all the synapses. Each epoch contained 5 batches, and the output intensity  was normalized based on the SoftMax function to calculate the probability:
		(2)
Based on the pattern label  and the output probability , the cost of each epoch was calculated based on the cross-entropy function:
		(3)
The weight update Δw can be calculated:

	(4)
The learning rate is . After training the ANN in 30 epochs, the accuracy and cost in each epoch were calculated in Fig. 4n. The signal delay Δτ updates are shown in Extended Data Fig. 18, and the corresponding weight updates are shown in Extended Data Fig. 19. The probability  was used to predict the pattern labels, the results are shown in Extended Data Fig. 20b. The average probabilities for each pattern label in each epoch are shown in Extended Data Fig. 20c-f, and the average intensities for each pattern label in each epoch are shown in Fig. 4j-m.
	After the training process, we established a testing dataset (Extended Data Fig. 21a) to evaluate the ANN. The calculated output intensity  and the output probability  for the testing dataset were shown in Extended Data Fig. 21b-c, with the maximum intensity marked by the red rectangle for each pattern. Based on the pattern label (Extended Data Fig. 21d) and predicted label (Extended Data Fig. 21e), the ANN showed an accuracy of 100%.

Extended Data Note 3| Pump-probe-control responses at crystal edge
	The transient intensity enhancement was reproducible in multiple samples, which could be attributed to a bulk effect with strong thickness dependence. But in some samples, the transient intensity along the edge was much stronger than the bulk region, showing a different thickness correlation. Here we focused on sample F, the pump, probe, control powers were , , and the control time delay was zero. The intensity mapping under different pump time delays was summarized in Extended Data Fig. 26a and 26b, with the control pulse off and on, respectively. Along the white arrow marked in Extended Data Fig. 26a and 26b, the spatial intensity distribution under different pump time delays was summarized in Extended Data Fig. 26c and 26d, with the control pulse off and on, respectively. The differential intensity was defined as , which was calculated in Extended Data Fig. 26e. The red dashed rectangle marked the region with a large thickness, this region showed no intensity enhancement, matching the bulk effect discussed in the manuscript. The pink and white dashed rectangle marked the bulk and edge regions with the same thickness (Extended Data Fig. 4f). Due to the thinner thickness, the pink bulk region exhibited enhanced intensity. However, the white edge region showed no intensity enhancement, violating the thickness correlation. Free carriers can diffuse along different directions in the bulk region, while the crystal edge physically blocks the carrier diffusion (Extended Data Fig. 26f), which may lead to higher localized carrier density and stronger Coulomb screening. The edge effect under control pulse excitation needs further investigation.


Extended Data Note 4| Pump-probe-control responses across wrinkles
	Wrinkles may form during the transfer procedure, here we focused on sample G with wrinkles, the optical image is shown in Extended Data Fig. 27a. The pump, probe, and control power were , . The pump time delay and control time delay were zero. For the region marked by the yellow dashed rectangle in Extended Data Fig. 27a, the transient intensity mapping with the control pulse off and on are shown in Extended Data Fig. 27b and 27c, respectively, and the intensity distribution across the wrinkle marked by the solid line is shown in Extended Data Fig. 27f. Generally, the strain localized in the wrinkled region can enhance the transient intensity due to the carrier funneling when the control pulse is off. However, for the intensity distribution in Extended Data Fig. 27f, the intensity showed a dip across the wrinkle when the control pulse was off, while the intensity showed a peak at the same place when the control pulse was on. At a thicker region marked by the cyan dashed rectangle in Extended Data Fig. 27a, the transient intensity mapping with the control pulse off and on are shown in Extended Data Fig. 27d and 27e, respectively, and the intensity distribution across the wrinkles marked by the solid line is shown in Extended Data Fig. 27g. When the control pulse was off, both intensity dip and peak were observed at different wrinkled locations. When the control pulse was on, intensity changes were only observed across the wrinkles, while the flat regions showed negligible intensity changes. The differential intensity distribution  is calculated in Extended Data Fig. 27h, the intensity enhancement was larger at the dip, compared with the intensity enhancement at the peak, as marked by the arrows. The different intensity dynamics for different wrinkles may be due to the competition between carrier funneling and anti-funneling under strain gradient, which can be related to the geometric parameters of the wrinkle including height, width, and thickness. The potential mechanism is beyond the scope of this work, and the pump-probe-control pulse excitation under strain could be investigated further for flexible optics.

Extended Data Note 5| Ultrafast optical intensity modulator
	A simple application for the intensity enhancement under the control pulse is an intensity modulator, as schematically shown in Extended Data Fig. 28a. The pump and control time delay were zero, the pump, probe, and control power were , . The low (high) transient intensity with the control pulse off (on) is defined as state 0 (1). The output signal can be modulated by encoding the control pulse in a time sequence (Extended Data Fig. 28a, inset). The intensity mapping results for state 0 and state 1 were measured for three different regions, as shown in Extended Data Fig. 28b-28g, and the intensity distribution along the dashed lines are summarized in Extended Data Fig. 28h-28j, respectively. The output intensity was near zero when the control pulse was off, while a much higher output intensity was detected when the control pulse was on. The control pulse determines the ultrafast modulating speed at hundreds of femtoseconds. In addition, the intensity blinking in sample A-F also indicates the potential for intensity encoding in optical communications (Extended Data Movie 1-6).



[image: ]
Extended Data Fig. 1| The intensity mapping results at various pump time delay from −0.385 ps to 0.58167 ps for sample A when the control pulse was off. The pump and probe pulse power were . The highest intensity was obtained at pump time delay near 0.015 ps. Scale bars, 10 μm.

[image: ]
Extended Data Fig. 2| The intensity mapping results at various pump time delay from −0.385 ps to 0.58167 ps for sample A when the control pulse was on. The pump and probe pulse power were . The control pulse power was , and the control time delay was zero. The highest intensity was shifted to higher pump time delay of 0.04833 ps. Scale bars, 10 μm.
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描述已自动生成]
Extended Data Fig. 3| Intensity evolution with pump time delay for eight selected regions. a. The control pulse was off. b. The control pulse was on. c. The intensity gain. d. The intensity difference.
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Extended Data Fig. 4| AFM mapping and optical images. a-b. AFM mapping (a) and bright-field optical image (b) of sample A. c-f. Bright-field optical image of sample B (c), sample D (d), sample E (e), sample F (f).
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Extended Data Fig. 5| Thickness-intensity correlation with the control pulse off in sample A. The pump time delay was −0.15167 ps (a), −0.05167 ps (b), 0.08167 ps (c), 0.18167 ps (d), 0.28167 ps (e), and 0.415 ps (f), respectively.
[image: ]
Extended Data Fig. 6| Thickness-intensity correlation with the control pulse on in sample A. The pump time delay was −0.15167 ps (a), −0.05167 ps (b), 0.08167 ps (c), 0.18167 ps (d), 0.28167 ps (e), and 0.415 ps (f), respectively.
[image: ]
Extended Data Fig. 7| Thickness-gain correlation in sample A. The pump time delay was −0.15167 ps (a), −0.05167 ps (b), 0.08167 ps (c), 0.18167 ps (d), 0.28167 ps (e), and 0.415 ps (f), respectively.

[image: 图示

低可信度描述已自动生成]
Extended Data Fig. 8| The normalized intensity evolution versus pulse time delay for sample B. a-i. The pump and probe pulse power were fixed at . The control time delay was zero. The control pulse power was  in (a),  in (b),  in (c),  in (d),  in (e),  in (f),  in (g),  in (h), and  in (i), respectively. j. The intensity difference for various control pulse power.
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Extended Data Fig. 9| The intensity mapping results at various pump time delay from −0.17333 ps to 0.46 ps for sample B when the control pulse was off. The pump and probe pulse power were fixed at . Scale bars, 5 μm.

[image: ]
Extended Data Fig. 10| The intensity mapping results at various pump time delay from −0.17333 ps to 0.46 ps for sample B when the control pulse was on. The pump and probe pulse power were fixed at . The control pulse power was , and the control time delay was zero. Scale bars, 5 μm.
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Extended Data Fig. 11| The intensity mapping results under pump power from 0 mW to 7 mW for sample C. The probe and control pulse power were fixed at . The pump and control time delay were zero. Scale bars, 10 μm.
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Extended Data Fig. 12| The intensity mapping results under probe power from 0 mW to 7 mW for sample C. The pump and control pulse power were fixed at . The pump and control time delay were zero. Scale bars, 10 μm.
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Extended Data Fig. 13| The intensity mapping results under control power from 0 mW to 7 mW for sample C. The pump and probe pulse power were fixed at . The pump and control time delay were zero. Scale bars, 10 μm.
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Extended Data Fig. 14| The pump-probe mapping results versus pump time delay for sample C. The pump and probe pulse power were fixed at , and the control pulse was off. Scale bars, 10 μm.
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Extended Data Fig. 15| The pump-probe-control mapping results versus control time delay for sample C. The pump, probe, and control pulse power were . The pump time delay was zero. Scale bars, 10 μm.
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Extended Data Fig. 16| Device performance for optical WAC. a. The intensity mapping under increasing control pulse power for 6 units. The pump and probe power were fixed at . The pump and control time delay were zero. Scale bars, 50 nm. b. The linear correlation of intensity and control pulse power. The derivative of intensity over control pulse power  was encoded as weights. c. The schematic of WAC mechanism.
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Extended Data Fig. 17| The training dataset in 30 epochs to evaluate pattern recognition algorithm based on the SNN in simulation.
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Extended Data Fig. 18| The signal delay update. a. The initial signal delays and the values after finishing each epoch. b-e. The signal delays after each batch for label ‘H’ (b), ‘U’ (c), ‘S’ (d), and ‘T’ (e).

[image: 日历

描述已自动生成]
Extended Data Fig. 19| The weight update. a. The initial weights and the values after finishing each epoch. b-e. The weights after each batch for label ‘H’ (b), ‘U’ (c), ‘S’ (d), and ‘T’ (e).
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Extended Data Fig. 20| Pattern labels and predictions. a-b. The pattern labels (a) and predicted labels (b) after training the SNN in simulation. c-f. The average probability for label ‘H’ (c), ‘U’ (d), ‘S’ (e), and ‘T’ (f) in each epoch, calculated with SoftMax function.
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Extended Data Fig. 21| Testing results. a. The testing patterns. b-c. The output intensity (b) and probability (c) for each testing pattern in the simulation. The red rectangle in (b) marks the maximum intensity for each pattern. d-e. The testing data label (d) and the predicted label (e).
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Extended Data Fig. 22| The intensity mapping results at various pump time delay from −0.34 ps to 0.79333 ps for sample D when the control pulse was off. The pump and probe pulse power were fixed at . Scale bars, 10 μm.
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Extended Data Fig. 23| The intensity mapping results at various pump time delay from −0.34 ps to 0.79333 ps for sample D when the control pulse was on. The pump and probe pulse power were fixed at . The control pulse power was , and the control time delay was zero. Scale bars, 10 μm.
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Extended Data Fig. 24| The intensity mapping results at various pump time delay from −0.34 ps to 0.79333 ps for sample E when the control pulse was off. The pump and probe pulse power were fixed at . Scale bars, 10 μm.
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Extended Data Fig. 25| The intensity mapping results at various pump time delay from −0.34 ps to 0.79333 ps for sample E when the control pulse was on. The pump and probe pulse power were fixed at . The control pulse power was , and the control time delay was zero. Scale bars, 10 μm.
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Extended Data Fig. 26| Pump-probe-control responses at the bulk and edge regions in sample F. a-b. The pump-probe mapping results versus pump time delay with the control pulse off (a) and on (b). The pump, probe, and control power were , . The control time delay was zero. Scale bars, 10 μm. c-e. The intensity distribution along the arrowed white line under different pump time delay, with the control power off (c) and on (d). The differential intensity is calculated in (e). The red dashed rectangle marks the bulk region with no intensity enhancement. The pink dashed rectangle marks the bulk region with strong intensity enhancement. The white dashed rectangle marks the edge region with no intensity enhancement. f. The schematic of carrier diffusion in the edge and bulk regions.
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Extended Data Fig. 27| Pump-probe-control responses across wrinkles in sample G. a. The bright field optical image of the sample. The yellow dashed rectangle marks the scanned region in (b) and (c). The cyan dashed rectangle marks the scanned region in (d) and (e). Scale bar, 10 μm. b-c. The pump-probe mapping results with the control pulse off (b) and on (c). d-e. The pump-probe mapping results with the control pulse off (d) and on (e). The pump, probe, and control power were , . The pump and control time delay were zero. Scale bars, 5 μm. f. The intensity distribution along the red line in (b) and blue line in (c). g. The intensity distribution along the red line in (d) and blue line in (e). h. The differential intensity distribution based on (g).
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Extended Data Fig. 28| Ultrafast optical intensity modulator. a. Schematic of the optical intensity modulator. The pump and control time delay were zero, the pump, probe, and control power were , . The control pulse was on (off) for state 1 (state 0). b-g. The intensity mapping results of state 0 (b, d, f) and state 1 (c, e, g) for region 1 (b, c), region 2 (d, e), and region 3 (f, g). h. The intensity distribution of state 0 and state 1 along the dashed lines in (b, c). Scale bars, 1 μm. i. The intensity distribution of state 0 and state 1 along the dashed lines in (d, e). j. The intensity distribution of state 0 and state 1 along the dashed lines in (f, g).



Extended Data Movie 1| The intensity blinking in sample A controlled by the control pulse. The pump and probe pulse power were , and the control pulse power was . The pump and control time delay were zero. The mapping field was 60 μm × 60 μm.

Extended Data Movie 2| The intensity blinking in sample B controlled by the control pulse. The pump and probe pulse power were , and the control pulse power was . The pump and control time delay were zero. The mapping field was 60 μm × 60 μm.

Extended Data Movie 3| The intensity blinking in sample C controlled by the control pulse. The pump and probe pulse power were , and the control pulse power  was increased from 0 mW to 7 mW. The pump and control time delay were zero. The mapping field was 40 μm × 40 μm.

Extended Data Movie 4| The intensity blinking in sample D controlled by the control pulse. The pump and probe pulse power were , and the control pulse power was . The pump and control time delay were zero. The mapping field was 50 μm × 50 μm.

Extended Data Movie 5| The intensity blinking in sample E controlled by the control pulse. The pump and probe pulse power were , and the control pulse power was . The pump and control time delay were zero. The mapping field was 40 μm × 40 μm.

Extended Data Movie 6| The intensity blinking in sample F controlled by the control pulse. The pump and probe pulse power were , and the control pulse power was . The pump and control time delay were zero. The mapping field was 80 μm × 80 μm.
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