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            Abstract
The piezoelectric characteristics of nanowires, thin films and bulk crystals have been closely studied for potential applications in sensors, transducers, energy conversion and electronics1,2,3. With their high crystallinity and ability to withstand enormous strain4,5,6, two-dimensional materials are of great interest as high-performance piezoelectric materials. Monolayer MoS2 is predicted to be strongly piezoelectric, an effect that disappears in the bulk owing to the opposite orientations of adjacent atomic layers7,8. Here we report the first experimental study of the piezoelectric properties of two-dimensional MoS2 and show that cyclic stretching and releasing of thin MoS2 flakes with an odd number of atomic layers produces oscillating piezoelectric voltage and current outputs, whereas no output is observed for flakes with an even number of layers. A single monolayer flake strained by 0.53% generates a peak output of 15Â mV and 20Â pA, corresponding to a power density of 2Â mWÂ mâˆ’2 and a 5.08% mechanical-to-electrical energy conversion efficiency. In agreement with theoretical predictions, the output increases with decreasing thickness and reverses sign when the strain direction is rotated by 90Â°. Transport measurements show a strong piezotronic effect in single-layer MoS2, but not in bilayer and bulk MoS2. The coupling between piezoelectricity and semiconducting properties in two-dimensional nanomaterials may enable the development of applications in powering nanodevices, adaptive bioprobes and tunable/stretchable electronics/optoelectronics.
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                    Figure 1: Single-layer MoS2 piezoelectric device and operation scheme.[image: ]


Figure 2: Piezoelectric outputs from single-layer and multi-layer MoS2 devices.[image: ]


Figure 3: Direct-current electrical characterizations of single-layer and bilayer MoS2 devices under strains.[image: ]


Figure 4: Array integration of CVD single-layer MoS2 flakes.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Raman spectrum of MoS2 flakes and setup for SHG measurement.
a, Raman spectrum of MoS2 flakes with different layer numbers. b, Experimental setup for the SHG measurement.


Extended Data Figure 2 Mechanical strain applied to MoS2 device.
a, Schematic drawing for estimating strain in MoS2 device. b, Schematic plot of strain driving signal from linear motor. c, Typical configurations for linear motor.


Extended Data Figure 3 Piezoelectric open-circuit voltage and short-circuit current.

Extended Data Figure 4 Mechanism of electrical power generation in single-layer MoS2 due to the flow of electrons in external load driven by piezoelectric polarization charges.
The equivalent circuit of the piezoelectric nanogenerator is also shown.


Extended Data Figure 5 Piezoelectric output of MoS2 device with different strain parameters.
a, Short-circuit currentâ€“strain and open-circuit voltageâ€“strain hysteresis loops. Hold time t1 = t2 = 1Â s and acceleration a = 5Â mÂ sâˆ’2 for the curve of 0.4Â Hz; hold time t1 = t2 = 0.5Â s and acceleration a = 7.5Â mÂ sâˆ’2 for 0.8Â Hz; hold time t1 = t2 = 0.1Â s and acceleration a = 10Â mÂ sâˆ’2 for 2.5Â Hz. b, Electrical outputs from bare PET substrate without single-layer MoS2 under periodic strain (0.53%).


Extended Data Figure 6 Circuit connection for measuring the power outputs on the external load and power delivered to the load at 0.53% strain.

Extended Data Figure 7 Stability test of voltage output from single-layer MoS2 device.
The frequency of 0.5Â Hz was held for 300Â min. The results demonstrate good stability of the device in mechanical energy harvesting for prolonged periods.


Extended Data Figure 8 Angular dependence of SHG intensity (perpendicular component) for three-layer and five-layer MoS2.
Samples of even layers (two, four and six layers) give vanishing SHG intensity regardless of their crystallographic orientation. Î¸ denotes the angle between the fundamental light polarization and the mirror plane of the lattice.


Extended Data Figure 9 Transport characteristics of bulk device under different uniaxial strains.

Extended Data Figure 10 Electrical outputs when CVD devices 1 and 2 are destructively connected.
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