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Fig.S1 XPS of W 4f 

 

  



 

Fig.S2 (a) (b) Schematic diagram of CAFM and KPFM. 

  



 

Fig.S3 (a) (c) (e) Applied different voltage for Multilevel storage. (b) (d) (f) Corresponding 

surface morphology. 

  



 

Fig.S4 Schottky emission fitting from I-V curves of HRS modulated by electrical stimulation. 

 

  



Taking into account the model and parameters of the chosen diamond probe, as 

well as the position of the light spot at the probe tip, it is equivalent to applying a force 

of 5.4 μN on the surface of the WO3-δ thin film when using a 1 V voltage to perform 

the written process after experimental calibration and calculation. 

                                F =k · ∆z (1) 

                     ∆z = Deflection InvOLS · ∆V     (2) 

                    Kappa factor = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
𝐷𝐷𝐴𝐴𝐷𝐷𝐴𝐴𝐴𝐴𝐷𝐷𝐴𝐴𝐴𝐴𝐷𝐷𝐼𝐼 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 (3) 

F represents the force along the vertical direction, k (Spring Constant) and 

Amplitude InvOLS are about 39.84 nN/nm and 147.19 nm/V after calibration, 

respectively, Kappa factor is about 1.09. 

  



 

Fig.S5 (a) (b) Applied different voltage and fore for KPFM. (c) (d) KPFM plot after different 

voltage or mechanical force applied. (e) (f) Corresponding potential statistics chart. (g) (h) 

Corresponding surface morphology. 

In contrast to CAFM measurements, it should be emphasized that voltage is 

applied through the probe and the bottom electrode is grounded during KPFM 

measurements (Fig. S1b). The potential that reflects the contact potential difference 

(CPD) is higher in the region written by +2 V than the region written by -2 V. Likewise, 

the mechanical force drives various surface potential. 

 

 



 

Fig.S6 (a) (c) Applied different forces for Multilevel storage. (b) (d) Corresponding surface 

morphology. 

  



 
Fig.S7 Current and surface morphology after different write cycles 

 

  



 
Fig.S8 Current graph after different reading cycles 

  



 
Fig.S9 Repeatability testing of resistive switching of WO3-δ thin film 

To confirm the repeatability of resistive switching induced by mechanical force, 

different region of the same sample with the manuscript (Region 1) and other sample 

made under the same conditions (Region 2) are selected for switching testing. The 

nearly identical resistance states respond to mechanical stress confirms the excellent 

repeatability of the WO3-δ thin film. 

 

  



 

The pressure distribution directly below the spherical indenter is1,2,3: 
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Pm, zσ and a are the average pressure on the contact surface, the normal pressure, 

and the contact radius, respectively. 

The contact depth h and contact radius under the application of force F are: 
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                           a Rh=                  (6) 

R and E are the radius of the indenter and the Young's modulus, respectively. 

Represented by cylindrical coordinates, the stress distribution under the spherical 

indenter is: 
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ϑ  is Poisson's ratio for materials. According to Hooke's law, the strain at this 

point can be expressed as: 
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Fig.S10 (a) (b) The strain distribution of the entire film under mechanical forces of 1.8 and 3.6 

μN, respectively. (c) (d) Enlarged image of the film at a depth of 2nm. 

  



 

Fig.S11 (a) The strain distribution of WO3-δ thin film with a thickness of 46 nm under mechanical 

force of 5.4 μN. (b) (c) XRR and CAFM plots with different thickness of WO3-δ thin film. 

As the thickness of WO3-δ thin film increases, the current difference between high 

and low resistance states induced by mechanical force decreases. The current 

differential of the 45.9 nm thin film is only about 1/5 of the 13.8 nm thin film, and the 

range of intensity bar is also set as 1/5 in order to notice a substantial resistive switching 

(red dashed box of intensity bar). 
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