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Supplementary Figure 1 

 

Supplementary Fig. 1 | GI-XRD pattern of the ferroelectric HZO film. The grazing-

incident X-ray diffraction (GI-XRD) pattern of the 10 nm-thick HZO thin film at an 

incident angle of 1° is well matched with the ferroelectric orthorhombic phase Pca21 

(with the highest peak at 30.2° corresponding to the 111o reflection)1-3.  

  



Supplementary Figure 2 

 

Supplementary Fig. 2 | Device schematic and electrical properties of MFSFETs. a, 

Device schematic of a metal-ferroelectric-semiconductor field effect transistor 

(MFSFET). b, Output characteristic (Vds-Ids) curve exhibits ohmic characteristics. c, 

Forward and reverse transfer characteristic (Vg-Ids) curves are plotted in red and blue 

respectively. d, SS is calculated according to the transfer characteristic curves.  

The comparison results of the electronic properties between the MFSFET and the 

MFISFET are listed as follows: 1) As the gate voltage sweeps from negative to positive 

and then to negative, the Vg-Ids curve of the MFSFET exhibits a clockwise hysteresis, 

while the MFISFET is almost non-hysteresis. This phenomenon is due to the higher 

interface defect density in the HZO/MoS2 interface of the MFSFET without an Al2O3 

buffer layer. 2) The MFSFET without the Al2O3 layer presents the higher SS than the 

MFISFET (the MFISFET presents the sub-60 mV/dec SS over three orders of 

magnitude in drain current, while that is over just one order of magnitude in the 

MFSFET). In addition, when the gate voltage Vg is more than 1V, the gate of the 

MFSFET has a more obvious leakage trend than the MFISFET. 

  



Supplementary Figure 3 

 

Supplementary Fig. 3 | Raman spectrum of the 9-layer MoS2 flake. Raman 

spectrum of the 9-layer MoS2 flake with peaks at Raman frequencies of 383.87 cm−1 

(E2g
1 ) and 408.97 cm−1 (A1g). 

  



Supplementary Figure 4 

 

Supplementary Fig. 4 | High-resolution TEM imaging of the device. High-

resolution cross-sectional transmission electron microscopy (TEM) imaging of the 

device, where the layered structure of the MoS2 flake is discerned. Scale bar, 5 nm. 

  



Supplementary Figure 5 

 

Supplementary Fig. 5 | Equivalent capacitance schematic. Semiconductor 

capacitance (CS) includes capacitance of MoS2 as well as stray capacitances of the 

source and drain (CSource and CDrain). 

  



Supplementary Figure 6 

  

Supplementary Fig. 6 | Relative permittivity and dielectric loss of the ferroelectric 

HZO film. Capacitance of the ferroelectric HZO film (CFe) is calculated by CFe = 

εFeSdFe
−1, where εFe, S and dFe stand for the permittivity, area and thickness of the 

ferroelectric HZO film. a, Relative permittivity (εr) and b, dielectric loss of the 

ferroelectric HZO film are measured by a capacitor composed of Au/HZO/TiN layers. 

  



Supplementary Figure 7 

 

Supplementary Fig. 7 | Electrical properties of MFISFETs with various MoS2 

thicknesses. For a 9.8 nm-thick MoS2 flake, a, AFM imaging of the MoS2 flake, and 

the inset is the optical microscope photograph of the device. b, a hysteresis about 0.16 

V between forward and reverse transfer characteristic (Vg-Ids) curves is observed. c, SS 

is calculated according to Vg-Ids curves, where minimum values in forward and reverse 

are 22.96 and 21.81 mV/dec. For a 4.2 nm-thick MoS2 flake, d, AFM imaging of the 

MoS2 flake and optical microscope photograph of the device. e, Hysteresis between 

forward and reverse transfer characteristic curves is nearly disappeared. f, Minimum 

SS in forward and reverse are 39.14 and 34.96 mV/dec. 

  



Supplementary Figure 8 

 

Supplementay Fig. 8 | Output characteristics of the MFISFET. Output characteristic 

(Vds-Ids) curves under the maximum drain voltage to 2.0 V for Vg from −1.0 to 1.0 V. 

  



Supplementary Figure 9 

 

Supplementary Fig. 9 | Gate leakage measurement of the MFISFET. The gate 

leakage current Ig is well suppressed, which demonstrates that the device is not driven 

by a leakage behavior. 

 
  



Supplementary Table 1 

 

Supplementary Table. 1 | Optimization strategy and performance summary of 

reported MoS2 phototransistors. ML: multilayer, FL: few-layer, CVD: chemical 

vapor deposition, NC: negative capacitance, QDs: quantum dots, Gr: graphene. 
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