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Supplementary Fig.1 The micrograph of ITO FeFET. 

Supplementary Fig.2 Cross-sectional TEM and EDS images of FeFETs with ultra-
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Supplementary Fig.3 The CasaXPS software usage diagram.  
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Supplementary Fig.5 Atomic force microscope (AFM) analysis of the surface 

morphology of HZO film. 
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Supplementary Fig.8 The distribution of key performance indicators (KPIs) for 30 

devices. 

Supplementary Fig.9 Real-time test photos of the ITO FeFETs devices. 

Supplementary Fig.10 The performance of the HZO gate stack and FeFETs under 

different bending radii. 

Supplementary Fig.11 The performance of the HZO gate stack and FeFETs under 

different bending cycles. 

Supplementary Fig.12 Schematic diagram of ANN in the MNIST pattern recognition 

process. 

Supplementary Fig.13 Flowchart illustrating the training process of the neural 

network for digit image recognition. 

Supplementary Fig.14 The relationship between network recognition accuracy and 
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ANN parameters.  

Supplementary Fig.15 Relationship between the network's recognition accuracy and 

the proportion of noise. 

Supplementary Fig.16 The average confusion matrix of the training results changes 

with the number of training epochs. 

Supplementary Fig. 17 The finite element analysis model for the device. 

Supplementary Table 1. Benchmarks of MW and ION/IOFF performance of FeFETs 

reported in this work versus recently reported FeFETs. 

Supplementary Table 2. Retention and endurance performance benchmarks of FeFETs 

reported in this work versus recently reported FeFETs. 

Supplementary Table 3. The parameters for modeling materials in the finite element 

analysis 
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Supplementary Fig.1 The micrograph of ITO FeFET. 

 

 

Supplementary Fig.2 Cross-sectional TEM and EDS images of FeFETs with ultra-thin 

3.4 nm ITO channel. 
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Supplementary Fig. 3 The CasaXPS software usage diagram1. 

 

 

Supplementary Fig.4 XPS spectra of ITO film and HZO film. (a) XPS spectrum of 

ITO film, including counts of C1S, In 3d, Sn 3d and O 1s. (b) XPS spectrum of HZO 

film, including counts of Hf 3f, Zr 3d, C 1s and O 1s. 
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Supplementary Fig.5 Atomic force microscope (AFM) analysis of the surface 

morphology of HZO film, the root mean square (RMS) roughness is 1.27 nm. 

 

 

 

 

Supplementary Fig.6 The leakage current of the HZO gate stack and the transistor gate 

current. (a) Measured IG-VG curve, showing sub-pA. gate/substrate leakage. (b) 

Leakage current of the HZO gate stack under different applied voltages. 
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Supplementary Fig.7 ID-VD curve under a small range of drain voltage. 

 

 

Supplementary Fig.8 The distribution of key performance indicators (KPIs) for 30 

devices. Distribution of (a) on/off ratio and (b) memory window for the devices. 

Statistics of (c) subthreshold swing (S.S.) and (d) gate leakage current (IG). (e) Statistics 

of on-state current (ION). 



8 

 

 

Supplementary Fig.9 Real-time test photos of the ITO FeFETs devices on the ultrathin 

MICA being characterized under the folded state. 

Supplementary Fig.10 The performance of the HZO gate stack and FeFETs under 

different bending radii. (a) P-V hysteresis loops measured under various bending radii. 

(b) On/off current ratio and (c) memory window measured in FeFET as a function of 

the bending radius. These measurements were performed at VD = 0.1 V. (d) Performance 
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of the endurance property for the ITO FeFETs with different bend radii. 

 

 

Supplementary Fig.11 The performance of the HZO gate stack and FeFETs under 

different bending cycles. (a) P-V hysteresis loops measured under various bending 

cycles. (b) ID–VD curve under different gate voltage recorded after various bending 

cycles. (c) On/off current measured in FeFET as a function of the number of bending 

cycles. These measurements were performed at VD = 0.1 V with a bending radius of 7 

mm. (d) Performance of the endurance property for the ITO FeFETs with different bend 

cycles. 
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Supplementary Fig.12 Schematic diagram of ANN in the MNIST pattern recognition 

process. 

 

 

Supplementary Fig.13 Flowchart illustrating the training process of the neural 

network for digit image recognition. 
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Supplementary Fig.14 The relationship between network recognition accuracy and 

ANN parameters. (a) Impact of the number of neurons in the hidden layer on the 

network's recognition accuracy. (b) Effect of the initial values of V and W on recognition 

accuracy. 

 

 

Supplementary Fig.15 The fault tolerance of constructed ANN. (a) Relationship 

between the network's recognition accuracy and the proportion of noise. (b) With 

increasing noise pixel ratios, the network's recognition accuracy gradually declined. 
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Supplementary Fig. 16 The average confusion matrix of the training results changes 

with the number of training epochs. Images after (a-b) 600 pulses and (c-d) 48,000 

pulses. 

 

 

Supplementary Fig. 17 The finite element analysis model for the device. A two-

dimensional model was constructed based on the consideration of the device's thin-film 

stacking structure. The model assumes perfect bonding at the interfaces between 

different layers. 
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Supplementary Table 1. Benchmarks of MW and ION/IOFF performance of FeFETs 

reported in this work versus recently reported FeFETs, where the MW is normalized 

with respect to the ferroelectric layer thickness. 

Channel FE ION/IOFF 
S.S. 

(mV/dec.) 

MW 

(V/nm) 
year Ref. 

Poly-Si HfSiO 105 N.A. 0.12 2020 2 

IGZO HZO 106 62 0.11 2020 3 

a-IGZO HZO 106 N.A. 0.18 2021 4 

β-Ga2O3 
α-

In2Se3 
106 72 0.024 2021 5 

IZTO HZO 105 N.A. 0.0625 2021 6 

IWO HZO 105 N.A. 0.145 2021 7 

In2O3 HZO 107 40 0.22 2021 8 

InOx 

ZrO2-

HZO-

ZrO2 

103 N.A. 0.08 2022 9 

InAs HZO 104 113 0.125 2022 10 

a-IGZO HZO 105 125 0.05 2022 11 

IWO HZO 105 N.A. 0.2 2022 12 

ITO/IGZO HZO 107 62 0.21 2022 13 

ITO/IGZO HZO 106 68 0.2 2023 14 

α-IGZO HZO 106 N.A. 0.17 2023 15 

InSe HfO2 106 N.A. 0.13 2023 16 

InZnOx HZO 105 N.A. 0.16 2023 17 

In2O3 HZO 105 N.A. 0.12 2023 18 

MoS2 AlScN 107 N.A. 0.17 2023 19 

ITO HZO 108 33 0.24 2023 
This 

work 
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Supplementary Table 2. Retention and endurance performance benchmarks of FeFETs 

reported in this work versus recently reported FeFETs. 

 

Channel FE 
Endurance 

(#) 

Retention 

(s) 
year Ref. 

Poly-Si HfSiO 105 105 2020 2 

a-IGZO HZO 105 104 2021 4 

ITO HfO2 104 104 2021 20 

InOx 

ZrO2-

HZO-

ZrO2 

104 103 2022 9 

InAs HZO 104 103 2022 10 

ITO/IGZO HZO 107 10yrs 2022 13 

ITO ScAlN 105 105 2023 21 

ITO/IGZO HZO 107 104 2023 14 

α-IGZO HZO 104 104 2023 15 

InSe HfO2 102 104 2023 16 

InZnOx HZO 106 105 2023 17 

In2O3 HZO 103 104 2023 18 

MoS2 AlScN 104 10yrs 2023 19 

ITO HZO >2ⅹ107 10yrs 2023 
This 

work 
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Supplementary Table 3. The parameters for modeling materials in the finite element 

analysis. This includes the elastic modulus and Poisson's ratio for ITO and HZO thin 

films, as well as the elastic modulus and Poisson's ratio for Ni and W electrodes. 

 

 Poisson’s ratio 

(GPa) 

Elastic modulus 

Ni 190 0.33 

ITO 100 0.33 

HZO 150 0.25 

W 400 0.31 
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