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Figure S1. Leakage current densities (Jleak) of MIM capacitors based on (a) AlOx, (b) HfOx, and (c) ZrOx as function of electric fields (E). 5 devices were measured for each capacitor to ensure reliable comparison. 




[image: 어둠, 스크린샷, 블랙, 다채로움이(가) 표시된 사진

자동 생성된 설명]
Figure S2. Areal capacitance (Ci) of MIM capacitors based on (a) AlOx, (b) HfOx, and (c) ZrOx as function of AC frequency (f). 5 devices were measured for each capacitor to ensure reliable comparison. 
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Figure S3. Triangular phase diagrams for leakage current density (Jleak) of Al–Hf–Zr–O (AHZO) MIM capacitors, extracted from the J–E curves at different electric field; (a) 1 MV cm-1, (b) 2 MV cm-1, and (c) 3 MV cm-1. 
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Figure S4. Triangular phase diagrams for dielectric constant (k) of Al–Hf–Zr–O (AHZO) MIM capacitors, extracted from the Ci–f curves at different frequency; (a) 1 kHz, (b) 10 kHz, and (c) 100 kHz. 
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Figure S5. Surface roughness evaluation of AHZO films with different stoichiometry using atomic force microscopy (AFM). AFM images (scale bars indicate 0.5m) of (a) AlOx, (b) HfOx, (c) ZrOx, (d) AHZO (1:2:2), (e) AHZO (2:2:1), and (f) AHZO (3:1:1), respectively.
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Figure S6. Transfer curves of In–Ga–Zn–O thin-film transistors (TFTs) based on AHZO with different stoichiometry; Al:Hf:Zr ratio was (a) 1:2:2, (e) 2:2:1, and (f) 3:1:1, respectively. 
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	HfOx
	ZrOx

	
	m(111)
	m(-111)
	t(112)
	m(111)

	2θ [degree]
	31.650
	28.347
	50.699
	31.482

	FWHM
	0.5101
	0.5166
	0.9390
	0.7170

	D [nm]
	13.91
	16.57
	9.78
	12.03



Table S1. Summarized full width half maximum (FWHM) and average grain sizes (D) for each crystalline phase of HfOx and ZrOx, calculated from Scherrer equation. 



Table S2. Summarized figure-of-merit parameters of IGZO/AHZO TFTs with different conditions, including saturation mobility, threshold voltage, subthreshold swing, and on/off current ratio.  



Table S3. Calculated interface trap densities (Dit) of TFTs with different conditions. 
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image7.emf
Dielectric layer   s at   [ cm 2   V - 1   s - 1 ]  SS   [V   dec - 1 ]  V TH   [V]  I on / off   [    10 5 ]  

A lO x  2 .07     0.60  0 .120     0.023  - 0.37     0.17  9. 36     5.06  

Z rO x  3 .96     0.45  0 .138     0.021  - 0.34     0.09  3.93     0.97  

H fO x  2 .94     0.55  0 .127     0.025  - 0.26     0.12  5.20     3.31  

A l:Hf:Zr = 1:2:2  2 .95     0.44  0.117     0.018  - 0.19     0.07  9. 60     6.83  

A l:Hf:Zr = 2:2:1  2 .45     0.83  0 .114     0.024  - 0.28     0.11  3 3.97     27.56  

A l:Hf:Zr = 3:1:1  2 .76     0.78  0 .108     0.029  - 0.29     0.21  1 9.48     14.88  
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 A lO x  HfO x  ZrO x  AH ZO   (1:2:2)  

D it   [  10 12   eV - 1   cm - 2 ]  1.73     0.76  2.12     0.13  4.30     1.07  1.58     0.78  
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