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Supplementary Figure 1 Structural Characteristics. a, Schematic illustration of the AFE TiN/HZO/TiN 

capacitors. b, Cross-sectional TEM images of the HZO film. c, GIXRD spectra measured for a ZrO2 

capacitor. 
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Supplementary Figure 2 Evolution of VO distribution in Hf0.1Zr0.9O2 capacitors. a, Typical O K EELS 

spectra averaged over the Hf0.1Zr0.9O2 film. b, Device structure of Hf0.1Zr0.9O2 capacitors and the schematic 

regions for EELS mapping. c,d, Maps of a/b ratio in O K EELS for pristine and 106 cycled Hf0.1Zr0.9O2 

samples, respectively. e,f, The average a/b ratio and standard deviation over region 1-6 of the pristine and 

106 cycled Hf0.1Zr0.9O2 samples, respectively.  

 

The electron energy loss spectroscopy (EELS) analysis is performed to investigate the oxygen 

vacancies (VO) distribution in Hf0.1Zr0.9O2 capacitors before and after electrical cycling. The energy-loss 

near-edge structure (ELNES) of the oxygen (O) K-edge obtained from EELS spectrum imaging is 

analyzed. As reported in prior studies1, the O K-edge typically exhibits a characteristic doublet with 

peaks labeled a (~534 eV) and b (~538 eV), which is shown in Supplementary Figure 2a. The relative 

intensity ratio of the peak a and b (a/b) is highly sensitive to the local chemical environment and 

coordination symmetry. A more uniform and stoichiometric O distribution tends to produce a well-

defined doublet with balanced a/b values. In contrast, the presence of VO and structural disorder such as 

those induced by cycling can lead to a suppressed peak a, resulting in a smaller a/b ratio. 
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As shown in Supplementary Figure 2c, the EELS mapping of pristine Hf0.1Zr0.9O2 AFE film reveals a 

relatively uniform distribution of VO, which correlates with the narrow full width at half maximum 

(FWHM) observed in the initial I−V characteristics. After 106 electrical cycles, the EELS mapping shows 

a clear localization of VO, consistent with the broader FWHM measured after cycling (Supplementary 

Figure 3d). The detailed average (AVG) and standard deviation (STD) over Region 1-6 of the pristine 

and 106 cycled states are shown in Supplementary Figure 2e and Supplementary Figure 2f. This spectral 

evolution provides direct experimental evidence for the redistribution of VO, and supports our 

explanation of the FWHM broadening observed in the electrical measurements. 

  



 

Supplementary Figure 3 Comparison between the OPCR and SSR recovery methods. a, Schematic 

illustration of previously proposed OPCR method in ref. 20. The half-loop fatigue is recovered by applying 

opposite-loop pulses, leading to large leakage for the requirement of a high electric field, and limiting its 

practical applicability. b, Schematic illustration of the SSR method proposed in this work. Allowing the 

device to self-recover after a break period following half-loop fatigue, simplifying the recovery process. 
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Supplementary Figure 4 The evolutions of 2Ps,p and the corresponding FWHM during continous four SSR 

processes in ZrO2 capacitors, with the Tb set as 0/600/1200 s. 
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Supplementary Figure 5 Evolutions of the Q−V curves for ZrO2 and Hf0.1Zr0.9O2 capacitors. a, 

Evolution of the Q−V curves during the 1st 108 electrical cycles for ZrO2 capacitors. b, Evolution of the Q−V 

curves during the 2nd 108 electrical cycles after SSR process with Tb = 1200 s for ZrO2 capacitors. c, Evolution 

of the Q−V curves during the 0 to 104 electrical cycles for Hf0.1Zr0.9O2 capacitors. d, Evolution of the Q−V 

curves during the 104 to 108 electrical cycles for Hf0.1Zr0.9O2 capacitors. e,f, I−V curves of ZrO2 and 

Hf0.1Zr0.9O2 capacitors in the states before cycling, after cycling, and after SSR. g,h, P−V and I−V curves of 

1st to 5th 108 electrical cycles for ZrO2 capacitors. 
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Supplementary Figure 6 Fatigue mitigation in Hf0.1Zr0.9O2 and ZrO2 AFE capacitors via SSR strategy. 

a, Endurance performances of Hf0.1Zr0.9O2 samples, comparing the experimental measured data up to 109 

electrical cycles (grey curve) and the linear fitting for the Tb = 600 s, cycling unit = 106 SSR combinations 

by extrapolating the results in Fig. 5d to 109 cycles. The fatigue rate is quantified by k1 and k2. b, Endurance 

performances of ZrO2 samples, showing experimental measured data up to 1010 electrical cycles (grey curve), 

the linear fitted fatigue trend at 2×108 cycles without SSR (red curve) and the projected fatigue behavior 

under SSR application. 
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Supplementary Figure 7 SSR characteristics and fatigue mechanisms analysis for Hf0.1Zr0.9O2 

capacitors with 109 electrical cycles. a, Endurance characteristics of the Hf0.1Zr0.9O2 capacitors, with and 

without charge release. b, Evolution of Pr,FE and Pr,FE+2Ps,p read by PUND and uni-PUND methods during 

109 electrical cycling. c, Fatigue and recover processes of Hf0.1Zr0.9O2 capacitors under 109 cycles, with Tb 

of 3600 s 
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Supplementary Figure 8 Self-sensing circuit for SSR operation. a, Circuit architecture of ZrO2-based 

AFeRAM array cooperated with b, sensing amplifiers to achieve self-sensing SSR scheme. c, SSR operation 

will be triggered when the output of REC_EN is “1”. 

 

As illustrated in Supplementary Figure 8, a self-sensing circuit for static self-recovery (SSR) 

operation has been designed. This circuit enables dynamic detection of the polarization degradation level 

by leveraging differential sensing through two reference cells. The circuit utilizes two sets of sense 

amplifier (SA) connected to reference cells. REF1 and REF2 represent the minimum signal of the “1” 

state and the sensed signal for executing the SSR operation, respectively. The design enables the 

delimitation of a degradation zone by comparing the outputs of the two SAs during a controlled read 

operation. Specifically, the reference cells are selected such that their readout voltages reflect different 

degradation thresholds. The output pattern (SA_OUT1 = 0, SA_OUT2 = 0) corresponds to a condition 
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where the degraded target cell has crossed the predefined threshold, while the fresh cell remains readable. 

This pattern defines the SSR zone, indicating that the memory cell has entered a state requiring recovery. 

Once the SSR zone is detected, a recovery enable signal (REC_EN = 1) is asserted through a NOR gate, 

and the system can initiate appropriate SSR actions to recover the target cell. The detection logic is 

implemented using a simple digital comparator and control circuitry, allowing seamless integration into 

existing memory read paths. This design provides a practical and scalable solution for in-situ 

degradation monitoring, and aligns with the concept of self-tracking recovery proposed in ref. 2, while 

being tailored to our memory architecture. 
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