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The XRD pattern of ZTO thin film with two different thicknesses are shown in Figure 

S1. The absence of narrow peaks proves the amorphous nature of the material. 

Figure S1. XRD characterization of the ZTO thin films. 

Figure S2 shows the area-scaling of the patterned device (25 µm2) in comparison with 

the results of the non-patterned device (100 µm2) from a previous study [1]. 
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Figure S2. Area-scaling of the patterned device in comparison with the results of a previous study [1]. 

Figure S3 shows the dynamic retention properties of ZTO device when it is operated 

in ‘forward set’. The memory retention loss of the device was fitted with a stretched-

exponential function which has been already described in [2,3].The relaxation function is 

as follow: 

𝝋(𝒕) = 𝑰𝟎 𝒆𝒙𝒑 [−
𝒕

𝝉
]
𝜷

 (1) 

Where 𝜑(𝑡) is the relaxation function, 𝜏 is the characteristic relaxation time, 𝐼0 is initial 

current state, and 𝛽 is the stretch index (0 < 𝛽 < 1).  
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Figure S3. Typical dynamic retention time of the device after DC sweep set and 10 and 50 voltage pulses with an amplitude 

of -3 V and a width of 3 ms. 

As verified by Table S1, the relaxation time characteristic is dependent on the opera-

tion method and number of pulses. 

Table S1. Relaxation time characteristic associated with different SET operations. 

Operation DC Sweeping 50 Pulses 10 Pulses 

𝝉 407.3 ± 4.8 240.8 ± 2.2 179.2 ± 2.0 
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Figure S4. Current-controlled (a) and voltage-controlled (b) sweep cycles in semi-log scale. 

 

Figure S5. Typical device-to device variation in a row of devices with size of 25 µm2 testing (a–c) under voltage sweeping 

and (d, e) current sweeping. (f) Cycle-to-cycle variation obtained from typical voltage-sweeping cycles. 

For the high-resistance state (HRS) the conduction was found to follow Poole-Frenkel 

(P-F) Emission [4]. The current density is thus given by (1), in which 𝛍 is the electron 

mobility, 𝐍𝐂 is the effective density of states for electrons in the conduction band, E is the 

electric field, 𝜺𝒓 is the relative permittivity of ZTO, 𝜺𝟎 is the vacuum permittivity and 

𝒒𝝓𝒕 is the energy level of the traps. Under this mechanism, the relationship (2) yields a 

linear dependency as is shown in Figure S6. The y-intercept of the fitted curves (y0) are 

this given by (3), from which the traps energy level was extracted (as 0.59 eV) as shown 

in Figure 4c of the main manuscript. 

𝐽 = 𝑞𝜇𝑁𝐶𝐸 ∙ 𝑒𝑥𝑝

[
 
 
 
 

−𝑞

(𝜙𝑡 − √
𝑞𝐸

𝜋𝜀𝑟𝜀0
)

𝑘𝐵𝑇

]
 
 
 
 

 (2) 
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ln (
𝐽

𝐸
) − √𝐸 (3) 

𝑦0 = 𝑙𝑛(qμNC) −
𝑞𝜙𝑡

𝑘𝐵𝑇
 (4) 

 

Figure S6. curves, and linear fitting, under the P-F emission. 
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