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Table S1. Growth parameters of the h-LFO/CFO/SRO/CFO heterostructures.

Layer h-LFO CFO SRO CFO

Method PLD PLD PLD PLD

Deposition time 60 min 3 min 30 min 10 min

Atmosphere Oxygen Oxygen Oxygen Oxygen

Oxygen pressure 100 mTorr 50 mTorr 80 mTorr 50 mTorr

Temperature 720°C 600°C 690°C 600°C

Frequency 10 Hz 10 Hz 10 Hz 10 Hz

Power 1.39 W 1.96 W 1.49 W 1.96 W

Laser energy 400 mJ 350 mJ 350 mJ 350 mJ

Selection of experimental parameters

During the deposition process, when the incident energy of the laser is fixed, the kinetic energy of 
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the atom is mainly determined by the temperature. The energy is insufficient to move the atoms to 

the lowest energy position to nucleate at lower growth temperatures.1 However, the anti-evaporation 

phenomenon may appear if the temperature is pretty high, which can reduce the crystal quality of the 

thin film. On the other hand, we hope to achieve low temperature growth, which is beneficial to the 

practical application and the reduction of energy consumption. It has been reported that the growth 

temperature is range from 500 ℃ to 700 °C for CFO.2 The low growth temperature means that the 

surface is easy to accumulate into islands when the migration rate is less than the deposition rate, 

which may generate plenty of defects. However, it may also lead to the formation of conductive 

filaments when a large number of defects exist, and the interface may no longer play a major role in 

our samples. Moreover, it is hard to crystallize for CFO when the temperature is pretty low. Thus, the 

growth temperature was chosen as 600 ℃. The proper growth temperature range of h-LFO is 650 ℃ 

~ 800 ℃ according to our previous report, and the higher temperatures may lead to the formation of 

heterogeneous phases.1 However, much low growth temperature may also cause poor crystal quality 

and ferroelectricity. Therefore, we chose a growth temperature of 720 ℃, which can satisfy the 

crystal quality as well as low temperature. According to our results, the further increase of 

temperature below 800 ℃ may help to improve the ferroelectricity of h-LFO, and the higher 

ON/OFF ratio may be obtained. In addition, increasing the growth temperature of CFO properly may 

generate more defects at the interface of h-LFO/CFO/SRO, which may lead to more obvious NDR 

effect.

The oxygen pressure during the deposition of oxide film will greatly affect the film crystal 

structure, conductivity, and charge transport properties in oxides.3, 4 The relatively high oxygen 

pressure tends to form a rough surface, which is beneficial to the formation of interfacial defects.5 
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While it is not conducive to the growth of h-LFO when the surface of the CFO buffer layer is too 

rough. The CFO grown at 600℃ and 40 mTorr has some kind of very small porosities and voids.5 

Therefore, in order to obtain the interfacial defects while do not affect the growth of CFO, the 

oxygen pressure was set as 50 mTorr. Higher oxygen pressure is beneficial to reduce the oxygen 

vacancy concentration in h-LFO film and improve the ferroelectric properties.6 But when the oxygen 

pressure is too high, the probability of plume colliding with oxygen is large, which causes the larger 

energy loss, so that the plume does not have enough energy to reach a suitable substrate position, and 

makes it hard to form the hexagonal phases. Thus, the oxygen pressure was set as 100 mTorr to 

ensure the ferroelectricity of h-LFO, which is higher than that had ever been reported.7 Increasing the 

oxygen pressure properly will help to eliminate internal oxygen vacancies and improve ferroelectric 

properties. 

The thickness of ferroelectric layer has a great influence on the strength of interface effect. 

When the thickness of the ferroelectric layer is too thin, and the modulation effect of ferroelectric 

polarization on the depletion layer decreases.8 In contrast, although the modulation effect of 

ferroelectric polarization on the depletion layer may become powerful in thicker films, the 

conductive property of ferroelectric films tends to decrease with increasing thickness.9 In this 

situation, the volume resistance becomes more crucial than the interfacial effect. Thus, the thickness 

of h-LFO was controlled to tens of nanometers. It can not only ensure to obtain better ferroelectric 

properties, but also make the conduction be dominated by the interface. The thicker CFO may be 

beneficial to obtain the higher ON/OFF ratio. However, it may also lead to the worse ferroelectricity 

of our samples because of the larger depolarization field.10 Furthermore, the thicker CFO means the 

more internal defects may exist, which can lead to the stronger trapping effect. Therefore, the growth 
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time of CFO was controlled to 3 minutes and the thickness was controlled to several nanometers. On 

one hand, the heterojunction can achieve better ferroelectric properties, on the other hand, the RS and 

NDR effects can be realized.

Figure S1. The cross-sectional SEM image of h-LFO/CFO/SRO/CFO/MgO heterostructure.

Figure S2. Resistive switching characteristics in the original device. (a) The I-V curve of the original 

Pt/h-LFO/CFO/SRO/CFO/MgO device. (b) log(I)-log(V) curve under forward voltage. (c) I-V and (d) 

log(I)-log(V) curves at 0→2 V, 0→3 V, 0→4 V, respectively (illustrated as Schottky emission 
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fitting).

The F-N tunneling model can be described by the following equation:11
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where J is the current density, q is the electron charge, E is the electric field, φB is the height of 

Schottky potential barrier, h is Planck’s constant, m* is the effective mass of electron. According to 

equation 1, the plots of ln(I/V2) versus 1/V for high resistance states in positive and negative high-

voltage region are shown in Figure S3.

The Schottky emission model can be described by the following equation:12
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where A* the Richardson constant, T is the temperature, k is the Boltzmann’s constant, q is the 

electron charge, E is the electric field, ε is the dielectric constant, ε0 is the vacuum dielectric constant. 

If the mechanism is consistent with F-N tunneling, the ln(I/V2)-1/V curve should be a straight line, 

however, the fitting results show the nonlinear behavior and the F-N tunneling can be excluded. 

Therefore, the conduction may be mainly dominated by the Schottky emission. The plots of ln(I) 

versus V1/2 are shown in Figure S4, which illustrate the domination of Schottky emission model.
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Figure S3. Fitting results of F-N tunneling for HRS in (a) positive voltage and (b) negative voltage 

region.

Figure S4. Fitting results of Schottky emission in (a) positive voltage and (b) negative voltage region.

Figure S5. The AFM pattern of Pt electrode after annealing at 300 °C.
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Figure S6. The I-V characteristic of Pt/h-LFO/CFO/SRO/CFO/MgO device after annealing at 300 

°C.

Figure S7. The P-V curve of Pt/h-LFO/CFO/SRO/CFO/MgO devices after annealing at 300 °C.

Figure S8. The I-V curves at different compliance currents of Pt/h-LFO/CFO/SRO/CFO/MgO 

devices after annealing at 300 °C.
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Figure S9. The I-V curves at different temperatures, (b) Schottky fitting results of HRS in the 

positive and negative voltage region.

Figure S10. The I-V curves of 3 samples as a consequence of 0 V→+3 V→0 V→-3 V→0 V.
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