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Supplementary Note 1. I-V loops of the Ag/BTO/NSTO FTJ  

The prototype device structure of the Ag/BTO/NSTO (Nb: 0.7 wt%) FTJ is schematically 

illustrated in the inset of Supplementary Figure 1a. The test voltage was applied to the Ag top 

electrode, and the NSTO substrate was always grounded through an ohmic contact pad at its 

backside. 

The typical pinched I-V hysteresis loops of the FTJ show a memristive characteristic 

(Supplementary Figure 1a, b), similar to the previous report1. In addition, the I-V curves reveal a 

rectifying transport behavior, indicating the existence of the Schottky barrier for MFS-type FTJs. 

 

Supplementary Figure 1 I-V loops of the Ag/BTO/NSTO FTJ. a, b I-V curves of a Ag/BTO/NSTO 

FTJ measured by sweeping the voltage from 0 to 2 V, then 2 V to -2 V, and finally back to 0 V. The 

arrows indicate the voltage sweeping direction. The inset of a is a schematic illustration of the FTJ 

structure. 

Supplementary Note 2. R-Vp hysteresis loops and cyclability at 100 ns and 1.42 ns 

To investigate the memristive behaviors and multi-state switching properties at different 

operation speeds, the resistance (read at Vr = 0.1 V) vs. pulse voltage (Vp) hysteresis loops and 

cyclability measurements were carried out. Supplementary Figure 2a, b show the voltage pulse 

sequences for the R-Vp and cyclability measurements, respectively. Here, Vr is the reading voltage 

applied after Vp, and small relative standard deviations (RSD) of reading current fluctuations (< 0.1% 

for the ON state and < 1% for the OFF state) were observed with Vr in between 0.01 V and 0.1 V. 

The R-Vp loops measured at 100 ns and 1.42 ns are shown in Supplementary Figure 2c, e. 

Supplementary Figure 2d, f show the cyclability measurements between the ON state and different 
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high-resistance states with td = 100 ns and 1.42 ns, respectively. The results show that the FTJ has 

excellent memristive characteristics. 

 

Supplementary Figure 2 R-Vp hysteresis loops and cyclability measurements. a, b Applied voltage 

pulse sequences for the R-Vp and cyclability measurements, respectively. R-Vp hysteresis loops and 

cyclability measurements with pulse durations of c, d 100 ns and e, f 1.42 ns. The arrows in c and e 

indicate the directions of pulse sequences. 

Supplementary Note 3. Real-time electrical measurement setup 

To ensure that sub-nanosecond pulses are delivered to the FTJ, we conducted a real-time 

electrical measurement setup similar to that in the literature2-5, as shown in Supplementary Figure 

3a. A pulse generator (Tektronix PSPL10300B with the shortest pulse duration of about 540 ps) 

delivers voltage pulses with different amplitudes and durations to induce resistance switchings in 
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the FTJs. A Keithley 2410 SourceMeter was used to monitor the resistance change of the FTJs after 

applying write voltage pulses. An oscilloscope (Tektronix DSA70804 with a bandwidth of 8 GHz) 

was utilized to verify the waveforms applied to the FTJs. A DC/RF switch (Radiall’s RAMSES 

SPDT switch, 0-18 GHz) was used to separate the DC and RF circuit signals. To protect the 

oscilloscope against overvoltage, -10 dB and -6 dB attenuators were inserted before Channel 1 and 

Channel 2, respectively. 

 

Supplementary Figure 3 Real-time electrical measurement for the Ag/BTO/NSTO FTJ. a 

Schematic description of the real-time electrical measurement setup. b Voltage pulse of 540 ps in 

duration and 15 V in amplitude applied to the FTJ top electrode. c Signal transmitted through the 

FTJ with a duration of 600 ps. 

In this way, the voltage pulse applied to the FTJ top electrode can be recorded by using Channel 

1 of the oscilloscope. The signal transmitted through the FTJ is also recorded by Channel 2. For 

example, Supplementary Figure 3b shows that a voltage pulse of 540 ps in duration and 15 V in 

amplitude was successfully applied to the FTJ. While the signal transmitted through the FTJ shows 

a pulse duration of about 600 ps, as shown in Supplementary Figure 3c. In other words, the RC delay 

𝜏RC extends the 540 ps pulse to 600 ps, and 𝜏RC is estimated to be about (600-540)/2 = 30 ps. 

Compared with the sub-nanosecond pulse signal, such a small RC delay would not affect the 

conclusions obviously. In addition, based on Supplementary Figure 3c, the write current density J 

can be estimated to be about 4×103 A cm-2. 
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Supplementary Note 4. Resistive switchings under different pulse voltages of 600 ps 

 

Supplementary Figure 4 Distinguishable resistive switchings by applying 600 ps pulses with 

different amplitudes. 

As demonstrated by the R-Vp loops in Fig. 2c, the resistance of the FTJ changes smoothly 

between the ON state (~ 4104 Ω) and the OFF state (~ 8106 Ω) with the applications of 600 ps 

voltage pulses, and there are many intermediate resistive states between ON and OFF states. 

Although +15 V/-18 V at 600 ps are needed to switch the FTJ between the ON state and the OFF 

state, respectively, the resistive switchings between the intermediate states require smaller voltages 

(Supplementary Figure 4). Using +6 V/-8 V (Supplementary Figure 4d), a distinguishable resistive 

switching between two intermediate states (~ 2.2105 Ω and ~ 3105 Ω) can still be achieved. 

Supplementary Note 5. Endurance and device-to-device variability 

To test the endurance of the FTJs, a function generator (Agilent 33220A) was utilized to 

generate square voltage pulses (3 V amplitude, 100 ns duration, 1 MHz repetition rate) to flip the 

ferroelectric polarization repeatedly, and the resistance (read at 0.1 V) was monitored after applying 

voltage pulses of defined numbers. Representative endurance measurement results from two 
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different FTJs are shown in Supplementary Figure 5a, b. Here, for the first 100 cycles of 

measurements, the resistances were recorded for each cycle. Then, the representative resistance 

switching measurements (for 10 cycles) were carried out every 10n cycles (n ≥ 2) from 10n to 10n+1 

cycles. It can be seen that the FTJs show repeatable resistance switchings up to 108-109 cycles, one 

of the best endurance results among the reported FTJs6-8. 

The resistance switching results of 20 different Ag/BTO/NSTO FTJ devices are shown in 

Supplementary Figure 5c. Despite of the subtle differences among the manually controlled growth 

conditions for different batches of FTJs as well as the large size (~70 μm in diameter) of the devices, 

the resistance fluctuations and relative standard deviations of ON (4.08104 Ω  4.71104 Ω, RSD 

~ 4.3%) and OFF (4.80106 Ω  5.71106 Ω, RSD ~ 5.5%) states are small for the different FTJ 

samples. The good uniformity in FTJs should be related to the intrinsic ferroelectric nature induced 

resistance switchings. 

 

Supplementary Figure 5 Endurance and device-to-device variability measurements. a, b 

Reproducible resistance switchings up to 108-109 by cycling pulse voltages (3 V, 100 ns) by using 

a function generator (Agilent 33220A). c Resistances of ON and OFF states for 20 different FTJ 

devices. The error bar indicates three times the standard deviation (3×SD) of the cycle-to-cycle 

variations for each FTJ sample. 

Supplementary Note 6. Sub-nanosecond pulse driven synaptic weight modulation 

To emulate the synaptic weight modification in sub-nanosecond scale, the sub-nanosecond 

pulse (~600 ps) driven conductance change of the FTJ was measured, as shown in Supplementary 

Figure 6. The memristor conductance can be manipulated gradually by increasing the amplitude (in 

a step of 0.5 V) of negative or positive voltage pulses, representing the depression or potentiation of 

the synaptic weight. In other words, it demonstrates the ability of the FTJs as sub-nanosecond 

ultrafast synaptic devices. 
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Supplementary Figure 6 Sub-nanosecond pulse driven synaptic weight modulation. The negative 

(0 to -18 V) and positive pulses (0 to +15 V) with a step of 0.5 V were applied to the FTJ. The pulse 

duration is ~600 ps, and the device resistance was read with a bias of 0.1 V. 

Supplementary Note 7. Transport analyses and band diagrams 

The thermally-assisted tunneling current can be described by9-12 
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Based on the model, the ΦB can be extracted from the slope of the linear fitting of 

ln[Jscosh(E00/kBT)/T]-1/E0 on 1/E0, as shown in Supplementary Figure 7b, d, f, h and 8b, d, f, h. 

Furthermore, the linear fitting should be performed in as low voltage bias ranges as possible, 

typically less than Schottky barrier height, in order to comply with the thermally-assisted tunneling 
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room temperature according to the Supplementary Eq. 3. 
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Supplementary Figure 7 Transport analyses for ON states of FTJs with different Nb concentrations. 

a, c, e, g ON states lnJF-V curves at various temperatures from 270 to 120 K for the Ag/BTO/NSTO 

FTJs with Nb concentrations of 0.7, 0.5, 0.1, and 0.05 wt%, respectively. The black solid lines are 

the fitting results using Supplementary Eq. 1. b, d, f, h, ln[Jscosh(E00/kBT)/T] vs. 1/E0 plots for the 

ON states. The red solid lines are linear fittings using Supplementary Eq. 2. 
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Supplementary Figure 8 Transport analyses for OFF states of FTJs with different Nb 

concentrations. a, c, e, g OFF states lnJF-V curves at various temperatures from 270 to 120 K for the 

Ag/BTO/NSTO FTJs with Nb concentrations of 0.7, 0.5, 0.1 and 0.05 wt%, respectively. The black 

solid lines are the fitting results using Supplementary Eq. 1. b, d, f, h, ln[Jscosh(E00/kBT)/T] vs. 1/E0 

plots for the OFF states. The red solid lines are linear fittings using Supplementary Eq. 2. 
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According to the fitting results, the schematic diagrams of energy profiles at zero bias for the 

ON and the OFF states of the FTJs with Nb concentrations of 0.7, 0.5, 0.1, and 0.05 wt% are shown 

in Supplementary Figure 9. It is obvious that the Schottky barrier height ΦB and the depleted region 

width Wd in the OFF state are larger than those in the ON state, indicating that the Schottky barrier 

can be effectively manipulated by the ferroelectricity9. 

 

Supplementary Figure 9 Energy profiles of Ag/BTO/NSTO FTJs with various Nb concentrations. 

Supplementary Note 8. Hall measurements of NSTO substrates 

 

Supplementary Figure 10 Hall measurements of NSTO substrates. a Schematic diagram of the 

Hall measurement. b Carrier concentration (ND) as a function of Nb content. c-f Hall voltage VH as 

a function of magnetic fields for NSTO substrates with Nb concentrations of 0.7, 0.5, 0.1, and 0.05 

wt%, respectively. The solid lines are the linear fitting results. 
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Supplementary Figure 10 shows the Hall voltage VH as a function of magnetic fields for NSTO 

substrates with Nb concentrations of 0.7, 0.5, 0.1, and 0.05 wt%. The carrier concentrations ND, 

calculated using 
D H HN HI dqV , increase with increasing Nb content, where d ~ 0.5 mm and q 

= 1.6×10-19 C. 

Supplementary Note 9. FTJs with different metal electrodes 

 

Supplementary Figure 11 FTJs with different metal electrodes. a Energy profiles of the separated 

metal, BTO, and NSTO, where Φmetal is the work function of metal (Ag 4.26 eV, Au 5.1 eV, Pt 5.65 

eV), 
BTO

 = 3.9 eV is the electron affinity of BTO, 
NSTO

 = 4.0 eV is the electron affinity of NSTO, 

EVac is the vacuum level, and EC, EV, and EF are the conduction band minimum, the valence band 

maximum, and the Fermi level of NSTO, respectively. b Resistances measured at 0.1 V vs. pulse 

amplitude Vp with td = 100 ns for Ag/BTO/NSTO, Au/BTO/NSTO, and Pt/BTO/NSTO FTJs with a 

6 u.c. (~2.4 nm) thick BTO barrier and 0.7 wt% Nb concentration. The arrows indicate the direction 

of pulse sequence. Energy profiles of c Ag/BTO/NSTO, d Au/BTO/NSTO, and e Pt/BTO/NSTO 

FTJs. 

Several metals with different work functions (Ag 4.26 eV, Au 5.1 eV, Pt 5.65 eV) were used as 

top electrodes for the FTJs to tune the Schottky barrier. According to the semiconductor physics, the 
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Schottky barrier ΦB is proportional to the difference between the metal work function Φmetal (the 

energy difference between the metal Fermi level and the vacuum level) and the electron affinity of 

the semiconductor  (the difference between the semiconductor conduction band edge and the 

vacuum level), namely, ΦB ~ Φmetal  , as shown in Supplementary Figure 11a. A smaller work 

function of the metal electrode will lead to a lower Schottky barrier. Because this Schottky barrier 

will share a considerable voltage drop from the total applied voltage, lowering the Schottky barrier 

will increase the partial voltage drop across the BTO barrier. It means that a smaller pulse voltage 

could flip the ferroelectric domains of BTO in FTJs by using a metal electrode with a smaller work 

function. 

Supplementary Figure 11b shows R-Vp loops (td=100 ns) of the MFS-type FTJs with Ag, Au, 

and Pt metal electrodes. The energy profiles of these FTJs are schematically shown in 

Supplementary Figure 11c-e. It can be seen that the Pt/BTO/NSTO FTJ shows the biggest current 

ON/OFF ratio, and this may be one of the reasons why previous researchers mostly used Pt with a 

high work function as the electrode for their FTJs9,15. However, the large Schottky barrier in the 

Pt/BTO/NSTO FTJ will result in a high operation voltage, which may not be beneficial to practical 

applications. The utilization of the Ag electrode, by contrast, can greatly reduce the operation 

voltage, which means that the resistive switching speed will be much faster at a given voltage. 

Furthermore, it is worth mentioning that the Ag/BTO/NSTO FTJ still presents a current ON/OFF 

ratio as high as about 2×102, which is enough for non-volatile memories with 32 states (Fig. 2). 

Supplementary Note 10. Excluding the occurrence of Ag migration 

There are some experimental evidences to exclude the occurrence of Ag migration. 

1) Figure 1c, d show the HAADF-STEM images from the Ag/BTO/NSTO FTJs at OFF and 

ON states, respectively. The upward and downward displacements of Ti ions observed at OFF and 

ON states are consistent with the ferroelectric resistive switchings. It should be noted that there is 

no Ag migration or Ag filament in BTO, as shown in Fig. 1e, f. This is a direct evidence to exclude 

the occurrence of Ag migration. 

2) The resistance switching characteristics of the FTJs are different from the Ag migration 

based resistance switchings. The I-V characteristics at ON states for the FTJs are non-linear, 

following the thermally-assisted tunneling model (Supplementary Figure 7). These are different 
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from the typically linear I-V curves for conduction bridge memories based on Ag filaments at ON 

states16. 

3) For understanding the resistive switching in the FTJ, we have studied the time-dependent 

variation of the FTJ resistance and the related ferroelectric domain dynamics behaviors. As shown 

in Fig. 3, it can be seen that the resistive switching of the Ag/BTO/NSTO FTJ is closely correlated 

with a nucleation-limited-switching (NLS) model of the ferroelectric domain dynamics17,18. 

4) As shown in Supplementary Figure 11b, not only the FTJ with Ag electrode, but also the 

FTJs with Au and Pt electrodes show the resistance switching effects. This is also one of the 

evidences to exclude the occurrence of Ag migration. 

All the above experimental results confirm that the resistance switching of the Ag/BTO/NSTO 

FTJ is caused by ferroelectric polarization switching rather than the conduction bridge based on Ag 

filaments. 

Supplementary Note 11. High-temperature retention properties 

 

Supplementary Figure 12 High-temperature retention properties. Retention properties of the 

Ag/BTO/NSTO FTJ at 423, 448, 473 and 498 K. 

Supplementary Note 12. Artificial neural network (ANN) simulation with FTJs 

ANN Simulation. Similar to earlier reports19,20, a two-layer perceptron neural network with 

784 input neurons, 100 hidden neurons, and 10 output neurons was simulated to implement an online 

supervised learning on the Modified National Institute of Standard and Technology (MNIST) 

handwritten digits database, as shown in Supplementary Figure 13. The 784 input neurons 
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correspond to a 28 × 28 MNIST image, and the 10 output neurons correspond to 10 classes of digits 

(0  9). Generally, for a real memristor crossbar, the inference or classification of a MNIST image 

could be performed by biasing the top electrode of memristors in the first layer with a set of input 

voltages (Vinput, corresponding to small reading voltages without affecting memristor states) whose 

amplitudes encode an image, then reading the currents from the bottom electrodes of devices in the 

final layer19. 

 

Supplementary Figure 13 Artificial neural network. Schematic diagram of a two-layer neural 

network. 

The training, composed of two stages: feedforward inference and feedback weight update, is 

based on stochastic gradient descent (SGD) and back propagation algorithms19. For each training 

cycle, 128 images randomly selected from 60000 MNIST digits are set as a batch. The two-layer 

inference is performed layer by layer sequentially. The input voltage vector to the first layer is a 

feature vector from the MNIST dataset, and the input vector for the subsequent layer is based on the 

output vector of the previous layer19. 

Device behavioral model. To implement the SGD algorithm in the memristor crossbar in 

which the synaptic weight could be positive and negative, the synaptic weight can be encoded as the 

conductance difference between two paired memristors21. Namely, each synapse is implemented 

with two memristors, so that the total number of memristors in the crossbar is (784×100 + 

100×10)×2 = 158800. Typically, the switching of conductance states for each memristor can be 

achieved by applying voltage pulses, as the conductance (read at 0.05 V) vs. pulse number shown in 

Supplementary Figure 14. Here, the conductance evolutions among 64 conductance states for both 
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depression (by applying voltage pulses with incremental amplitudes from -0.3 V to -1.8 V with a 

step of 30 mV, -1.9 V to -3.1 V with a step of 100 mV) and potentiation (by applying voltage pulses 

from 0.61 V to 0.67 V with a step of 30 mV, 0.7 V to 1.28 V with a step of 20 mV, 1.3 V to 1.59 V 

with a step of 10 mV) were demonstrated. It can be seen that the conductance depression and 

potentiation curves are very linear and symmetric. The measurements were repeated by 20 times, 

and the average conductance vs. pulse number can be obtained, as shown in Supplementary Figure 

14b. Here, the conductance depression curve was used as the device behavioral model for the 

simulations, for which the cycle-to-cycle standard deviation relative to the entire conductance range 

( ~ 2.0%) is small. The cycle-to-cycle and device-to-device variations can be included as random 

fluctuations following Gaussian distribution in certain ranges. 

 

Supplementary Figure 14 Device behavioral model. a. Conductance vs. pulse number measured 

for 20 times. b. Average conductance vs. pulse number. The error bar indicates the standard deviation 

of the cycle-to-cycle variations for each state. 

Supplementary Figure 15a shows the simulation results for the ANN based on the realistic 

device behavioral model with a cycle-to-cycle variation  ~ 2.0%. By comparison, the simulation 

for an ANN using the ideal synapse (i.e., a memristor which could be tuned to any resistance state 

without device variations) was also carried out. Similar to the previous report20, it can be seen that 

the ANN based on the FTJs (with a device-to-device variation RSD ~ 5%) shows a pattern 

recognition accuracy > 90%, which is close to the recognition accuracy ~ 97% calculated on the 

basis of an ideal ANN. It is worth mentioning that the analog computing using memristor arrays can 

bear certain device variabilities. The effects of the cycle-to-cycle and the device-to-device variations 
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on recognition accuracies have also been simulated, as shown in Supplementary Figure 15b, c, 

respectively. It can be seen that the recognition accuracy decreases with increasing cycle-to-cycle 

and device-to-device variations. Based on the realistic device behavioral model with a cycle-to-cycle 

variation  ~ 2.0% (Supplementary Figure 14), it is still ~87% even supposing the device-to-device 

variation RSD to be ~35%, consistent with the earlier report22.  

 

Supplementary Figure 15 Simulated pattern recognition accuracy of the two-layer ANN. a. 

Simulation results based on the FTJ device behavioral model and ideal synaptic devices. b. 

Simulated recognition accuracy vs. cycle-to-cycle variation with a fixed device-to-device variation 

(RSD ~ 5%, see Supplementary Figure 5c). c. Simulated recognition accuracy vs. device-to-device 

variation based on the FTJ device behavioral model with a cycle-to-cycle variation  ~ 2.0%. 

I-V nonlinearity. The forward inference in the computing simulation also depends on the 

relationship between the input voltage and the output current. In other words, the I-V relationship of 

the memristor will affect the recognition accuracy. Here, to evaluate the effect of realistic I-V 

relationship on computing, the representative I-V curves of different resistance states were 

experimentally characterized, as shown in Supplementary Figure 16a. It can be seen that the 

nonlinearity decreases with decreasing bias voltage, and it becomes very linear from 0 V to 0.05 V 

(see Supplementary Figure 16b). Therefore, we could use the realistic I-V curves at different Vinput 

ranges for ANN simulations to evaluate how the I-V nonlinearity affects the computing. With the 

experimental cycle-to-cycle variation ( ~ 2.0%) and the device-to-device variation (RSD ~ 5%), 

the recognition accuracy vs. input voltage range is simulated, as displayed in Supplementary Figure 

16c. It can be seen that the recognition accuracy increases with decreasing input voltage range (i.e., 

with decreasing I-V nonlinearity), and it is > 90% below 0.05 V. 

For comparison, previous ANN simulations based on realistic performances of various 

memristors (without considering the effect of I-V nonlinearity) can reach a recognition accuracy 
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~10%  91% on MNIST digits20,23. Thus, one can see that our FTJ could be a good analog synaptic 

device for neuromorphic hardware systems. 

 

Supplementary Figure 16 I-V relationships of the Ag/BTO/NSTO FTJ at different representative 

resistance states in Supplementary Figure 14 and their effects on simulated recognition accuracy. a. 

I-V curves in the range from -0.1 V to 0.1 V. b. Enlarged drawing of the I-V curves in the range from 

0 V to 0.05 V. c. Simulated recognition accuracy with different input voltage ranges. 
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