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Fig. 1. Schematic diagram of the structures of the (a) BM-
SFO single-layer memristor and (b) BM-SFO/PV-SFO
double-layer memristor; schematic curves showing the re-
sponses of the (c) single-layer memristor and (d) double-lay-
er memristor to potentiation and depression pulses, i.e., the
long-term potentiation and depression (LTP and LTD, re-
spectively) characteristics; () XRD 6-260 scans of BM-SFO/
PV-SFO double-layer film (red) and BM-SFO single-layer
film (blue).
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Fig. 2. (a) Comparison of I-V characteristics of BM-SFO single-layer and BM-SFO/PV-SFO double-layer memristors; 50 cycles of I-

V characteristics of (b) single-layer memristor and (c) double-layer memristor; (d) statistical distributions of switching voltages of

single-layer and double-layer memristors; (e) statistical distributions of LRS and HRS conductances of single-layer and double-layer

memristors.
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Fig. 3. Schematic diagrams showing the conductive fila-
ment (a) connection and (b) rupture in the BM-SFO/PV-
SFO double-layer memristor; schematic diagrams showing
the conductive filament (c) connection and (d) rupture in
the BM-SFO single-layer memristor.
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Fig. 4. Conductance evolutions of (a) BM-SFO single-layer memristor and (b) BM-SFO/PV-SFO double-layer memristor under posi-

tive pulse trains with different amplitudes; conductance evolutions of (c) single-layer memristor and (d) double-layer memristor un-

der negative pulse trains with different amplitudes.
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Fig. 5. (a) LTP and LTD characteristics of the BM-SFO/PV-SFO double-layer memristor, and the insets show the schematics of
applied pulses; retention of the conductance states of the double-layer memristor during the (b) LTP and (c¢) LTD processes; (d) mu-
Iti-cycle LTP and LTD characteristics of the double-layer memristor, and the upper inset shows schematics of the applied pulses.
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Table 1.  Device performance of filament-type RS memories based on different materials.
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Si0,/TiN/WO,/SiO, ~10 +3 +3.3 23 36, 37]
Al/TiO,/ITO =102 +2 -2 2 (38]
Ag/7Zn0,/Pt ~107 +3 -3 2 [39]
Pt/Ti/a-SrTiO,/Pt >10? ~1.35 +1.9 2 [40]
Au/Cr/BaTiO3/Nb:SrTiO3/In >104 -7 -1 8 [41]
Au/BiFeO;/Pt >10 +4 -6 2 [42]
Au/SrFe0, 5 /SrRuO; ~10? -5 +3 2 (23]
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Au/HfSe,/Ti ~10? +1 1.2 26 [44]
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Fig. 6. (a) Schematic diagrams of the simulated fully connected neural network (ANN) using SFO-based memristors as synapses, W
is the weight of the memristor synapse connecting the input layer and the output layer; (b) schematic diagram of the SFO-based
memristor crossbar, where I is the input neuron and O is the output neuron; (c¢) comparison of accuracies of BM-SFO/PV-SFO

double-layer memristor-based ANN and BM-SFO single-layer memristor-based ANN; (d) confusion matrix of the test results from

the double-layer memristor-based ANN.

2 RFEMCBHAERZE AT ANN EHRIRGIHER X L
Table 2.  Image recognition accuracy comparison between ANNs using different memristors as synapses.
i BH A% ANNZEH HERR /% Ktk SCHR
Pt/Li;Tis015/Ti0,/Pt 100 3ZM%%(400x100x10) 87 MNIST(20x20) [46]
Pt/Ta0,/NP TaO, /Ta 200 3EML%(784%7840%x10) 89 MNIST(28x28) [47]
Ti/PdSe,/Au 200  3JZM%4(400x100x10) 94 MNIST(20%20) [48]
Ta/HfO,/Pt 200 32/ (64x54x10) 91 MNIST (8x8, H120x20 FRAEHAE)  [49]
Ag/WSe, QDs/ Lag 3Sro;MnO3/SrTiO; 70 3ZM% (NA) 91 ORHD(8x8) [50]
Au/SrFe0, 5/SrFeO;/SrRu0, 32 2Z2M 45 (64x10) 86 ORHD(8x8) AR T AR
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Abstract

SrFeO, (SFO) is a kind of material that can undergo a reversible topotactic phase transformation between
an SrFeO, 5 brownmillerite (BM) phase and an SrFeOj perovskite (PV) phase. This phase transformation can
cause drastic changes in physical properties such as electrical conductivity, while maintaining the lattice
framework. This makes SFO a stable and reliable resistive switching (RS) material, which has many

applications in fields like RS memory, logic operation and neuromorphic computing. Currently, in most of SFO-
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based memristors, a single BM-SFO layer is used as an RS functional layer, and the working principle is the
electric field-induced formation and rupture of PV-SFO conductive filaments (CFs) in the BM-SFO matrix.
Such devices typically exhibit abrupt RS behavior, i.e. an abrupt switching between high resistance state and
low resistance state. Therefore, the application of these devices is limited to the binary information storage. For
the emerging applications like neuromorphic computing, the BM-SFO single-layer memristors still face problems
such as a small number of resistance states, large resistance fluctuation, and high nonlinearity under pulse
writing. To solve these problems, a BM-SFO/PV-SFO double-layer memristor is designed in this work, in which
the PV-SFO layer is an oxygen-rich interfacial intercalated layer, which can provide a large number of oxygen
ions during the formation of CFs and withdraw these oxygen ions during the rupture of CFs. This allows the
geometric size (e.g., diameter) of the CFs to be adjusted in a wide range, which is beneficial to obtaining
continuously tunable, multiple resistance states. The RS behavior of the designed double-layer memristor is
studied experimentally. Compared with the single-layer memristor, it exhibits good RS repeatability, small
resistance fluctuation, small and narrowly distributed switching voltages. In addition, the double-layer
memristor exhibits stable and gradual RS behavior, and hence it is used to emulate synaptic behaviors such as
long-term potentiation and depression. A fully connected neural network (ANN) based on the double-layer
memristor is simulated, and a recognition accuracy of 86.3% is obtained after online training on the ORHD
dataset. Comparing with a single-layer memristor-based ANN, the recognition accuracy of the double-layer
memristor-based one is improved by 69.3%. This study provides a new approach to modulating the performance
of SFO-based memristors and demonstrates their great potential as artificial synaptic devices to be used in

neuromorphic computing.
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