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Fig. S1. The device-to-device uniformity of synapses. (a)-(b) The I-V curves of Pd/PZT/NSTO devices.
(c) The EPSC graph of original Pd/PZT/NSTO optical synaptic device for sequential light pulses with

2KHz frequency and (e) the same measurements after 6 months for the another similar device.
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Fig. S2. Endurance characteristics
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Fig. S3. Comparisons of HRS and LRS data with different power densities.



Fig. S4. The absorbance spectra of PZT/NSTO heterojunction memristor

The built-in electric field in PZT/NSTO heterostructure and its influence on ferroelectric
polarization and resistance switching behavior can be explained by the energy band structure
of PZT/NSTO heterostructure. Fig. S4a shows the structural diagram of Pd/PZT/NSTO
device. After applying a positive electric field, the ferroelectric polarization in PZT film is
upward (p,p). If we regard PZT and NSTO as broadband gap semiconductors without
considering the polarization charge, the energy band structure of PZT/NSTO heterostructure
can be shown in Fig. S4b. For NSTO, the electron affinity and band gap were 4.0 and 3.2 eV,
respectively. In the NSTO substrate with high conductivity, it is an n-type semiconductor with
a work function of 4.2 eV due to Nb substitution doping (i.e., Nb>* substitution for Ti*
positions).!? For PZT, the electron affinity and band gap are 3.5 eV and 3.4 eV, respectively.
According to many research results, PZT should be a p-type semiconductor due to the loss of
oxygen. Therefore, its Fermi level is low but close to the middle of the energy band gap, and
its work function is 5.8 eV. 3* Due to different work functions, the energy band bends at the
PZT/NSTO interface. Therefore, an induced built-in electric field (E,;) pointing from NSTO
to PZT is formed on the interface, which is similar to the semiconductor p-n junction, and a
depletion layer is formed in the PZT layer near the PZT/NSTO interface. However, PZT is
not only a p-type semiconductor, but also a ferroelectric semiconductor. If we consider the
ferroelectric polarization of PZT films, the above situation will be changed. After applying a
negative electric field, when the ferroelectric polarization of PZT layer is down, a positive
polarization charge appears in the PZT/NSTO interface region. Therefore, most carriers in

NSTO will be attracted to the PZT/NSTO interface region by positively polarized charges, so



the width of built-in electric field (Ey;) and loss layer will be reduced, as shown in Fig. S4c.
This condition corresponds to LRS in resistance switching behavior. On the contrary, after the
positive electric field is applied, when the iron is polarized upward (p,,), the negative
polarization charge accumulates in the PZT/NSTO interface region. Therefore, most carriers
in NSTO are repelled by negative polarization charges and migrate to the interface region.
Therefore, the width of built-in electric field (Ey;) and loss layer increases, as shown in Fig.
S4d. This condition corresponds to HRS in resistance switching behavior In addition,
although the magnitude of the built-in electric field can be strongly modulated under the
action of ferroelectric polarization, the direction of the built-in electric field remains
unchanged. Therefore, it can be considered that the modulation effect of ferroelectric
polarization on the width of loss layer (Fig. S4c and S4d) leads to two states of LRS and HRS
in resistance switching behavior. On the other hand, as mentioned above, there is an interface
electric field similar to p-n junction on the PZT/NSTO interface. The direction of the interface
electric field is always from NSTO to PZT, resulting in the formation of a hard switchable
domain in the PZT layer near the PZT/NSTO interface. Therefore, since the interface domain
tends to P, rather than Pg,,, the hysteresis loop will show asymmetry.

It has been reported that the oxygen vacancy concentration at the interface of
ferroelectric electrode can adjust the electrical properties, and the oxygen vacancy
aggregation at the interface can reduce the barrier height at the interface and produce more
current.>* When PZT film absorbs photon energy under UV irradiation, it will produce
electron hole pairs, and UV can enhance the mobility of charged substances and attract them
from the interior of ionic crystals to the surface.” Therefore, under UV irradiation, it can
promote the accumulation of oxygen vacancies on PZT/NSTO interface and increase the
concentration of oxygen vacancies on the interface, Thus, the effective built-in electric field
and depletion layer width of PZT/NSTO interface are reduced as shown in Fig. S4f, so more

photocurrent can be realized.
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Fig. S5. (a) Schematic of the Pt/PZT/NSTO heterostructure under an applied electric field (DL
represents “depletion layer”). (b-d) Band structure diagrams for the PZT/NSTO heterostructure in the
different states: (b) in the state without considering the polarization, (c) in the state of polarization
downward (LRS), and (d) in the state of polarization upward (HRS).
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Fig. S6. (a) Gain is defined as the ratio of A, /A;,. Here the twentieth peak was chosen as the
representative of A,. (b) The impact of pulse intervals on the gain characteristic s of devices. (c)-(d)

The impact of pulse number and pulse interval on conductance of optical synapses.
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Fig. S7. The conductance variation under different light intensities when the device was

programmed by a series of 10 identical negative pulses (-3 V, 0.5 ms) followed by a series of 10
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Fig. S8. Readout circuit of the photonic artificial synapse in the 7 x7 array.

(a) AND

identical positive pulses (+5 V, 0.5 ms).

Fig. S9. (a) The light pulses, negative voltage pulses and positive voltage pulses were applied to
memristors array for the realization of logic “AND”. (b) The light pulses and negative voltage
pulses were applied to memristors array at the same time to realize logic “OR” operation.



There is an interfacial electric field existing at the PZT/NSTO interface like the p-n
junction (Fig. S10). The direction of the interfacial electric field is always from NSTO to PZT,
leading to that the hard switchable domains form at the PZT/NSTO interface. Therefore, the
hysteresis loops are asymmetric because the interfacial domains tend to P, rather than Poun.
Moreover, in a thicker PZT film, the width of depletion layer will take a smaller proportion
relative to the thickness of the PZT film, thus the effect of the ferroelectric domains inside the

depletion layer on the total ferroelectric polarization switching will be weakened.

(b)

Fig. S10. Schematic diagrams of domain pinning at (a) P,, and (b) Pgoy state.

The ferroelectricity of the device becomes better with the increase of thickness ,as shown

in Fig. S4a-c. Fig. S4d-f shows that the thinner the thickness of PZT film, the leakage of [-V

will occur.
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Fig. S11. (a) -(c) P—V characteristics of the PZT films with different thicknesses (40nm, 80nm,

120nm). (d)-(f) I-V characteristics of the PZT films with different thicknesses (40nm, 80nm,
120nm).
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Fig. S12. (a) Schematic illustration of biological synapse and its analogue artificial synapse.
Presynaptic pulses correspond to electrical stimuli. (b) The change of EPSC under different pulse
number and pulse width. (c) The change of IPSC under different pulse number and pulse width. (d)
Extracted PPF and PTP index versus impulse interval At, where I;, I,, and I, are the recorded current
after the first. (¢) Current dependence recorded during the applying of ten stimulation pulses with
different pulse amplitudes (-3, -4, and -5 V). (f) Current responses to ten identical stimulation pulses
(Vpos = -5 V) at different frequencies (1.25, 0.59, and 0.38 Hz)
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Fig. S13. The STDP perfomence of the memristor.



Table S1. Comparison of previously reported heterojunction memristor with this work.

Light-induced

. Availability of Endurance Intensity . s
Materials stimuli Cycles (mW/em?) syna'pt.lc Application Ref
plasticity
Ce0,.,/AlOy Electrict+Optical — 2.1-12 No Boolean logic 8
Color
recognition/pain
CeO/MoS2 | Electric+Optical - 0-10.842 ERSCPRE oD 9
sensing
capability
identify the
CeOyNb-SrTiO; Electric 200 No No electrocardiogra 10
m (ECG) data
perception-
. . memory
Ga:0yMos, | FlectrierOptical - 0.391-3.290 A )
integrated human
visual system
Ga203/ . handwritten
Nb:SrTiO3 Electric - No No picture data 12
. . IPSC/EPSC/PPF/
ZnO/Chl-A/Chl-D | Electric+Optical - 1.1-802 PPD edge detection 13
STM /LTM
. : — 150/10
Pyr- ElectrictOptical
GDY/Gr/PbS-QD PPF, SRDP 14
. . STP/STD/PPFST
WO3/WSe2 Electric+Optical — P/STD — 15
Image
MoSe2/Bi2Se . . recognition/
Electrict+Optical 1000 — PPF Artificial retinal 16
prostheses
POx/BP Electric+Optical — STP/LTP/PPF Pavlov’s dog 17
experiment
ZnO/PbS Electric+Optical _ 0.7/300 EPSC/IPSC/PPF | distinguish the 18
/PPD letter images
CsPbBr;QDs
Electric+Optical 400 12/16 EPSC/STM/LTM | Faviov'sdog 19
experiment
1GZO
TiNxOp
. . EPSC/PPF/ .
MoS, Electrict+Optical 300 3.58 STM/ LTM Image mapping 20
. cascaded near-
ZnO/PVSK/InOy . . Bright/625 /525
ILi-AlO, Electric+Optical — 1465 EPSC/PPF sensor'f.ace 21
recognition
Tetris .
PZT/NSTO Electric+Optical 4000 30/ 75/117255/ 13071 EpSC/STPILTP | game/Boolean VTVL‘;]S(

logic computing
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