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Supplementary Text 1 

An control experiment about thermal heating-induced water molecules desorption is carried out to 

exclude the possibility of water molecules adsorbed onto NW surface layers acting as the charge 

trapping sites (Fig. S6). Electrical characteristics of passivation-free devices are measured and 

compared at both room temperature and 150 oC. Even though thermal heating is utilized to remove 

the adsorbed water molecules here, there are not any distinct changes when comparing the device 

transfer and output characteristics (Fig. S6). This result may exclude the possibility of water 

molecules adsorbed onto NW surface layers acting as the charge trapping sites (47). It is as well 

consistent with the charge trapping model reported in the literature. In specific, the adsorbed water 

molecules usually behave as electron donors, whereas the adsorbed oxygen species act as acceptor-

like trapping sites (48-50). Thus, in this work, the desorption of oxygen molecules from the NW 

surface is inferred to release the trapped electrons participating in the carrier transport, resulting in 

the enhanced conductivity of InGaO3(ZnO)3 superlattice NWs in vacuum. 

  



 

 

 

 

Supplementary Text 2 

In this work, the energy consumption for a single spike event is defined as the sum of electrical 

energy consumption (E1) and input light energy consumption (E2). Electrical energy consumption 

can be calculated from the equation, E1 = Ipeak × t × V, where Ipeak is the peak value of EPSC for a 

single spike event, t is the spike duration, and V is the applied bias voltage. Input light energy 

consumption is calculated from the equation, E2 = P × A × t, where P is the input light intensity 

and A is the effective irradiated area on the NWs. Here, we use the cross-sectional area (A = n × 

L × D; n is the number of nanowires in the device channel, L is the channel length, d is the nanowire 

diameter) to estimate the effective irradiated area of the nanwoires. As a result, for a particular 

case (i.e., bias voltage~0.1 mV, tspike~10 ms, light density~0.01 mW/cm2), the energy dissipation 

of single spike event is estimated to be ~0.7 fJ. Scaling down the device dimensions and reducing 

the spike durations to sub-millisecond levels could be utilized as feasible strategies to futher 

decrease the energy consumption per event. 

  



 

 

 

 

Supplementary Text 3 

Generally, the generated photocurrent (Iph) depends on the incident light intensity (P) and follows 

the power law dependence (𝐼𝑝ℎ~𝑃
𝛼). The power exponent α is usually less than 1, resulting from 

the complex processes of electron-hole generation, trapping, and recombination, which is typically 

observed for semiconducting materials. In principle, if photodetectors can be incorporated with 

memory devices, they should also enable high-performance ultra-weak light detection by long-

term accumulation of optical signals. This way, the charge storage accumulative effect would 

become domain for traditional photodetectors, exhibiting an exponential-association photoelectric 

conversion law of (𝐼𝑝ℎ~a ∙ (1 − 𝑒−𝑏∙𝑃∙𝑡)). Under this condition, more charge carriers can be 

accumulated in the NWs through the longer light exposure and thus giving rise to the higher 

responsivities and detectivities of photodetectors. Significantly, with a duration time of 1000 ms, 

quasi-2DEGs photonic synapses exhibit a high responsivity of 1.05×106 A/W and a high 

detectivity of 3.15×1013 Jones (Fig. S8). All these performance parameters are already comparable 

to those state-of-the-art low-dimensional semiconductor-based photodetectors (Table S2). 

  



 

 

 

 

Supplementary Text 4 

To better understand the device operation mechanism, simplified schematic diagrams are utilized 

and illustrated in Fig. 2j, in which oxygen adsorption-induced charge trapping and subsequent 

optically-induced charge release are highlighted. In the dark, oxygen molecules (O2) adsorbed onto 

NW surfaces become negatively charged ions (O2-) by capturing free electrons from the 

superlattice NW cores: O2(g) + e– → O2
–(ad). These adsorbed oxygen would deplete the 

InGaO3(ZnO)3 NW and make it yielding the relatively low conductivity. Based on the photogating 

effects, since the trapped carriers on NW surfaces have a certain spatial distribution, they induce 

an additional electrostatic field to modulate the channel conductance. Upon exposure to UV light, 

the photo-generated holes migrate to the NW surface and discharge the adsorbed oxygen ions 

through surface electron-hole recombination: h+ + O2–(ad) → O2(g). At the same time, the photo-

generated electrons get collected by the multiple quantum wells, and hence significantly increase 

the conductivity of quasi-2DEGs. When the UV irradiation is turned off, the photoexcited states 

are spatially separated due to the potential barriers existed between InO2
- layers and GaO(ZnO)3

+ 

blocks. These heterointerface barriers then prevent the reversed diffusion of electrons from 

superlattice NW core to NW surface (51). The localized electrons in superlattice NW cores would 

lead to a long tail in the relaxation process, giving rise to the synaptic plasticity in quasi-2DEGs 

photonic synapses. 

  



 

 

 

 

Supplementary Text 5 

Utilizing the biological transmitter release model proposed by Magleby (38), each pulse during 

repetitive stimulation is assumed to contribute a residual facilitation, f(t), whose magnitude and 

time scheduling are identical. This way, the experimental residual facilitation can be compiled as 

a function of time (nΔt) after single light pulse stimulation as depicted Fig. S17a. It is noted that 

Δt is the interval time (500 ms) between two sequential pulses. Clearly, the residual facilitation of 

the quasi-2DEGs photonic synapse fits well with the stretched-exponential relaxation law. With 

the aim to make the analysis more explicitly, the residual facilitation is normalized. These residual 

facilitatory effects are expected to add up linearly to get the total facilitation, F(t), during repetitive 

stimulation. The experimental results of the quasi-2DEGs photonic synapse during repetitive 

stimulation were shown in Fig. S17b. Indeed, the total facilitation at a given time is the total of the 

residual facilitation contributed by each impulse before that time. The total facilitation after the 

time of nΔt, F(nΔt), can be formalized to, 

𝐹(𝑛∆𝑡) = ∑𝑓(𝑘∆𝑡)

𝑛

𝑘=1

 

where f(kΔt) is the residual facilitation at the time of nΔt. As each facilitation after the pulse 

stimulation follows the same relaxation law, given as F(t), it is possible to estimate the facilitation 

contributed by a single pulse during repetitive stimulation such that, 

𝑓(𝑛∆𝑡) = 𝐹(𝑛∆𝑡) − 𝐹((𝑛 − 1)∆𝑇) 
where f(nΔt) is the residual facilitation contributed by the first pulse in the repetitive stimulation 

train at the time of nΔt, and F(nΔt) - F((n - 1)Δt) is the difference of total facilitation between the 

time of nΔt and the time of (n - 1)Δt. For example, the relationship of f(3Δt) = F(3Δt) - F(2Δt) is 

observed in Fig. S17a. This proves the validity of the biological transmitter release model to 

distinguish the continuously programed conductance states in the quasi-2DEGs photonic synapses. 

All these results and analysis verify again the feasibility of using quasi-2DEGs photonic synapses 

to emulate brain-like learning and memory functions.   



 

 

 

 

 

Fig. S1. Contact printing of InGaZnO superlattice NWs. (a) Schematic illustration of NW contact 

printing process used in this work. SEM images of (b) InGaZnO superlattice NWs on the growth 

substrate and (c) printed NW parallel arrays on the receiver substrate. 



 

 

 

 

Fig. S2. EDS elemental mappings of a representative InGaO3(ZnO)3 superlattice NW. 

  



 

 

 

 

Fig. S3. EDS spectra of (a) a typical InGaO3(ZnO)3 superlattice NW and (b) a typical In1.6Ga0.4O3 

crystalline NW. 

  



 

 

 

 

 

Fig. S4. Microstructural comparisons between InGaO3(ZnO)3 superlattice NWs and crystalline 

In1.6Ga0.4O3 NWs. (a) SEM image and (b, c) HRTEM images of InGaO3(ZnO)3 superlattice NWs. 

(d) SEM image and (e, f) HRTEM images of In1.6Ga0.4O3 crystalline NWs. 

  



 

 

 

 

Fig. S5. SAED patterns of (a) a typical InGaO3(ZnO)3 superlattice NW and (b) a typical 

In1.6Ga0.4O3 crystalline NW. 

  



 

 

 

 

 

Fig. S6. Quasi-2DEGs photonic synapse arrays with uniform NW distribution. (a) Microscope and 

(b) SEM images of the artificial visual system based on quasi-2DEGs photonic synapse device 

arrays (6×5 array). (b) Typical SEM images of the individual device channel regions. 

  



 

 

 

 

 

Fig. S7. Quasi-2DEGs photonic synapse arrays with uniform device performance. (a) Transfer 

characteristics of different InGaO3(ZnO)3 NW array devices in the 6×5 array using (a) logarithm 

y-coordinate and (b) linear y-coordinate. Statistics of the hysteresis window and on current of 30 

different InGaO3(ZnO)3 NW array devices. 

  



 

 

 

 

Fig. S8. Hysteresis and recovery characteristics of InGaO3(ZnO)3 superlattice NW FETs. (a-f) 

Transfer characteristics of InGaO3(ZnO)3 superlattice NW FETs with different exposing time of 

0, 1, 2, 3, 5 and 12 hours, respectively, after the storage in vacuum for 48 hours. 

 

  



 

 

 

 

 

Fig. S9. Output characteristics of a representative InGaO3(ZnO)3 superlattice NW array FET (a) 

measured at ambient atmosphere, (b) measured at vacuum condition immediately, and (c) 

measured after 48-hour vacuum storage.  

 



 

 

 

 

 

Fig. S10. Transfer characteristics and output characteristics of InGaO3(ZnO)3 superlattice NW 

array FET measured at (a, c) room temperature and at (b, d) 150 oC. 

  



 

 

 

 

 

Fig. S11. Light spike-induced EPSC generation and decaying characteristics of InGaO3(ZnO)3 

superlattice NW arrays with spike time sapnning from 10 ms to 1,000 ms. 

  



 

 

 

 

Fig. S12. Responsivity and detectivity of InGaO3(ZnO)3 superlattice NW arrays at different spike 

duration time spanning from 10 ms to 1,000 ms. 

  



 

 

 

 

 

Fig. S13. Flexible quasi-2DEGs photonic synapses. (a) Schematic structure of flexible quasi-

2DEGs photonic synapses on polyimide (PI) substrate. (b) Photograph of bending test setup with 

a bending radius of ~0.5 mm. Photo Credit: You Meng, City University of Hong Kong. (c) and (d) 

electrical measurements of flexible quasi-2DEGs photonic synapses before and after 100 

successive bending cycles. 

  



 

 

 

 

 

Fig. S14. Dynamic potentiation/suppression behaviors of quasi-2DEGs synapses. (a) Potentiation 

and suppression behaviors caused by the sequential 100 photonic pulses (0.05 mW/cm2 amplitude, 

10 ms duration, 1 s interval) and sequential 100 negative electric pulses (-5 V amplitude, 10 ms 

duration, 1 s interval). Figures (b) and (c) show the localized regions in Figure (a). 

  



 

 

 

 

 

Fig. S15. STDP behaviors of quasi-2DEGs synapses. (a) Pre- and post-synaptic spikes used in the 

Hebbian STDP measurements. (b) Asymmetric Hebbian learning STDP behaviors of the quasi-

2DEGs synapses. The relative change in conductivity represents the variation of synaptic weight 

(ΔW). The spike interval time (ΔT), defined as Tpost-spike−Tpre-spike, is ranging from 100 ms to 900 

ms. 

  



 

 

 

 

Fig. S16. Multi-bit storage properties of flexible InGaO3(ZnO)3 superlattice NW arrays. 

 

  



 

 

 

 

 

Fig. S17. Facilitation behaviors of quasi-2DEGs photonic synapses based on the biological 

transmitter release model. (a) Normalized residual facilitation, f(t), as a function of time. Time is 

expressed as nΔt, where Δt is the interval time (500 ms) between two sequential pulses. The red 

line is the fitted curve based on the stretched-exponential relaxation law. (b) Total facilitation, F(t), 

as a function of time during repetitive stimulation. The dashed lines are the fitted curves based on 

the transmitter release model in biological synapses. 

  



 

 

 

 

Fig. S18. Visual responses of quasi-2DEGs photonic synapses with different orientation angles. 

  



 

 

 

 

 

Fig. S19. Schematic diagram for the experimental setup of the “unattended” orientation selectivity. 

  



 

 

 

 

 

Fig. S20. Visual response of each pixel from the quasi-2DEGs artificial visual system that has 6 × 

5 pixel arrays (total 30 devices). 

  



 

 

 

 

Fig. S21. Imaging and memorizing behaviors of the artificial visual system after different retention 

time. 

  



 

 

 

 

Fig. S22. Schematic illustration of the device fabrication process for artificial visual systems based 

on quasi-2DEGs photonic synapse arrays. 

  



 

 

 

Table S1. Comparison of energy consumption of quasi-2DEGs photonic synapses with other 

state-of-the-art hardware-based artificial synapses. 

Device Active material 
Energy consumption 

 per spike (fJ) 
Ref. 

Electrolyte-gated transistor Indium-zinc oxide thin film 45000 (32) 

Electrolyte-gated transistor Indium-zinc oxide thin film 3900 (52) 

Electrolyte-gated transistor PEO/P3HT core-sheath NWs 12.3 (10 NWs) (53) 

Dual-gate transistor Single-walled CNT thin film 1000 (54) 

Electrolyte-gated transistor Multilayer MoO3 nanoflake 9600 (55) 

Electrolyte-gated transistor Epitaxial WO3 thin film 36000 (56) 

Memristor Conjugated polyelectrolyte film 10 (57) 

Electrolyte-gated transistor Multilayer WSe2 30 (58) 

Metal-insulator transition Monolayer MoS2 72 (59) 

Dual-gated transistor Indium-tungsten oxide thin film 9.3 (60) 

Electrolyte-gated transistor Multilayer MoS2 nanoflake 4800 (61) 

Photonic flash memory Evaporated pentacene thin film 1400000 (33) 

Quasi-2DEGs photonic synapses InGaO3(ZnO)3 superlattice NWs 0.7 (30 NWs) This work 

  



 

 

 

Table S2. Comparison of photodetection performance of InGaO3(ZnO)3 superlattice NWs with 

other low dimensional semiconductor nanostructure-based photodetectors. 

Photodetector Responsivity (A/W) Detectivity (Jones) Ref. 

CdS NW 2.6 × 105 2.3 × 1016 (62) 

ZnO NW 7 × 106 3.3 × 1017 (63) 

Graphene 1.5 × 103 1 × 1011 (64) 

Graphene/Ga2O3 39.3 5.9 × 1013 (65) 

MoS2 104 7.7 × 1013 (66) 

MoS2 7 × 104 3.5 × 1014 (67) 

WS2 103 3.5 × 1011 (68) 

WSe2/PbS QDs 2 × 105 1 × 1013 (69) 

WSe2/SnS2 244 1.29×1013 (70) 

PtS2 1.56 × 106 2.9 × 1011 (71) 

CsPbI3 NW 2920 5.17 × 1013 (72) 

Cs3Sb2Cl9 NW 3616 1.25 × 106 (73) 

MAPbI3 410 9.1 × 1012 (74) 

CsPbI3 NW 4489 7.9 × 1012 (30) 

InGaO3(ZnO)3 superlattice NW 1.05 × 106 3.15 × 1013 This work 

 

  



 

 

 

 

Table S3. Comparison of the maximum PPF index value of flexible quasi-2DEGs photonic 

synapses with state-of-the-art hardware-based artificial synapses. 

Device Active material PPF index Flexible? Ref. 

Electrolyte-gated transistor Indium-zinc oxide thin film 180 % No (32) 

Organic electrochemical transistor PEDOT:PSS thin film 185 % No (75) 

Electrolyte-gated transistor PEO/P3HT core-sheath NWs 162 % No (53) 

Electrolyte-gated transistor Multilayer MoO3 nanoflake 114 % No (55) 

Organic field-effect transistors P3HT thin film 190 % No (76) 

Electrolyte-gated transistor ZnO thin film 140 % No (77) 

Organic electrochemical transistors P3HT thin film 118 % No (78) 

Memristor Conjugated polyelectrolyte film 145 % No (57) 

Photonic flash memory Evaporated pentacene thin film 130 % No (33) 

Electrolyte-gated transistor Indium-tungsten oxide thin film 190 % Yes (79) 

Memristor Mesoporous silica 128 % No (80) 

Quasi-2DEGs photonic synapses InGaO3(ZnO)3 superlattice NWs 210 % Yes This work 

 

Movie S1. Imaging and memorizing behaviors of the artificial visual system with different 

retention time. 
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