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Supplementary Text 

1. Material characterization of NBG perovskite

As shown in Fig. S1a, the thicknesses of the FA0.8Cs0.2Pb0.5Sn0.5I3 thin films spin-coated from 

the perovskite precursor solutions onto ITO substrates were measured by a step profiler. Before 

measurements, the perovskite thin films were scratched by a metal blade completely to uncover 

the substrates. As reflected by the heights of the scratched slits, the thicknesses of the perovskite 

thin films are around 600 nm, 800 nm and 1000 nm for samples prepared from precursor solutions 

with the concentrations of 1.4 M, 1.6 M and 1.8 M, respectively.  

The XRD patterns of these perovskite films were monitored to elucidate the crystallinity of 

the perovskite. It is apparent that all perovskite films display similar crystallographic orientation 

Fig. S1. Thicknesses, crystallinity and spectral absorption measurements. (a) Thicknesses, (b) 

XRD patterns and (c) absorption spectra of FA0.8Cs0.2Pb0.5Sn0.5I3 films prepared from perovskite 

precursor solutions of different concentrations. 



and high crystallinity (Fig. S1b), confirming the conversion of the precursor to desired perovskite 

phase (46). Manifestly, the strong peaks at 14.3° and 28.5° suggests preferred crystal growth and 

orientation along the (h00) crystallographic planes. It benefits the transport of charge carriers and 

inhibition of carrier recombination that are favorable for high performance photodetectors.  

On the other hand, the absorption spectra of these perovskite thin films show strong absorbance 

and thickness-dependence in the broad VIS-NIR spectrum of 550 nm to 1050 nm (Fig. S1c). Strong 

absorption is a prerequisite for achieving high-efficiency photodetectors, while the enhancement 

in the absorbance with the increment of perovskite film thickness indicates a better photon har-

vesting ability of thicker perovskite films in long wavelength range. According to the following 

equation 

𝛼(ℎ𝑐/𝜆) = 𝐴(ℎ𝑐/𝜆 − 𝐸𝑔)𝑛/2   (1) 

where α and A represent the absorption coefficient and material characteristic constant, h is the 

Planck constant (6.63×10-34 J·s), λ is the absorption edge of the perovskite film (1020 nm), and n 

is 1 for direction transition in perovskite, the optical bandgap (Eg) of FA0.8Cs0.2Pb0.5Sn0.5I3 is de-

rived as 1.22 eV (inset of Fig. S1c). It is in good accordance with our design of narrow bandgap 

perovskite by the inclusion of Sn components in the composition. 

XPS analysis was conducted to verify the chemical composition of the perovskite sample. As 

depicted in Fig. S2a, the wide-scan XPS spectrum confirms the existence of all C, N, Cs, Pb, Sn, 

and I elements in the as-prepared FA0.8Cs0.2Pb0.5Sn0.5I3 thin film. The energy band diagram is also 

determined by UPS measurements. As shown, the secondary electron cut-off edge (Ecut-off) and 

Fermi edge (EFermi) energies are 16.78 eV and 0.92 eV, respectively (Fig. S2b). Thus, the valance 

band (EVB) and conduction band (ECB) energy levels of FA0.8Cs0.2Pb0.5Sn0.5I3 are derived as -5.34 

eV and -4.12 eV, respectively, according to the following equations 

𝐸𝑉𝐵 = 21.2 − (𝐸𝑐𝑢𝑡−𝑜𝑓𝑓 − 𝐸𝐹𝑒𝑟𝑚𝑖)   (2) 

𝐸𝐶𝐵 = 𝐸𝑉𝐵 + 𝐸𝑔   (3) 

Note that the XPS and UPS spectra for FA0.8Cs0.2Pb0.5Sn0.5I3 films of different thicknesses exhibit 

similar lineshapes. 

Fig. S2. Chemical composition and energy band measurements. (a) XPS and (b) UPS spectra 

of the as-prepared 800 nm thick FA0.8Cs0.2Pb0.5Sn0.5I3 film. 



Top-view SEM images of the NBG perovskite films with different thicknesses were recorded 

in Fig. S3a-c. Apparently, the average grain size of the perovskite increases with the increment of 

perovskite film thickness. Larger perovskite crystallite size with low-density grain boundaries can 

facilitate the suppression of hole-electron pair recombination. Note that pinholes can be observed 

in the 600 nm thick sample around the grain boundaries, which may be attributed to the evaporation 

of excess solvents from the precursor film during annealing. As for the 1000 nm thick sample, 

grains with inhomogeneous sizes and incompletely formed grains can be found. Such less uniform 

surface morphology of the perovskite thin film plays an adverse effect on carrier transport and thus 

device performance. Comparatively, compact morphology without obvious defects is exhibited in 

800 nm thick high-quality perovskite film. Fig. S3d-f show the cross-sectional images of perov-

skite films with various thicknesses. In good agreement with their corresponding top-view SEM 

images, perovskite film with the thickness of 800 nm shows pinhole-free compact structure that is 

favorable for decreasing leaking dark current and improving photodetecting capability of perov-

skite-based devices. 

Fig. S3. Morphology characterization. (a-c) Top-view and (d-f) cross-sectional SEM photo-

graphs of FA0.8Cs0.2Pb0.5Sn0.5I3 films with thicknesses of 600 nm, 800 nm and 1000 nm, respec-

tively. 



2. Design and characterization of 4096-pixel amorphous silicon thin film transistor panel

The dark and photo currents of most state-of-the-art NBG perovskite photodetectors are in the 

range of 10-9 mA/cm2 to 10-2 mA/cm2, when being scanned in dc sweeps between ±1 V under AM 

1.5G illumination. In order to drive the perovskite devices to work properly, as well as perform 

functions of selecting, photoresponse modulating and amplifying, transistors with leakage current 

less than 1 nA, threshold voltage below 10 V and ON/OFF ratio over 104 should be included to 

construct high performance retinomorphic image sensor array with a one transistor-one photode-

tector (1T-1PD) geometry. The large photodetecting area, commendable fill factor and superior 

integrating capability of 1T-1PD cell, in the meanwhile, benefit the enhancement of areal effi-

ciency of the photoconversion process. Considering the outstanding technical maturity and acces-

sibility, in this work we utilize the amorphous silicon thin film transistor (α-Si TFT) technology to 

design and implement 4096-pixel transistor array panel in Tianma standard G4.5 6-mask fab pro-

cess. 

As shown in Fig. 2a, the α-Si TFT panel consists of a central 4096-pixel array region with gate 

electrode (select) lines and source electrode (operate) lines connected to the bonding area for the 

external flexible printed cable (FPC) connections, a common electrode area reserved for the uni-

versal cathode of superimposed photodetectors, and test groups (TEGs) for TFT characterization. 

The overall size of each pixel is 2.5×10-3 cm2 (500 μm × 500 μm). The active area of the perovskite 

devices, which is defined by the bottom ITO electrode, is 9×10-4 cm2 (300 μm × 300 μm). As such, 

the fill factor and integration density of the 1T-1PD pixel are calculated as 9×10-4 cm2/2.5×10-3 

cm2=0.36 and 1 pixel/500 μm= 2 pixel/mm, respectively. The TFT device is located at the lower 

left corner of each pixel. The source electrode has a concave shape and serves as data terminal to 

read the current response of the photodetector device. The drain electrode interdigitates with the 

source electrode, defining a 100 μm width and a 10 μm length of the TFT channel.  

Fig. S4. Cross-sectional STEM images of the α-Si TFT. (a) source and (b) drain regions, wherein 

the amorphous silicon semiconductor layers are differentiated by grey dash lines. 



Cross-sectional view of the 1T-1PD cell reveal that TFT devices are fabricated on glass sub-

strate (Fig. S4a and S4b). The gate electrode is composed of trilayer metals of Mo, Al and Mo with 

thicknesses of 20 nm, 180 nm and 80 nm, wherein Mo serves as protective layer to avoid Al con-

ducting layer from oxidation. Insulating silicon nitride SiNx with the thickness of 430 nm is used 

as dielectric. The 100 nm thick α-Si layer is deposited on SiNx as semiconductor channel, while 

islands of heavily doped n+ Si are included to improve the metal/ semiconductor contact quality, 

respectively. Both source and drain electrodes are made of trilayer metals of Mo/Al/Mo with the 

thicknesses of 20 nm, 180 nm and 80 nm. Another SiNx layer with the thickness of 430 nm is 

deposited on top of the source, drain and semiconductor channel for passivation. The ITO electrode 

for photodetector device is 75 nm thick and connected to the TFT drain through SiNx vias. Finally, 

another 430 nm thick SiNx passivation layer is deposited on top of the entire sample, with opening 

windows of 300 μm×300 μm over the ITO electrodes for the construction of perovskite-based 

photodetector devices. As described in the device fabrication section, the PEDOT:PSS hole trans-

porting layer was patterned through standard photolithography and aqueous etching processes into 

isolated islands with pad size and pitch of 350 μm and 150 μm respectively to avoid potential 

voltage stimulus cross-talk and mis-operation by the neighbor TFT devices. 

The electrical characteristics of the α-Si TFT devices are displayed in Fig. S5. The transfer 

curves of Fig. S5a reveal that the leakage current, threshold voltage (VTH) and subthreshold swing 

(SS) are as low as ~ 10 pA, 3.4 V (read at VDS=1 V and I=W/L×1 nA=10 nA) and 2.5 V/dec 

(VDS=10 V), respectively, which promise fast, low-power and low-noise operations of the TFT 

devices. When a driving voltage (VG) of 10 V is employed, the transistor can be effectively 

switched on, with ON/OFF ratio reaching at 2.93×103 at VDS=0.1 V, 2.79×104 at VDS=1 V and 

1.26×105 at VDS=10 V for proper selection and photoresponse amplification of the photodetector. 

When the driving voltage is 20 V, the ON/OFF ratio increases to 6.67×103 at VDS=0.1 V, 7.89×104 

at VDS=1 V and 7.88×105 at VDS=10 V. On the other hand, the output characteristics of the α-Si 

TFT device in Fig. S5b present obvious pinch-off and current saturation. The steep slopes of the 

linear region indicate that the photocurrent (thus photoresponsivity) of the 1T-1PD cell can be 

effective modulated for adaptive image sensing in dim light environment, as well as for synaptic 

weight updating according to the pretrained neural network algorithm. 

Fig. S5. Electrical characteristics of the α-Si thin film transistor. (a) Transfer and (b) output 

curves. 



3. Fundamental photodetecting performance of perovskite device

As discussed in the material characterization section, FA0.8Cs0.2Pb0.5Sn0.5I3 exhibits strong film 

thickness dependence of the optical absorption, crystallinity and morphology, which may in turn 

significantly influence its photodetecting performance. In this work, inverted photodetectors with 

device configuration of ITO/PEDOT:PSS/perovskite/C60/BCP/Au were fabricated. Fig. S6 plots 

schematic energy band diagram of the device. The appropriate energy level alignment of the NBG 

perovskite, HTL and ETL could efficaciously facilitate separation and transfer of the photo-gen-

erated charge carriers, while suppress their recombination in the meanwhile. In good accordance 

with the enhanced absorption in the NIR region, higher photocurrent density and short-circuit cur-

rents are also recorded in devices constructed from thicker perovskite films. As depicted in the 

current density-voltage (J-V) characteristics of Fig. S7a, the short-circuit current densities (Jsc) are 

27.98 mA/cm2, 29.76 mA/cm2 and 30.37 mA/cm2 for devices with 0.08 cm2 active area and 600 

nm, 800 nm, and 1000 nm thick perovskite layers, respectively, under AM 1.5G (100 mW/cm2) 

illumination. The open-circuit voltages (Voc) of these devices are 0.77 V, 0.76 V and 0.66 V. The 

dark current, which determines the detectivity of the photodetectors, also decreases with increase 

in the perovskite layer thickness, especially under negative biases (Fig. S7b). It can be understood 

in terms of larger perovskite grain size and less amount of grain boundaries that reduce the occur-

rence of current leaking at structural and compositional defects.  

Considering the overall performance of perovskite-based photodetectors, the optimal thickness 

of perovskite layer is fixed as 800 nm for the following studies. Fig. S8a displays the J-V curve of 

the 800 nm thick perovskite device recorded in dark environment and under AM 1.5 G illumination, 

with the respective current densities of 1.73×10-6 mA/cm2 and 29.89 mA/cm2 when read at 0 V. 

The light/dark current ratio of the FA0.8Cs0.2Pb0.5Sn0.5I3 photodetector is derived as 1.72×107.  

Fig. S6. Energy band diagrams. The inverted FA0.8Cs0.2Pb0.5Sn0.5I3 based photodetectors with 

the configuration of ITO/PEDOT:PSS/perovskite/C60/BCP/Au. 



Fig. S7. J-V characteristics of the perovskite photodetectors. The FA0.8Cs0.2Pb0.5Sn0.5I3 photo-

detectors having different perovskite layer thicknesses of 600, 800 and 100 nm, recorded (a) under 

AM 1.5G illumination (100 mW/cm2) and (b) in dark condition, respectively. 

External quantum efficiency (EQE), photoresponsivity (R) and specific detectivity (D*) are em-

ployed to further evaluate the photoelectric conversion ability of the present FA0.8Cs0.2Pb0.5Sn0.5I3 

photodetector (Fig. S8b). The EQE profile is directly measured using the Enlitech QE-M110 sys-

tem, while the photoresponsivity can be calculated according to the following equation： 

𝑅 = 𝐸𝑄𝐸 × 𝜆/1240   (4) 

Fig. S8. Photodetecting performances of the perovskite photodetectors. (a) J-V characteristics 

recorded in dark and under AM 1.5G illumination (100 mW/cm2), and (b) external quantum effi-

ciency, photoresponsivity and specific detectivity profiles of the 800 nm FA0.8Cs0.2Pb0.5Sn0.5I3 

photodetectors, respectively. 



where λ is the incident light wavelength. The specific detectivity (D*) is then derived as 

𝐷∗ = 𝑅 × (𝐴𝐵)1/2/𝐼𝑛𝑜𝑖𝑠𝑒 (5) 

where A represents the photodetecting area of the device, B is the noise measurement bandwidth, 

and Inoise is the total noise current of the device. Generally, the noise current is mainly composed 

of thermal noise, shot noise and flicker (1/f) noise, whereas the 1/f noise could be usually neglected 

in organic and perovskite-based diode-like photodetectors. Therefore, the noise current can be ex-

pressed as 

𝐼𝑛𝑜𝑖𝑠𝑒 = (𝐼𝑡ℎ𝑒𝑟𝑚𝑎𝑙
2 + 𝐼𝑠ℎ𝑜𝑡

2 )1/2 = (4𝑘𝑇𝐵/𝑅𝑠ℎ𝑢𝑛𝑡 + 2𝑒𝐼𝑑𝐵)1/2  (6) 

while the specific detectivity (D*) is derived accordingly 

𝐷∗ = 𝑅 × 𝐴1/2/(4𝑘𝑇/𝑅𝑠ℎ𝑢𝑛𝑡 + 2𝑒𝐼𝑑)1/2       (7) 

Note that the R maximum of the FA0.8Cs0.2Pb0.5Sn0.5I3 photodetector reaches 0.56 A/W at 830 

nm and remains 0.52 A/W at 900 nm, which is comparable to that of the silicon photodetectors 

(47). With the suppressed dark (noise) current and improved photoresponsivity, the specific detec-

tivity (D*) of the perovskite device is further enhanced. As shown in Fig. S8b, the present perov-

skite photodetector exhibits a high detectivity over 1012 Jones in the wide VIS-NIR range, ensuring 

the outstanding detection ability to weak light for night-vision sensing and imaging.  

The capability of maintaining high specific detectivity under different incident light intensities, 

namely large linear dynamic range (LDR), is another critical factor for preciously perceiving and 

capturing shadowed images in complex environments. LDR is defined by the equation 

𝐿𝐷𝑅 = 20 × 𝑙𝑜𝑔(𝐽𝑚𝑎𝑥/𝐽𝑚𝑖𝑛) (8) 

where Jmax and Jmin are maximum and minimum photocurrent densities of the device recorded in 

the linear response region of the photocurrent density versus irradiation power curve. As shown in 

Fig. 2f, the photocurrents of the FA0.8Cs0.2Pb0.5Sn0.5I3 device display a linear relationship with the 

white light irradiation intensity ranging from 0.1 W/cm2 to 4×10-10 W/cm2. It affords an LDR of 

168 dB that is apparently greater than that of the Si photodetector (70 dB), InGaAs photodetector 

(66 dB), and two-dimensional material-based photodetectors (no more than 120 dB) (48-52). Note 

that the photoresponsivities of most existing retina-inspired sensor devices, although not reported, 

will most likely lag that of the present FA0.8Cs0.2Pb0.5Sn0.5I3 photodetector. 

Transient photocurrent of the perovskite photodetector was further measured with a nanosecond 

pulsed laser to evaluate its responding speed. The rising and falling times, when the photocurrents 

transit from 10% to 90% and 90% to 10% of the maximum value, respectively, are recorded as fast 

as 2.75 ns and 102.5 ns (Fig. S9a). In order to better understand the high performance of 800 nm 

FA0.8Cs0.2Pb0.5Sn0.5I3 photodetector, transient photovoltage (TPV) decay curve was measured to 

gain insights into the charge recombination processes. As plotted in Fig. S9b, a doubled exponen-

tial photovoltage decay is observed, confirming that bulk phase rather than interface process dom-

inates the charge carrier recombination (53, 54). Curve fitting reveals that the charge recombina-

tion lifetime (read at 1/e of the difference between the maximum and minimum photovoltages) of 

the present device is 2.45 μs, which is one of the longest carrier recombination lifetimes reported 

for Sn-Pb based NBG perovskite (55, 56). It corresponds to effective suppression of non-radiative 

recombination, which can improve the overall performance of photodetector devices. On the other 

hand, hole transport-only device with the configuration of ITO/PEDOT:PSS/perovskite/MoO3/Au 

was also fabricated. As shown in Fig. S10, the dark J-V curve of this device displays a linear 

Ohmic response at low voltage range and a nonlinear rapid current increase in the high voltage 

stage where all defect states have been filled. According to the following equation: 



Fig. S9. Response time and charge recombination measurements. (a) TPC and (b) TPV curves 

of the FA0.8Cs0.2Pb0.5Sn0.5I3 photodetector. 

𝑁𝑡 = 2𝜀𝜀0𝑉𝑇𝐹𝐿/𝑒𝐿2  (9) 

where ԑ (51) is the relative dielectric constant of NBG perovskite (57), ԑ0 (8.854×10-12 F/m) is the 

vacuum permittivity, VTFL is the trap filled limit voltage (0.339 V, as read at the turning point), e 

is the elementary charge of an electron, and L is the thickness of the perovskite layer (800 nm), a 

low trap density of 2.98×10-15 cm-3 for the FA0.8Cs0.2Pb0.5Sn0.5I3 photodetector can be estimated. 

It is smaller than most reported BNG perovskite devices (9,10), again confirming the high crystal-

linity quality of the as-prepared perovskite film for high-performance photodetecting applications. 

Fig. S10. Trap density estimation. J-V curve of the hole-only FA0.8Cs0.2Pb0.5Sn0.5I3 photodetector. 

Inset shows device structure of ITO/PEDOT:PSS/perovskite/MoO3/Au for trap density measure-

ment conducted in dark condition. 



Fig. S11. Device stability of the perovskite photodetectors. Long-term photocurrent stability of 

the encapsulated FA0.8Cs0.2Pb0.5Sn0.5I3 perovskite photodetector recorded (a) after 30 days, (b) af-

ter 200-hour continuous AM 1.5 G illumination and (c) after 200-hour heating at 80 ℃. 

Considering the operation of the perovskite photodetectors in ambient environments, enhanc-

ing the long-time stability through proper encapsulation is essential. As summarized in Fig. S11, 

the optical sensing capability of the FA0.8Cs0.2Pb0.5Sn0.5I3 device encapsulated with UV curing 

adhesive and glass slide can be retained for 96.24% after 30 days (a) and maintained as 95.67% 

after 200-hour continuous AM 1.5 G illumination (b), as well as retained as 97.12% after 200-hour 

heating at 80 ℃ (c). 



4. Reconfiguration of photoresponsivity through ion migration in perovskite photodetector

To confirm the broadband photovoltaic response under VIS-NIR irradiation, the current den-

sity-voltage curves of the ITO/PEDOT:PSS/FA0.8Cs0.2Pb0.5Sn0.5I3/C60/BCP/Au device with circu-

lar top Au electrode of  100 μm diameter was measured at the wavelengths of 460 nm, 530 nm, 

640 nm, 860 nm and 940 nm, respectively, with the irradiation power of 8 mW/cm2. As plotted in 

Fig. S12a, open-circuit voltages of 0.33 V, 0.40 V, 0.48 V, 0.54 V and 0.44 V are observed under 

the respective blue, green, red, NIR-I and NIR-II monochromatic illuminations. Intriguingly, using 

the following equation 

𝑅 = (𝐽𝑙𝑖𝑔ℎ𝑡 − 𝐽𝑑𝑎𝑟𝑘)/𝑃𝑖𝑛   (10) 

where Jlight and Jdark are the photocurrent and dark current, Pin is the intensity of the monochromatic 

illumination, the photoresponsivities (R) read at 0 V are 0.34 A/W, 0.49 A/W, 0.86 A/W, 1.12 A/W 

and 0.73 A/W, respectively (Fig. S12b). Note that the broadband photovoltaic responses, as well as 

following measurements of the ITO/PEDOT:PSS/FA0.8Cs0.2Pb0.5Sn0.5I3/C60/BCP/Au device were 

recorded under optical illumination from the gold electrode side. The enhanced interaction between 

incident light and Au electrode layer through local surface plasmon resonance (LSPR) phenomenon 

will significantly improve the efficiency of optical absorption (58), resulting in ~ 200% increase in 

the photoresponsivity of the perovskite devices.  

Fig. S12. Photoresponse performance. (a) J-V characteristics and (b) photoresponsivities of the 

FA0.8Cs0.2Pb0.5Sn0.5I3 device recorded under visible light (RGB) and NIR light with the power 

density of 8 mW/cm2. 

In order to evaluate the consecutive and linear modulation capability of the FA0.8Cs0.2Pb0.5Sn0.5 

I3 device photoresponsivity, a train of voltage pulses with the amplitude starting from 0 V, ramping 

step of -0.05 V and duration of 5 s was applied onto the photodetector through the Au top electrode. 

Again, the bottom ITO electrode was grounded during measurements. Under the monochromatic 

illumination of 8 mW/cm2 at 860 nm, the perovskite device exhibits an initial photoresponsivity 

of 1.31 A/W. When voltage pulses with the ramping step of -0.05 V are applied, the photorespon-

sivity of the photodetector decreases continuously (Fig. S13). Curve fitting reveals that modulation 

of the device’s photoresponsivity is monotonous and linear following the expression of 



Resp=1.3211-0.01293×N, where N is the number of the modulation steps. The modulation rate 

and linearity are -1.29×10-2 A/W per step and 0.9981, respectively. In 32 steps the photorespon-

sivity of the perovskite devices is reduced to 0.92 A/W. Under the monochromatic illuminations 

of the same 8 mW/cm2 intensity but different wavelengths of 940 nm, 640 nm, 530 nm and 460 

nm, similar monotonous and linear modulation characteristics are also demonstrated for the 

FA0.8Cs0.2Pb0.5Sn0.5I3 photodetector (Fig. S13 and Table S1). Moreover, the slope values of are -

0.00507, -0.00635, -0.00880, -0.01293 and -0.00783 A/W for the perovskite devices under light 

illumination with the wavelengths of 460, 530, 640, 860 and 940 nm, indicating different modula-

tion degree at these wavelengths. Noted that the initial photoresponsivities of 0.45, 0.66, 0.98, 1.31 

and 0.91 A/W are observed under the respective monochromatic illuminations. Higher photore-

sponsivity suggests that more carriers including electron and hole are generated and transferred to 

the corresponding transporting layers. The higher photogenerated carrier density can reduce the 

activation energy for ion migration within perovskite and facilitates the migration of cations and 

anions, respectively (59, 60). Thus, the accelerated ion migration behaviors would increase the 

modulation degree of perovskite devices. Note that high ON/OFF ratio exceeding 9×103 can be 

well maintained after photoresponsivity reconfiguration by ion migration process, which again 

guarantees excellent image sensing operation with large contrast in dim-light environments.  

Fig. S13. Linear modulation of broadband photoresponsivity. Linear modulation of photore-

sponsivity of the FA0.8Cs0.2Pb0.5Sn0.5I3 device under light illumination at the wavelengths of 460, 

530, 640, 860 and 940 nm by voltage stimuli. 

To further confirm the favorable stability and reliability, the device performance of reconfig-

urable perovskite photodetector after long-term cycles are measured. As shown in Fig. S14, the 

photoresponsivity of perovskite photodetector exhibits strong consistency even after 10000 cycles 

without any significant fluctuations. Moreover, the consecutive and linear modulation of perov-

skite device photoresponsivity are evaluated after 10000 cycles. Under the monochromatic 860 



Table S1. Linear modulation of photoresponsivity. The linear fitting function and linearity of 

perovskite device under VIS-NIR light illumination. 

Wavelength (nm) R0 (A/W) R1 (A/W) Linear fitting function R2 

460 0.4464 0.2846 Resp=0.4365-0.00507×N 0.9920 

530 0.6648 0.4540 Resp=0.6511-0.00635×N 0.9958 

640 0.9842 0.6927 Resp=0.9917-0.00880×N 0.9956 

860 1.3130 0.9176 Resp=1.3211-0.01293×N 0.9981 

940 0.9100 0.6714 Resp=0.9124-0.00783×N 0.9973 

R0 and R1 are the initial and final device photoresponsivities, Resp is the photoresponsivity, N is 

the number of the modulation steps and R2 is the modulation linearity. 

nm light illumination with same voltage pulses and ramping step, the device still maintains excel-

lent modulation linearity of 0.9976 and the linear fitting function is fitted to be Resp=1.2931-

0.01332×N, which is similar to the initial function without long-term cycles (Resp=1.3211-

0.01293×N). The results demonstrated excellent reproducibility and stability of perovskite device 

for practical applications. Developing perovskite with different nanoscale morphology such as 

quantum dots, nanosheets, nanowires, and nanocrystals may further improve the device stability. 

Inserting buffer layers at the contact interface could also improve the sample stability by suppress-

ing the chemical reactions between perovskite, charge transport layer, and metal electrode. Nev-

ertheless, these attempts are beyond the scope of the present study. 

Fig. S14. Stability and reliability of the perovskite devices. Cycling stability of the perovskite 

device under the illumination of 860 nm light and the linear modulation of photoresponsivity after 

10000 modulating cycles. 



Coincident with the occurrence of giant switching in the photovoltaic characteristics induced 

by the ion migration phenomenon, evolution of the local photoconductances of the 

FA0.8Cs0.2Pb0.5Sn0.5I3 thin film were also monitored by conductive-atomic force microscopic meas-

urement. Herein, the perovskite layer was deposited directly on ITO substrate using the same recipe 

for full-structure photodetector. During C-AFM measurements, a conducting cantilever coated 

with Pt was used as a movable electrode to form the Pt/perovskite/ITO structure. The voltage bi-

ases were applied with the Pt cantilever tip to induce ion migration and record the local photocur-

rents under white light illumination of 8 mW/cm2. Photoconductances are then calculated by di-

viding the recorded photocurrent values by the amplitudes of the applied voltage. As shown in Fig. 

S15, the 5×5 μm2 pristine perovskite film displays low photoconductance of 10-3 pS under zero 

bias. When a positive voltage bias of 1.0 V is applied to induce iodine anion migration towards 

the top Au electrode, the photoconductance increases locally over the perovskite layer. This is in 

good agreement with the localized occurrence of ion migration in perovskite device. As the am-

plitudes of the positive voltage bias increases to 2.0 V, the photoconductance of the entirely per-

ovskite film increases significantly to 3.080.68 pS. When negative voltage is applied through the 

ITO substrate with decreasing amplitudes from -2.0 V to -1.0 V, back migration of the iodine 

anions to their initial position and therefore recovery of device energy band diagram occurs. As a 

result, the photoconductances of the Pt/perovskite/ITO structure consecutively decrease and return 

to the initial value when the biased voltage drops to 0 V. Both the dc sweeps of the macroscopic 

full-structure FA0.8Cs0.2Pb0.5Sn0.5I3 photodetectors and the microscopic C-AFM measurements con-

firm that the photoresponses of the perovskite layer can be reconfigured controllably by ion migra-

tion phenomena. 

Fig. S15. C-AFM measurements. Photoconductance evolution of the FA0.8Cs0.2Pb0.5Sn0.5I3 de-

vice under biased voltages. 



Fig. S16. Schematic diagrams of energy band. (a) Pristine state, and under (b) negative and (c) 

positive voltage biases applied on the Au electrode. 

When perovskite is subjected to external voltage bias, the mobile ions will migrate considera-

bly, which provides exotic opportunity of photoresponsivity reconfiguration through modulation 

of material’s composition and device energy band diagram. When external voltage is not applied 

(Fig. S16a), the perovskite device works as a traditional solar cell. Upon optical irradiation, exci-

tons are generated and dissociated into free charge carriers (electrons and holes) along with the 

energy offset. Then, they are significantly transported to the respective electron transporting layer 

(ETL) and hole transporting layer (HTL), and collected by electrode to generate the photocurrent 

and photovoltage. Migration of ion such as iodine anions under the influence of an electric field 

would change the charge transfer and collection process to manipulate the device photoresponsiv-

ity. When applying a negative voltage on the Au electrode, the iodine anions migrate to the 

HTL/ITO side correspondingly. The energy band bends downward and screen the charge transfer 

towards the charge-selective interfaces (Fig. S16b), thereby decreasing the photogenerated current 

and photoresponsivity of photodetectors. As for the condition of applying positive external voltage, 

the iodine anions migrate reversely to the ETL/Au side. Consequently, the energy band bends 

upward and promotes the charge transfer that increase the device photoresponsivity (Fig. S16c). 

Thus, the reversible applied voltage would affect the energy band of perovskite device and effec-

tively reconfigure the photoresponsivity. 



5. Optoelectronic performance of 4096-pixel 1T-1PD retinomorphic sensor array

Fig. S17 displays the circuit structure of the perovskite-based RSA, wherein the 4096 1T-1PD 

pixels are arranged in a 64 row × 64 column architecture. In each pixel the bottom electrode of the 

photodetector is connected to the drain electrode of the amorphous silicon transistor, while the 

gate and source electrodes of the TFTs are connected in row-wise (select lines) and column-wise 

(operate lines) manner, respectively. The top electrodes of all the photodetectors are connected to 

a common terminal. Through applying biases that exceed the TFT’s threshold voltage to the mth 

selector line, the stressed transistors will be turned ON to enable selection of the photodetectors in 

that particular row. Then the application of voltage stimuli to the nth operation line will allow either 

photoresponsivity modulation or photocurrent readout of the photodetector in the mth row and nth 

column of the 4096-pixel sensor array, depending on the amplitude of the applied voltage stimuli. 

Fig. S18a shows that at VDS=-1 V, the OFF-state dark current and resistance of the 1T-1PD 

cell based on amorphous silicon thin film transistor and FA0.8Cs0.2Pb0.5Sn0.5I3 photodetector are 

5.99×10-9 A and 1.67×108 Ω, respectively. When VG=10 V is applied, the corresponding dark 

current and pixel resistance become 1.33×10-7 A and 7.52×106 Ω. Note that the α-Si TFT has an 

ON/OFF ratio of 2.74×104 at VDS=-1 V, the resistances of the transistor (A) and photodetector (B) 

devices read at VG=10 V are roughly estimated as 5.82×103 Ω and 7.51×106 Ω, according to the 

following expression 

2.74 × 104 × 𝐴 + 𝐵 = 8.14 × 108 Ω  (11) 

𝐴 + 𝐵 = 6.24 × 106 Ω  (12) 

Fig. S17. Circuit structure. Circuit layout of the 4096-pixel 1T-1PD retinomorphic image sensor 

array. 



while the OFF-state resistance of the transistor is 5.82×103×2.74×104=1.60×108 Ω. In case that a 

certain pixel is not selected by turning ON the transistor, the resistance of its TFT (1.60×108 Ω) is 

more than 21 times of that of its perovskite photodetector (7.51×106 Ω). Thus, majority part of the 

VDS applied onto pixel will fall on the transistor device. Without sufficient share of the VDS as 

driving force to induce ion migration in the perovskite layer, the photoresponsivity of the detector 

device will not be modulated. When VG exceeding the threshold voltage of the α-Si transistor is 

applied to select the pixel, the TFT is turned on with its resistance decreasing to 5.82×103 Ω. It is 

1290 times smaller than that of the perovskite photodetector, and sufficient share of the VDS will 

drop onto the perovskite device to induce ion migration and photoresponsivity modulation. For 

source-drain voltages of -0.1 V and -10 V, similar selection and photoresponsivity modulation 

operations will be allowed for the 1T-1PD cell. The transfer curves of the 1T-1PD pixel recorded 

under the monochromatic illuminations at the wavelengths of 940 nm, 860 nm, 640 nm, 530 nm 

and 460 nm, with the optical power of 8 mW/cm2 and the source-drain voltage of 1 V are summa-

rized in Fig. S18b. 

Fig. S18. Optoelectronic performance of the 1T-1PD cell. Transfer curves recorded (a) in dark 

conditions at VDS=0.1 V, 1 V and 10 V, respectively and (b) under monochromatic illumination at 

the wavelengths of 940 nm, 860 nm, 640 nm, 530 nm and 460 nm with the optical power of 8 

mW/cm2 and VDS=1 V. 

Table S2. Photoresponsivity modulation of 1T-1PD cell. Linear and reversible modulation of 

photoresponsivity. 

Wavelength 

(nm) 

Linear fitting function of in-

hibitory modulation 
R2 

Linear fitting function of ex-

citory modulation 
R2 

460 

Dec Resp=16.46-0.894×N 0.9967 Inc Resp=17.23+1.255×N 0.9989 

Inc Resp=2.329+0.935×N 0.9966 Dec Resp=35.83-1.276×N 0.9906 



530 

Dec Resp=19.25-1.035×N 0.9963 Inc Resp=19.83+1.433×N 0.9979 

Inc Resp=3.059+1.102×N 0.9952 Dec Resp=42.50-1.529×N 0.9912 

640 

Dec Resp=24.06-1.184×N 0.9972 Inc Resp=25.22+1.660×N 0.9982 

Inc Resp=5.202+1.264×N 0.9979 Dec Resp=50.07-1.725×N 0.9914 

860 
Dec Resp=27.23-1.355×N 0.9963 Inc Resp=27.90+1.872×N 0.9988 

Inc Resp=6.007+1.385×N 0.9948 Dec Resp=55.68-1.916×N 0.9964 

940 
Dec Resp=22.37-1.149×N 0.9969 Inc Resp=23.07+1.556×N 0.9974 

Inc Resp=4.494+1.168×N 0.9960 Dec Resp=46.42-1.620×N 0.9907 

Resp is the photoresponsivity, N is the state numbers and R2 is the modulation linearity. Dec denotes 

“decreasing” while Inc stands for “increasing” of the device photoresponsivity. 



6. Image sensing performance of 4096-pixel 1T-1PD retinomorphic sensor array

The 4096-pixel perovskite RSA with 1T-1PD structure was connected to a commercial readout 

circuit (Zill Box as provided by Linkzill) through a flexible printed cable (FPC). Both of the gate 

selecting voltage and source modulating/reading voltage can be varied in the range of -15 V to +15 

V. The detected dark currents and photocurrents of the pixels are transmitted to mobile terminals

through WIFI connection and displayed in both raw data and image modes.

As shown in Fig. S19a and Movie S1, the perovskite RSA is firstly covered with a black plastic 

shelter for dark current measurement. According to the following equation 

𝑈𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦 (%) = (1 − 𝛿
𝜇⁄ ) × 100%  (13) 

where δ and μ are the standard deviation and average value of the performance parameter, the RSA 

displays a high pixel-to-pixel uniformity (PPU) of 97.73% for the dark currents. Afterwards, the 

plastic shelter is removed and the fully-exposed photocurrents of the perovskite RSA pixels are 

recorded under white light illuminations of 0.01 mW/cm2, 0.05 mW/cm2, 0.10 mW/cm2 and 0.20 

mW/cm2 with a commercial LED lamp (Fig. S19b). The light irradiations are introduced directly 

above the RSA. As shown in Fig. 3b, 3c and S19c-19e, the RSA exhibits average photocurrents 

and PPUs of 11.84 nA/95.82%, 50.12 nA/96.22%, 91.47nA/97.15% and 181.37nA/ 97.85%, re-

spectively. Note that the maximum photocurrent reading limit of Zill Box is 200 nA, the acquired 

photocurrent becomes saturated at the illumination intensity of 0.5 mA/cm2 and source voltage of 

0.1 V. 

Fig. S19. Experimental setups and photocurrent mapping. Experimental setups for (a) dark 

and (b) photo current measurements of the perovskite RSA. Photocurrent mapping over the 4096 

pixels of the RSA under white light illuminations of (c) 0.01 mW/cm2, (d) 0.05 mW/cm2 and (e) 

0.10 mW/cm2, respectively. 



During image sensing experiments using the perovskite RSA, handwritten digits “2023” and 

letters “SJTU” are obtained from MNIST database and printed on transparent plastic sheets. These 

plastic sheets and entities of metallic paper clip, keyset and hairpin are placed directly on top of the 

RSA, with lights of various wavelengths and intensities illuminated from right top of the samples. 

As such, the pixels covered by the imaging samples will output dark currents, while the pixels being 

exposed to incident light will deliver relative high photocurrents. By collecting current responses 

of all pixels, images of the sensing samples will be reconstructed and displayed by the Zill Box and 

software on the mobile terminal (Movie S2). 

Fig. S20. Image sensing experiments. Photographs, experimental imaging setups with the perov-

skite RSA (VDS=0.1 V, VG=10 V) and captured images of the (a) handwritten letters, (b) key and 

(c) hairpin under white light illumination of 0.2 mW/cm2.



Fig. S21. Adaptive image sensing performance. (a) Zoom-in view of handwritten digits “2023”, 

as well as images acquired under white light illuminations of (b) 0.05 mW/cm2 and (c) 0.10 

mW/cm2, respectively. (d) displays the image of handwritten digits acquired under 0.01 mW/cm2 

illumination, upon photoresponsivity amplification by source modulation voltage of 0.15 V. (e) 

shows the contrasts and fidelities of the images acquired under various illumination intensities, 

without and with photoresponsivity amplification by 0.15 V and 0.20 V source voltage. 

Fig. S21a shows a zoom-in view of the handwritten digits “2023” printed on the plastic sheet. 

It occupies 505 pixels in the original template. Under illumination of 0.01 mW/cm2, handwritten 

digits “2023” occupy 488 pixels in the acquired image. The image sensing fidelity of the perovskite 

RSA is thus calculated as 488/505×100% =96.63% in dim light environment. As shown in Fig. S22, 

similar fidelities are also recorded under the other optical illumination intensities. 



Fig. S22. Image sensing performance under different light illumination. Images of the hand-

written digits “2023” acquired under 0.2 mW/cm2 monochromic illuminations at the wavelengths 

of (a) 460 nm and (b) 530 nm, respectively. (c) displays the contrasts and fidelities of the acquired 

images captured under monochromic illuminations of different wavelengths. 



7. Retinomorphic computing with 4096-pixel 1T-1PD retinomorphic sensor array

Fig. S23. Schematic illustration of convolution neural network. (a) Schematic illustration of 

multilayer convolution neural network using multiple kernels and execution of the first layer con-

volution via optoelectronic MAC operations in the retinomorphic sensor array. (b) Small-stride 

shifting of the convolution kernel that results in rewriting of pixel photoresponsivity and repeated 

image capturing during convolution. 

Upon the execution of one-dimensional feature extraction on the perovskite RSA, the encoded 

information is taken as input of the fully-connected neural network layers. The forward propaga-

tion between these layers is divided into two parts: linear transformation of Zl=al-1×Wl+bl and 

nonlinear activation of al=f(Zl), where Z represents both output of the linear transformation and 

input of the nonlinear activation, a is output of the nonlinear activation and input of the next fully-

connected layer, while f is the activation-rectified linear unit (ReLU) function and expressed as 

y=max (0, x). The fully connected layers consolidate spatial information from preceding feature-

extraction operations with a FPGA-based digital circuit, enhancing pattern discernment and ensur-

ing resilient classification outcomes.  

As depicted in Fig. S24, the training of the FOPR-Net primarily involves initialization, forward 

propagation, and backward propagation. In the initialization process, the synaptic weights in the 

column vector W of the feature-extraction layer and fully-connected layers are set to random 

values. In the forward propagation process, samples in the training dataset are grouped into batches, 

with one batch fed into the network each time. As the batch fed in, the network computing forward 

propagates across the feature-extraction layer and following fully-connected layers. Subsequently, 



the loss information representing the discrepancy between the predicted result of the FOPR-Net 

and the actual target label is calculated using the L2 loss Function. Finally, the calculated loss is 

Fig. S24. Training process of the FOPR-Net. The process composed of a column-wise feature 

extraction layer and three fully-connected layers. 

backpropagated from the output layer to each preceding layer of the network. Meanwhile, the gra-

dients of the loss function with respect to each weight are calculated layer by layer according to 

the chain rule. The synaptic weights are updated with gradient descent technique, leading to nec-

essary adjustment to minimize the loss function result. The forward and backward propagations 

are repeated iteratively with samples fed by batches. When all samples in the training dataset are 

used up, a single epoch completes. According to the probability number generated by the FOPR-

Net for each of the 10 handwritten digits, the input handwritten image is classified into a certain 

category and compared with its pre-defined label. If the classified outcome coincides with the label, 

the network training ends successfully. Otherwise, the train process continues to improve the 

recognition accuracy of the network. The training accuracy is calculated as the ratio of numbers of 

the correctly recognized samples to that of the overall samples. 



Table S3. Synaptic weight and photoresponsivity vectors. One-dimensional-vector pixel 

weights and photoresponsivities of the RSA upon 30-epoch FORP-Net training. 

Pixel No. Weight 
Photoresponsivity 

(A/W) 
Pixel No. Weight 

Photoresponsivity 

(A/W) 

1 -0.06250 28.8845 33 -0.25000 24.2014 

2 -0.06250 28.8845 34 -0.25000 24.2014 

3 -0.12500 27.3777 35 -0.12500 27.3777 

4 -0.06250 28.8845 36 -0.12500 27.3777 

5 -0.12500 27.3777 37 -0.25000 24.2014 

6 -0.12500 27.3777 38 0.00000 29.8618 

7 0.00000 29.8618 39 -0.18750 25.8709 

8 -0.06250 28.8845 40 -0.12500 27.3777 

9 -0.1850 26.5120 41 -0.06250 28.8845 

10 -0.25000 24.2014 42 -0.06250 28.8845 

11 -0.37500 21.2694 43 -0.06250 28.8845 

12 -0.43750 19.5183 44 -0.12500 27.3777 

13 -0.31250 22.9389 45 -0.06250 28.8845 

14 -0.37500 21.2694 46 -0.06250 28.8845 

15 -0.37500 21.2694 47 -0.12500 27.3777 

16 -0.31250 22.9389 48 -0.06250 28.8845 

17 -0.37500 21.2694 49 -0.12500 27.3777 

18 -0.37500 21.2694 50 -0.12500 27.3777 

19 -0.25000 24.2014 51 0.00000 29.8618 

20 -0.37250 21.6603 52 -0.18750 25.8709 

21 -0.31250 22.9389 53 0.00000 29.8618 

22 -0.37250 21.6603 54 -0.12500 27.3777 

23 -0.43750 19.5183 55 -0.18750 25.8709 

24 -0.37500 21.2694 56 -0.12500 27.3777 

25 -0.31250 22.9389 57 0.12500 32.5495 

26 -0.43750 19.5183 58 0.12500 32.5495 

27 -0.37500 21.2694 59 0.31250 37.1511 

28 -0.56250 16.6677 60 0.06250 31.5314 

29 -0.56250 16.6677 61 0.06250 31.5314 

30 -0.43750 19.5183 62 -0.12500 27.3777 

31 -0.43750 19.5183 63 -0.12500 27.3777 

32 -0.31250 22.9389 64 0.00000 29.8618 



Fig. S25. Confusion matrices of the FOPR-Net summarized in the initial state. 

Finally, we implement a retinomorphic computing hardware system consisting of a 4096-pixel 

perovskite-based RSA, a home-made printed circuit board (PCB) to drive and read the RSA pixel 

data, and a commercial Xilinx Zynq UltraScale+MPSOC AXU5EV-E FPGA controller board (Fig. 

4g). As shown, the PCB driver is composed of a STM32F103ZET6 microcontroller unit (MCU), 

MUX36S06 multiplexers, OPA657 transimpedance amplifiers (TIA), LM358 TIAs, DAC5578 

digital-to-analog converters (DAC) and an ADC128 analog-to-digital converter (ADC). It com-

prises four distinct modules of line selection, weight writing, data reading and MCU control. The 

module for line selection accounts for turning ON and OFF the pixels in a line-wise manner, as 

well as collaborates with the weight writing and data reading modules to attain precise control of 

the pixels. The weight writing modules reconfigure the photoresponsivity of each pixel through 

source-drain modulation. The data reading module receives column current outputs that represent 

corresponding features of the captured image, and outputs digital signal following amplification, 

current-to-voltage conversion via TIAs, filtering, and analog-to-digital conversion by ADC units. 

MCU controls all operations of the entire system, including the data transmission between the RSA 

and PCB driver using the flexible printed cable (FPC) connection, as well as that between the PCB 

driver and the FPGA controller through universal synchronous/asynchronous receiver/transmitter 

(USART) protocol. The software of the system control program and hardware circuit of the three-

layer fully-connected neural network are burnt into the MCU unit and the FPGA controller board, 

respectively. 

In summary, we incorporated the ODFE algorithm into the FOPR-Net to simultaneously exe-

cute feature and encode information from the generic representation of the captured visual scenario. 

The ODFE algorithm effectively simplifies the feature extraction process and enables its execution 

within visual sensor arrays, while the necessity of using digital circuits to perform subsequent 

target recognition is still a limitation not just of our study but current state of retinomorphic com-

puting with novel optoelectronic devices. This reliance stems from the complexity of high-level 

cognitive tasks such as classification and decision-making, which require advanced computational 



capabilities that are presently beyond the scope of optoelectronic devices. Digital circuits offer the 

flexibility and processing power needed to handle these tasks efficiently. We highlight that inte-

grating more advanced computational functionalities directly into optoelectronic devices is a sig-

nificant challenge and an active area of future research. Future developments could focus on: (1) 

Hybrid Systems: Developing hybrid architectures that synergistically combine optoelectronic de-

vices for parallel, low-power feature extraction with digital circuits for complex processing tasks. 

(2) Neuromorphic Computing: Exploring neuromorphic hardware implementations that mimic

neural architectures, potentially allowing more of the recognition process to occur within the sen-

sor array itself. (3) Material Innovations: Investigating new materials and device structures that

support higher-order processing capabilities, potentially reducing dependence on external digital

circuits. (4) All-Optical Computing: Advancing all-optical computing technologies, which could

enable both sensing and processing functions within an optical framework to minimize electronic

domain bottlenecks. We believe that addressing these challenges is crucial for the evolution of

retinomorphic computing systems. By outlining these future directions, we aim to provide a

broader perspective on how the field can progress toward fully integrated retinomorphic systems

that minimize reliance on traditional digital circuits.



Fig. S26. Photographs of handwritten digit images recognition using the perovskite retinomorphic hardware system. Handwritten 

digit (a) “0”, (b) “1”, (c) “2”, (d) “3” (e) “4”, (f) “5”, (g) “6”, (h) “7”, (i) “8” and (j) “9”. 



Fig. S27. Response time of the retinomorphic system. Running results of the perovskite retino-

morphic hardware system for processing 100 sets of MNIST handwritten digit images. 



8. Embodied intelligent vision for exoskeleton robot

When the flashing counting-down numbers of the traffic light are 4 or 3, with the initial speed of 

1 m/s and distance of 5 m from the traffic junction, the exoskeleton robot is unable to pass through 

safely. Therefore, it has to accelerate to a speed lower than the safety limit of 2.5 m/s. Let us assume 

that the robot just crosses the junction when the flashing timer counts to 0 and the traffic light turns 

to red. According to the follow equations 

𝑉𝑡 = 𝑉0 + 𝑎𝑡  (14) 

𝑑 = 𝑉0𝑡 +
1

2
𝑎𝑡2  (15) 

where Vt is the final speed of the robot after acceleration, V0 is its initial speed of 1 m/s, a is the 

acceleration speed, t is the counting-down time, and d is the distance of 5 m from the traffic junction, 

the acceleration and final speed should be no less than (1/8 m/s2, 1.5 m/s) and (4/9 m/s2, 7/3 m/s) for 

counting-down time of 4 and 3 s, respectively.  

When the flashing counting-down numbers of the traffic light are 2 or 1, with the initial speed of 

1 m/s and distance of 5 m from the traffic junction, the exoskeleton robot is in no way able to pass 

through the crossroad under the speed limit of 2.5 m/s. Therefore, it has to decelerate to stop before 

the stop line and wait for the traffic light to turn into green again. According to the follow equations 

𝑉𝑡 = 𝑉0 − 𝑎𝑡   (16) 

𝑑 = 𝑉0𝑡 −
1

2
𝑎𝑡2  (17) 

where Vt is the final speed of 0 after deceleration, V0 is its initial speed of 1 m/s, a is the deceleration 

speed, t is the counting-down time, and d is the braking distance no more than 5 m from the traffic 

junction, the deceleration speed should be no less than -0.1 m/s2 for the robot to stop safely.  

In order to compose the database used for FO-RNN’s training, we use various electronic digits of 

9 to 0 with different contrast and noise levels in black grounds to represent the counting-down numbers 

of the flashing traffic light timer that are recorded in the morning, at noon, or in the evening. As shown 

Fig. S28. Pixel current and corresponding errors. Average values and errors of the photocur-

rents recorded in all 4096 pixels of the perovskite RSA as a function of the optical illumination 

intensities.



in Fig. S28, the average pixel photocurrents of the perovskite RSA increase monotonically and 

linearly with the illuminating light intensities, while the variations of the pixel photocurrents over 

the entire 4096-pixel array decreases accordingly. Note that as the exoskeleton robot approaches 

nearer to the crossroad, the intensities of the traffic light timer projected onto the perovskite RSA 

increase. The brightness and clarity of the recorded electronic digits should also increase. Follow-

ing the linear relationship between the average pixel photocurrents and optical power densities 

plotted in Fig. S28, the absolute brightness of the electronic digits recorded at the last time-step T5 

is defined as pure white of 255, while that of the backgrounds monitored at the same time-step is 

taken as pure black of 0. In accordance, the brightnesses of the electronic digits obtained at previ-

ous time-steps T0 ~T4 are adjusted proportionally. In the meanwhile, the black backgrounds main-

tain their brightnesses of 0 for all time steps. The above case describes the database preparation 

philosophy for that obtained under normal light conditions with optical power density of 0.2 

mW/cm2 in the morning (middle panel of Fig. 5b). As for the case monitored during noon period, 

we assume that the optical power density and respective average pixel photocurrents increase by 

200% in comparison to those recorded in the morning. Therefore, the brightnesses of the black 

backgrounds are adjusted to 255/3=85, while those of the electronic digits decrease to 1/3 of their 

Fig. S29. Database of the counting-down numbers of flashing traffic light timer. (a) at noon 

and (b) in the evening, for neural network training and prediction of FO-RNN.



original values, respectively (Fig. S29a). It should be pointed that as device-to-device deviations 

(Errors) exist in the photocurrents of the 4096 pixels over the entire perovskite RSA, the monitored 

images of the flashing traffic light timer also contain noises. As fitted in Fig. S29, the average pixel 

photocurrent errors and noises over the 4096-pixel array can be derived according to the following 

equations 

𝐸𝑟𝑟𝑜𝑟 = 0.13 − 0.77𝑃𝑙𝑖𝑔ℎ𝑡 + 1.98(𝑃𝑙𝑖𝑔ℎ𝑡)
2

  (18) 

𝑛𝑜𝑖𝑠𝑒 = 255 × 𝐸𝑟𝑟𝑜𝑟           (19) 

where Plight is the optical power density. Consequently, the noises appeared on each image of the 

counting-down numbers are added as 

𝐼𝑀𝐺_𝑁𝑂𝐼𝑆𝐸𝑇𝑛
= 𝐼𝑀𝐺𝑇𝑛

+ [𝑈(−𝑛𝑜𝑖𝑠𝑒, 𝑛𝑜𝑖𝑠𝑒)]64×64                         (20)

where 𝐼𝑀𝐺_𝑁𝑂𝐼𝑆𝐸𝑇𝑛
is the image of the flashing traffic light timer recorded at time step Tn with

noise, whereas [U(-noise, noise)]64×64 represents the uniformly distributed random noise added 

onto each pixel of the image in the range of (-noise, noise), according to the function 

𝑟𝑎𝑛𝑑𝑜𝑚. 𝑢𝑛𝑖𝑓𝑜𝑟𝑚(𝑎, 𝑏)                                                 (21) 

where a equals to -noise and b equals to noise. In the evening, although the optical power density 

decreases by 50% to 0.1 mW/cm2, the brightnesses of the black backgrounds can only maintain 

their lowest level of 0 unchanged. Nevertheless, the brightnesses of their noises decrease to 50% 

of those recorded in the morning accordingly. On the other hand, the brightnesses of the electronic 

digits also decrease to 50% of the original values recorded in the morning, with their noises disap-

pearing completely. The imaging contrasts of the monitored flashing traffic light timer thus in-

crease by 100%, respectively (Fig. S29b). As such, the database for FO-RNN’s training is estab-

lished. Totally 9000 and 900 subgroups of electronic digits are included in the database, wherein 

each subgroup contains 6 images of the electronic digits arranged in a monotonically decreasing 

sequence. The database is further divided into 3000 and 300 subgroups for the motion statues of 

L1, L2 and L3, respectively. Fig. S30 displays the confusion matrices, obtained after 50 training 

epochs, for the FO-RNN to make decisions on the exoskeleton robot’s motion across the traffic 

junction during different time periods over a day. As shown, high accuracies exceeding 93.3% can 

be achieved by the retinomorphic computation and exoskeleton robot either in the morning, at 

noon or in the evening. 

Fig. S30. Confusion matrices for the FO-RNN and retinomorphic computing system. The 

results obtained over 50 training epochs to make decisions on the exoskeleton robot’s motion 

across the traffic junction (a) in the evening, (b) at noon and (c) in the evening, respectively.



Movie S1. Calibration of the perovskite RSA in dark and under white light illumination of different 

intensities. 

Movie S2. Image sensing of various objects using the perovskite RSA. 

Movie S3. Image sensing of handwritten digits under white light illumination of different intensi-

ties using the perovskite RSA. 

Movie S4. Adaptive image sensing of handwritten digits under weak white light illumination upon 

photoresponsivity reconfiguration of the perovskite RSA. 

Movie S5. Image sensing of handwritten digits under monochromic illumination at different wave-

length using the perovskite RSA. 

Movie S6. Image sensing of handwritten digits covered by printing paper under red and NIR illu-

mination using the perovskite RSA. 

Movie S7. Recognition of handwritten digits using the perovskite RSA and unpacked retinomor-

phic system. 

Movie S8. Recognition of handwritten digits using the perovskite RSA based prototype retino-

morphic system. 
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