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Materials and methods 

Materials Methylammonium bromide (MABr, 99.5%), methylammonium chloride (MACl, 98%) 

were purchased from Greatcell Energy Ltd. Lead (II) iodide (PbI2, 99.99%), lead bromide (PbBr2, 

99.5%), lead chloride (PbCl2, 99.99%), Acetonitrile (ACN), chlorobenzene (CB), 4-tert-

butylpyridine (4-TBP), γ-butyrolactone (GBL), methylammonium solution (Ethanol-MA) (33% 

in absolute ethanol), were purchased from Sigma-Aldrich. Poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS, CLEVIOS™ P VP AI 4083) was purchased from Heraeus. 

[6, 6] Phenyl-C61-butyric acid methyl ester (PCBM, 98%) was purchased from Nano-C Inc. ITO 

glass was purchased from Wuhan Jingge Technology Corp. All the chemicals are used as received 

without any further purification. 

Preparation of perovskite solution For the preparation of MAPb(BrI2) solution, a mixture of 

184.4 mg PbI2 and 44.8 mg MABr was treated in CH3NH2 environment for 6 hrs. to obtain a 

perovskite intermediate in the liquid form. Following that, 100 μL of ACN and 100 μL Ethanol-

MA were added into the liquid perovskite intermediate. The solution was then sonicated for ~60 

seconds until a clear perovskite solution with a concentration of 2 M (2 mmol/mL) was obtained 

for the subsequent spin-coating process. For MAPbBr3 solution, a mixture of 146.8 mg PbBr2 and 

44.8 mg MABr were used as precursors for a 2 M solution. It should be noted that using pre-

synthesized MAPbBr3 crystals instead of the precursor mixture is also good in generating high 

quality film. Here for simplicity and generality purpose, we use the precursor mixture to make the 

film. For MAPb(Br1.5Cl1.5) a mixture of 36.7 mg PbBr2, 83.43 mg PbCl2 and 44.8 mg MABr 

powders were used as precursors for a 2 M solution. Perovskite solutions with other compositions 

(MAPb(Br3), MAPb(Br2.5I0.5), MAPb(Br2I), MAPb(Br1.5I1.5), MAPb(Br2.5Cl0.5), MAPb(Br2Cl), 

MAPb(BrCl2)) can be synthesized by tuning the ratio between precursors accordingly. 

Imaging sensor fabrication The imaging sensor employed a typical p-i-n device architecture. The 

device with an ITO/PEDOT:PSS/Perovskite/PCBM/Au layout was fabricated similarly with our 

previous procedure1. In general, ITO glass substrate (dimension of 2.4 cm × 2.4 cm) was 

successively cleaned by ethanol, acetone, and deionized water in ultrasonication. Following that, 

the substrates were treated under UV light for plasma cleaning before use. The water solution of 

PEDOT:PSS was filtered by 0.45 μm Nylon filter and then spin-coated on ITO at 4000 RPM for 

35 s. The film was then annealed at 150 °C for 10 min to eliminate any moisture in the film. After 

this, the perovskite layer (MAPb(BrI2), MAPb(Br3), and MAPb(Br1.5Cl1.5)) was fabricated on 
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PEDOT:PSS at 2000 RPM for 60 s, followed by spinning at 6000 RPM for another 60 s to 

evaporate the excess solvent and facilitate film crystallization. The film is then annealed at 120 ℃ 

for 10 min. Following this, PCBM solution (10 mg/mL PCBM in CB) was spin-coated onto 

perovskite at a speed of 2000 RPM for 35 s. Subsequently, a 1 nm thick Cr and 7 nm Au layer 

(16.3 Ω/sq) was sequentially deposited via thermal deposition as the top transparent electrode, 

according to our prior reports2. A laser micromachining instrument (OpTek MM2500) is used to 

fabricate the photodetector array for the imaging sensor. Specifically, a UV laser (350 nm, 20 W) 

is used to scribe and separate the large-area photodetector device into an imaging sensor array 

containing 32 × 32 square-shaped pixels, with each pixel device of 0.6 mm × 0.6 mm in dimension. 

MAPb(BrI2), MAPb(Br3), and MAPb(Br1.5Cl1.5) imaging sensor arrays were fabricated for 

obtaining the signal of the red, green, and blue channel of a colorful object, respectively. For other 

array of different number of pixels, we use the same laser scribing method but different device 

geometric designs accordingly.   

Materials characterization Scanning electron microscopy (SEM) images of perovskite film and 

device cross-section were obtained by a field-emission SEM instrument (Zeiss Merlin LEO 1530). 

High-resolution transmission electron microscopy images of perovskite crystal were captured by 

a dual aberration-corrected scanning/transmission electron microscope (S/TEM) operating at an 

accelerating voltage of 80 kV (FEI Titan3 G2 60-300). The energy dispersive X-ray spectrum 

(EDS) elemental mapping was measured with a SuperX EDS system under the scanning TEM 

mode. X-ray diffraction (XRD) data were collected on an X-ray diffractometer (Malvern 

Panalytical Empyrean) with Cu Kα radiation. UV-Vis absorption spectra were collected on a 

HITACHI UH4150 spectrometer. Photoluminescence (PL) spectra were acquired by using a 

fluorescence spectrometer (Edinburgh Instrument FLS 1000) at room temperature with 506 nm 

excitation from a Xenon arc lamp. Time-resolved PL measurements were performed using a 

picosecond pulsed diode laser (505 nm excitation laser for MAPb(BrI2) and MAPb(Br3) and 405 

nm excitation laser for MAPb(Br1.5Cl1.5)) as the excitation source and a time-correlated single-

photon counting (TCSPC) detector for signal collection. Electrical measurement such as 

electron/hole mobility is performed with a Keithley 4200 source meter at room temperature in the 

dark. 

Optical field simulation Optical field distribution in the imaging sensor was simulated using the 

wave optics module of COMSOL Multiphysics software. Optical constants (refractive index, n 
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and extinction coefficient, k) of the materials used in the device at different wavelengths are 

required for the simulation. Optical constants of these materials can be found from an online 

database3 and published results4, 5, which were used to run the simulation. 

Photodetector performance measurement Response window and performance of 

Red/Green/Blue photodetector (PD) based on MAPb(BrI2)/MAPb(Br3)/MAPb(Br1.5Cl1.5) were 

characterized by the external quantum efficiency (EQE) spectrum using a quantum efficiency 

measurement system (Newport QuantX-300) at ambient condition. The current density-voltage (J-

V) curve of the photodetector devices in the dark was measured with a Keithley 4200 source meter. 

J-V curves of red/green/blue PD were measured under irradiation of LED with wavelength 

centered at 650 nm, 550 nm, and 480 nm, respectively. A neutral density filter is used to tune the 

light intensity of LED irradiation. For current density-time (J-t) measurement, a function generator 

that generates a square wave of desired frequency was used to modulate the LEDs. For the 

frequency-dependent response of the PD devices, the frequency of the LEDs irradiation varying 

from 1-100 kHz was modulated by controlling the pulse width of the square wave. The current 

response was recorded by a Tektronix MDO 3104 oscilloscope connected with a 50 Ω input 

impedance. The dark current of the PDs was recorded by a Keithley 4300 source meter. Noise 

current was extracted from the Fourier transform of the dark current. During the PD performance 

measurement, the devices are fully shielded by Al foils to maintain a dark condition.  

Imaging sensors test The R, G, B imaging sensor devices were stacked together (B sensor array 

on top, G sensor array in the middle, and R sensor array on the bottom) with six terminals, where 

a mini projector projects the full color image onto the imaging sensor device. The current of each 

pixel (32 × 32 = 1024 in total on each R, G, B imaging sensor array) was probed and recorded into 

three 32 × 32 matrixes corresponding to R, G, B channels, separately. The data matrixes are then 

input to the machine learning algorithm for signal processing and image reconstruction.  

Image processing and reconstruction Two different methods of (i) channel merging (ii) machine 

learning are used for image reconstruction of the full color image. Specifically, (i) direct channel 

merging: the current values from each pixel of the NB PD array were normalized at first and 

linearly scaled to intensity values in the range of 0-255. After converting the floating-point values 

to integers, the image is directly reconstructed by stacking the pixel intensity integers from R/G/B 

channels together. For (ii) the machine learning: a multilayer perceptron neural network was 

adopted (shown in Fig. 1c in the main text), which takes current values as input and predicts pixel 
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values as output accordingly.  Three different neural network models (A1, A2, and A3) were tested. 

A2 is a standard model with 32-64-32 nodes in the three hidden layers. A1 refers to a lightweight 

model with 16-32-16 nodes in the three hidden layers, while A3 refers to a heavier model with 64-

128-64 nodes in the hidden layers. The training data set consists of 1024 pairs of current values 

(features) from the NB PD array and pixel values (labels) from the full-color sunflower image, 

which are used for the neural network model. The learning algorithms are trained with batch sizes 

of 1 using Adam optimizer with default beta1 0.9 and beta2 on a single RTX 2080 Ti GPU. The 

learning rate is initially set to 0.001 for the first 100 training epochs and decays to 0.0005 for the 

second 100 epochs. Smooth L1 loss is adopted to reflect the learning quality. Furthermore, peak 

signal-to-noise ratio (PSNR), which shows the ratio between the maximum possible power of a 

signal (original sunflower image) and the power of the same image with noise (reconstructed 

image), is also calculated along with each training epoch for the purpose of indicating learning 

quality.  

 

Supplementary Note 1: Proof-of-concept results of 15×8-pixel electrical signals of 

independent RGB NB PD channels  

In order to construct the intelligent retinal visual system, several key components including PD, 

transducer network, and optical nerve carrying post-processed information towards the brain are 

needed. Fig. S1 shows the retina-inspired artificial panchromatic imaging system. Firstly, human 

eyes contain retina cells of rod cells (responsible for vision in low light conditions) and cone cells 

(responsible for RGB detection). Depending on the spectral identification range, there are three 

types of cone cells including long-range (red), medium-range (green), and short-range (blue) cone 

cells (Fig. S1a), with each having NB response in either red, green, or blue region. In order to 

mimic these natural NB PDs, here we make artificial NB PD arrays consisting of unbalanced-

transport perovskites as photoactive material. We manufactured a primitive 15×8-pixel array of 

NB PDs for concept demonstration. Fig. S1b shows the current signal image. Briefly, Fig. S1b(i) 

displays a raw picture that is projected from a projector. RGB photon signal with spatial 

distribution on the image (i.e., the red “P”, green “S” and blue “U” letters) reaches the stacking 

layers of blue-NB PD array panel, green-NB PD array panel, and red-NB PD array panel (from 

front to back). These RGB NB PD array panels then convert the light signal from the picture into 

current signals (i.e., the current mapping of red, green, and blue signal from the picture, as 
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displayed in Fig. S1b(ii), (iii), and (iv), respectively). As a result, we can easily distinguish these 

“P”, “S”, and “U” letters in red, green, and blue channels, respectively and in each channel, there 

are no other letters present. This indicates the good NB performance of our PDs. After that, the as-

collected signals from RGB channels are further delivered to a “network”. As can be seen in Fig. 

S1, these artificial NB PDs are analogous to the RGB cone cells (C-cell in Fig. S1c). In the human 

retina system, the cone cells are further connected to a multi-layer network consisting of the 

horizontal cell (H-cell), bipolar cell (B-cell), and amacrine (A-cell) which further connect to 

ganglion cell (G-cell) that can transmit the signal to the optical nerve. This network could process 

the signals from millions of RGB cone cells and efficiently deliver “valuable” messages to the 

brain. This pre-processing can save large energy and remove trivial information. Here, in order to 

mimic this transducer network, we introduce a three-layer neuromorphic network to connect with 

the RGB current signals collected from our NB PD arrays (Fig. S1c).  

 

Supplementary Note 2: Volatile solution (VS) methods for growing ultra-uniform perovskite 

films 

In order to obtain uniform film for array application (multi-device on same plane), we used a 

volatile solution (VS) method to grow RGB polycrystalline perovskite films. Compared with the 

widely used conventional non-volatile solvent (NVS) such as dimethylformamide (DMF)6, 

dimethyl sulfoxide (DMSO)7, and N-methyl-2-pyrrolidone (NMP)8, the VS such as acetonitrile 

(ACN) having a high vapor pressure can lead to a lower thermodynamic barrier for crystallization 

due to its rapid evaporation speed9. Such a rapid evaporation leads to synchronized nucleations 

quickly occur at the same short period. These synchronized nuclei then could template the 

subsequent crystal growth which occurs at a slower rate. This clear two-stage crystallization can 

avoid new nuclei formation during the old nuclei grow the crystal. In this way, a more uniform 

film with synchronized crystallization can be achieved9. Moreover, as the VSs can spontaneously 

evaporate out from the perovskite film due to their low vapor pressure with no residues in the film, 

thus the typical post-annealing procedure is not required, which could reduce the uncertainties 

lying within the annealing operation (e.g., heat transfer difference, unwanted zone annealing, hot 

plate temperature gradient, etc.). It should be noted that with this method, we have obtained the 

MAPbI3 crystals with highly uniform surface and identical grain size at room temperature10. In 

contrast, the traditional NVS needs the post-annealing process to drain out the remaining solvent 



S7 
 

in the perovskite film. Even after post-annealing, the perovskite film can still contain a trace 

amount of NVSs due to the strong chemical interaction between the perovskite precursor ions and 

NVS molecules11, 12, which potentially could be detrimental to film quality. 

Fig. S2b shows the synthesis process of RGB perovskite film using VS method. In the 

synthesis of perovskite VS, the perovskite precursors (either precursor powders or crystals of 

perovskites) are intentionally exposed to methylamine (MA) gas for a long time until a liquified 

perovskite intermediate (LPM) is obtained10, 13, 14. The LPM can be easily dispersed in ACN to 

form the perovskite ink ready for film fabrication through spin-coating. During the MA gas 

treatment, excessive MA species are introduced into the film, which can induce an intrinsic self-

doping effect and consequently modify the electronic property of the film (i.e., the unbalanced 

electron-hole transport characteristic). The hypothetical mechanism for unbalanced electron-hole 

transfer in the VS-grown perovskite film will be discussed in detail in Supplementary Note 4. 

 

Supplementary Note 3: NB PD mechanism 

We have mentioned in the main text that the NB PD can be achieved using (1) the WDOFD effect 

and (2) unbalanced electron-hole transport in the perovskite. In latter Supplementary Note 4, we 

have verified the unbalanced transport for all the VS prepared (red) R-MAPb(BrI2), (green) G-

MAPb(Br3), and (blue) B-MAPb(Cl1.5Br1.5) perovskites. Based on this, the NB PD could be 

realized according to the following demonstrations.  

Briefly, as can be seen in Fig. S14, in a p-i-n structure due to the WDOFD effect, short-

wavelength generated electrons (at front surface region) need to drift a long distance to be collected 

at the backside cathode, while the low electron mobility can severely compromise this collection. 

This could lead to near-zero EQE for short-wavelength light. On the other hand, long-wavelength 

generated charge carriers in the inner region is closer to the backside, which offers a short distance 

for the electron to drift. As long as there is efficient hole drift to the front side (anode), both 

electrons and holes generated from long-wavelength light can be collected. Following this, we 

constructed p-i-n device structures of FTO/PEDOT:PSS/perovskite/PCBM/Au (Fig. S14c), for red 

MAPb(BrI2), green MAPb(Br3), cyan MAPb(ClBr2), and blue MAPb(Cl1.5Br1.5) NB PDs. Fig. S19 

displays the mono-peak EQE spectra of different NB PDs.  

To further verify this ‘unbalanced transport’-induced NB response, we also constructed the 

n-i-p device configuration to verify this in the opposite way. To simplify the demonstration, here 
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we use the R-MAPb(BrI2) as the representative to verify this mechanism. As can be seen in Fig. 

S15, in the (inverted) n-i-p configuration, the light of different wavelengths still has the WDOFD 

effect but the drift directions of electrons and holes are reversed to that in the p-i-n device. In Fig. 

S15a, the short-wavelength generated electrons and holes are mostly located at the front region, 

where electrons can be easily drifted and collected by the front cathode. Because of the good hole 

mobility of the VS-prepared R-MAPb(BrI2), holes can drift a long distance towards the anode, 

which makes it possible to collect the holes at the anode. Therefore, for short-wavelength generated 

electrons and holes, both can be collected and lead to a non-zero EQE in the short-wavelength 

region. In contrast in Fig. S15b, the long-wavelength generated electrons and holes are prevailing 

along the thickness direction, considering the low electron mobility, electrons generated inner the 

film cannot be easily drifted and collected by the front cathode. This makes the EQE in the long-

wavelength region much smaller than that of the short-wavelength EQE. We then made an n-i-p 

configuration of FTO/TiO2/R-MAPb(BrI2)/Spiro-OMeTAD/Au (Fig. S15c) and measured the 

EQE spectra over the whole visible region. As expected, we did not observe noticeable EQE in the 

long-wavelength region but there is a strong peak at the short-wavelength region (Fig. S15d). This 

is consistent to our hypothesis. These observations (short-wavelength mono-peak EQE) in n-i-p 

configuration coupled with that (long-wavelength mono-peak EQE) in p-i-n configuration verified 

our proposed mechanisms for NB PD. 

 

Supplementary Note 4: Unbalanced electron-hole transfer 

4.1 Unbalanced electron-hole mobility  

Electron-only diode with a structure of FTO/TiO2/Perovskite/PCBM/Ag and hole-only diode with 

a structure of FTO/PEDOT:PSS/Perovskite/Spiro-OMeTAD/Au are fabricated to estimate the 

electron and hole mobility in the perovskite film. When analyzing the current density (J)-voltage 

(V) characteristics of the electron-only and hole-only diode, it is assumed that the measured current 

is related to only a single type of carrier (either electron or hole). Electron and hole mobility in 

perovskite (R-MAPb(BrI2), G-MAPb(Br3), and B-MAPb(Cl1.5 Br1.5)) could then be extracted from 

the J-V characteristic of their corresponding electron-only and hole-only diode device. In principle, 

the voltage-current density follows an Ohmic behavior at low charge injection voltage where a 

linear relationship (i.e., 𝐽 ∝ 𝑉 , where 𝑛 1) can be observed. Further increasing the injection 

voltage beyond a trap-filling limit (VTFL), the injected carriers start to fill the traps in 
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semiconductors and the J-V relationship starts to show a nonlinear (i.e., 𝐽 ∝ 𝑉 , where 𝑛 1) 

characteristic (trap-filling region (TFL)). At a sufficiently high voltage where all the traps are filled 

by injected carriers, J-V curve enters to a space-charge-limited current (SCLC) regime15 (Child 

region) where the current density follows the Mott-Gurney law16, 17 and shows a quadratic 

relationship with voltage (i.e., 𝐽 ∝ 𝑉 , where 𝑛 2) as shown in equation S1: 

𝜇    (S1) 

where 𝜇 is carrier mobility of either electron or hole, L is the thickness of perovskite film, 𝜀 , 𝜀  

are vacuum and relative permittivity of perovskite, respectively. V is the applied bias voltage 

(injection voltage).  

The dark J-V curves of the electron-only and hole-only diodes based on R-MAPb(BrI2), G-

MAPb(Br3), and B-MAPb(Cl1.5Br1.5) are shown in Fig. 3b, Fig. S17a, and Fig. S17b, respectively. 

Table S1 displayed the results. R-MAPb(BrI2) shows an unbalanced electron-hole transport 

property with a more than 5-fold higher 𝜇  (2.61  10-4 cm-2 V-1 s-1) than 𝜇  (4.19  10-5 cm-2 V-

1 s-1).  Similarly, G-MAPb(Br3) exhibits a more than 4-fold higher 𝜇  (5.77  10-5 cm-2 V-1 s-1) 

than 𝜇  (1.23  10-5 cm-2 V-1 s-1), and B-MAPb(Cl1.5Br1.5) also shows a more than 5-fold higher 

𝜇  (1.39  10-4 cm-2 V-1 s-1) than 𝜇  (2.43  10-5 cm-2 V-1 s-1). 

 

4.2 PL decay lifetime fitting from TRPL result 

Above we compared the electron and hole mobility in dark conditions for all the RGB perovskites. 

In order to verify this unbalanced transport also present in light condition, we prepared electron- 

and hole-only samples of ETL/perovskite/ETL (TiO2/Perovskite/PCBM) and 

HTL/perovskite/HTL (PEDOT:PSS/Perovskite/Spiro-OMeTAD) respectively for PL 

measurement. In principle, photocarriers generated under illumination could transfer towards 

quenching layers. As all the ETL and HTL materials used here display a highly efficient carrier 

extraction for electrons and holes, respectively. A more efficient electron (or hole) transfer in the 

electron-only (or hole-only) sample will secure a quicker process of the photogenerated electrons 

(or hole) diffuse to the quencher. As a result, fewer carriers will be present in the perovskite for 

radiative recombination to produce photoluminescence. In this scenario, shorter TRPL (time-

resolved PL) lifetime and lower intensity TIPL (time-integrated PL) of a sample suggested a faster 

photocarrier transport. We measured both PL and TIPL for all our VS prepared R-MAPb(BrI2) 
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(Fig. 3c & Fig. S16a), G-MAPb(Br3) (Fig. S18a & Fig. S18c), and B-MAPb(Cl1.5Br1.5) (Fig. S18b 

& Fig. S18d) samples.  

 In order to quantitively analyze the lifetime, we utilized the bi-exponential function 

(equation S2) to fit the TRPL result18: 

𝑓 𝑡 𝐴 exp 𝐴 exp 𝐵  (S2) 

where the 𝜏 , 𝜏  refers to the slow and fast carrier decay lifetime, and A1, A2 are the corresponding 

decay amplitudes, and B is a constant, respectively. The average photocarrier decay lifetime 𝜏  

could be calculated by equation S3 as19: 

𝜏
∑

∑
  (S3) 

Electron-quenching structure (TiO2/Perovskite/PCBM) and hole-quenching structure 

(PEDOT:PSS/Perovskite/Spiro-OMeTAD) based on R-MAPb(BrI2), G-MAPb(Br3), B-

MAPb(Cl1.5Br1.5) are fabricated to characterize the unbalanced photocarrier transport behavior in 

these perovskites. Table S2-S4 summarized the fitted parameters and the resultant 𝜏  for R-

MAPb(BrI2), G-MAPb(Br3), B-MAPb(Cl1.5Br1.5), respectively. R-MAPb(BrI2) exhibits a 9-fold 

shorter 𝜏 , (2.86 ns) than 𝜏 ,  (11.14 ns), suggesting a much faster hole extraction than 

electron extraction from the film, which evidences the highly unbalanced electron-hole transport 

feature in the film. Similarly, G-MAPb(Br3) also shows a 5-fold shorter  𝜏 , (2.36 ns) than 𝜏 ,  

(18.06 ns), and B-MAPb(Cl1.5Br1.5) exhibits a 3-fold shorter 𝜏 , (4.52 ns) than 𝜏 ,  (12.84 ns) 

which suggests the characteristic unbalanced electron-hole transport in all the R/G/B film.   

  

4.3 Hypothetical mechanism of unbalanced electron-hole transfer 

Overall, we observed a faster hole transfer than an electron in all the VS-prepared perovskites. 

Such larger anisotropy on the electron and hole transport might be due to the intrinsic self-doping 

effect induced during our VS-based material synthesis. Specifically, the RGB perovskite 

precursors are intentionally exposed to methylamine gas for long period during solution 

preparation, which introduces an excessive amount of MA species into the perovskite lattice and 

can lead to the formation of crystalline imperfections such as MA+ interstitials or I- vacancies20. 

These electron-accepting vacancies can form shallow electron traps in the bandgap of material, 

which hinder the charge transport through the trapping and de-trapping process21. Consequently, 

the electron mobility within the material is much decreased compared to hole mobility, inducing 
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an unbalanced electron-hole transport feature. Besides, the unbalanced charge transport property 

might also be inherently due to the electronic band structure as the carrier effective mass is 

determined by the band structure near the band-edge22. Holes in the perovskite can have a smaller 

effective mass compared with electrons due to a special band structure where the band curvature 

near the VB edge is larger than that of CB edge22. Such special band structure could be inherently 

formed or be due to band-edge distortion induced by the high density of structural defects. As 

described in Supplementary Note 2, during the materials synthesis, excessive MA species are 

introduced into the film, which induce intrinsic self-doping effect and create large population of 

structural defects in the perovskite lattice, which can modify the material’s band structure and 

consequently the transport properties23, 24.  

 

Supplementary Note 5: spectral detectivity, temporal response, and optical linearity of NB 

PDs. 

5.1 Green PD 

Fig. S22a shows the J-V plot of green PD under a green light (550 nm) irradiation and dark 

condition, respectively. The green PD displays a low dark current density of ca. 10−6 A cm−2 but a 

high light current density of 2 10  A cm-2, and thus a high on/off ratio (Ion/Ioff) over 103. Fig. 

S22b shows the noise current of the green PD, which is ca. 150 fA Hz-1/2-. Fig. S22c shows the 

specific detectivity spectrum of the green PD under zero bias, with a peak value of 7×109 Jones 

(Hz1/2 cm W−1) at 550 nm. The temporal response of the green PD is also investigated, and results 

are shown in Fig. S23a-c. Fig. S23a shows the current response of green PD operating at zero bias 

under periodic illumination from a green 550 nm LED. Fig. S23b shows the response zoomed-in 

one on-off period, where the green PD shows a rise time (𝑡 ) of 1.32 ms and a drop time (𝑡  

of 1.46 ms. The response speed is also quantified by the frequency-dependent current response as 

shown in Fig. S23c. The green PD shows a response bandwidth (𝑓 ) of ca. 7.8 kHz. Lastly, we 

also assess the response linearity of the blue PD upon incident light illumination as shown in Fig. 

23d. Overall, at room temperature, the green PD displays an LDR of 70.2 dB.  

 

5.2 Blue PD 

Fig. S24a shows the J-V plot of blue PD under a blue light (480 nm) irradiation and dark condition, 

respectively. The blue PD displays a low dark current density of ca. 10−6 A cm−2 but a high light 
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current density of 1.2 10  A cm-2, and thus a high on/off ratio (Ion/Ioff) over 103. Fig. S24b 

shows the noise current of the green PD, which is ca. 500 fA Hz-1/2-. The larger noise current in 

the blue PD might be a result of the higher dark current, which could be due to the higher density 

of traps that cause unfavorable leakage current25. Fig. S24c shows the specific detectivity spectrum 

of the blue PD under zero bias, with a peak value of 1.3×109 Jones (Hz1/2 cm W−1) at 480 nm. We 

also investigated the temporal response of the blue PD, and the results are shown in Fig. S25a-c. 

Fig. S25a shows the current response of green PD operating at zero bias under periodic 

illumination from a green 480 nm LED. Fig. S23b shows the current response zoomed-in one on-

off period, where the blue PD shows a rise time (𝑡 ) of 1.48 ms and a drop time (𝑡  of 1.59 

ms. The response speed is also quantified by the frequency-dependent current response as shown 

in Fig. S25c. The blue PD shows a response bandwidth (𝑓 ) of ca. 6.5 kHz. Lastly, we also 

assess the response linearity of the blue PD upon incident light illumination as shown in Fig. 25d. 

At room temperature, the blue PD displays an LDR of 70.5 dB.   

Overall, the green and blue PDs show comparative performance with the red PD in terms 

of spectral detectivity, temporal response, and optical linearity. All the R/G/B PDs show a narrow 

response band (FWHM ≤ 50 nm), quick response (𝑡 , 𝑡  ≤ 1.6 ms, 𝑓  of 6-18 kHz), and 

good linearity (𝐿𝐷𝑅 ≥ 70 dB), indicating good qualification for the fabrication of RGB PD array. 

It should be noted that the detectivity of green and blue PD is slightly lower than the red PD, which 

could be ascribed to the higher density of defects in the green and-MAPb(Br3) and blue-

MAPb(Br1.5Cl1.5) perovskite films. These defects either induce undesired recombination of 

photocarrier and lower the responsivity, or contribute to a larger noise current. These defects are 

likely formed due to the rapid film crystallization using VS method.  

 

Supplementary Note 6: Image sensing array device 

6.1 Laser-based manufacturing 

We manufactured the R/G/B NB PD array using the pico-second UV laser-scribing technique. The 

overall manufacturing procedure for a 10 × 10-pixel array is schematically shown in Fig. S26a. 

After depositing the PEDOT:PSS/Perovskite/PCBM layers on a 16 × 16 mm  ITO/glass substrate, 

the first laser scribing process (P1) is firstly employed to remove the peripheral area of the film to 

expose the underneath ITO as the counter electrode. The active array area is then defined to be 10 

× 10 mm. Then, a 1 nm Cr is firstly deposited on PCBM as a seed layer, following which a 7 nm 
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Au layer is deposited as the top transparent electrode. After this, a second laser scribing process 

(P2) is performed to separate the top electrode into pixels. The size of each pixel is 1 × 1 mm. The 

R/G/B NB PD array (Fig. S27a) is manufactured using the above-described process. In addition, 

we also design 15 × 8 and 32 × 32-pixel arrays. The manufacturing and electrical circuit design is 

similar to the 10 × 10-pixel array while the geometric layout is different depending on the pixel 

resolution.   

To ensure that each pixel is completely separated by laser, the laser scribing parameters 

such as laser pulses and times of scribing need to be optimized carefully. Fig. S27b-c shows details 

on the laser spot size and channel width of the laser scribing line. Typically, the UV laser spot size 

is ~26 μm. In order to completely remove all the stacking layers (PEDOT: 

PSS/Perovskite/PCBM/Cr/Au) while not harming the underneath ITO electrode, the number of 

laser pulses on each spot should be controlled carefully. For instance, Fig. S27b shows a variety 

of laser pulses on a single spot on the PEDOT:PSS/Perovskite/PCBM/Cr/Au. As shown in the 

optical image, a single laser pulse cannot remove the layers while 2-6 laser pulses are insufficient 

to completely remove all the layers of materials. For the process, we choose 10 laser pulses per 

spot for the laser scribing to completely remove all the layers between pixels. Besides the number 

of laser pulses, the times of scribing on the same line also influence the separation of adjacent 

pixels. Fig. S27c shows the optical image of the laser scribing lines on the PEDOT: 

PSS/Perovskite/PCBM/Cr/Au film with 1, 2, 3, 4 times of scribing (from top to bottom). It was 

clear that 1-2 times of scribing is not sufficient to completely separate the adjacent pixels as 

residual materials are existing within the scribing area as observed from the backside of the film. 

Therefore, we choose 4 times of scribing on each line to ensure complete removal of material and 

a clear boundary between each pixel.  

6.2 Chip device testing  

Fig. S26b presents the design and readout circuit for the NB PD array chip. Upon illumination, 

current from each pixel on the array is directly read out and recorded in a matrix. Fig. S28 shows 

a typical imaging test process of a 10 × 10 chip device. We use a projector to generate the 

panchromatic light from the source full color image and utilize a lens to focus the light from the 

projector onto the NB PD array chip. The blue, green, and red chips are sequentially stacked from 

front to back, with a 6 terminal stacking configuration. Current signals from each pixel of R/G/B 
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chips are read out independently and the current values are recorded in three 10 × 10 matrixes 

corresponding to R/G/B channels. These signals are then transferred to a neuromorphic network 

to be further processed for image restoration.  

 

Supplementary Note 7: Advantage of machine learning on image reconstruction 

Machine learning reconstruction has been demonstrated with advantages over channel merging 

reconstruction. The reasons are as the following: 1) Noise currents in RGB NB PDs are at different 

levels, thereby leading to the discrepancy among normalized pixel values for three channels; 2) 

systematic errors from sensor arrays would be learned and counteracted by training the neural 

networks. We remark that training the current dataset has to be acquired from a single set of NB 

PDs to satisfy the i.i.d. requirement. Put it differently, systematic errors would only be consistent 

for R/G/B current samples acquired using the same NB PDs, respectively. Therefore, a specific 

neural network model has to be trained for each set of NB PDs, if the PD patterns differ much 

among the sensors. If the current accuracy of NB PD degrades much over time, this issue could be 

mitigated by training an online machine learning model where the latest pattern could be 

accommodated by learning from newly acquired currents. The lightweight A2 model is sufficiently 

representative after training from a single sunflower image which contains 1024 current values for 

each channel. The training set size depends on the pixel samples, rather than image samples, 

because RGB intensity values from each pixel constitute a valid combination for characterizing 

the set of red-, green- and blue-NBPDs. Nonetheless, more training images (essentially more pixels) 

would help improve the accuracy for reconstructing pixel values by adopting more complicated 

machine learning models.  
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Supplementary Figs. S1-S31 

 

 

 

Figure S1: (a) Absorption spectrum of red, blue, and green types of cone cells in the human 
retina. (b) A proof-of-concept concept results showing three independent R/G/B channels in 
mimicking retina layer using a primitive 15×8-pixel NB PD array. (c) Concept schematics 
showing the use of a three-layer neuromorphic network (lower panel) to connect with the RGB 
NB PD array in order to mimic the neural network (upper panel) behind the human retina. Note: 
C-, H-, B-, A-, G-cells are short for cone, horizontal, bipolar, amacrine, and ganglion cells, 
respectively. H1, H2, and H3 are the three hidden layers in the neuromorphic algorithm. 
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Figure S2: (a) Single-crystal samples of RGB perovskites: R-MAPb(BrI2), G-MAPb(Br3), and B-
MAPb(Cl1.5Br1.5). (b) Scheme shows the preparation of RGB perovskite film using the volatile solvent 
(VS) method. Both crystals and precursor powder can be used for making the film using this VS method. 

 

Figure S3: Photo image of perovskite films with different 
composition: (i) MAPb(BrI2) (ii) MAPb(Br1.5I1.5) (iii) 
MAPb(Br2I) (iv) MAPb(Br2.5I0.5) (v) MAPb(Br3) (vi) 
MAPb(Cl0.5Br2.5) (vii) MAPb(ClBr2) (viii) MAPb(Cl1.5Br1.5) (ix) 
MAPb(Cl2Br). 
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Figure S4: UV-Vis absorption spectrum of perovskites with 
different compositions. 
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Figure S5: Optical bandgap in eV of perovskites with different composition: (a) 
MAPb(Br3-xIx) system (b) MAPb(Cl3-xBrx) system with varying x ratio. 
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Figure S6: X-ray diffraction pattern of MAPbBrI2 films prepared with (a) 
traditional nonvolatile solvent (NVS) method and (b) volatile solvent (VS) 
method. 

 

Figure S7: (a) XRD spectrum of MAPb(BrI2) film synthesized by VS 
method. (b) Zoom-in view of the (100) peak of film and comparison with 
the simulated powder XRD data for the pure MAPbI3 and MAPbBr3 
perovskite. Hence, there is no phase separation in the MAPb(BrI2) 
perovskite, as no peaks of MAPbI3 and MAPbBr3 phases present in the 
XRD. 
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Figure S8: (a) X-ray diffraction pattern of R-MAPb(BrI2), G-MAPb(Br3), and B-
MAPb(Cl1.5Br1.5) perovskite film showing the symmetrical (100) peak. (b) Zoom-in 
view comparing the position of (100) peak in different perovskites. 

 

Figure S9: High-resolution TEM image of different 
perovskites showing the lattice fringes of 
corresponding lattice planes: (a) MAPb(BrI2) (b) 
MAPb(Br3) and (c) MAPb(Cl1.5Br1.5). 
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Figure S10: Schematic illustration of the photoexcitation process in (a) typical broadband 
photodetector (BB-PD) which collects photocarriers from both long and short-wavelength light. 
(b) Narrowband photodetector (NB PD) which selectively collect long-wavelength 
photocarriers. The short wavelength photoexcited electrons are consumed due to low electron 
mobility. 
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Figure S11: Schematic of distribution of (a) optical field strength (|𝐸|) and (b) 
photocarrier concentration within the depth of red-MAPb(BrI2) NB PD device 
upon illumination by light with different wavelength. 

 

Figure S12: Schematic of distribution of (a) optical field strength (|𝐸|) and 
(b) photocarrier concentration within the depth of green-MAPb(Br3) NB PD 
device upon illumination by light with different wavelength. 
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Figure S13: Schematic of distribution of (a) optical field strength (|𝐸|) and (b) 
photocarrier concentration within the depth of blue-MAPb(Cl1.5Br1.5) NB PD 
device upon illumination by light with different wavelength. 
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Figure S14: Long-wavelength NB PD mechanism in the p-i-n structured 
device. Schematic illustration for the (a) near-zero collection of short-wavelength 
light photocarrier due to low electron mobility, resulting in zero spectral response 
from short-wavelength light. (b) Successful collection of photocarrier from long-
wavelength light due to high hole mobility, resulting in the finite spectral 
response from long-wavelength light. (c) The layout of the p-i-n structured NB 
PD. (d) EQE spectrum of p-i-n structured MAPb(BrI2) NB PD showing the 
spectral response window in the red region. 

 



S24 
 

 

 

 

Figure S15: Short-wavelength NB PD mechanism in the n-i-p structured device. 
Schematic illustration for the (a) successful collection of photocarrier from short-
wavelength light due to high hole mobility, resulting in the finite spectral response 
from short-wavelength light. (b) Near-zero collection of long-wavelength light 
photocarrier due to low electron mobility, resulting in a near-zero spectral response 
from long-wavelength light. (c) Layout of the n-i-p structured NB PD. (d) EQE 
spectrum of n-i-p structured MAPb(BrI2) NB PD showing the spectral response 
window in the UV region. 
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Figure S16: (a)-(b): (a) Time-integrated PL (TIPL) and (b) Time-resolved PL 
spectra of electron and hole extraction structure of MAPb(BrI2) prepared using 
VS method. (c)-(d): (c) TIPL and (d) TRPL spectra of electron and hole 
extraction structure of MAPb(BrI2) prepared using conventional NVS method. 
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Figure S17: Current density–voltage (J–V) characteristic of the electron-only diode 
and hole-only diode of (a) G-MAPb(Br3) and (b) B-MAPb(Cl1.5Br1.5) measured in 
dark.   
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Figure S18: unbalanced green and blue perovskite. Time-resolved PL spectra 
of electron and hole-extraction structure of (a) G-MAPb(Br3) and (b) B-
MAPb(Cl1.5Br1.5). (c)-(d): Time-integrated PL spectra of (c) G-MAPb(Br3) (d) 
B-MAPb(Cl1.5Br1.5). 
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Figure S19: External quantum efficiency (EQE) of NB PDs built with 
different perovskites showing different response windows: (a) MAPb(BrI2) 
within the red color regime, (b)  MAPb(Br3) within the green color regime, 
(c) MAPb(ClBr2) within the cyan color regime, and (d) MAPb(Cl1.5Br1.5) 
within the blue color regime. 
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Figure S20: Responsivity spectra of (a) red NB PD (b) green NB PD and 
(c) blue NB PD. 
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Figure S21: Current density–time (J–t) curve of red NB 
PD at zero bias under periodic on-off light switching. 
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Figure S22: (a) J–V curve of green NB PD measured in the dark and under 550 nm 
green LED light illumination. (b) Specific detectivity (D*) of green NB PD at zero-
bias condition. (c) Noise current of green NB PD. 
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Figure S23: (a) Current density–time (J–t) curve of green NB PD at zero bias under periodic 
on-off 550 nm green light switching. (b) Enlarged-view of J–t curve showing a single light 
on/off state of green NB PD. (c) The frequency-dependent output response of green NB PD. 
The dashed line shows the representative −3dB bandwidth (f−3dB) of 7.8 kHz. (d) Current 
density with illumination power curve showing the linearity of green NB PD. 
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Figure S24: (a) J–V curve of blue NB PD measured in the dark and under 480 nm blue LED 
light illumination. (b) Specific detectivity (D*) of green NB PD at zero-bias condition. (c) Noise 
current of green NB PD. 
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Figure S25: (a) Current density–time (J–t) curve of blue NB PD at zero bias under periodic 
on-off 480 nm blue LED light switching. (b) Enlarged-view of J–t curve showing a single light 
on/off state of blue NB PD. (c) The frequency-dependent output response of blue NB PD. The 
dashed line shows the representative −3dB bandwidth (f−3dB) of 6.5 kHz. (d) Current density 
with illumination power curve showing the linearity of blue NB PD. 
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Figure S26: (a) Schematic illustration for the manufacturing process of photodetector array using laser 
scribing technique. After depositing PEDOT:PSS/Perovskite/PCBM on ITO/glass, a P1 process is 
executed to scribe the peripheral area and leave the square active area. After depositing the transparent 
electrode, a P2 process is executed to separate each pixel device in the active area. (b) Scheme showing 
the exemplified design of a proof-of-concept 10×10-pixel photodetector array, with its equivalent 
electric circuit diagram. Similarly, this design is further scaled up to our other pixel resolution arrays 
in this study.  
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Figure S27: (a) Schematics show the design of a 10×10-pixel photodetector array for red, green, 
and blue light detection. (b) Photo image shows the spot size of the UV laser and the effect of 
the number of laser pulses. (c) Photo images show the effect of laser scribing times on the quality 
of scribing lines. 
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Figure S28: Schematic illustration of the imaging test setup and process for the photodetector 
array. 

 

Figure S29: Proof-of-concept result of the imaging test using R/G/B10×10-pixels NB PD 
arrays. (a) Original image of color mixing pattern. (b) Photo of the imaging test setup. (c)-(e) 
Current mapping of R/G/B channels obtained from (c) red NB PD array (d) green NB PD array 
and (e) blue NB PD array. 
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Figure S30: (a) Detectivity spectra of the red-MAPb(BrI2), green-MAPb(Br3), and blue 
MAPb(Cl1.5Br1.5) NB PD. (b) Absorption spectrum of the (i) blue PD, (ii) stacked blue + green 
PD and (iii) stacked blue PD+ green PD + red PD. 

 

Figure S31: Colorblind test of green NB PD array. (a) Original color-
blind test pattern. (b) Current mapping obtained from the green NB PD 
array. 
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Supplementary Tables S1-5 

 

Table S1: Electron and hole mobility within perovskite film measured by SCLC 

method 

 R-MAPb(BrI2) G-MAPb(Br3), B-MAPb(Cl1.5Br1.5) 

𝜇  [cm2 V−1 s−1] 4.19 10   1.23 10   2.43 10   

𝜇  [cm2 V−1 s−1] 2.61 10   5.77 10   1.39 10   

 

 

Table S2: Parameters of TRPL measurement of electron and hole-only structure 

based on R-MAPb(BrI2) 

Devices 
τave 

[ns] 

τ1 

[ns] 

τ2 

[ns] 
% of τ1 % of τ2 

Electron-only  18.09 6.09 19.51 27.48 72.52 

Hole-only  2.36 0.96 2.93 54.97 45.03 
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Table S3: Parameters of TRPL measurement of electron and hole-only structure 

based on G-MAPb(Br3) 

Devices 
τave 

[ns] 

τ1 

[ns] 

τ2 

[ns] 
% of τ1 % of τ2 

Electron-only  10.26 2.86 11.14 31.60 68.40 

Hole-only  2.50 1.68 3.19 61.38 38.62 

 

 

 

 

Table S4: Parameters of TRPL measurement of electron and hole-only structure 

based on B-MAPb(Cl1.5Br1.5) 

Devices 
τave 

[ns] 

τ1 

[ns] 

τ2 

[ns] 
% of τ1 % of τ2 

Electron-only  12.67 4.52 12.84 5.86 94.14 

Hole-only  2.64 1.48 3.44 61.72 38.28 
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Table S5: Absorption edge and bandgap of perovskites with different compositions 

Composi

tion 

MAPb(B

rI2) 

MAPb(

Br1.5 

I1.5) 

MAPb(B

r2I) 

MAPb(Br

2.5 I0.5) 

MAPb

Br3 

Absorpti

on edge 

[nm] 

700 661 633 586 549 

Bandgap 

[eV]  
1.77 1.88 1.96 2.12 2.26 

Composi

tion 

MAPb(C

l0.5 Br2.5) 

MAPb(

Cl Br2) 

MAPb(C

l1.5 Br1.5) 

MAPb(Cl

2Br) 
 

Absorpti

on edge 

[nm] 

518 494 470 452  

Bandgap 

[eV]  
2.39 2.51 2.64 2.74  
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