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            Abstract
Machine vision technology has taken huge leaps in recent years, and is now becoming an integral part of various intelligent systems, including autonomous vehicles and robotics. Usually, visual information is captured by a frame-based camera, converted into a digital format and processed afterwards using a machine-learning algorithm such as an artificial neural network (ANN)1. The large amount of (mostly redundant) data passed through the entire signal chain, however, results in low frame rates and high power consumption. Various visual data preprocessing techniques have thus been developed2,3,4,5,6,7 to increase the efficiency of the subsequent signal processing in an ANN. Here we demonstrate that an image sensor can itself constitute an ANN that can simultaneously sense and process optical images without latency. Our device is based on a reconfigurable two-dimensional (2D) semiconductor8,9 photodiode10,11,12 array, and the synaptic weights of the network are stored in a continuously tunable photoresponsivity matrix. We demonstrate both supervised and unsupervised learning and train the sensor to classify and encode images that are optically projected onto the chip with a throughput of 20 million bins per second.
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                    Fig. 1: Imaging ANN photodiode array.


Fig. 2: Implementation of the ANN photodiode array.


Fig. 3: Device operation as a classifier.


Fig. 4: Device operation as an autoencoder.


Fig. 5: Ultrafast image recognition.



                


                
                    
                
            

            
                Data availability


The data that support the findings of this study are available from the corresponding authors upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Photodiode array uniformity.
Gate tunability of the responsivities of all 27 photodetectors. One of the detector elements (pixel 7, subpixel 2) did not show any response to light (due to a broken electrical wire), which, however, had no crucial influence on the overall system performance.


Extended Data Fig. 2 Photodiode characteristics.
a, Currentâ€“voltage characteristic curve under dark (blue) and illuminated (green) conditions. The series resistance Rs and shunt resistance Rsh are ~106 Î© and 109 Î©, respectively. For zero-bias operation, we estimate a noise-equivalent power of NEP = Ith/R â‰ˆ 10âˆ’13 W Hzâˆ’1/2, where R â‰ˆ 60 mA Wâˆ’1 is the (maximum) responsivity and \({I}_{{\rm{th}}}=\sqrt{4{k}_{{\rm{B}}}T\Delta f/{R}_{{\rm{sh}}}}\) the thermal noise, where kB is the Boltzmann constant, Î”f is the bandwidth and T is the temperature. b, Dependence of the short-circuit photocurrent on the light intensity for different split-gate voltages. Importantly, the response is linear (I âˆ� P), as assumed in equation (1).


Extended Data Fig. 3
Circuit of the ANN photodiode array.


Extended Data Fig. 4 Experimental setup.
a, Experimental setup for training the classifier and the autoencoder. CW, continuous wave. b, Experimental setup for time-resolved measurements. TIA, transimpedance amplifier. A pulse generator triggers the pulsed laser as well as the oscilloscope. c, Photograph of the optical setup (for schematic see Fig. 2d). d, Flow chart of the training algorithm. The blue shaded boxes are interactions with the ANN photodiode array.


Extended Data Fig. 5 Classifier training.
Photoresponsivity values of all 27 photodetectors with Ïƒ = 0.3 training data. a, b, Initial (a) and epoch 30 (b) responsivity values. The weights for the Ïƒ = 0.2 and Ïƒ = 0.4 training data are similar. c, Measured currents over all epochs for a specific projected letter and at all three noise levels. d, Histogram of the initial and final responsivity values for the three different noise levels.


Extended Data Fig. 6 Comparison with computer simulation.
Classifier training of the analogue vision sensor (solid lines) and simulation of the system on a computer (dashed lines) for different data noise levels Ïƒ. The same ANN architecture, input data, effective learning rate and starting weights have been used. The same accuracy and loss are eventually reached after training. The slightly slower convergence of the analogue implementation compared with the simulation reflects the nonidealities (defective subpixel, device-to-device variations) of the former. Further discussion on the impact of nonidealities is provided in Extended Data Fig. 10.


Extended Data Fig. 7 Training datasets.
a, b, Dataset of 30 epochs of classifier (a) and autoencoder training (b) with a test data noise level of Ïƒ = 0.4 and Ïƒ = 0.15 respectively.


Extended Data Fig. 8 Autoencoder photoresponsivities/weights.
a, b, Initial (a) and epoch 30 (b) encoder photoresponsivity values (left) and decoder weights (right).


Extended Data Fig. 9 Floating-split-gate photodiode with memory.
a, Schematic of the floating gate photodiode. The addition of 2-nm-thick Au layers, sandwiched between Al2O3 and hexagonal boron nitride (hBN), enables the storage of electric charge when a gate voltage is applied to the device, acting as a floating-gate memory. b, Electronic characteristic curves of the photodiode operated in pâ€“n, nâ€“p and pâ€“p configurations. c, The ability of the device to â€˜rememberâ€™ the previous configuration can be verified from the time-resolved photocurrent measurement. The measurement is performed as follows: the back-gate voltages are set to VG1 = +5 V and VG2 = âˆ’5 V and are then disconnected, that is, there is no longer an applied gate voltage and the only electric field is that generated by the charge stored on the floating electrodes. The short-circuit photocurrent is then measured upon optical illumination. The light is then switched off, at ~1,100 s, with a corresponding drop of the photocurrent to zero. After ~1,600 s, the light is switched on again, causing the current to reach its initial value, and then a smaller value when the intensity of the light is reduced (~1,700 s). After ~2,300 s, the opposite voltage configuration is applied to the back gates (VG1 = âˆ’5 V and VG2 = +5 V), inducing a polarity inversion that also remains permanent. Now, a positive photocurrent (red line) is obtained.


Extended Data Fig. 10 Robustness of the network.
a, Detector uniformity, extracted from Extended Data Fig. 1. The fitted Gaussian probability distribution has a standard deviation of Ïƒ = 0.205 (40 mA Wâˆ’1 Vâˆ’1). b, Monte Carlo simulation of a vision sensor with detector responsivities of a given standard deviation. (The photodetectors of the actual device have a measured photoresponsivity standard deviation of 0.205.) Trained on the MNIST database of handwritten digits, the classifier has 784 pixels and 10 subpixels per pixel. For each data point, 50 random photoresponsivity variations were evaluated. c, Accuracy dependence on the number of (randomly chosen) defective subpixels. The same ANN and Monte Carlo simulation scheme as in b were used. For each data point, 50 random sets of modified photoresponsivities were evaluated.
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