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Abstract: Collision detection under poor illumination and nightly conditions pose significant 

challenge for manned and unmanned vehicles, flying drones, and robots navigating complex 

terrestrial and extraterrestrial geographies. Existing night vision cameras offer solution 

based on sophisticated enhancement algorithms or additional thermal sensors necessitating 

extensive and expensive hardware, which make them power-hungry and untenable for 

deployment in remote and resource constrained locations. In contrast, nocturnal flying 

insects can avoid collision using very limited neural resources. Insect-inspired collision 

detectors based on silicon complementary metal oxide semiconductor technology and field 

programmable gate arrays also exist, however, the physical separation between sensing and 

compute and absence of spike-based information processing capability increases their area 

and energy overhead. Here, we introduce an insect-inspired, spike-based, and in-sensor 

collision detector using a reconfigurable optoelectronic integrated circuit constructed based 
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on atomically-thin and light-sensitive memtransistors. We imitate the escape response of 

lobula giant movement detector (LGMD) neuron found in many insect species and 

demonstrate timely collision detection for various real-life scenarios at night involving cars 

on collision course.  Our collision detector has a small effective footprint of 40 µm2 and 

consumes miniscule energy of few hundreds pico-Joules. 

 

Recent surveys on road accidents reveal that majority of traffic fatalities stem from accidents that 

occur at night or under poor illumination conditions emphasizing the urgent need to develop night 

vision sensors that allow automatic identification of other vehicles on direct collision course [1]. 

Currently, most collision detection techniques employed by the car manufacturers involve the use 

of various sensors including light detection and ranging (LiDAR)[2], radio detection and ranging 

(Radar) [3], ultrasonics [4], and cameras [5] to detect signals from the obstacles, followed by 

processing of the acquired information using extensive hardware onboard or cloud servers  

available through internet or satellite links [6]. In fact, with the rapid rise in machine learning and 

artificial intelligence, a significant effort is being dedicated towards high quality image acquisition 

using advanced cameras and subsequent image processing using trained deep neural networks in 

the clouds [7]. Needless to say, these approaches incur excessive infrastructure costs and adds 

tremendous energy burden [8]. Additionally, while these approaches are useful during daytime 

owing to the relative ease of extracting features from the acquired images, during night and 

especially under poor illumination conditions the oncoming vehicles do not have discriminatory 

features except for the vehicular lights that stand out. Furthermore, cloud computing requires 

uninterrupted internet connectivity, which exposes the risk associated with this technology and 

makes it untenable for use in resource constrained and remote locations. Therefore, low-cost, low-
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power, and reliable night-time collision detection necessitate the development of novel edge 

computing vision sensors that will not only benefit manned vehicles but also accelerate the 

deployment of autonomous vehicles, drones, mobile robots, and even rovers in extraterrestrial 

locations. 

 

In this context, nocturnal insects demonstrate remarkable agility and resilience in flight while 

navigating the aerial world even in the presence of obstacles, wind gusts, and general uncertainty 

[9]. It has been established that special movement sensitive neurons and their synaptic connections 

with the photoreceptors in the eyes and other neurons along the visual pathway enable unique 

spike-patterns in response to visual stimuli, which allow insects to outmaneuver predators, catch 

preys, and impress mates while flying. Spikes are electrical point events in time that forms the 

basis of energy efficient neural information processing and computation using very limited neural 

resources available inside the tiny brains of the insects. Therefore, insect-inspired, and spike-based 

vision sensors can offer low-power and compact solutions for a wide range of complex visual 

computation problems including collision detection at the edge. 

 

Here, we introduce atomically thin and light-sensitive memtransistors as edge sensors with in-

sensor compute and programming capabilities to enable a low-power collision detector for night-

time and poor illumination conditions inspired by spike timing based collision avoidance neurons 

found in flying insects and many other nocturnal species. Specifically, we imitate the escape 

response of lobula giant movement detector (LGMD) neurons found in locust [10-12] and flies 

[13] using a reconfigurable optoelectronic circuit consisting of eight (8) monolayer MoS2 

memtransistors and show collision avoidance for various real-life scenarios. Our insect-inspired 
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design led to a small sensor footprint and spike-timing based computation ensured miniscule 

energy consumption for timely collision detection.  

 

Insect-inspired collision detector 

Collision avoidance models found in insects have been extensively studied in computational 

neuroscience and have been adopted by the robotics community [14-22]. Insect-inspired collision 

models primarily involve three stages of computation – sensory transduction of visual stimuli into 

electrical impulses (spikes) by the photoreceptors in the eyes, information processing using 

dedicated movement sensitive neurons leading to distinctive neural spiking, and finally the escape 

response from the motor neurons guided by the spike profile. One of the commonly adopted insect 

visual models in contemporary electronics is that of the locust visual pathway consisting of the 

lobula giant movement detector (LGMD) neuron  [10-12, 23-25]. This neuron is unique for its 

ability to perform non-linear computation that ensure timely detection of head-on collisions. 

Moreover, having a single task-specific neuron at each eye for collision detection reduces the 

energy consumption and neural footprints associated with accomplishing this task. Two common 

scenarios when the locust rely on the LGMD neuron are when the locust is on a collision course 

with an obstacle or when a predator is approaching. Irrespective of the two scenarios, the image of 

the predator/obstacle projected onto the photoreceptors at the locust’s eye will increase in size as 

the distance between them decreases over time (Fig. 1a). In psychological and biophysical 

experiments, such a visual stimulus is referred to as the looming stimulus. Presenting a looming 

stimulus will lead to a simultaneous excitatory and inhibitory response at the two dendritic 

branches of the LGMD neuron (Fig. 1b). These opposing dendritic inputs lead to a non-monotonic 

escape response from the LGMD neuron where the spiking activity reaches peak frequency, well 
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in advance of the impending collision, alerting the motor neurons to change trajectory, thereby 

avoiding collision.  

 

To understand the individual excitatory and inhibitory responses of an LGMD neuron and its effect 

on the neuronal output, a simple biophysical model was created as described in Supplementary 

Information 1. Fig. 1c-d show the simulated excitatory and inhibitory responses of the two 

dendritic branches, respectively, of an LGMD neuron with time, as it is presented with a looming 

stimulus. Three different speeds are used for the looming stimulus in which the fastest moving 

object will cause the earliest and the slowest moving object will cause the most delayed response, 

respectively, in each plot. Fig. 1e shows the output spike trains corresponding to all three scenarios. 

Note that in all instances the output spikes emerge before the impending collision allowing 

necessary time for the motor neuron activations for changing the flight trajectory. The time to 

reach the peak firing rate is labelled in each plot and can be termed as the time-to-detection (𝑡𝑡d), 

which always precedes the time-to-collision (𝑡𝑡c).  
 

Over the years, there had been several impressive hardware demonstrations of the above described 

LGMD model of collision detection with most of them being based on silicon complementary 

metal oxide semiconductor technology (CMOS) and field programmable gate arrays (FPGAs) [23-

26]. However, there exists two stark differences between the locust collision detection architecture 

and that of silicon CMOS/FPGA based collision detectors. The first difference lies in the 

information processing strategy adopted in both cases. The term ‘firing’ of a neuron, mentioned 

above, refers to the process of flow of ions across the neuronal membrane which when crosses a 

given threshold leads to an electrical impulse known as the action potential or spike of a neuron.  
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Figure 1. Insect-inspired and spike-based collision detection. a) A depiction of the change in the size of the 

projected image on the compound eyes of a locust when a predator approaches. The size increases with time, as 

the distance decreases. This is referred to as a looming stimuli. b) Schematic of the lobula giant movement 

detector (LGMD) neuron found in locust for collision avoidance. Presenting looming stimuli will cause inhibitory 

and excitatory responses at the two dendritic branches of the LGMD neuron. c) Inhibitory, d) excitatory, and e) 

escape responses from the LGMD neuron for three different speeds of the approaching predator based on a 

biophysical model. Irrespective of the speed, the output spikes emerges before the collision, i.e., time to detection 

(𝑡𝑡𝑑𝑑) is less than the time to collision (𝑡𝑡𝑐𝑐). f) Optical image of a representative memtransistor device based on 

monolayer MoS2, which are also photosensitive and are the basis computing primitives for the proposed collision 

detector. g) Optical image and h) corresponding circuit schematic of the insect-inspired and spike-based collision 

detector comprising of 8 memtransistors. i) Schematic of a real-life collision scenario involving two cars. 

Example experimental demonstration of the j) inhibitory (𝑉𝑉𝐼𝐼𝐼𝐼ℎ) k) excitatory (𝑉𝑉𝐸𝐸𝐸𝐸𝑐𝑐) and l) escape response (𝐼𝐼𝐸𝐸𝐸𝐸𝑐𝑐) 
of the collision detector for different relative speed of approach of two cars on a direct collision course. Output 

current spikes emerge in 𝐼𝐼𝐸𝐸𝐸𝐸𝑐𝑐 prior to the collision in all cases, indicating successful collision detection. 
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Neurons use these spikes to transduce information as well as to communicate with other neurons. 

These spike based computations and information processing techniques of sensory neurobiology 

allows them to perform fast complex tasks with remarkable energy efficiencies. In contrast, 

artificial collision detectors use continuous-time electrical signals, which increases the energy 

burden.  

 

The second difference lies in the basic elements involved in the task of collision detection. In the 

case of locusts, the LGMD neuron performs multiple tasks – sensing using the two dendritic 

branches that project onto the photoreceptive afferent neurons in the eyes, spike encoding of sensed 

information, and finally spike-based computation to determine potential collision. In the case of 

CMOS based collision detectors, sensing elements are usually cameras or silicon photodetectors 

which transduces light information to electrical voltages/charges which is subsequently processed 

by large circuitries to perform LGMD like collision detection. The lack of in-sensor encoding and 

spike-based computation necessitate extensive peripheral circuitry for bio-inspired CMOS based 

collision detectors eclipsing all expected energy and area benefits .  

 

In contrast, our insect-inspired optoelectronic integrated circuit (IC) based on photosensitive two-

dimensional (2D) memtransistor offer in-sensor spike encoding and collision detection at 

miniscule energy expenditure. Fig. 1f shows the optical image of a representative 2D 

memtransistor based on monolayer MoS2, which are locally back-gated using a stack comprising 

of atomic layer deposition (ALD) grown 50 nm Al2O3 on sputter deposited 50/20 nm Pt/TiN. All 

back-gate islands were placed on a commercially purchased SiO2/p
++-Si substrate. Fig. 1g-h, 

respectively, show the optical image and the corresponding circuit diagram of the collision detector 
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comprising of three modules, i.e., inhibitory, excitatory, and escape response modules that involve 

a total of 8 memtransistors (8T cell). Fig. 1i-l, respectively, show the schematic and example 

experimental demonstration of excitatory (𝑉𝑉Exc), inhibitory (𝑉𝑉Inh), and escape response (𝐼𝐼Esc) from 

the collision detector when subjected to visual stimuli resembling two cars on a direct collision 

course moving at different relative speeds, under night conditions. Output current spikes emerge 

in 𝐼𝐼Esc prior to the collision, indicating successful collision detection, irrespective of the relative 

speed. Note that our insect-inspired collision detector has a small footprint with an active device 

area of ~40 µm2 and consumes miniscule energy of less than 1 nJ. Physical mechanisms involved 

in the operation of the collision detector, design details for the optoelectronic circuit, and energy 

calculations will be detailed in the following sections.  

 

Photosensitive 2D memtransistors 

In-sensor collision detection requires both compute and sensing functionalities integrated into 

single device. Such devices are nonexistent within the state-of-the-art CMOS and emerging 

memristor technology requiring innovation in materials and devices. Memtransistors build using 

photosensitive monolayer MoS2 can bridge this gap. Memtransistors are three-terminal devices 

that not only offer analog and non-volatile programming of conductance states similar to two-

terminal memristors, but also allow electrostatic gate control, which is the key towards the 

realization of analog and digital circuits for computation. In addition, gate tunable persistent 

photoconductivity demonstrated by monolayer MoS2 based memtransistors make them ideal for 

advanced machine vision systems capable of complex visual computation. 
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For this work, monolayer MoS2 was synthesized using metal organic chemical vapor deposition 

(MOCVD) on an epitaxial sapphire substrate at 1000 0C [27, 28]. The synthesized film was 

transferred on to the target substrate, which was pre patterned with back-gate islands of 

Al2O3/Pt/TiN for 2D memtransistor fabrication. Details on monolayer MoS2 synthesis, film 

transfer, fabrication of the local back-gate gate islands, MoS2 memtransistors, and the collision 

detector circuit can be found in the Methods section. Optical characterization techniques such as 

Raman spectroscopy and photoluminescence (PL) spectroscopy were then employed to analyze 

the quality of the MoS2 film. Fig. 2a shows the Raman spectra obtained from the channel area of 

a representative 2D memtransistor by excitation using a 532nm LASER. Two characteristics peaks 

obtained at 386 cm-1 and 403 cm-1 correspond to the in-plane 𝐸𝐸2𝑔𝑔1  and out-of-plane 𝐴𝐴1𝑔𝑔 modes of 

MoS2, respectively . The observed peak separation of ~17 cm-1 confirms monolayer MoS2 [29]. 

Fig 2b shows the PL spectra of the same channel area with peak at 1.82 eV, which is consistent 

with the indirect to direct bandgap transition that occurs for MoS2 at the monolayer limit. 

 

Fig. 2c shows the transfer characteristics, i.e. source to drain current (𝐼𝐼𝐷𝐷𝐷𝐷) as a function of the local 

back-gate voltage (𝑉𝑉𝐵𝐵𝐵𝐵) at different drain biases (𝑉𝑉𝐷𝐷𝐷𝐷) for a representative 2D memtransistor with 

channel length, 𝐿𝐿 = 1 µm, and channel width, 𝑊𝑊 = 5 µm. Note that, monolayer MoS2 primarily 

show n-type transport owing to the pinning of the metal Fermi level near the conduction band [30-

32]. As mentioned earlier, unlike two-terminal memristors, the three terminal memtransistor 

allows electrostatic gate control with current on/off ratio (𝑟𝑟ON/OFF) > 106, which is key towards the 

design of ICs based on 2D memtransistors. The subthreshold slope (𝑆𝑆𝑆𝑆) was found to be ~ 250 

mV/decade averaged over 3 orders of magnitude change in 𝐼𝐼DS. The deviation of 𝑆𝑆𝑆𝑆 from its ideal 

value of 60 mV/decade can be ascribed to the presence of interface trap states. The threshold  
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Figure 2.  2D photosensitive memtransistors based on monolayer MoS2. a) Raman spectroscopy and b) 

photoluminescence(PL) spectroscopy using 532nm LASER of monolayer MoS2 film grown using metal organic 

chemical vapor deposition. Characteristic Raman peaks at 386 cm-1 (E1
2G) and 403 cm-1 (A1G) with a separation 

of ~17 cm-1 and PL peak at 1.82eV confirms monolayer nature of the film. c) Transfer characteristics, i.e., source 

to drain current (𝐼𝐼𝐷𝐷𝐷𝐷) as a function of the local back-gate voltage (𝑉𝑉𝐵𝐵𝐵𝐵) at different drain biases (𝑉𝑉𝐷𝐷𝐷𝐷) for a 

representative 2D memtransistor with channel length,  𝐿𝐿 = 1 µm, and channel width, 𝑊𝑊 = 5 µm. Each 

memtransistor can be d) programmed using positive write (𝑉𝑉𝑤𝑤) and e) erased using negative erase (𝑉𝑉𝑒𝑒) voltages 

applied to the local back-gate terminal. f) Retention of post-programmed/erased conductance states for 100 

seconds measured at 𝑉𝑉𝐵𝐵𝐵𝐵  = 0 V. Post-illumination transfer characteristics of the memtransistor after exposure to 

different light intensities (𝑃𝑃𝐼𝐼𝐼𝐼) for 𝜏𝜏𝐸𝐸𝐸𝐸𝐸𝐸 = 100 ms while being biased at 𝑉𝑉𝐵𝐵𝐵𝐵  = 𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑒𝑒  =  g) -5 V, h) 0 V and i) 5 V. 

j) Colormap of Responsivity (𝑅𝑅) obtained from the ratio of persistent photocurrent measured at 𝑉𝑉𝐵𝐵𝐵𝐵  = 0 V, and 𝑃𝑃𝐼𝐼𝐼𝐼 as a function of 𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑒𝑒  and 𝑃𝑃𝐼𝐼𝐼𝐼. k) The effect of 𝜏𝜏𝐸𝐸𝐸𝐸𝐸𝐸 on persistent photocurrent for 𝑃𝑃𝐼𝐼𝐼𝐼 = 23 W/m2 and 𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑒𝑒  

= -5 V. l) 𝑅𝑅 plotted as a function of 𝜏𝜏𝐸𝐸𝐸𝐸𝐸𝐸.   
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voltage (𝑉𝑉𝑇𝑇𝑇𝑇) was found to be ~ 1.0 V extracted at iso-current of 10 nA/µm and the electron field 

effect mobility (𝜇𝜇FE) extracted from the peak trans-conductance was found to be ~5.1 cm2/V-s. 

These results indicate that MOCVD grown films offer relatively high quality and our film transfer 

is relatively damage free, and memtransistor fabrication processes are clean.  

 

Next, we demonstrate the analog and non-volatile electrical programming capability of our 2D 

memtransistor. Fig. 2d-e, respectively, show the post-programmed and post-erased transfer 

characteristics of a representative 2D memtransistor when subjected to negative “Write” (𝑉𝑉𝑊𝑊) and 

positive “Erase” (𝑉𝑉𝐸𝐸) voltage pulses of different amplitudes applied to the local back-gate 

electrode, each for a duration of  𝜏𝜏𝑃𝑃/𝐸𝐸 = 100 ms. The shift in the transfer characteristics can be 

attributed to charge trapping/detrapping at and near the MoS2/Al2O3 interface. Negative and 

positive shift in the transfer characteristics with increasing magnitude of 𝑉𝑉𝑊𝑊 and 𝑉𝑉𝐸𝐸 are indicative 

of electron trapping and de-trapping in the local back-gate stack, respectively. Interestingly, the 

trapping and de-trapping processes were found to be non-volatile as evident from the retention 

measurements displayed in Fig. 2f for representative post-programmed conductance states (𝐺𝐺) for 

100 seconds. Note that 𝐺𝐺 was extracted using 𝑉𝑉𝐵𝐵𝐵𝐵  = 0 V. We also examined long-term memory 

retention for two representative conductance states and found that the states were distinguishable 

even after ~2 hours.  

 

The photodetection performance of the 2D memtransistor is evaluated next. Photocurrent 

generation mechanism in 2D channel is generally attributed to a combination of photoconductive 

and photogating effects [33, 34]. When photons with sufficient energy greater than the bandgap of 

MoS2 hits the channel of the device, electron-hole pairs are generated causing a photocurrent (𝐼𝐼Ph) 
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in addition to the already existing dark current (𝐼𝐼Dark), both of which contribute to the total current 

(𝐼𝐼DS) flowing across the channel under the application of a constant 𝑉𝑉DS. The effect of shining light 

will be noticeable only if the photogenerated carriers cause a significant change in the device 

current measured at a given back-gate voltage. This is dependent on the number of trap states 

available at/near the MoS2/Al2O3 interface while the device is exposed to light. The back-gate 

voltage 𝑉𝑉BG determines the band bending and thus the available trap states thereby playing a 

significant role in the photoresponse of the device. When the photogenerated carriers are trapped 

at the interface trap states, they act as a local gate screening the effect of the applied back-gate 

voltage. This effect is called photogating effect and is one of the commonly found photocurrent 

generation mechanisms in low-dimensional photodetectors.  

 

Fig. 2g shows the transfer characteristics of the memtransistor measured in dark, and then after 

being exposed to different light intensities (𝑃𝑃𝐼𝐼𝐼𝐼) calibrated to headlight intensities experienced by 

cars under night driving conditions (see Methods section for details). The experiments were 

performed by biasing the device at 𝑉𝑉BG = 𝑉𝑉write = -5 V and 𝑉𝑉DS = 1 V when exposed to any given 𝑃𝑃𝐼𝐼𝐼𝐼 for a time period of 𝜏𝜏Exp = 100 ms. The post-exposure transfer characteristics of the 

memtransistor show negative shift in 𝑉𝑉𝑇𝑇𝑇𝑇 from the initial state, which validates the phenomenon 

of photo carrier trapping. Higher 𝑃𝑃𝐼𝐼𝐼𝐼 naturally lead to larger shift in 𝑉𝑉𝑇𝑇𝑇𝑇. Since the 𝑉𝑉𝑇𝑇𝑇𝑇 shift is 

non-volatile, the post-exposure 𝐼𝐼𝐷𝐷𝐷𝐷 measured at any 𝑉𝑉𝐵𝐵𝐵𝐵 shows an increase that persists over time. 

However, the photoresponse of the memtransistor i.e. shift in 𝑉𝑉𝑇𝑇𝑇𝑇 or increase in 𝐼𝐼𝐷𝐷𝐷𝐷 is reduced 

when the device is biased at 𝑉𝑉BG = 𝑉𝑉write = 0 V since less interface trap states are available for 

trapping the photogenerated carriers, as shown in Fig. 2h. The memtransistor shows almost no 

photoresponse when biased in the ON state, i.e., when 𝑉𝑉BG = 𝑉𝑉write = 5 V, as shown in Fig. 2i. Fig. 
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2j shows the colormap of the responsivity (𝑅𝑅) obtained from the ratio of persistent photocurrent 

measured at 𝑉𝑉BG = 0 V and 𝑃𝑃𝐼𝐼𝐼𝐼 as a function of 𝑉𝑉write and 𝑃𝑃𝐼𝐼𝐼𝐼. As expected, more negative 𝑉𝑉write 

values yield higher 𝑅𝑅 for any given 𝑃𝑃𝐼𝐼𝐼𝐼, which is consistent with the phenomenon of photogating 

effect, i.e., the availability of more trap states to capture the photogenerated carriers. Note that 𝑅𝑅 

reaches ~ 450 A/W for 𝑉𝑉write = -5 V and 𝑃𝑃𝐼𝐼𝐼𝐼 = 15 W/m2, which is similar to previous reports on 

monolayer MoS2 based phototransistors [35]. The impact of 𝜏𝜏Exp on the photogating effect and 𝑅𝑅  

are shown in Fig. 2k-l, respectively. Longer 𝜏𝜏Exp, as expected, leads to higher 𝑅𝑅. As we will 

demonstrate later, this gate-tunable persistent photoconductivity is the key for timely detection of 

impending collision by our 2D memtransistor-based optoelectronic circuit. 

 

Looming stimuli  

Before moving to the demonstrations of collision detection, it is important to understand the visual 

stimuli that the collision detector will encounter in the event of an impending collision. Under poor 

illumination conditions, especially in the night, it is a challenging task to see and capture the visual 

features such as edges, shapes, colors etc. of the oncoming vehicle. In most instance, the available 

visual stimuli will be from the headlights of the other vehicles on the collision course. To study 

this, an experiment was performed in which a light-meter was placed to monitor the intensity (𝑃𝑃IN) 

of the headlight of a car on a head-on collision course with the collision detector as shown in Fig. 

3a. Supplementary Information 2 shows 𝑃𝑃IN as a function of the distance (𝑑𝑑𝑐𝑐) between the 

collision detector and the car. As expected, 𝑃𝑃IN increases monotonically as 𝑑𝑑𝑐𝑐 decreases and 

becomes maximum at collision. An empirical model was used to fit the dependence of 𝑃𝑃IN on 𝑑𝑑𝑐𝑐. 
This model was subsequently used to obtain 𝑃𝑃IN versus 𝑡𝑡𝑐𝑐 for different relative speed of approach 

(𝑣𝑣𝑐𝑐) ranging from 20 mph to 160 mph between two vehicles as shown in Fig. 3b. Clearly, fast 
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moving cars will invoke early response, whereas, slow moving cars will generate delayed 

response. The collision detector must use these visual stimuli to evoke the corresponding escape 

response.   

 

Inhibitory and excitatory photoresponse 

In this section, we will demonstrate how the optoelectronic circuits based on light-sensitive 2D 

memtransistors shown in Fig. 1g-h can be exploited to obtain the inhibitory and excitatory 

photoresponse using the visual stimuli described in Fig. 3b. Fig. 3c shows the inhibitory circuit 

consisting of two memtransistors 𝑀𝑀𝑀𝑀1 and 𝑀𝑀𝑀𝑀2, which are connected in series. Fig. 3d shows the 

transfer characteristics, i.e., the output voltage (𝑉𝑉Inh), measured at 𝑁𝑁2, plotted as a function of the 

input voltage (𝑉𝑉N3), applied to 𝑁𝑁3, under dark condition. Note that the gate and drain terminals of 𝑀𝑀𝑀𝑀1 are shorted causing this memtransistor to be always in the saturation mode. In contrast, 𝑉𝑉N3, 

applied to the local back-gate of 𝑀𝑀𝑀𝑀2 can modulate the conductance of 𝑀𝑀𝑀𝑀2. If 𝑀𝑀𝑀𝑀2 is in the 

OFF-state (open circuit), for example for 𝑉𝑉N3 = 0 V, the supply voltage, 𝑉𝑉DD = 5 V, applied to the 

source terminal of 𝑀𝑀𝑀𝑀1, i.e., at node 𝑁𝑁1 will be reflected in 𝑉𝑉Inh. Similarly, if 𝑀𝑀𝑀𝑀2 is in the ON-

state (short circuit), for example for 𝑉𝑉N3 = 5 V, the voltage, 𝑉𝑉GND = 0 V,  applied to the drain 

terminal of 𝑀𝑀𝑀𝑀2, i.e. at node 𝑁𝑁4 will be reflected in 𝑉𝑉Inh. This explains why 𝑉𝑉Inh switches from 5 

V to 0 V as 𝑉𝑉N3 is swept from 0 V to 5 V. In other words, the circuit operates as a depletion mode 

inverter. In the transfer curve in Fig. 3d, the value of 𝑉𝑉N3 at which 𝑉𝑉Inh = 𝑉𝑉DD/2  is defined as the 

inhibitory switching threshold (𝑉𝑉SW−Inh). Fig. 3e-f, respectively, show different programmed state 

of 𝑀𝑀𝑀𝑀2 and corresponding transfer curves for the inhibitory circuit under dark condition. Clearly, 𝑉𝑉SW−Inh shifts towards the left as the 𝑉𝑉𝑇𝑇𝑇𝑇 of 𝑀𝑀𝑀𝑀2 becomes more negative.  
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Figure 3. Inhibitory and excitatory responses to real world looming stimuli. a) Snapshots of the car moving 

towards a light detector under night condition. b) 𝑃𝑃𝐼𝐼𝐼𝐼 versus time for different relative speed of approach (𝑣𝑣𝑐𝑐) 
between two cars on a collision course. c) Schematic of the inhibitory circuit consisting of two memtransistors, 𝑀𝑀𝑀𝑀1 and 𝑀𝑀𝑀𝑀2. d) Transfer characteristics of the inhibitory circuit, i.e., the output voltage (𝑉𝑉𝐼𝐼𝐼𝐼ℎ), measured at 𝑁𝑁2, plotted as a function of the input voltage (𝑉𝑉𝐼𝐼3), applied to 𝑁𝑁3, under dark condition. e) Different conductance 

states of 𝑀𝑀𝑀𝑀2 and f) corresponding transfer characteristics of the inhibitory circuit. g) Response of the inhibitory 

circuit to looming stimulus. While slower speeds evoke late inhibition, faster stimuli causes immediate inhibition. 

h) Schematic of the excitatory circuit consisting of four memtransistors, 𝑀𝑀𝑀𝑀5, 𝑀𝑀𝑀𝑀6, 𝑀𝑀𝑀𝑀7, and 𝑀𝑀𝑀𝑀8 and the 

corresponding i) transfer characteristics i.e., the output voltage (𝑉𝑉𝐸𝐸𝐸𝐸𝑐𝑐), measured at 𝑁𝑁5, plotted as a function of 

the input voltage (𝑉𝑉𝐼𝐼7), applied to 𝑁𝑁7, under dark condition. . j) Different conductance states of 𝑀𝑀𝑀𝑀8 and k) 

corresponding transfer characteristics of the excitatory circuit. l) Response of the excitatory circuit to looming 

stimulus. As expected, slower speeds evoke late excitation, whereas faster stimuli causes immediate excitation.    
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Note that, negative shift in 𝑉𝑉𝑇𝑇𝑇𝑇 in 𝑀𝑀𝑀𝑀2 can also be caused by the photogating effect described 

earlier, which we will exploit here to obtain inhibitory photoresponse from the above circuit when 

subjected to a looming stimulus. A clocking signal toggling between 𝑉𝑉write and 𝑉𝑉read was applied 

to 𝑉𝑉N3. We have used 𝑉𝑉write = -3 V, -4 V, and -5 V, and 𝑉𝑉read = 0.5 V. 𝑉𝑉N1 also toggles between 𝑉𝑉DD−low = 0.1 V and 𝑉𝑉DD−high = 5 V. Negative 𝑉𝑉write and finite 𝑉𝑉DD−low values are critical to 

enable the photogating effect. Fig. 3g shows the temporal evolution of 𝑉𝑉Inh for different looming 

stimuli shown in Fig. 3b for 𝑉𝑉write = -5 V (Supplementary Information 3 shows the temporal 

evolution of 𝑉𝑉Inh for all different 𝑣𝑣𝑐𝑐 and 𝑉𝑉write used in our study). Under dark condition, i.e., in 

the absence of any looming stimuli, 𝑉𝑉𝑇𝑇𝑇𝑇 of 𝑀𝑀𝑀𝑀2 and hence 𝑉𝑉SW−Inh of the inhibitory circuit remain 

the same, ensuring constant spiking in 𝑉𝑉Inh. However, when the looming stimuli is present, 𝑉𝑉𝑇𝑇𝑇𝑇 of 𝑀𝑀𝑀𝑀2 and hence 𝑉𝑉SW−Inh shifts monotonically towards the left and once 𝑉𝑉SW−Inh crosses 𝑉𝑉read, the 

spiking ceases in 𝑉𝑉Inh. Interestingly, the time to spiking cessation or inhibition (𝑡𝑡Inh) is found to 

be less than 𝑡𝑡𝑐𝑐 in all the cases. Supplementary Information 4 shows 𝑡𝑡Inh for different 𝑣𝑣𝑐𝑐 and 𝑉𝑉write. Note that more negative 𝑉𝑉write values aid in early response owing to enhanced 

photoresponse from the memtransistor in accordance with the higher 𝑅𝑅 values shown in Fig. 2k.  

 

Fig. 3h shows the excitatory circuit, consisting of four memtransistors, 𝑀𝑀𝑀𝑀5, 𝑀𝑀𝑀𝑀6,𝑀𝑀𝑀𝑀7, and 𝑀𝑀𝑀𝑀8. As evident, the excitatory circuit is made by cascading two inhibitory 

circuits, i.e., the output from the first inhibitory circuit, comprised of 𝑀𝑀𝑀𝑀7 and 𝑀𝑀𝑀𝑀8, is passed as 

the input to the second inhibitory circuit, comprised of 𝑀𝑀𝑀𝑀5 and 𝑀𝑀𝑀𝑀6. Fig. 3i shows the transfer 

characteristics, i.e., the output voltage (𝑉𝑉Exc) measured at 𝑁𝑁5, as a function of the input voltage 

(𝑉𝑉𝐼𝐼7), applied to 𝑁𝑁7, under dark condition. For, 𝑉𝑉𝐼𝐼7 = 0 V, 𝑉𝑉𝐼𝐼6 = 𝑉𝑉𝐼𝐼1 = 5 V, which becomes the 

input to the second inhibitory circuit resulting in 𝑉𝑉Exc = 𝑉𝑉𝐼𝐼4 = 0 V. Likewise, 𝑉𝑉𝐼𝐼7 = 5 V ensures 
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𝑉𝑉𝐼𝐼6 = 𝑉𝑉𝐼𝐼4 = 0 V, and 𝑉𝑉Exc = 𝑉𝑉𝐼𝐼1 = 5 V. Similar to the inhibitory circuit, the switching threshold 

(𝑉𝑉SW−Exc) for the excitatory circuit depends on the 𝑉𝑉𝑇𝑇𝑇𝑇 of 𝑀𝑀𝑀𝑀8. Fig. 3j-k, respectively, show 

different programmed state of 𝑀𝑀𝑀𝑀8 and corresponding transfer curves for the excitatory circuit 

under dark condition. Clearly, 𝑉𝑉SW−Exc shifts towards the left as the 𝑉𝑉𝑇𝑇𝑇𝑇 of 𝑀𝑀𝑀𝑀8 becomes more 

negative. To obtain excitatory response for various looming stimuli, clocking signal applied to 𝑉𝑉N3 

is also applied to 𝑉𝑉N7. Fig. 3l shows temporal evolution of 𝑉𝑉Exc for different 𝑣𝑣𝑐𝑐 for 𝑉𝑉write = -5 V 

(Supplementary Information 5 shows the temporal evolution of 𝑉𝑉Exc for all different 𝑣𝑣𝑐𝑐 and 𝑉𝑉write 
used in our study). As expected, no spiking is seen in 𝑉𝑉exc under dark condition. However, when 

the looming stimuli is present, 𝑉𝑉𝑇𝑇𝑇𝑇 of 𝑀𝑀𝑀𝑀8 and hence 𝑉𝑉SW−Exc shifts monotonically towards the 

left and once 𝑉𝑉SW−Exc crosses 𝑉𝑉read, spiking begins in 𝑉𝑉Exc. The time to spiking or excitation (𝑡𝑡Exc) 
is found to be less than 𝑡𝑡𝑐𝑐 in all the cases. Supplementary Information 6 shows 𝑡𝑡Exc for different 𝑣𝑣𝑐𝑐 and 𝑉𝑉write. Like in the case of the inhibitory circuit, more negative 𝑉𝑉write values aid in early 

response from the excitatory circuit irrespective of 𝑣𝑣𝑐𝑐. Also note that in the absence of any visual 

stimuli neither the inhibitory nor the excitatory circuit go through any transition as shown in 

Supplementary Information 7. 

 

Escape response and collision detection 

The final escape response is generated by a circuit comprising of two memtransistors, 𝑀𝑀𝑀𝑀3 and 𝑀𝑀𝑀𝑀4, connected in series as shown in Fig. 1g-h. Note that the inhibitory and excitatory spike trains, 

i.e., 𝑉𝑉Inh and 𝑉𝑉Exc are, respectively, applied to gate terminals of 𝑀𝑀𝑀𝑀3 and 𝑀𝑀𝑀𝑀4. The output of this 

circuit, i.e., 𝐼𝐼Esc shows spiking only when both 𝑉𝑉Inh and 𝑉𝑉Exc are relatively high. When either 𝑉𝑉Inh 

or 𝑉𝑉Exc is low, the corresponding memtransistor is in its off-state, limiting current at the output. 

Fig. 4a shows the escape response (𝐼𝐼Esc) for different 𝑣𝑣𝑐𝑐 and 𝑉𝑉write. Clearly, spikes in 𝐼𝐼Esc appears  
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Figure 4. Low-power spike-based collision detection. The memtransistor based collision detector output spikes 

as it detects a collision by combining both inhibitory and excitatory responses. a) Temporal evolution of the 

escape response, 𝐼𝐼𝐸𝐸𝐸𝐸𝑐𝑐, for different 𝑣𝑣𝑐𝑐 (rows) and 𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑒𝑒  (columns). Clearly, spikes in 𝐼𝐼𝑒𝑒𝐸𝐸𝑐𝑐  appear before the 

impending collision in all the cases. b) Time-to-detection (𝑡𝑡𝑑𝑑) for different 𝑣𝑣𝑐𝑐 and 𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑒𝑒; 𝑡𝑡𝑑𝑑 is always less than 

time-to-collision, 𝑡𝑡𝑐𝑐. c) Energy consumption (𝐸𝐸𝐶𝐶𝐷𝐷) by the collision detection for different 𝑣𝑣𝑐𝑐 and 𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑒𝑒 . 𝐸𝐸𝐶𝐶𝐷𝐷  is 

found to be miniscule and less than 10 nJ. In fact, for high 𝑣𝑣𝑐𝑐 = 160 mph, 𝐸𝐸𝐶𝐶𝐷𝐷  ~ 200 pJ for 𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑒𝑒  = -3 V. Empirical 

models were developed based on experimental data for a more comprehensive evaluation of the collision detector. 

d) Colormap of time to escape, 𝑡𝑡𝐸𝐸𝐸𝐸𝑐𝑐 = 𝑡𝑡𝑐𝑐 − 𝑡𝑡𝑑𝑑 for different 𝑣𝑣𝑐𝑐 and 𝑑𝑑𝑐𝑐. As expected, collision avoidance becomes 

increasingly difficult when 𝑣𝑣𝑐𝑐 is high and 𝑑𝑑𝑐𝑐 is short. The gate tunable photoconductivity exhibited by the 2D 

memtransistor can aid in improving 𝑡𝑡𝐸𝐸𝐸𝐸𝑐𝑐. e) Colormap of 𝑡𝑡𝐸𝐸𝐸𝐸𝑐𝑐 for different 𝑡𝑡𝑐𝑐 and 𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑒𝑒 . More negative 𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑒𝑒 

enhances the photoresponse owing to higher 𝑅𝑅 values, which increases 𝑡𝑡𝐸𝐸𝐸𝐸𝑐𝑐. f) Colormap of 𝑡𝑡𝐸𝐸𝐸𝐸𝑐𝑐 for different 𝑡𝑡𝑐𝑐 
and 𝑉𝑉𝑔𝑔𝑔𝑔𝐸𝐸, where 𝑉𝑉𝑔𝑔𝑔𝑔𝐸𝐸 = 𝑉𝑉𝐷𝐷𝑊𝑊 − 𝑉𝑉𝑤𝑤𝑒𝑒𝑔𝑔𝑑𝑑 . Lower 𝑉𝑉𝑔𝑔𝑔𝑔𝐸𝐸 will lead to faster inhibition and excitation since the crossover 

between 𝑉𝑉𝐷𝐷𝑊𝑊 and 𝑉𝑉𝑤𝑤𝑒𝑒𝑔𝑔𝑑𝑑  will occur earlier when subjected to the visual stimuli. These results highlight the fact 

that our photosensitive 2D memtransistor based collision detectors can be reconfigured to adapt to various 

application needs. 
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before the impending collision in all the cases, or in other words, 𝑡𝑡d is less than 𝑡𝑡c as summarized 

in Fig. 4b. The energy consumption (𝐸𝐸CD) for collision detection is shown in Fig. 4c calculated 

using Eq. 1. 

𝐸𝐸CD = �𝑉𝑉𝐷𝐷𝐷𝐷(𝐼𝐼𝐼𝐼𝐼𝐼ℎ + 𝐼𝐼𝐸𝐸𝐸𝐸𝑐𝑐 + 𝐼𝐼𝐸𝐸𝐸𝐸𝑐𝑐)

𝑤𝑤𝑑𝑑
0                                                                                                            [1] 

Where, 𝐼𝐼𝐼𝐼𝐼𝐼ℎ and 𝐼𝐼𝐸𝐸𝐸𝐸𝑐𝑐 are the current flowing through the inhibitory and excitatory circuits, 

respectively. Remarkably, irrespective of 𝑣𝑣𝑐𝑐 and 𝑉𝑉write, 𝐸𝐸CD is found to be miniscule and less than 

10 nJ. In fact, for more critical situations involving high 𝑣𝑣𝑐𝑐, for example, 𝑣𝑣𝑐𝑐 = 160 mph, 𝐸𝐸CD ~ 200 

pJ for 𝑉𝑉write = -3 V. 

 

We have also developed empirical models based on experimental data for a more comprehensive 

evaluation of the collision detector as described in Supplementary Information 8. Fig. 4d shows 

the colormap of time to escape, 𝑡𝑡Esc = 𝑡𝑡c − 𝑡𝑡d for different 𝑣𝑣c and 𝑑𝑑c. As expected, collision 

avoidance becomes increasingly difficult when relative speed between the approaching vehicles, 

i.e., 𝑣𝑣c is high and their initial separation, i.e., 𝑑𝑑c is short. The gate tunable photoconductivity 

exhibited by the 2D memtransistor can aid in improving 𝑡𝑡Esc. Fig. 4e shows the colormap of 𝑡𝑡Esc 
for different 𝑡𝑡c and 𝑉𝑉write. More negative 𝑉𝑉write enhances the photoresponse owing to higher 𝑅𝑅 

values, which reduces 𝑡𝑡Inh, 𝑡𝑡Exc, and hence 𝑡𝑡d. Other parameters that can be adjusted to tune 𝑡𝑡Inh 

and 𝑡𝑡Exc are the initial programmed state of 𝑀𝑀𝑀𝑀2 and 𝑀𝑀𝑀𝑀8 i.e., 𝑉𝑉SW−Inh = 𝑉𝑉SW−Exc = 𝑉𝑉SW and 𝑉𝑉read. Or in other words, the difference between 𝑉𝑉SW and 𝑉𝑉read, i.e., 𝑉𝑉gap = 𝑉𝑉SW − 𝑉𝑉read. Fig. 4f 

shows the colormap of 𝑡𝑡Esc for different 𝑡𝑡c and 𝑉𝑉gap. Lower 𝑉𝑉gap will lead to faster inhibition and 

excitation since the crossover between 𝑉𝑉SW and 𝑉𝑉read will occur earlier when subjected to the 
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visual stimuli. These results highlight the fact that our photosensitive 2D memtransistor based 

collision detectors can be reconfigured to adapt to various application needs. 

 

Conclusion 

In conclusion, we have demonstrated an ultra-low power, insect-inspired, and spike-based 

collision detector enabled by light-sensitive 2D memtransistor technology. We were able to mimic 

the excitatory, inhibitory, and escape response of LGMD neuron for timely collision detection for 

various real-life scenarios under poor illumination or night driving conditions using integrated 

optoelectronic circuit based on the 2D memtransistors. The in-sensor compute capability, and 

programmability of the photosensitive 2D memtransistor technology can be transformative for 

various optoelectronic applications even beyond collision detection.    
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Methods 

Fabrication of local back-gate islands: To define the back-gate island regions, the substrate 285 

nm SiO2 on p++-Si was spin coated with bilayer photoresist consisting of Lift-Off-Resist (LOR 

5A) and Series Photoresist (SPR 3012) baked at 185 °C and 95 °C, respectively. The bilayer 

photoresist was then exposed to Heidelburg Maskless Aligner (MLA 150) to define the island and 

developed using MF CD26 microposit, followed by a de-ionized (DI) water rinse. The back-gate 

electrode of 50/20 nm Pt/TiN was deposited using reactive sputtering. The photoresist was 

removed using acetone and Photo Resist Stripper (PRS 3000) and cleaned using 2-propanol (IPA) 

and DI water. Atomic layer deposition (ALD) process was then implemented to grow 50 nm Al2O3 

on the entire substrate including the island regions. To access the individual Pt back-gate electrodes 

etch patterns were defined using the same bilayer photoresist consisting of LOR 5A and SPR 3012. 

The bilayer photoresist was then exposed to MLA 150 and developed using MF CD26 microposit. 

50 nm Al2O3 was subsequently dry etched using the BCl3 chemistry at 5 °C for 20 seconds, which 

was repeated four times to minimize heating in the substrate. Next the photoresist was removed to 

give access to the individual Pt electrodes.  

 

Large area monolayer MoS2 film growth: Monolayer MoS2 was deposited on epi-ready 2” c-

sapphire substrate by metalorganic chemical vapor deposition (MOCVD). An inductively heated 

graphite susceptor equipped with wafer rotation in a cold-wall horizontal reactor was used to 

achieve uniform monolayer deposition as previously described [36]. Molybdenum hexacarbonyl 

(Mo(CO)6) and hydrogen sulfide (H2S) were used as precursors. Mo(CO)6 maintained at 10°C and 

650 Torr in a stainless-steel bubbler was used to deliver  1.1×10-3 sccm of the metal precursor for 

the growth, while 400 sccm of H2S was used for the process. MoS2 deposition was carried out at 
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950°C and 50 Torr in H2 ambient, where monolayer growth was achieved in 18 min.  The substrate 

was first heated to 1000°C in H2 and maintained for 10 min before the growth was initiated. After 

growth, the substrate was cooled in H2S to 300°C to inhibit decomposition of the MoS2 films. 

More details can be found in our earlier work [28, 37, 38]. 

 

MoS2 film transfer to local back-gate islands: To fabricate the 2D memtransistors, MOCVD grown 

monolayer MoS2 film was transferred from the sapphire to SiO2/p
++-Si substrate with local back-

gate islands using PMMA (polymethyl-methacrylate) assisted wet transfer process. First, MoS2 on 

sapphire substrate was spin coated with PMMA and then baked at 180 °C for 90 s. The corners of 

the spin- coated film were scratched using a razor blade and immersed inside 1 M NaOH solution 

kept at 90 °C. Capillary action causes the NaOH to be drawn into the substrate/film interface, 

separating the PMMA/ MoS2 film from the sapphire substrate. The separated film was rinsed 

multiple times inside a water bath and finally transferred onto the SiO2/p
++-Si substrate with local 

back-gate islands and then baked at 50 °C and 70 °C for 10 min each to remove moisture and 

residual PMMA, ensuring a pristine interface.  

 

Fabrication of 2D memtransistors: To define the channel regions for the memtransistors, the 

substrate was spin-coated with PMMA and baked at 180 °C for 90 s. The resist was then exposed 

to electron beam (e-beam) and developed using 1:1 mixture of 4-methyl-2-pentanone (MIBK) and 

2 propanol (IPA). The monolayer MoS2 film was subsequently etched using sulfur hexafluoride 

(SF6) at 5 °C for 30 s. Next, the sample was rinsed in acetone and IPA to remove the e-beam resist. 

To define the source and drain contacts, sample is then spin coated with methyl methacrylate 

(MMA) followed by A3 PMMA. Then using e-beam lithography source and drain contacts are 
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patterned and developed by using 1:1 mixture of MIBK and IPA for 60s. 40 nm of Nickel (Ni) and 

30 nm of Gold (Au) are deposited using e-beam evaporation. Finally, lift-off process is performed 

to remove the evaporated Ni/Au except from the source/drain patterns by immersing the sample 

in acetone for 30 min followed by IPA for another 30 mins. Each island contains one memtransistor 

to allow for individual gate control. 

 

Monolithic Integration: To define the connections between the respective memtransistors for the 

fabrication of the collision detector the substrate was spin coated with MMA and PMMA, followed 

by the e-beam lithography and developing using 1:1 mixture of MIBK and IPA, and e-beam 

evaporation of 60 nm Ni/ 30 nm Au. Finally, the e-beam resist was rinsed away by lift-off process 

using acetone and IPA.  

 

Electrical Characterization: Electrical characterization of the fabricated devices are performed 

using Lake Shore CRX-VF probe station under atmospheric condition using a Keysight B1500A 

parameter analyzer. 

 

Data Availability: The datasets generated during and/or analyzed during the current study are 

available from the corresponding author on reasonable request. 

 

Code Availability: The codes used for plotting the data are available from the corresponding 

authors on reasonable request. 
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Figure Captions 

Figure 1. Insect-inspired and spike-based collision detection. a) A depiction of the change in 

the size of the projected image on the compound eyes of a locust when a predator approaches. The 

size increases with time, as the distance decreases. This is referred to as a looming stimuli. b) 

Schematic of the lobula giant movement detector (LGMD) neuron found in locust for collision 

avoidance. Presenting looming stimuli will cause inhibitory and excitatory responses at the two 

dendritic branches of the LGMD neuron. c) Inhibitory, d) excitatory, and e) escape responses from 

the LGMD neuron for three different speeds of the approaching predator based on a biophysical 

model. Irrespective of the speed, the output spikes emerges before the collision, i.e., time to 

detection (𝑡𝑡𝑑𝑑) is less than the time to collision (𝑡𝑡𝑐𝑐). f) Optical image of a representative 

memtransistor device based on monolayer MoS2, which are also photosensitive and are the basis 

computing primitives for the proposed collision detector. g) Optical image and h) corresponding 

circuit schematic of the insect-inspired and spike-based collision detector comprising of 8 

memtransistors. i) Schematic of a real-life collision scenario involving two cars. Example 

experimental demonstration of the j) inhibitory (VInh) k) excitatory (VExc) and l) escape response 

(IEsc) of the collision detector for different relative speed of approach of two cars on a direct 

collision course. Output current spikes emerge in IEsc prior to the collision in all cases, indicating 

successful collision detection. 

 

Figure 2.  2D photosensitive memtransistors based on monolayer MoS2. a) Raman 

spectroscopy and b) photoluminescence(PL) spectroscopy using 532nm LASER of monolayer 

MoS2 film grown using metal organic chemical vapor deposition. Characteristic Raman peaks at 

386 cm-1 (E1
2G) and 403 cm-1 (A1G) with a separation of ~17 cm-1 and PL peak at 1.82eV confirms 
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monolayer nature of the film. c) Transfer characteristics, i.e., source to drain current (𝐼𝐼𝐷𝐷𝐷𝐷) as a 

function of the local back-gate voltage (𝑉𝑉𝐵𝐵𝐵𝐵) at different drain biases (𝑉𝑉𝐷𝐷𝐷𝐷) for a representative 2D 

memtransistor with channel length,  𝐿𝐿 = 1 µm, and channel width, 𝑊𝑊 = 5 µm. Each memtransistor 

can be d) programmed using positive write (𝑉𝑉𝑤𝑤) and e) erased using negative erase (𝑉𝑉𝑒𝑒) voltages 

applied to the local back-gate terminal. f) Retention of post-programmed/erased conductance states 

for 100 seconds measured at 𝑉𝑉𝐵𝐵𝐵𝐵 = 0 V. Post-illumination transfer characteristics of the 

memtransistor after exposure to different light intensities (𝑃𝑃IN) for 𝜏𝜏Exp = 100 ms while being 

biased at 𝑉𝑉BG = 𝑉𝑉write =  g) -5 V, h) 0 V and i) 5 V. j) Colormap of Responsivity (𝑅𝑅) obtained 

from the ratio of persistent photocurrent measured at 𝑉𝑉BG = 0 V, and 𝑃𝑃𝐼𝐼𝐼𝐼 as a function of 𝑉𝑉write 
and 𝑃𝑃IN. k) The effect of 𝜏𝜏Exp on persistent photocurrent for 𝑃𝑃IN = 23 W/m2 and 𝑉𝑉write = -5 V. l) 𝑅𝑅 plotted as a function of 𝜏𝜏Exp.   

 

Figure 3. Inhibitory and excitatory responses to real world looming stimuli. a) Snapshots of 

the car moving towards a light detector under night condition. b) 𝑃𝑃IN versus time for different 

relative speed of approach (𝑣𝑣𝑐𝑐) between two cars on a collision course. c) Schematic of the 

inhibitory circuit consisting of two memtransistors, 𝑀𝑀𝑀𝑀1 and 𝑀𝑀𝑀𝑀2. d) Transfer characteristics of 

the inhibitory circuit, i.e., the output voltage (𝑉𝑉Inh), measured at 𝑁𝑁2, plotted as a function of the 

input voltage (𝑉𝑉N3), applied to 𝑁𝑁3, under dark condition. e) Different conductance states of 𝑀𝑀𝑀𝑀2 

and f) corresponding transfer characteristics of the inhibitory circuit. g) Response of the inhibitory 

circuit to looming stimulus. While slower speeds evoke late inhibition, faster stimuli causes 

immediate inhibition. h) Schematic of the excitatory circuit consisting of four memtransistors, 𝑀𝑀𝑀𝑀5, 𝑀𝑀𝑀𝑀6, 𝑀𝑀𝑀𝑀7, and 𝑀𝑀𝑀𝑀8 and the corresponding i) transfer characteristics i.e., the output voltage 

(𝑉𝑉Exc), measured at 𝑁𝑁5, plotted as a function of the input voltage (𝑉𝑉N7), applied to 𝑁𝑁7, under dark 
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condition. . j) Different conductance states of 𝑀𝑀𝑀𝑀8 and k) corresponding transfer characteristics 

of the excitatory circuit. l) Response of the excitatory circuit to looming stimulus. As expected, 

slower speeds evoke late excitation, whereas faster stimuli causes immediate excitation.    

 

Figure 4. Low-power spike-based collision detection. The memtransistor based collision 

detector output spikes as it detects a collision by combining both inhibitory and excitatory 

responses. a) Temporal evolution of the escape response, 𝐼𝐼Esc, for different 𝑣𝑣𝑐𝑐 (rows) and 𝑉𝑉write 
(columns). Clearly, spikes in 𝐼𝐼esc appear before the impending collision in all the cases. b) Time-

to-detection (𝑡𝑡d) for different 𝑣𝑣𝑐𝑐 and 𝑉𝑉write; 𝑡𝑡d is always less than time-to-collision, 𝑡𝑡c. c) Energy 

consumption (𝐸𝐸CD) by the collision detection for different 𝑣𝑣𝑐𝑐 and 𝑉𝑉write. 𝐸𝐸CD is found to be 

miniscule and less than 10 nJ. In fact, for high 𝑣𝑣𝑐𝑐 = 160 mph, 𝐸𝐸CD ~ 200 pJ for 𝑉𝑉write = -3 V. 

Empirical models were developed based on experimental data for a more comprehensive 

evaluation of the collision detector. d) Colormap of time to escape, 𝑡𝑡Esc = 𝑡𝑡c − 𝑡𝑡d for different 𝑣𝑣c 
and 𝑑𝑑c. As expected, collision avoidance becomes increasingly difficult when 𝑣𝑣c is high and 𝑑𝑑c is 

short. The gate tunable photoconductivity exhibited by the 2D memtransistor can aid in improving 𝑡𝑡Esc. e) Colormap of 𝑡𝑡Esc for different 𝑡𝑡c and 𝑉𝑉write. More negative Vwrite enhances the 

photoresponse owing to higher R values, which increases tEsc. f) Colormap of tEsc for different tc 
and Vgap, where 𝑉𝑉gap = 𝑉𝑉SW − 𝑉𝑉read. Lower Vgap will lead to faster inhibition and excitation since 

the crossover between VSW and Vread will occur earlier when subjected to the visual stimuli. These 

results highlight the fact that our photosensitive 2D memtransistor based collision detectors can be 

reconfigured to adapt to various application needs. 
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