

  electronics-13-01632




electronics-13-01632







Electronics 2024, 13(9), 1632; doi:10.3390/electronics13091632




Article



Realization of Empathy Capability for the Evolution of Artificial Intelligence Using an MXene(Ti3C2)-Based Memristor



Yu Wang 1, Yanzhong Zhang 1, Yanji Wang 1, Hao Zhang 2, Xinpeng Wang 2, Rongqing Xu 1,* and Yi Tong 2,*





1



Engineering & College of Flexible Electronics (Future Technology), Nanjing University of Posts and Telecommunications, Nanjing 210023, China






2



Gusu Lab, Suzhou 215000, China









*



Correspondence: xurq@njupt.edu.cn (R.X.); tongyi@njupt.edu.cn (Y.T.)







Citation: Wang, Y.; Zhang, Y.; Wang, Y.; Zhang, H.; Wang, X.; Xu, R.; Tong, Y. Realization of Empathy Capability for the Evolution of Artificial Intelligence Using an MXene(Ti3C2)-Based Memristor. Electronics 2024, 13, 1632. https://doi.org/10.3390/electronics13091632



Academic Editor: Francesco Driussi



Received: 29 March 2024 / Revised: 18 April 2024 / Accepted: 22 April 2024 / Published: 24 April 2024



Abstract

:

Empathy is the emotional capacity to feel and understand the emotions experienced by other human beings from within their frame of reference. As a unique psychological faculty, empathy is an important source of motivation to behave altruistically and cooperatively. Although human-like emotion should be a critical component in the construction of artificial intelligence (AI), the discovery of emotional elements such as empathy is subject to complexity and uncertainty. In this work, we demonstrated an interesting electrical device (i.e., an MXene (Ti3C2) memristor) and successfully exploited the device to emulate a psychological model of “empathic blame”. To emulate this affective reaction, MXene was introduced into memristive devices because of its interesting structure and ionic capacity. Additionally, depending on several rehearsal repetitions, self-adaptive characteristic of the memristive weights corresponded to different levels of empathy. Moreover, an artificial neural system was designed to analogously realize a moral judgment with empathy. This work may indicate a breakthrough in making cool machines manifest real voltage-motivated feelings at the level of the hardware rather than the algorithm.
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1. Introduction


Empathy is widely known as an intellectual reaction of one individual to the observed feelings and experiences of another. Of all the ways that we manage interpersonal communication, empathy is among the most humanized and resonant feeling that allows us to develop invaluable interpersonal relationships to the next level (i.e., adult sociability, child discipline, and moral judgments) [1,2,3,4,5,6]. Humanity dreams of producing computers with human-like capabilities of interpretation and generating empathic features. Recent reports have shown that neuromorphic devices and machine learning can be used to automate facial recognition of positive and negative affections (e.g., angry, excited, and frustrated). D. Qi et al. reported a brain-inspired hierarchical interactive in-memory computing system for video sentiment analysis based on the Ag/a-Carbon/Ag memristor with a structure of 1T1M [7]. However, very few cognitive emotions (e.g., empathy) can be realized at the hardware level [7,8,9,10,11,12]. Memristive devices have been approved as candidates for affective devices; this opens up the possibility of using memristors to achieve empathic emotion [13,14]. Recently, some researchers reported that a distinct network of brain regions is activated when we experience others’ feelings, referred to herein as the “empathy network”, and they explained that psychological empathy involves “mirror neurons” [15,16,17,18,19,20,21]. It is widely known that synapses constitute most of the functions of neural networks. As the fourth fundamental element, memristors have recently been utilized as artificial synapses and neurons in neuromorphic architectures due to their simplicity and power efficiency and have been found to be a promising candidate for artificial synapses and neurons [12,22,23,24,25,26,27]. Additionally, more reports have proven that emerging two-dimensional (2D) layered materials are being actively and innovatively used in memristive devices to make a more intelligent electronic synapse [28,29,30,31,32,33]. Y. Gogotsi et al. discovered that MXenes have catalyzed the development of a vast and rapidly growing array of 2D materials [34,35,36]. MXenes, an innovative group of 2D materials, were reported in 2011 [37,38]; they have a high electrical conductivity and show promise in electrical energy storage, electromagnetic interference shielding, electrocatalysis, plasmonics, and other applications [39,40,41,42]. Recently, X. Yan et al. reported that 2D MXene (Ti3C2) flakes have excellent potential for use in memristor devices, which may open the door for more functions and applications [43]. J. H. Park et al. engineered MXene memristors (Ti3C2Tx) to improve memory windows and low-power operations through surface modification [44,45,46]. From this view, 2D-material-based memristors have enormous potential for mimicking empathic affection, which is also an important question for the transition from autistic to empathic artificial intelligence (AI).



In this work, we demonstrated the use of fundamental elements (i.e., an MXene (Ti3C2) memristor) to emulate a psychological model of “empathic blame”. A traditional semiconductor process (i.e., physical vapor deposition) based on a silicon substrate was chosen for the process. In a hybrid novel 2D-material-based memristor, the stack of MXene serves as the resistive layer. The integration of MXene was designed to fabricate a conductive filament (CF) between the anode and cathode, which mimics the neurotransmission of biological synapses. MXene was introduced into memristive devices fabricated by mechanical coating. The memristor in our work consisted of a layered device structure including a couple of electrodes, a Cu active layer, and a stack of thin-film MXene (Ti3C2). The layered MXene provides metal ion accommodation between the 2D layers and is noted for its chemical and structural variability and surface chemistry tenability. As a result, the layered MXene enabled outstanding and brain-inspired performance in the device. For example, the ultralow threshold voltage of the device was approximately 0.50 V under a direct current (DC) voltage sweeping mode. In addition, analog behavior was reliably presented after programming a DC stimulation. The leaky integrate-and-fire (LIF) model was realized using a single MXene memristor, which consisted of integration, fire, refractory period, and relaxation. Moreover, research on “empathic blame” shows that participants scoring high on dispositional empathic concern (positively correlated with empathic capability) judge intentional harm to be less morally permissible [2]. For our device, we applied a series of identical programming pulses, and the subsequent stimulation required fewer pulses to reach the corresponding weights. We demonstrated that the experimental sequence fit the value of empathic concern in the empathy model. For instance, the second stimulation had more experience with the corresponsive weight than the first stimulation, which determined a stronger empathic capability. Meanwhile, the necessary number of pulses for the rated weight corresponded to the moral permissibility score. As a result, compared with the empathic–emotional investigation, a memristive device with films of MXene was highly relevant to the moral-permissible function of “empathic blame”. This particular property gives great convenience to the design of artificial neural systems with rich emotional capabilities. According to the neural basis of empathy, we designed a third-party judgment system that can continuously simulate high, medium, and low levels of empathy. This work not only expands the applications of MXene to new neuromorphic areas but also provides memristive devices with a corresponding type of empathic emotion in our system, which may equip AI with an accurate and rich emotional capability at the hardware level.




2. Materials and Methods


The Cu/MXene (Ti3C2)/Cu memristor was fabricated on a Si wafer. From the bottom up, the structure of the Cu/MXene (Ti3C2)/Cu memristor consisted of a bottom Cu electrode (80 nm), an active layer (MXene), and a top Cu electrod1e (100 nm). The metallic Cu layer was deposited via direct current (DC) sputtering at room temperature. Additionally, MXene was prepared by etching Ti3AlC2 with hydrofluoric acid (HF). MXene (Ti3C2) was prepared by etching Ti3AlC2 with LiF and HCl. The raw material Ti3AlC2 was purchased from Laizhou Kai Kai Ceramic Materials Co., Ltd. (Laizhou, China). Generally, 2 g of the Ti3AlC2 powders was dispersed in 20 mL of a 6 M HCl aqueous solution containing 1.98 g of LiF. The mixture was magnetically stirred for 24 h at 35 °C. The resulting suspension was washed multiple times with deionized water until a pH above 6 was reached. Finally, Ti3C2 powders were obtained via centrifugation and vacuum drying. For the production of few-layer Ti3C2 nanosheets, 1 g of the dried Ti3C2 multilayer powders was dispersed in 100 mL of distilled water. After four hours of sonication under an argon atmosphere, the suspension was then centrifuged for 60 min at 3500 rpm. Few-layer Ti3C2 nanosheets were obtained by vacuum filtration of the resulting supernatant and vacuum drying. Then, the obtained Ti3C2 powder was distributed into deionized water at a ratio of 1:30. We used a spin coater for the fabrication of a uniform few-layer Ti3C2 film at 3500 rpm for 180 s. Finally, the top Cu electrode was deposited with a thickness of 100 nm by magnetron sputtering using a hard mask. The shape of the top Cu electrode in single device was a square with a side length of 500 µm.



After the fabrication, scanning electron microscopy (SEM) was performed using an FEI Nova NanoSEM 450 scanning electron microscope from Hillsboro, OR, USA. Powder X-ray diffraction (XRD) patterns of the samples were acquired using a Philips X’Pert X-ray diffractometer from Amsterdam, The Netherlands. All of the electrical characteristics were measured by a Keithley 4200A-SCS semiconductor analyzer from Solon, OH, USA.




3. Results and Discussion


Figure 1a shows the atomic structure of the fabricated MXene designed by 3ds Max, which clearly shows the distribution of carbon and titanium atoms. After the ultrasonic dispersion process, the prepared MXene continued to stratify, resulting in distinctive surface characteristics. The SEM images (Figure 1b) vividly illustrate the ultrathin morphology of the layered MXene following the exfoliation process. Additionally, the TEM image shows the single- or several-layer MXene, demonstrating the two-dimensional (2D) structure of lamellar Ti3C2. Initially, a processed uniform layer of MXene film constitutes the foundation of high-performance nanoelectronic devices. Figure 1d shows the XRD pattern of Ti3C2. Compared with the phase of the precursor Ti3AlC2, the absence of the strongest peak and the emergence of a broader (002) peak indicate the successful etching of aluminum from the Ti3AlC2 phase after the HF treatment based on the process of MXene fabrication; thus, the desired Ti3C2Tx was obtained.



Figure 2a illustrates the schematic layout of the measurement configuration of the device. Throughout the electrical tests, a voltage bias was applied to the Cu top electrode, while the Cu bottom electrode remained grounded. Under the direct current (DC)-programmed biasing conditions, distinct threshold switching characteristics were observed. Figure 2b plots the typical hysteretic I–V characteristic curves on linear scales. The insert figure describes the relationship between sweeping voltage and time. The voltage step and time interval were set to 2.0 mV and 10 ms, respectively. The direction of the programmed sweeping voltage is illustrated in Figure 2b, and is delineated by the numerical sequence of 1~6. To safeguard the devices from irreversible breakdown, a current compliance (CC) of 1.0 μA was employed. During the positive voltage sweep processes 1 and 2 (i.e., 0 to 0.6 V), the conductance exhibited a gradual increase followed by a sudden transition from a high-resistance state (HRS) (OFF state) to a low-resistance state (LRS) (ON state) at a threshold voltage of approximately 0.48 V. As the following process 3 (i.e., 0.6 to 0 V) progressed, the current decreased abruptly from the CC (1 μA) to a low conductivity at a hold voltage of ~0.29 V. Subsequently, upon completion of the sweeping processes 4, 5, and 6, the memristor exhibited a symmetric switching behavior under both negative and positive voltage biases. Processes 4 and 5 increased the current repeatedly, similar to a positive-V bias. However, the absolute value of the threshold voltage was ~−0.45 V. Then, as the device underwent the last sweep process 6 (i.e., −0.6 V to 0 V), the conductance decreased uniformly to the original electronic state before the measurement, exhibiting volatile switching characteristics. The DC-programmed threshold switching hysteretic I−V curve was smooth and did not exhibit any abrupt waves in the conductance. Therefore, such memristors have the potential to achieve analog switching. In this Cu/MXene/Cu device, the low operating voltage of ~0.50 V amounts to ultralow power consumption and contributes to the realization of high-density memristor applications. MXene (Ti3C2) plays a pivotal role in enhancing the conductivity of this device, leading to its remarkable performance in terms of low power consumption. The mechanism of the threshold switching behavior can be elucidated through ion migration-based filamentary processes. Specifically, under a positive voltage bias, the oxidation and migration of Cu atoms from the top electrode into the MXene flakes are facilitated by defects within the MXene flakes, thereby contributing to filament formation. Conversely, when subjected to a negative voltage bias, Cu atoms undergo similar oxidation and migration processes from the top electrode into the MXene flakes.



Based on the hysteretic I−V curves, we successfully engineered a Cu/MXene/Cu memristor that demonstrates analog switching behavior during standard voltage sweep conditions. As shown in Figure 2c, on a linear scale, the programmed voltage sweeps increased from zero to 0.1 V (increasing by 0.1 V from 0.1 V to 0.5 V) and then decreased back to zero. During the switching cycle (0.1 V to 0.5 V), a train of programmed sweeps was applied to incrementally increase the device conductance, which showed a more than 100 times higher current than the initial state. However, an obvious window was not observed in the analog curves within the sweeping voltage, which ranged from 0.1 V to 0.5V. Figure 2d plots the whole train of the sweeping program on semilogarithmic scales. The presence of the MXene film sandwiched between the two electrodes contributed to the wide resistive switching window observed in the device. Upon application of the 0.6 V programmed sweep, the device demonstrated a threshold switching curve, depicted by the red line in Figure 2d. The total analog switching process is plotted in the insert in Figure 2c, wherein the switching rate was approximately 83 mV/s. The retention at 0.02 V after the 1.0 V voltage switch is plotted in the insert in Figure 2d. It is obvious that the LRS of the device returned to the initial resistance state (HRS) after a period of 20 s. As a result, this device showed volatile threshold switching characteristics, ranging from 1 to 10 μA (CC).



The I–V characteristic curve illustrates the volatile switching behavior under a series of voltage sweeps for the MXene memristor, demonstrating analog programmed switching behavior. This behavior entails the gradual modulation of the device conductance, indicating its potential for “empathic simulation”. In other words, the device exhibited the ability to adjust its conductance in response to varying input stimuli, akin to the dynamic modulation observed in empathic processes. This analog switching behavior suggests the capability of the MXene memristor to simulate empathic responses, offering promising avenues for applications in neuromorphic computing and artificial intelligence.



The leaky integrate-and-fire neuron model is a typical and simple neural model for neuromorphic units. To explore the neuromorphic behaviors of the device, we implemented the leaky integrate-and-fire (LIF) neuron, as illustrated in Figure 3a. The device was subjected to a series of input pulses characterized by an amplitude of 1.0 V and a width of 30 ms (depicted as gray square waves). Throughout this process, the device exhibited distinct stages, including integration (represented in black), firing (highlighted in red), a refractory period (depicted in green), and relaxation (illustrated in blue). Remarkably, as the input pulses accumulated over a duration of 1.0 s, the conductivity of the device surged from 0.09 μS to 8.1 μS, indicating the initiation of the firing process. This firing process bears similarities to the volatile threshold switching behavior observed in DC tests, underscoring the capability of MXene memristors to emulate neuromorphic functionalities.



Following the process of neuronal firing, a refractory period ensued, as indicated by the green points in the graph. During this refractory period, which mimics the behavior of biological neurons, the post-neuron temporarily lost its ability to spike again for a specific duration. This temporal pause allows the membrane potential of neurons to recover and reset, preparing it to effectively respond to new input stimuli. Subsequently, after this refractory period, a sequence of input pulses was replaced by reading pulses (0.01 V, 30 ms), prompting the device to transition back to its initial state, known as relaxation (blue). This process of relaxation matches the mechanism of the device, wherein Cu ions diffuse back to the electrode under read pulses or no bias because of interfacial energy minimization. These characteristics closely resemble the neural activity observed in human brain neurons, highlighting the capacity of the MXene device to emulate biological processes.



On the basis of the LIF model, we demonstrated the threshold self-adaptive behavior of neurons. As depicted in Figure 3b, the LIF curves from the first (red) to the eighth (black) stimulation demonstrate that with each successive stimulation on the same device, the integration time (time to firing) of the subsequent sequence decreased in comparison to the preceding sequence. This implies that the subsequent testing sequence will exhibit a lower firing threshold compared to the preceding testing sequence, demonstrating a form of threshold self-adaptive behavior. To elucidate the phenomenon of this threshold self-adaptive behavior, we surmised that the presence of residual Cu atoms may facilitate subsequent firing processes. This suggests that the residual Cu atoms could potentially contribute to the adaptability of the threshold behavior.



With regard to Indrajeet Patil’s research focused on the role of empathy for the victim of a harmful act, the pulse response curves fit the behavior of “empathic blame” [2]. Specifically, the “empathic blame” hypothesis suggests that the extent to which we criticize others for causing harmful outcomes, whether intentional or unintentional, is contingent upon our level of empathy with the victim’s suffering (Figure 3c). As shown in Figure 3d, people with a higher level of empathy show a lower moral permissibility for people who caused harmful outcomes. In essence, individuals with high dispositional EC tended to perceive intentional harm as less morally permissible. In our pulse progress, the more the device experienced, the less time it took to fire. Devices subjected to higher levels of stimulation showed diminished integration permissibility and an elevated likelihood of emission, akin to the phenomenon of “empathic blame”.



Equipped with different levels of empathy, people do not necessarily make an indistinguishable moral judgment for the same action. In this work, based on the biological neural mechanism of empathy, we designed a moral judgment reasoning system. As shown in Figure 4a, the system maps the empathy index E(x) to the judgment result J(x) under the evolution of the neural network. Then, the system will evolve a moral judgment of the issues that people (i.e., Tom) created. The whole system consists of an empathy network, an assessment network, and an integrative network that imitates the dorsolateral prefrontal cortex (dlPFC) [47]. The dlPFC functions as a comprehensive, integration network within the decision-making system. It amalgamates representations of inputs from various subprocesses to influence the selection of responses [48]. After receiving external information, the empathy network encodes representations of harmful outcomes, and the evaluation neural network encodes representations of the intentions and results. Finally, the integrative network selects and integrates the above three types of representations on the basis of a moral judgment (i.e., acceptance or blame).



Figure 4d shows the implementation of the “empathy network” circuit. As the potential core in biological empathy, mirror neurons are ingeniously emulated in this circuit. In this circuit, the MXene memristor was selected as element M1 because of its empathic capability, and a charge-controlled memristor (i.e., HP memristor) was chosen as M2. To mimic the biological stimulus signals an empathy network receives, a series of consecutive identical voltage pulses was input to port 1 in the circuit. M1 with different empathy abilities will generate current signals of different sequences inspired by the stimulus signals with the same sequence. All these current signals will be transmitted to M2, controlled by the mirror current source. Then, the final encoded value will also be exported as the resistance value of M2, which is also the encoded value of the empathy network. The same intention information and encoded value of the harmful result will be shown in the form of the resistance value of the charged memristor. After the coding process, by inputting a read pulse to port 2, we can obtain the final encoding value of the empathy network according to the export current in port 3.



Figure 4c illustrates a schematic diagram of the selection and integration functions of the integrative network. Based on different types of moral judgments, the integrative network inputs programming pulses to the analog-to-digital converter (ADC), and the ADC converts the programming pulses into an appropriate read pulse vector to selectively read them out. The ADC mimics varying degrees of coupling with the integrative network and other networks, including an empathy network and an assessment network. The current of the encoded value is then integrated into the decision-making neurons in the integrated network to complete the system’s reasoning of the moral judgment results.



Within this conceptual framework, we delved into the nuances of moral judgments directed at individuals, such as John, Tom, and Mike, each exhibiting distinct empathic responses to unintentional injury scenarios. Given the inherent nature of such incidents, where injuries are unintentional, the intention memristor assumes a high-resistance state, while the injury memristor adopts a low-resistance state. The analog-to-digital converter (ADC) inputs programming pulses, exemplified by a 3 V square wave with a duration of 1.0 ms, to facilitate the system’s attributions of blame. The calculated energy consumption of this intricate circuitry amounted to 244.8 μJ, underscoring its efficiency within the computational domain.



Figure 4b depicts the reasoning results for the blame judgment; people with a greater empathic capability output more blame judgments. Compared to the experiment on “empathic blame”, this trend is consistent with psychological facts.



In fact, the human brain does not always strictly process signals according to physical laws and mathematical equations. In the test, the decision simulates a simple nerve cell with three inputs and outputs. If the neural network is designed to be more complicated, the system will make a perfect judgment. Aggregating such rich human emotion information into a more advanced brain-inspired decision-making system is expected to pave the way for achieving a vivid, deep emotional interaction between AI and human beings at the hardware level.




4. Conclusions


In this work, we achieved a pioneering human-like affective model of “empathic blame” using an MXene memristor. First, we introduced MXene into a memristive device, serving as a resistive switching layer. Specifically, due to MXene, the threshold switching behavior of the memristor was investigated during an applied DC stimulation, which included vivid analog behavior and quaternary states of multiple resistances. It is obvious that the DC voltage results initially exhibited the potential to realize brain-inspired behaviors. Moreover, the implementation of the LIF model was achieved utilizing a single MXene memristor, encompassing the phases of integration, firing, a refractory period, and relaxation. As a result, this device shows self-adaptive characteristics in the time of integration to fire. In addition, drawing from the “empathic blame” hypothesis, which links our condemnation of others for causing harm to our level of empathy with the victim’s suffering, we individualized the hypothesis into our MXene memristor. Concretely, the permissible time required to reach the fixed weight was compared to the permission time for others to produce harmful outcomes. As a result, our MXene memristor could respond to a fixed weight empathically within sequential rehearsals. Furthermore, considering that the ADC can also be realized by a Hopfield neural network consisting of memristors, the artificial neural system designed in the experiment reveals the possibility of using memristors with various properties to construct a brain-inspired system [49,50,51]. Additionally, we will try to strength the emulation of mirror neurons and prepare demonstrations of an empathic blame system through physical representations based on MXene memristors. However, the human brain does not always adhere strictly to physical laws and mathematical equations. For affective computing and brain-inspired computing systems, this hardware design may pave the way for the realization of empathic AI.
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Figure 1. Physical representations of the materials. (a) The atomic structural model of MXene. (b) Scanning electron microscopy (SEM) image of the prepared single- and few-layer MXenes after ultrasonic dispersion treatment. (c) Transmission electron microscope (TEM) image of the Ti3C2. (d) Powder X-ray diffraction (XRD) patterns of samples (red line), where in yellow line represents the (002) peak. 
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Figure 2. DC I–V curves of the Cu/MXene/Cu memristor. (a) Schematic of configuration of the device. (b) The symmetrical DC-programmed I-sV curves of the threshold switching Cu/MXene/Cu memristor with a step of 5 mV and an interval of 10 ms. (c,d) I–V characteristics of the memristor for increasing positive bias voltages with a step of 2 mV and an interval of 24 ms, wherein the purple arrow describes the trend of analog. The sweeping rate of this series was approximately 83 mV/s. The retention test is shown in the insert in (d). 
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Figure 3. Pulse responses and emulation of empathic blame model using the Cu/MXene/Cu memristor. (a) Leaky integrate-and-fire (LIF) neuron model. (b) Conductivity–time curves with the same set pulse voltage at 1.0 V (30 ms) and read pulse voltage at 0.01 V (10 ms) in the ordered sequence. (c) Schematic of the empathy model. (d) Empathic concern (EC) subscale of the Interpersonal Reactivity Index (IRI). The relationship between time to fire and the testing sequence. 
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Figure 4. Diagram of an artificial neural system for empathic moral judgment. (a) Schematic architecture of a moral blame judgment model. (b) Results for this model. (c) Schematic of the analog-to-digital converter (ADC) in the integrative network. (d) Circuit diagram of the empathy network. 
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