[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK9]Multifunctional in-memory logics based on a dual-gate antiambipolar transistor toward non-von Neumann computing architecture

Yoshitaka Shingaya†, Takuya Iwasaki†, Ryoma Hayakawa†*, Shu Nakaharai†, Kenji Watanabe‡, Takashi Taniguchi†, Junko Aimi§*, Yutaka Wakayama†*

†Research Center for Materials Nanoarchitectonics (MANA), National Institute for Materials Science (NIMS), 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan
[bookmark: OLE_LINK31][bookmark: OLE_LINK32]‡Research Center for Functional Materials, National Institute for Materials Science (NIMS), 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan
§Research Center for Macromolecules and Biomaterials, National Institute for Materials Science (NIMS), 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan

KEYWORDS: 2D materials, antiambipolar transistor, in-memory logic, neuromorphic device, nano-floating gate, non-von Neumann computing



[bookmark: OLE_LINK74][bookmark: OLE_LINK75][bookmark: OLE_LINK5][bookmark: OLE_LINK6]ABSTRACT: In-memory computing may make it possible to realize non-von Neumann computing because the logic circuits are unified in the memory units. We investigated two types of in-memory logic operation, namely two-input logic circuits and multifunctional artificial synapses. These were realized in a dual-gate antiambipolar transistor (AAT) with an ReS2/WSe2 heterojunction, in which polystyrene with a zinc phthalocyanine core (ZnPc-PS4) was incorporated as a memory layer. Here, reconfigurability is a key concept for both types of device operation and was achieved by merging the Λ-shaped transfer curve of the AAT and the nonvolatile memory effect of ZnPc-PS4. First, we achieved electrically reconfigurable two-input logic circuits. Versatile logic circuits such as AND, OR, NAND, NOR, and XOR circuits were demonstrated by taking advantage of the Λ-shaped transfer curve of the dual-gate AAT. Importantly, the nonvolatile memory function provided the electrical switching of the individual circuits between AND/OR, NAND/NOR, and XOR/NAND circuits with constant input signals. Second, the memory effect was applied to multifunctional artificial synapses. The inhibitory/excitatory and long-term potentiation/depression synaptic operations were electrically reconfigured simply by controlling one parameter (readout voltage), making three distinct responses possible even with the same presynaptic signals. These findings provide hints that may lead to the realization of new in-memory computing architectures beyond the current von Neumann computers.
1. INTRODUCTION
[bookmark: OLE_LINK139][bookmark: OLE_LINK140]The development of high-performance edge computers such as artificial intelligence (AI) and neuromorphic devices has attracted considerable attention1, 2. This trend has been further accelerated by the emergence of data-intensive applications represented by the Internet of Things and cloud computing systems3. However, the current technology based on von Neumann computing suffers from serious drawbacks related to long data latency and high power consumption, which hinder the realization of state-of-the-art edge computers. The drawbacks originate from the device architecture of modern computers where the processor and memory units are physically isolated from each other. This data-transfer problem between logic and memory devices is referred to as a “von Neumann bottleneck” or “memory wall” 4, 5.
[bookmark: OLE_LINK143][bookmark: OLE_LINK144][bookmark: OLE_LINK141][bookmark: OLE_LINK142]In-memory computing, where the logic circuits are integrated in the memory units6-9, has the potential to overcome the drawbacks of current computers. The integration of logic and memory devices is expected to achieve high throughput data processing and low power consumption. Then, the nonvolatile memory function will play a critical role in the realization of reconfigurable and energy-efficient AI computing systems. Individual logic circuits such as NAND and NOR circuits can be electrically reconfigured at the hardware level even after the integrated circuits have been manufactured10-12. The in-memory functions can also be applied to neuromorphic devices7, 13. Recently, versatile synaptic devices have been developed using emerging nonvolatile memories such as two-terminal memories14-18 and transistor-based memories19-23. As a result, human-brain-like operations have been demonstrated, including complex pattern recognition, and long-term potentiation and depression. However, it should be noted that biological synapses exhibit diverse responses even for the same external stimulus. And the roles of respective synapses, e.g., inhibitory or excitatory synapses, are varied by commands from neuromodulators24-27. Meanwhile, conventional artificial neuromorphic devices show only unipolar carrier transport and so individual synaptic functions are operated by a simple external stimulus. Therefore, there is a strong need for the development of reconfigurable and multifunctional artificial synapses for the further evolution of AI systems that truly mimic the human brain.
[bookmark: OLE_LINK155][bookmark: OLE_LINK156][bookmark: OLE_LINK145][bookmark: OLE_LINK146]We developed two types of unique in-memory logic operation: electrically reconfigurable two-input logic circuits and multifunctional artificial synapses. A dual-gate antiambipolar transistor (AAT) performed a central role. AATs are unique heterojunction transistors, where p-type and n-type semiconductors partially overlap in the transistor channel28-30. An important characteristic is that the AAT exhibits a Λ-shaped transfer curve. The drain current increases and then decreases in response to the monotonical increase in the gate voltage. The AAT was produced by stacking two-dimensional (2D) materials, namely rhenium disulfide (ReS2), tungsten diselenide (WSe2) and hexagonal boron nitride (h-BN). These were selected as the n-type and p-type semiconductors and the gate insulator, respectively. The 2D materials have advantages as regards producing the AAT because the 2D materials have surfaces that are atomically flat and free of dangling bonds 31, 32. The van der Waals stacking thus makes it possible to form an ideal p–n heterojunction regardless of the lattice mismatch9, 33, 34. As a result, large peak-to-valley ratios (PVRs) of 103−105 have been achieved in 2D material-based AATs 35-37. These advantages have enabled the development of multivalued logic circuits38, 39 and two-input logic circuits40-43. Another important constituent of our device is polystyrene with a zinc phthalocyanine core (ZnPc-PS4), which works as a nano-floating gate. This material has a three-dimensional structure where a ZnPc core (semiconductor) is surrounded by four PS chains (insulator) to form a star-shaped polymer 44-46. Hence, carriers can be stably stored in the ZnPc core to provide a nonvolatile memory function. 
First, we demonstrate electrically reconfigurable two-input logic circuits based on the dual-gate AAT. Various types of two-input logic circuits including AND, OR, NAND, NOR, and XOR circuits were successfully reconfigured in a single dual-gate AAT. The top-gate and bottom-gate voltages worked as two input signals, and the drain current was monitored as the output signal. Notably, the logic circuits were electrically switchable, e.g., the AND/OR, NAND/NOR, and XOR/NAND circuits, without any changes in the input signals. These operations were enabled by a carrier-trapping process in the ZnPc-PS4 nano-floating gate. Second, the non-volatile memory function was applied to multifunctional artificial synapses. The two synaptic operations, namely inhibitory and excitatory synaptic operations, were reconfigured by controlling the carrier-trapping process in the ZnPc-PS4 layer. Consequently, we achieved conversion between the inhibitory/excitatory and long-term potentiation/depression synaptic operations without changing the presynaptic signals. These logic concepts are expected to allow us explore new in-memory computing architectures with a view to realizing non-von Neumann-type computers. 

2. RESULTS and DISCUSSION
2.1 Fundamentals of Dual-Gate AAT Operation
[bookmark: OLE_LINK19][bookmark: OLE_LINK20]Figure 1a shows a schematic illustration of a dual-gate AAT and the molecular structure of ZnPc-PS4. The AAT was prepared by a bubble-free dry transfer technique 47-49. The film thicknesses of the WSe2 (p-type) and ReS2 (n-type) were estimated to be 13 nm and 11 nm, respectively, by atomic force microscope measurements (Figure S2 in the supporting information). These transition metal dichalcogenide (TMDC) layers were partially overlapped around the center of the transistor channel to form a p–n junction as illustrated in Figure 1a and depicted in the optical microscope image in the inset of Figure 1b. The AAT channel was 7.1 µm long. The flake widths were 5.1 µm for the WSe2 channel and 1.6 µm for the ReS2 channel. The ZnPc-PS4 layer was spin-coated on all the TMDC layers to work as nano-floating gates. Finally, h-BN gate insulator and top-gate electrodes (Ti/Au) were stacked to form a dual-gate AAT. Figure 1c shows a top view image of a dual-gate AAT prepared in this way.
[bookmark: OLE_LINK153][bookmark: OLE_LINK154][bookmark: OLE_LINK29][bookmark: OLE_LINK30]Figure 1d shows drain current (Id)−bottom-gate voltage (Vbg) curves of the dual-gate AAT (black line) and the separately formed ReS2 (blue line) and WSe2 (red line) transistors. The drain voltages (Vd) were −1.0 V for the dual-gate AAT, −1.0 V for the WSe2 transistor and 1.0 V for the ReS2 transistor. No top-gate voltage was applied (Vtg= 0 V) for any of the measurements. The ReS2 transistor exhibited a typical n-type characteristic; Id increased monotonically as Vbg increased. The electron mobility was estimated to be 4.7 cm2V-1s-1. The WSe2 transistor exhibited an ambipolar characteristic, although the hole conduction was dominant. Id decreased and thereafter increased with increasing Vbg. The hole and electron mobilities were calculated to be 4.9 cm2V-1s-1 and 2.4×10-2 cm2V-1s-1, respectively. The dual-gate AAT produced a Λ-shaped transfer curve (black line). Id increased sharply from a Vbg of −4.8 V and reached −70 nA at a Vbg of −9.8 V. These turn-on and peak voltages are defined as Von and Vpeak, respectively. Subsequently, Id started decreasing as Vbg increased up to −15 V. Note that, the Λ-shaped transfer curve coincides with the overlap of the Id−Vbg curves of the ReS2 and WSe2 transistors. This result shows clearly that the Id of the dual-gate AAT is analogous to the shoot-through current in a complementary metal-oxide semiconductor (CMOS) inverter because the equivalent circuit of the AAT is given by the series circuit of the ReS2 and WSe2 transistors50-52. These facts mean that the limiting factors of Id in the AAT are different below and above Vpeak (Vbg = −9.8 V). Below Vpeak, Id is limited by the electron current in the ReS2 channel whereas that above Vpeak is restricted by the hole current in the WSe2 channel.
The Vtg effect in the dual-gate AAT is shown in Figure 1e, where Vtg was varied from 0 V to −0.9 V and Vd was fixed at −1.0 V. The Λ-shaped transfer curve was constantly shifted toward the positive Vbg range. To evaluate the variation in Vpeak in detail, the three-dimensional (3D) |Id| plots as a function of Vbg and Vtg are given in Figure 1f. Vpeak was varied linearly from –12.5 V to −7.0 V by changing Vtg from 1.0 V to –1.4 V. It should be noted that the shifted Vpeak returned to its original position after turning off Vtg, indicating that carriers are not trapped in the ZnPc-PS4 nano-floating gate in the 1.0 V to –1.4 V Vtg range. 

2.2 Reconfigurable Two-Input Logic Circuits
[bookmark: OLE_LINK157][bookmark: OLE_LINK158]The dual-gate AAT is successfully applied to two-input logic circuits by the effective use of the Λ-shaped transfer characteristic. In these circuits, Vtg and Vbg were used as input signals 1 and 2, respectively, as shown in Figure 2a. Id was monitored as the output signal. Figures 2b-2f show the 2D−|Id| plots of the five logic circuits namely AND, OR, XOR, NAND, and NOR, respectively. Here, the 2D−|Id| plots are binarized with a common threshold current of 46 nA to realize the five logic circuits with a single dual-gate AAT. The gray areas indicate an |Id| of higher than 46 nA, representing logic state “1” in two-input logic circuits whereas the white areas indicate an |Id| of less than 46 nA, representing logic state “0”. 
In Figure 2b, the 2D–|Id| plot shows that the dual-gate AAT acted as an AND circuit. Here, Vtg values of −1.6 V and −1.0 V are defined as the low Vtg (“0”) and high Vtg (“1”), and Vbg values of −10.0 V and −8.5 V are defined as the low Vbg (“0”) and the high Vbg (“1”), respectively. The high logic state “1” was output only when (Vtg, Vbg) were equal to (“1”, “1”). Similarly, the dual-gate AAT worked as OR, XOR, NAND, and NOR circuits as shown in Figures 2c-f, respectively. An important fact is that the above five logic circuits were reconfigured by selecting appropriate two-input signals with a single dual-gate AAT. These device operations agree well with our previous work40. 
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]One issue should be mentioned here, namely that the input voltages should be identical for all logic circuits for practical applications. However, the input signals must be varied to reconfigure the above-mentioned logic operations. A non-volatile memory function is used to address this issue. Our approach is that Vpeak is shifted by the carrier-trapping effect in the ZnPc-PS4 layer to reconfigure the respective logic operations even with identical input signals. Figure 3a shows the Id−Vtg curves of the dual-gate AAT. The black line represents the initial Id−Vtg curve. The blue line shows an Id−Vtg curve that is shifted to the negative Vtg range by applying 4-times negative Vtg (−15 V) pulses with a pulse width (Pwidth) of 10 s. Vpeak was varied from −0.50 V to −1.15 V. The 4-times positive Vtg pulse (Vtg = 15V, Pwidth = 10 s) induced the opposite shift in Vpeak (red line); Vpeak was changed from −0.50 V to −0.45 V. The respective peak voltages are denoted as Vpeak,i, Vpeak,n and Vpeak,p in Figure 3a. These variations in Vpeak are direct evidence of the carrier-trapping effect in the ZnPc-PS4 layer. The switching property of Vpeak is exhibited in the supporting information (Figure S3). As shown in Figure 3b, the conductive areas (gray areas) in the 2D−|Id| plots were greatly changed along with the Vpeak shift after applying the negative (Figure 3b(i)) and positive (Figure 3b(ii)) Vtg pulses. The repeatability of the variations in the 2D−|Id| plots was confirmed with the corresponding Vtg pulses. 
[bookmark: OLE_LINK55][bookmark: OLE_LINK56]Figures 3c and 3d, show the trapped charges in the dual-gate AAT and the corresponding energy level alignments when applying negative and positive Vtg pulses, respectively. These figures are provided to allow a detailed discussion of the carrier-trapping mechanism in the ZnPc-PS4 layer. Initially, no carriers are trapped in the ZnPc-PS4 layer. When negative Vtg pulses of −15 V are applied, the WSe2 channel is in the ON state, and therefore holes are injected from the valence band of WSe2 to the highest occupied molecular orbital (HOMO) of the ZnPc core (Figure 3c (i), (ii)). As a result, Von in the dual-gate AAT changed from 0.95 V (Von,i) to 0.75 V (Von,n) (Figure 3a). In contrast, the ReS2 channel is in the OFF state at the same Vtg and, therefore, it is considered that there are no carriers in the ReS2 channel layer. Nevertheless, the Id−Vtg curve of the dual-gate AAT was entirely shifted to the negative Vtg range (blue line in Figure 3a), indicating that there are holes in the ZnPc-PS4 layer above the ReS2 channel. Given this result, we consider that electrons were transferred from the ZnPc to the conduction band of the ReS2 channel, leaving holes in the HOMO of the ZnPc core, as seen in Figure 3c (iii). Consequently, holes are generated uniformly in the ZnPc-PS4 layer as shown in Figure 3c (i). Meanwhile, both the ReS2 and WSe2 layers are in the ON state a positive Vtg pulse of 15 V is applied due to the n-type characteristic of the ReS2 channel and the ambipolar characteristic of the WSe2 channel. Hence, the electrons are injected from the conduction bands of both the ReS2 and WSe2 channels to the lowest unoccupied molecular orbital (LUMO) of the ZnPc core. These are shown in Figures 3d (i)-(iii). As seen in Figure 3a, a corresponding peak shift from −0.50 (Vpeak,i) to −0.45 V (Vpeak,p) was observed after applying a positive Vtg pulse of 15 V due to the electron trap in the ZnPc-PS4 in the ReS2 channel. On the other hand, no shift was induced in Von by applying a positive Vtg pulse as indicated by Von,p and Von,i in Figure 3a. That is, the turn-on voltages in the WSe2 channel were consistent; the value (Von,p = 0.95 V) was the same as that of the initial Id−Vtg curve (Von,i = 0.95 V). This result probably originates from the short retention time of the trapped electrons in the ZnPc-PS4 layer in the WSe2 channel. The electrons would be released immediately after being trapped in the ZnPc-PS4 layer. The corresponding retention properties of the hole and electrons trapped in the ZnPc-PS4 layer in the ReS2 and WSe2 transistors are given in Figure S4 in the supporting information.
[bookmark: OLE_LINK37][bookmark: OLE_LINK38]On the basis of the above argument regarding the carrier-trapping mechanism, we undertook the electrical switching of the respective logic circuits. Figure 4a (i) shows the 2D−|Id| plot after applying 10-times positive Vtg pulses (Vtg = 15 V, Pwidth = 10 s), where electrons are trapped in the ZnPc-PS4 layer as illustrated in Figure 3c (i). The threshold of the output signal is assigned as 2.5 nA. First, the two-input signals, Vtg and Vbg, are adjusted for the AND circuit (Figure 4a (i)). The low Vtg (“0”) and the high Vtg (“1”) are −4.9 V and −4.0 V, respectively; the low Vbg (“0”) and the high Vbg (“1”) are −12.9 V and −11.2 V, respectively. Figure 4b　represents the AND circuit operation. The high logic state “1” was output only when (Vtg, Vbg) were equal to (“1”, “1”) in the 6 sec to 8 sec time period. Meanwhile, Id exhibited the low logic state “0” with other input signal combinations. The 10-times negative Vtg pulse (Vtg = −15 V, Pwidth = 10 s) was then employed to inject holes into the ZnPc-PS4 layer (Figure 3c). The corresponding 2D−|Id| plot is shown in Figure 4a (ii). The conductive area (logic state “1”) in the 2D−|Id| plot was expanded by applying the negative Vtg pulse, leading to electrical switching from AND to OR circuits. As depicted in Figure 4c, the high logic state “1” was output when either Vtg or Vbg was the “1” input signal in the time period from 4 sec to 10 sec. Significantly, the conductive area (logic state “1”) was alternately controlled by fine tuning the non-volatile memory functions, thus achieving the reconfiguration of AND and OR with identical input signals. The OR circuit thus produced was returned to an AND circuit by applying a 10-times positive Vtg pulse (Vtg = 15V, Pwidth = 10 s). The electrical switches between the logic circuits were reproducible and repeatedly induced by the negative and positive Vtg pulses. In this manner, we attained the conversion of the following two-input logic circuits: NAND/NOR, XOR/NAND, OR/NAND, and OR/XOR, without changing the input signals as shown in the supporting information (Figure S1).

2.3 Multifunctional artificial synapses
[bookmark: OLE_LINK72][bookmark: OLE_LINK73]Artificial synapses are a key element as regards the development of non-von Neumann computing architecture. In this section, we demonstrate multifunctional synaptic operations based on a dual-gate AAT. Importantly, the inhibitory/excitatory and long-term potentiation/depression synaptic operations are electrically reconfigured simply by selecting an appropriate readout voltage. For the synaptic operation, the top gate and drain electrodes in the dual-gate AAT act as the presynaptic input and postsynaptic output terminals, respectively. Id represents the postsynaptic current (PSC).
Figure 5a shows Id−Vtg curves obtained after applying negative and positive Vtg pulses. These are duplicated in Figures 5d, g. The blue and red lines show the Id−Vtg curves obtained after applying negative and positive Vtg pulses, respectively. Henceforth, the hole-trapped state induced by applying a 10-times negative presynaptic pulse (Vtg = −16 V, Pwidth = 10 s) is assigned as the initial state (blue line in Figure 5a). Here, holes are trapped in the ZnPc-PS4 layer on both the ReS2 and WSe2 layers, as shown in Figure 3c (i). 
First, we examined the conventional inhibitory and excitatory operations. Then, the polarity of the presynaptic pulse voltages was inverted for the respective operations. Figures 5b (i), 5c (i) show the variations in the PSC. The respective sequences of the applied voltages (Vtg, Vbg) for controlling PSC are shown in Figures 5b (ii), 5c (ii). A fixed Vtg of −4.0 V, which corresponds to the readout voltage (Vread), was constantly applied for both measurements. An additional Vbg of −10 V (black lines in Figures 5b (ii), 5c (ii)) was only necessary for yielding PSC signals. The first PSC in Figure 5b (i) was about −8.0 nA. Subsequently, each positive presynaptic Vtg pulse (Vtg = 15 V, Pwidth = 50 ms) reduced the PSCs in stages because the Id−Vtg curve shifted from blue to red in Figure 5a. This decay in the PSC represents the inhibitory synaptic operation. Meanwhile, negative Vtg pulses (Vtg = −16 V, Pwidth = 50 ms) increased the PSC stepwise from –6.7 nA to −7.1 nA as shown in Figure 5c (i), which corresponds to the excitatory synaptic operation.
Next, the opposite synaptic responses were obtained as shown in Figures 5e, 5f. Here, the sequences and polarities of the applied voltages (Vtg and Vbg in Figures 5e (ii), 5f (ii)) were the same as those in Figures 5b (ii), 5c (ii). The only difference is the readout voltage (Vread), which was changed from −4.0 V to 1.5 V. Then, the magnitude relation of Id was reversed; the Id value after negative pulse application (red line) was larger than that in the initial state (blue line) at a Vread of 1.5 V. In consequence, the positive presynaptic pulse (Vtg = 15 V, Pwidth = 50 ms) increased the PSC to induce an excitatory synaptic operation (Figure 5e (i)). Whereas, the negative presynaptic pulse (Vtg = −16 V, Pwidth = 50 ms) reduced the PSC thus inducing an inhibitory synaptic operation (Figure 5f (i)). 
A noteworthy feature of the dual-gate AAT is that the conversion between excitatory and inhibitory synaptic operations can be achieved without changing the polarity of the presynaptic pulse as shown in Figures 5h, 5i. For these measurements, the Vread was changed to −0.3 V but the applied voltage sequences were the same (Figures 5h (ii), 5i (ii)). Initially, the positive presynaptic pulse (Vtg = 13 V, Pwidth = 5 ms) increased the PSC, corresponding to an excitatory synaptic operation (Figure 5h (i)). Subsequently, further positive presynaptic pulses were repeatedly applied. As a result, the excitatory synaptic operation was transformed to an inhibitory operation; the PSC was then reduced even by consecutive positive presynaptic pulses as shown in Figure 5i (i). This unique electrical reconfiguration was achievable by setting the readout voltage (Vread) in between two peak voltages (Vpeak,n, Vpeak,p) as indicated by the dotted line in Figure 5g. This is possible owing to the Λ-shaped transfer curves and distinguishes this approach from conventional neuromorphic devices. 
In addition, long-term potentiation (LTP) and long-term depression (LTD) were investigated as shown in Figure 6. Here, the PSCs are plotted as a function of applied pulse numbers. The PSC behaviors were clearly differentiated by changing the readout voltages, which were −4.0 V (Figure 6a), +1.5 V (Figure 6b) and −0.3 V (Figure 6c). In Figure 6a, the positive pulses induced a depression response (red dots) first and subsequent negative pulses transformed this to a potentiation response (blue dots). In contrast, reverse responses were observed by changing the readout voltage to + 1.5 V as shown in Figure 6b. Even though the polarities, applied voltages and pulse widths of the applied pulses were the same as those in Figure 6a, the potentiation and depression responses appeared in totally opposite orders. It is noteworthy that a similar transformation from LTP to LTD was realized even by the continuous application of positive presynaptic pulses as shown in Figure 6c. This operation was realized by setting the readout voltage at −0.3 V. This electrical switching of the synaptic operations was attained with the same analogy as those between the excitatory and inhibitory operations discussed in Figures 5h, 5i.
As discussed here, we realized reconfigurable and multifunctional synaptic operations, for example inhibitory/excitatory and LTP/LTD operations, employing presynaptic pulses with constant polarity. Although similar reconfigurable synaptic operations have already been reported using ambipolar transistors 53-56, the polarity inversion of the presynaptic pulses was necessary. In contrast, our transistor enabled different types of synaptic response, e.g., inhibitory/excitatory and LTP/LTD, simply by changing the readout voltage. These findings are beneficial in terms of truly mimicking the human brain. 

3. CONCLUSION
[bookmark: OLE_LINK54][bookmark: OLE_LINK57][bookmark: OLE_LINK21][bookmark: OLE_LINK22]In summary, a multifunctional in-memory logic device was developed based on a dual-gate AAT with an ReS2/WSe2 heterojunction. The key features were the Λ-shaped transfer curve of the AAT and the memory function of the ZnPc-PS4 layer, which were effectively merged. First, five two-input logic circuits, namely AND, OR, NAND, NOR, and XOR circuits, were constructed by adjusting the top-gate and bottom-gate voltages. Notably, individual logic circuits were electrically switched, for instance, from AND to OR circuits and from NAND to NOR circuits under constant input voltages thanks to the non-volatile memory function. Second, the Λ-shaped transfer curve was precisely controlled by the trapped carriers in the ZnPc-PS4 layer. This feature achieved multifunctional synaptic operations. Various types of synaptic operations, such as inhibitory/excitatory and LTP/LTD operations, were realized simply by changing the readout voltage under constant presynaptic pulses. As shown here, we attained unique logic circuits such as reconfigurable logic circuits and versatile synaptic systems by integrating the non-volatile memory function with the dual-gate AAT, which is not achieved in conventional memory devices. These findings have the potential to lead to new computing architecture with a view to realizing non-von Neumann-type computing.

4. EXPERIMENTAL SECTION
4.1 Process for forming dual-gate AATs.: A dual-gate AAT with two-dimensional materials was prepared by using a bubble-free dry transfer technique with a PPC/PDMS stamp47-49. ReS2 and WSe2 were employed for the n-type and p-type semiconductors, respectively. These films were prepared from commercial bulk crystals (HQ Graphene) by the mechanical exfoliation method. The home-built transfer system consisted of an optical microscope (BX53M, Olympus Co.), a manipulator, and a heater. First, an h-BN flake was transferred as the bottom-gate insulator on a highly doped Si substrate with a 90-nm-thick SiO2 layer, and then ReS2 and WSe2 were stacked on the top of the h-BN film to construct a p–n heterojunction. The WSe2 and ReS2 were 13 nm and 11 nm thick, respectively. Then, Cr/Au (5/50 nm) electrodes were deposited on the ReS2 channel. Meanwhile, Pd/Au (20/30 nm) electrodes were formed on the WSe2 channel by combining electron-beam (EB) lithography and EB evaporation. After removing the resist residue with a contact-mode AFM system, the ZnPc-PS4 layer was spin-coated as a nano-floating gate, followed by vacuum annealing at 100 °C for 1 hour to remove the solvent. As a result, a 20-nm-thick ZnPc-PS4 film was formed on the ReS2 and WSe2 layers. 
Subsequently, the h-BN layer was transferred onto the ZnPc-PS4 film as the top-gate insulator. Further, a 100-nm-thick SiO2 layer was deposited on the outside of the transistor channels to prevent the ZnPc-PS4 layer from dissolving in the organic solvents used in the following EB lithography processes. Ti/Au (5/100 nm) electrodes were deposited as the top-gate electrode to complete the dual-gate AAT. The channel length of the AAT was estimated to be 7.1 µm, the channel widths were 5.1 µm for WSe2 and 1.6 µm for ReS2.

4.2 Transistor measurements.: The transistor measurements were performed at room temperature in a nitrogen atmosphere using a probe station. The current-voltage and current-time characteristics were measured using source-measurement units (Keysight Technology, B2912A and B2901A).
4.3 AFM measurements.: An AFM (MFP-3D, Oxford Instruments) was used to examine the surface morphology and the film thickness of the constituent materials in the dual-gate AAT. The corresponding AFM images are indicated in Figure S2 in the supporting information. 
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[bookmark: OLE_LINK76][bookmark: OLE_LINK77][bookmark: _Hlk150186081][bookmark: _Hlk139024131]Figure 1. Fundamentals of dual-gate AAT operation. a, Schematic illustration of the dual-gate AAT and the chemical structure of ZnPc-cored star-shaped polystyrene (ZnPc-PS4). b, c, Optical microscope images of (b) the bottom-gate AAT before forming the top-gate configuration and (c) the completed dual-gate AAT. The inset in (b) shows an enlarged view of the overlapping area of ReS2 and WSe2 channels. d, Id–Vbg curves of the dual-gate AAT (black line), ReS2 transistor (blue line) and WSe2 transistor (red line) at a fixed Vtg of 0 V. e, Id–Vbg curves of the dual-gate AAT with different Vtg values, where Vd was fixed at −1.0 V. f, 3D plots of |Id| as a function of Vtg and Vbg.
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[bookmark: OLE_LINK78][bookmark: OLE_LINK79][bookmark: OLE_LINK129][bookmark: OLE_LINK130]Figure 2. Two-input logic circuits based on a dual-gate AAT. a, Equivalent circuit of the two-input logic circuit. b-f, 2D–|Id| plots as functions of Vtg and Vbg, corresponding to the following logic circuits: (b) AND, (c) OR (d) XOR, (e) NAND and (f) NOR circuits. The |Id| plots were binarized with a threshold of −46 nA.
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[bookmark: OLE_LINK127][bookmark: OLE_LINK128]Figure 3. Nonvolatile memory functions induced by ZnPc-PS4 layer. a, Id–Vbg curves of a dual-gate AAT in the initial state (black line) and after applying 4-times negative (blue line) and positive (red line) Vtg pulses. The pulse amplitude and the pulse width, respectively, are −15 V and 10 s for the negative Vtg pulse, and 15 V and 10 s for the positive Vtg pulse. b, 2D–|Id| plots after applying (i) negative and (ii) positive Vtg pulses. The Vd was fixed at −1.0 V. The |Id| plots were binarized with a threshold of 40 nA. c, Hole-trapping processes with negative Vtg pulses: (i) a schematic illustration of the energy level alignments for hole-injection from (ii) WSe2 and from (iii) ReS2 channels into the ZnPc-PS4 layer. d, Electron-trapping processes with positive Vtg pulses: (i) a schematic illustration of the energy level alignments for electron injection from (ii) WSe2 and from (iii) ReS2 channels into the ZnPc-PS4 layer.
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[bookmark: OLE_LINK80][bookmark: OLE_LINK81]Figure 4. Reconfigurable two-input logic circuits. a, Electrical switching between (i) AND (ii) OR circuits induced by the carrier trapping effect in a dual-gate AAT. The 2D–|Id| plots were binarized with a threshold of 2.5 nA. b, c, Logic operations of (b) AND (c) OR circuits. The output signal, “1” or “0”, is defined by an |Id| of below or above 2.5 nA, respectively.
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Figure 5. Inhibitory and excitatory synaptic operations. a, Id−Vtg curves after 10-times negative (Vtg = −16 V, Pwidth = 10 s, blue line) and positive (Vtg = 15 V, Pwidth =10 s, red line) Vtg pulses, where Vbg and Vd are fixed at −10 and −0.5 V, respectively. b, c, Inhibitory synaptic operation with positive Vtg pulses (Vtg = 15 V and Pwidth = 50 ms) and excitatory synaptic operations with a negative Vtg pulse (Vtg = −15 V and Pwidth = 50 ms) were realized. The readout voltage (Vread) was set at −4.0 V for these measurements. d, Id−Vtg curves duplicated from (a). The readout voltage (Vread) was changed to 1.5 V. e, f, Excitatory and inhibitory synaptic operations were observed, although the applied voltages were the same as those in (b) and (c). g, Id−Vtg curves duplicated from (a). The readout voltage (Vread) was changed to −0.3 V. h, i, Excitatory and inhibitory synaptic operations were observed although consecutive positive Vtg pulses (Vtg = 13 V and Pwidth = 5 ms) were applied repeatedly. 
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[bookmark: OLE_LINK82][bookmark: OLE_LINK83]Figure 6. Long-term potentiation and depression. a, b, Long-term potentiation and depression operations as a function of applied pulse numbers. The depression and potentiation operations were observed with the opposite orders depending on the Vread at (a) −4.0 V or (b) 1.5 V. c, Transition from potentiation to depression induced by continuous pulse application. A similar transformation from potentiation to depression was even realized by the continuous application of positive presynaptic pulses with an appropriate Vread of −0.3 V.
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