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            Abstract
The growing importance of applications based on machine learning is driving the need to develop dedicated, energy-efficient electronic hardware. Compared with von Neumann architectures, which have separate processing and storage units, brain-inspired in-memory computing uses the same basic device structure for logic operations and data storage1,2,3, thus promising to reduce the energy cost of data-centred computing substantially4. Although there is ample research focused on exploring new device architectures, the engineering of material platforms suitable for such device designs remains a challenge. Two-dimensional materials5,6 such as semiconducting molybdenum disulphide, MoS2, could be promising candidates for such platforms thanks to their exceptional electrical and mechanical properties7,8,9. Here we report our exploration of large-area MoS2 as an active channel material for developing logic-in-memory devices and circuits based on floating-gate field-effect transistors (FGFETs). The conductance of our FGFETs can be precisely and continuously tuned, allowing us to use them as building blocks for reconfigurable logic circuits in which logic operations can be directly performed using the memory elements. After demonstrating a programmable NOR gate, we show that this design can be simply extended to implement more complex programmable logic and a functionally complete set of operations. Our findings highlight the potential of atomically thin semiconductors for the development of next-generation low-power electronics.
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                    Fig. 1: Structure of in-memory device.[image: ]


Fig. 2: Characterization of non-volatile memories.[image: ]


Fig. 3: Programmable inverter based on a MoS2 memory cell.[image: ]


Fig. 4: Logic-in-memory.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Two-state retention time.
The drainâ€“source conductance GDS is shown versus time. Blue curve, VPROGÂ =Â â€“12.5Â V; red curve, VPROGÂ =Â +12.5Â V. To predict the trend of the decay, we fit both curves using the following expression, f(x)Â =Â Axk (dashedÂ black lines). We expect that the device has a 10-year retention.


Extended Data Fig. 2 Additional characteristics of MoS2 FGFETs.
a, Device variability. IDS versus VG curves for six different devices on the same die. b, Fresh IDS versus VG curves, corresponding to the first VG sweep carried out on these devices. Maximal gate voltage Â±VG,MAX (corresponding to VPROG) is insufficient for inducing charge transfer into the floating gate memory. This shows the behaviour of the FGFET in the initial state. c, IDS versus VG for different values of VDS (red curve, 50Â mV; blue curve, 100Â mV; green curve, 250Â mV; orange curve, 500Â mV). The progressive increase of the current without a decrease in the memory window demonstrates that the memory effect is not due to capacitive charges in the contacts. d, IDS versus VG for different sweep rates. The decrease of the memory window is a function of the sweep rate. The decrease is most probably a result of charge dynamics limiting the charging and discharging of the floating gate.


Extended Data Fig. 3 Simplified band diagrams of MoS2 FGFETs.
a, Energy band diagrams of different materials comprising the FGFET before being brought into contact. EC and EV are the positions of the bottom of the conduction band and the top of the valence band, respectively. b, Programming of the floating-gate memory by electron injection into the floating gate with the application of a positive gate voltage (upper panel). Lower panel, accompanying positive shift in the threshold voltage. c, Erase operation with electron extraction from the floating gate under the application of a negative gate voltage (upper panel). Lower panel, accompanying negative shift in the threshold voltage.


Extended Data Fig. 4 Floating-gate endurance test.
IDS is shown as a function of the number of program/erase (P/E) cycles. a, Each P/E cycle consists of a 100-ms +7.5Â V pulse for the erase operation, and a 100-ms âˆ’7.5Â V pulse for the program operation. b, As a but with a +10.0Â V pulse for erasing and a âˆ’10.0Â V pulse for programming. Both measurements are taken using a constant VDSÂ =Â 50Â mVÂ and on the same device.


Extended Data Fig. 5 Example of the graphical estimation of the noise margin for the inverter programmed with VPROGÂ =Â 8.5Â V.
Output voltage VOUT as a function of input voltage VIN (blue dots), and its mirror reflection (red dots). VOH and VOL are defined as the points where theÂ slope of the transfer curve (VOUT as a function of VIN, blue dots) is equal to âˆ’1, whereas VIL and VIH are the corresponding values of VIN.


Extended Data Fig. 6 Circuit schematic and logic for a two-input NOR.
a, Circuit schematic for a two-input NOR. b, Logic over time for different programming states Q1, Q2. Red: time traces of input voltages VIN1 and VIN2. Orange: output curves for Q1,2Â =Â 33, constant LOW and Q1,2Â =Â 11, constant HIGH. Blue: output curves for Q1,2Â =Â 21, inverter AÂ (IN1); Q1,2Â =Â 12, inverter BÂ (IN2). Green: output curve for Q1,2Â =Â 22, NOR A,B. (Here and in Extended Data Figs. 7, 8, we denote (for example) programming state â€˜Q1Â =Â 3, Q2Â =Â 3â€™ by â€˜Q1,2Â =Â 33â€™.).


Extended Data Fig. 7 Three-input NOR.
a, Circuit schematic for a three-input NOR. b, Logic over time for different programming states Q1, Q2, Q3. Q1â€“3Â =Â 111, constant HIGH; Q1â€“3Â =Â 211, inverter AÂ (IN1); Q1â€“3Â =Â 112, inverter CÂ (IN2); Q1â€“3Â =Â 122, NOR B,C; Q1â€“3Â =Â 212, NOR A,C; Q1â€“3Â =Â 221, NOR A,B; Q1â€“3Â =Â 222, NOR A,B,C.


Extended Data Fig. 8 Two-input logic-in-memory concept and interpretation.
a, Two-input schematic of the logic-in-memory concept. b, Interface model for input polarity control. c, NAND gate, Q1â€“4Â =Â 2211; d, NOR gate, Q1â€“4Â =Â 2332; e, XOR gate, Q1â€“4Â =Â 2222. We derive the XOR canonical formÂ by applying De Morganâ€™s laws.


Extended Data Fig. 9 Hardware and software implementation of the logic-in-memory programmer.
a, b, Hardware implementation of the four-memory programmer (a) and of the nine-memory programmer (b). c, Software working diagram of the programming (top) and test (bottom) blocks. d, Example of programming (left) and test (right) blocks working, using a nine-memory programmed into the following state Q1â€“9Â =Â 222111111 to perform a three-input NAND operation.


Extended Data Fig. 10 Raman characterization of monolayer MoS2.
Raman spectrum of transferred MoS2 from a single crystal (which also provided the material used in this paper) using 532-nm laser excitation and a 3,000Â linesÂ mmâˆ’1 grating. The observed wavenumber difference between the A1g and E2g Raman modes of MoS2 is consistent with a monolayer. Black line is a fit to the data points (red circles).


Extended Data Fig. 11 ADF-STEM images of monolayer MoS2.
a, Atomically resolved STEM image showing a large region of monolayer MoS2. Inset, fast Fourier transform (FFT) amplitude spectrum further shows the crystalline monolayer MoS2 structure. b, A magnified filtered STEM image taken from a shows the 2H crystal structure of monolayer MoS2. c, STEM simulation image of monolayer MoS2. The intensity line profiles at bottom right of b and c are taken along the dashed lines in those images, and show the peak positions of Mo atoms and S atoms.


Extended Data Fig. 12 FGFET TEM cross-section.
a, Wide-field view of the deviceÂ fabricated using the logic-in-memory process. b, Magnified view of the contact area boxed in a. c, Cross-section image of the gate stack consisting of (from bottom to top) Pt bottom gate, HfO2 blocking oxide, Pt floating gate, HfO2 tunnel oxide. The MoS2 2D channel is on top of the gate stack.
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