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Abstract

:

Due to the limitations of thermodynamics, the Boltzmann distribution of electrons hinders the further reduction of the power consumption of field-effect transistors. However, with the emergence of ferroelectric materials, this problem is expected to be solved. Herein, we demonstrate an OR logic ferroelectric in-situ transistor based on a CIPS/MoS2 Van der Waals heterojunction. Utilizing the electric field amplification of ferroelectric materials, the CIPS/MoS2 vdW ferroelectric transistor offers an average subthreshold swing (SS) of 52 mV/dec over three orders of magnitude, and a minimum SS of 40 mV/dec, which breaks the Boltzmann limit at room temperature. The dual-gated ferroelectric in-situ transistor exhibits excellent OR logic operation with a supply voltage of less than 1 V. The results indicate that the CIPS/MoS2 vdW ferroelectric transistor has great potential in ultra-low-power applications due to its in-situ construction, steep-slope subthreshold swing and low supply voltage.
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1. Introduction


With the feature size of transistors scaling down, the emergence of various parasitic effects severely restricts the development of Moore’s Law, among which short-channel effects play a key role [1]. The derivation of two-dimensional materials means that this parasitic effect is expected to be solved [2,3]. Owing to the strong covalent bond between metal and chalcogenide atoms, even if the thickness is reduced to the atomic level, the material’s characteristics can be completely retained [4]. It has been proven that two-dimensional (2D) transition metal dichalcogenides (TMDs) have a natural immunity to short channel effects [5,6]. In addition, the Boltzmann distribution of the electron at room temperature hinders the optimization of the switching characteristics of the metal oxide field-effect transistor, which sets a barrier for the power consumption reduction. The ferroelectric field-effect transistor provides new strategies for breaking the thermodynamics limit [7,8]. For digital circuits based on CMOS cells, the most important factor restricting the reduction in the size of the integrated circuits is the contradiction between performance improvement and power consumption [9]. Researchers use the unique residual polarization characteristics of ferroelectric materials to prepare a variety of transistor-like structures with sub-threshold swings less than 60 mV/dec, which greatly promotes the computing speed of chips and the reduction of power consumption [10,11,12,13]. Not only that, thanks to the strong photogating effect induced by the ferroelectric local electrostatic field, ferroelectric materials are widely used in the field of photoelectric detection [14,15,16]. Ferroelectric materials, as a general term describing the characteristics of materials with polarization that can be reversed under an applied electric field, exhibit stable states of collectively ordered electrical dipoles [17,18]. Ferroelectric materials have a wide variety of types, such as organic ferroelectric polymer P(VDF-TrFE) [19] and inorganic ferroelectric oxide-fluorite-structure binary oxides (fluorites), i.e., doped-HfO2 [20], Van der waal ferroelectric materials [21]. The huge material manifestation greatly expands the application fields of ferroelectric materials, such as flexible electronics, non-volatile memory and so on [22,23]. With the rapid development of the field of artificial intelligence, the demand for hardware computing capabilities is increasing dramatically, which has promoted the derivation of new types of storage devices. Among these nonvolatile memory technologies, the FeFET—as a new transistor type memory architecture—gradually appeared in the public eye. The natural capacitance mismatch of ferroelectric materials results in a larger storage window, which promotes the reduction of the data retention and the erasing of the voltage. Brain-like synaptic devices made of ferroelectric materials can realize the basic unit of neuromorphic computing, and the constructed neural network unit has a high degree of parallelism [15,24,25].



Compared with traditional ferroelectric materials which are epitaxially grown, van der Waals heterojunctions exhibit excellent innate properties in the improvements of interface defects [26]. Due to the lack of dangling bonds on the surface of the two-dimensional material, it will become difficult to use epitaxial high-quality ferroelectric materials on the surface of the two-dimensional material through the atomic layer deposition (ALD) process [27]. With the emergence of two-dimensional dielectric materials, van der Waals heterojunctions open the pathway for the integration of 2D semiconductors with dielectrics [28]. Recently, the ferroelectricity of some two-dimensional layered materials was confirmed successively by experiments. Choosing the appropriate 2D ferroelectric dielectric is vital, given that it directly determines the performance of the device [29]. The candidate needs to maintain stable ferroelectricity at room temperature when the channel body is reduced to nanometers. The stable switchable polarization in CuInP2S6 (CIPS) at room temperature has been experimentally observed even at scales down to 4 nm, which exhibits its potential as a 2D ferroelectric material [21,30].



In this work, we demonstrate the ferroelectric in-situ transistor based on CIPS/MoS2, with CIPS and MoS2 as the ferroelectric dielectric and channel semiconductor, respectively. The CIPS/MoS2 vdW ferroelectric FET exhibits a steep subthreshold swing (SS) of 52 mV/dec over three decades of drain current. The in-situ OR logic transistor is built under the combined effect of the top and back gate. OR logic operation in single-channel transistors is successfully achieved, and the excellent device performance is demonstrated by a steep switch characteristic and low supply voltage. The proposal of the CIPS/MoS2 OR logic ferroelectric transistor provides a new idea for the construction of low-power complex-logic transistors.




2. Experimental Details


2.1. Fabrication of the CIPS/MoS2 vdW Ferroelectric Transistor


The highly p-doped silicon substrates with the resistivity of 0.008 Ω·cm−1 were cleaned by a standard RCA process, and all of the samples were dried with high-purity N2. The native SiO2 on the substrate was removed by immersion in diluted HF solution (4%) for 60 s before the deposition of the HfZrOx dielectric. Then, the HfZrOx gate dielectric was deposited by the atomic layer deposition reactor (Picosun R-150) with tetradiethylamino zirconium, tetradimethylamino hafnium as the precursor source, and H2O as the oxidant. The thickness of the HfZrOx film was measured by the spectroscopic ellipsometry (SE) system (J.A. Woollam Co. M2000U, Lincoln, NE, USA). Then, the MoS2 flake was micromechanically exfoliated onto the HfZrOx substrates. The CIPS was micromechanically exfoliated on polydimethylsiloxane held on a glass slide. The heterostructures of the CIPS/MoS2 were fabricated using dry transfer, as reported [31]. The electrodes were formed by a standard e-beam lithography process, Cr/Au (10 nm/50 nm) deposited by thermal evaporation, and a lift-off process. Finally, the device was annealed at 300 °C for 2 h under an Ar atmosphere to form ohmic contact.




2.2. Characterization Method


The thickness of the CIPS and MoS2 were measured using an atomic force microscope system (BRUKER Multimode 8, Berlin, Germany). Raman spectra measurements was carried out on a Horiba LabRAM HR800 Raman spectrometer (Paris, France) with a laser of a 532 nm wavelength. The electric characteristics of the CIPS/MoS2 vdW ferroelectric transistor were measured using an Agilent B1500A analyzer (Santa Clara, CA, USA). The measurement data was collected using a cascade probe station at room temperature.





3. Results and Discussion


3.1. Material Characteristics and Electrical Performance of the CIPS/MoS2 vdW Ferroelectric Transistor


Figure 1a shows the schematic structure of the CPIS/MoS2 vdW double-gate ferroelectric transistor, consisting of a multilayers MoS2 channel material, and CIPS and HfZrOx as the top and back dielectric, respectively. The heavily doped silicon substrate serves as the back gate. The surface morphology of the CPIS/MoS2 ferroelectric transistor is shown in Figure 1b, as measured by the atomic force microscope (AFM), where the gate length is slightly shorter than the channel. Then, the Raman spectrum of CIPS and MoS2 are illustrated in Figure 1c in order to identify the material properties, exhibiting a similar ferroelectric phase consistent with the reported bulk CIPS crystals and multilayer MoS2 Raman characteristics [29,32,33]. Figure 1d shows the height distribution along the white dotted line in Figure 1b. The thickness of the MoS2 is approximately 9 nm, which guarantees the high performance and reliability of the device. The monolayer MoS2 film is easily disturbed by external factors, exhibiting low conductivity, high contact resistance and poor reliability. The literatures indicates that the MoS2 transistor with multilayers exhibits the best device performance [33,34]. The appropriate CIPS (14~15 nm) can reinforce the intensity of the polarization in order to obtain the ideal subthreshold swing (SS).



Figure 2 shows the electrical performance of the top-gate transistor and the back-gate transistor, respectively. The transfer characteristic of the back-gate transistor is shown in Figure 2a with the heavily doped silicon substrate as the back gate, and with the top gate floating. The IDS-VBG characteristic shows a typical n-type behavior. The on/off ratio can reach 107 when the VBG ranges from −2 V to 3 V. As the drain voltage increases, the IDS-VBG of the back-gate transistor begins to drift negatively, resulting in a drain-induced barrier reduction effect [35]. At the same time, it should be noticed that the sub-threshold swing exhibits a mild degradation compared to VD = 0.1 V, which is because the trap capture is enhanced at a high drain voltage [36]. The gate leakage current remains consistent across the entire voltage range thanks to the dense HfZrOx oxide. According to the following formula [37]:


  S S = ∂  V  B G   / ∂  (  log  I  D S    )   



(1)




the SS of back gate MoS2 MOSFET is extracted, as shown in Figure 2b. The minimum SS is derived to be 67 mV/dec for VD = 0.1 V and 79 mV/dec for VD = 1 V. The minimum SS increases to a greater extent as the drain voltage increases, and both values are above the thermionic limit (~60 mV/dec) due to the Boltzmann distribution of electrons at room temperature. On the contrary, the top gate MoS2 shows an outstanding switching characteristic. It is well known that CIPS has ferroelectric properties, as has been reported [29]. The polarization generated by the ferroelectric material causes the gate electric field to be locally amplified so that a sustained sub−60 mV/dec switching can be obtained. The electric characteristic of the so-called CIPS/MoS2 vdW ferroelectric transistor is illustrated in Figure 2c. The IDS-VTG characteristic shows a preferable consistency at different drain voltages. Similar to the back-gate transfer characteristic, the drain-induced barrier reduction effect is weak except for VD = 0.1 V. The charge trapping at the interface of MoS2/dielectric is not only affected by the gate voltage, but is also modulated by the drain voltage [36]. Therefore, when the drain voltage is low, the charge trapping increases and the threshold voltage shifts in the positive direction. From Figure 2c, the impact of a negative capacitance (NC) effect in vdW CIPS/MoS2 FET is revealed by an observed conversion of the gate leakage current at VTG = 0 V, which is a unique trait and not seen in conventional gate dielectric. This phenomenon is the result of the combined effect of the polarization electric field and the drain-induced-barrier-rising effect of NC [20]. Despite the incomplete gated channel limits in the on-state current, the SS extracted from the top–gate transfer curve is below the thermionic limit by three orders of magnitude, as illustrated in Figure 2d. The CIPS/MoS2 vdW ferroelectric transistor exhibits an average SS of 52 mV/dec, and a minimum SS of 40 mV/dec.




3.2. The Performance Optimization of the CIPS/MoS2 vdW Ferroelectric Transistor


The hysteretic characteristic seriously affects the stability of the NC-FET device due to the capacitance mismatch [38,39,40]. Stable switching can be achieved by matching the appropriate negative capacitance, and the degree of capacitance matching will directly affect the electrical performance of the NC-FET [41,42,43]. The essence of capacitance matching is the coupling relationship between the negative gate capacitance |CFE| and the gate capacitance CMOS [44]. Because CMOS depends on the channel materials, channel thickness and other factors, we mainly adjust |CFE| to make the CIPS/MoS2 NC-FET achieve an ideal capacitance matching relationship. Theoretical research shows that |CFE| in NC-FET can be approximated as [45]:


   |   C  FE    |  =  A  FE   ⋅  2  3  3    ⋅    P r     E C  ⋅  t  FE      



(2)




where AFE, EC, Pr, tFE represent the area of the ferroelectric dielectric, coercive electric field strength, residual polarization charge density and ferroelectric film thickness, respectively. Unlike traditional Hf-based ferroelectric materials, the ferroelectricity of a two-dimensional material is the product of its own lattice structure, and does not rely on the recrystallization caused by the annealing effect [21]. Therefore, for the same two-dimensional ferroelectric material, the coercive electric field intensity and the remnant polarization charge density are constants, and |CFE| mainly depends on the thickness of the ferroelectric film. Herein, the CIPS/MoS2 NC-FET’s performance optimization is achieved by adjusting the ferroelectric film thickness. Figure 3a shows the dual-direction transfer characteristic of CIPS/MoS2 NC-FET with 9.7 nm, 14.8 nm and 21.3 nm CIPS. The minimum hysteresis window of 53.4 mV at ID = 1 nA is obtained for ~14.8 nm CIPS less than the 131 mV for ~9.7 nm and 171.8 mV for ~21.3 nm. At the same time, the gate leakage is effectively suppressed for ~14.8 nm CIPS due to better capacitance matching, as shown in Figure 3b. Figure 3c shows the ID-VDS characteristic of vdW ferroelectric FET with ~14.8 nm CIPS under VGS from −0.5 V to 1 V, with a step of 0.25 V. The vdW ferroelectric FET has the current density of 2 µA/µm at a low supply voltage (1.2 V), which can greatly reduce the switching power consumption of the transistor according to the following formula [46]:


   P  swtiching   = f C  V  DD  2   



(3)




where f is the clock frequency, C is the total output capacitance and VDD is the supply voltage. Figure 3d,e show the subthreshold swing of three different thickness devices under forward sweep and negative sweep, respectively. As the thickness of the CIPS increases, the positive subthreshold swing decreases slightly, and an increased switching speed of the device is obtained. The negative transfer characteristic curve tends to recover, which is related to the inversion of the polarization electric field. In order to better demonstrate the correlation between the device performance and the sweep direction, Figure 3f shows the subthreshold swing distribution under dual-direction sweeping, from which sustained sub−60 mV/decade switching and stable device repeatability is obtained.




3.3. The Demonstration of the OR Logic Function


In order to prevent the incomplete-gated channel, a dual-gated operation of the MoS2 transistor is conducted. Under the blessing of the back-gate electric field, the double-gate transistor exhibits better switching characteristics, thanks to the better electrostatic control over the channel. The principle is similar to Fin-FET and a gate-all-around (GAA) transistor; however, the difference is that a dual-gate transistor provides two independent gate controls. By modulating the electrostatic intensity of the top gate and the back gate, the IDS and Vth can be continuously adjusted. The I-V characteristic of the dual-gated transistor is illustrated in Figure 4a at VD = 0.1 V, with VTG sweeping uninterruptedly from −0.75 V to 0.75 V and VBG keeping a constant voltage from −2 V to 2 V, with a step of 0.5 V. As the back gate voltage VBG increases, the behavior of the dual-gated transistor gradually changes from the switching characteristics of field-effect transistors to a resistance-like normally-on state uncontrolled by the top gate, which indicates that the back and top gate can work with each other well [47]. Due to the existence of the back-channel, the on-state current increased by 10 times compared to the single top-gate transistor. At the same time, under the action of the bidirectional electric field, the entire channel is depleted, and the off-state current is reduced by two orders of magnitude. The OR logic operation is the basic logic unit in digital circuits, and the OR logic operation was implemented through in situ dual-gate architecture [33,48]. Next, we demonstrated the OR logic function of the CIPS/MoS2 vdW ferroelectric transistor, in which the top-gate and back-gate electrodes serve as two signal input terminals, respectively. In order to expressly show the OR logic function of the dual-gated MoS2 transistor with the CIPS/MoS2/HfZrOx structure, the 2D mapping image of log(IDS) as functions of the input signals VTG and VBG is exhibited in Figure 4b. The output signals log(IDS) are poor when the input signal are in a ‘00′ state, as shown in blue region of Figure 4b. As the conversion of input signals, the output signals are reinforced obviously, especially when the input signal of an ‘11′ state is applied. By regulating the gate input signal, the OR logic operation can be realized in a single channel MoS2 transistor, such that the complexity of the digital circuits can be effectively reduced. More importantly, the power consumption of the OR logic CIPS/MoS2 vdW ferroelectric transistor is limited due to the low leakage current, small input voltage and steep subthreshold swing.




3.4. The Discussion of the Electronic Transport Mechanism


The metal oxide semiconductor field-effect transistor is a voltage-type control device, the conduction characteristic of which depends entirely on whether the electrostatic induction channel is formed [49]. The conduction state of the transistor is controlled by the barrier height between the source and drain. For dual-gated transistors, the barrier height on both sides of the channel determines the conduction current of the device. In order to better understand the conduction mechanism, the intuitive understanding can be obtained from the energy band diagram. Figure 5 illustrates the ways in which the barrier height changes for different input signals. As shown in Figure 5a, when VTG = −0.5 V, VBG = −2 V is applied, and the barrier of the top and back channel is formed simultaneously, inducing fewer electrons to move from the source to the drain. Thus, the output logic of the device is the ‘0′ state. When the “01” or “10” logic input signal is applied to the two gates, the barrier of the MoS2 interface drops such that the top or back electron channel is formed, as shown in Figure 5b,c. Compared with the “00” input signals, the on-state current is enhanced due to the single electron channel formed. However, because the one channel is in an accumulation state, the Coulomb scattering in another channel is enhanced because of the coupling of the top and back channel, as shown in Figure 5b,c, meaning that the output current is partly limited [50]. Only when the “11” input signal is applied at the two gates are the top and back inversion channel formed simultaneous, as shown in Figure 5d, causing the conductance between the source and drain to increase. In this case, the output current rises in comparison to the “10” and “01” logic input signals. The logic operation indicates that OR logic computing can be achieved in a single 2D vdW transistor. Compared with silicon-based field-effect transistors, the large surface area-to-volume ratio of 2D materials enables the construction of multiple logic gates in single 2D transistors, which greatly improves the area-efficiency of chips and promotes power consumption reduction.





4. Conclusions


In summary, we have fabricated a CIPS/MoS2 van der Waals ferroelectric transistor, where CIPS and MoS2 serve as the ferroelectric dielectric and channel materials, respectively. Benefitting from the smooth and clean interface of CIPS/MoS2, the vdw NC-FET shows high switch performance. Sustained sub−60 mV/dec SS switching is obtained under the effect of ferroelectric materials. Furthermore, we demonstrate the OR logic computing of the CIPS/MoS2/HfZrOx dual-gated transistor. Only when the “00” logic input signal is applied at the two gates is the dual-gated transistor in the off state, which originates from the independent adjustment of the barrier height. What is more, the fabricated OR logic vdw ferroelectric transistor with an in-situ construction exhibits a satisfactory device performance with steep switch characteristics and a low supply voltage. This successful demonstration for the integration of a vdW ferroelectric dielectric and semiconductor provides a strategy to improve the area-efficiency of chips, and to meet the low-power demand in the post-Moore period.







Author Contributions


Conceptualization, K.Y.; methodology, S.W.; validation, T.H.; writing—original draft preparation, K.Y.; writing—review and editing, H.L.; funding acquisition, H.L. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported in part by the National Natural Science Foundation of China (Grant No. U1866212), in part by the Laboratory Open Fund of Beijing Smart-chip Microelectronics Technology Co., Ltd. (Grant No. SGITZXDDKJQT2002303), in part by the Innovation Foundation of Radiation Application (Grant No. KFZC2018040206), and in part by the Fundamental Research Funds for the Central Universities and the Innovation Fund of Xidian University.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data is available from the corresponding authors upon reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Chhowalla, M.; Jena, D.; Zhang, H. Two-dimensional semiconductors for transistors. Nat. Rev. Mater. 2016, 1, 16052. [Google Scholar] [CrossRef]

	



Schwierz, F. Graphene transistors. Nat. Nanotechnol. 2010, 5, 487–496. [Google Scholar] [CrossRef]

	



Novoselov, K.S.; Fal′ko, V.I.; Colombo, L.; Gellert, P.R.; Schwab, M.G.; Kim, K. A roadmap for graphene. Nat. Cell Biol. 2012, 490, 192–200. [Google Scholar] [CrossRef] [PubMed]

	



Radisavljevic, B.; Kis, A. Mobility engineering and a metal–insulator transition in monolayer MoS2. Nat. Mater. 2013, 12, 815–820. [Google Scholar] [CrossRef]

	



Novoselov, K.S.; Mishchenko, A.; Carvalho, A.; Neto, A.H.C. 2D materials and van der Waals heterostructures. Science 2016, 353, aac9439. [Google Scholar] [CrossRef]

	



Luo, Z.; Yang, M.; Liu, Y.; Alexe, M. Emerging Opportunities for 2D Semiconductor/Ferroelectric Transistor-Structure Devices. Adv. Mater. 2021, 33, 2005620. [Google Scholar] [CrossRef]

	



Fei, Z.; Zhao, W.; Palomaki, T.A.; Sun, B.; Miller, M.; Zhao, Z.; Yan, J.; Xu, X.; Cobden, D.H. Ferroelectric switching of a two-dimensional metal. Nat. Cell Biol. 2018, 560, 336–339. [Google Scholar] [CrossRef] [PubMed]

	



Si, M.; Saha, A.K.; Gao, S.; Qiu, G.; Qin, J.; Duan, Y.; Jian, J.; Niu, C.; Wang, H.; Wu, W.; et al. A ferroelectric semiconductor field-effect transistor. Nat. Electron. 2019, 2, 580–586. [Google Scholar] [CrossRef]

	



Waldrop, M.M. The chips are down for Moore’s law. Nature 2016, 530, 144. [Google Scholar] [CrossRef]

	



Rusu, A.; Salvatore, G.A.; Jiménez, D.; Ionescu, A.M. Metal-Ferroelectric-Meta-Oxide-semiconductor field effect transistor with sub-60mV/decade subthreshold swing and internal voltage amplification. In Proceedings of the 2010 International Electron Devices Meeting, San Francisco, CA, USA, 6–8 December 2010; pp. 16.3.1–16.3.4. [Google Scholar]

	



Lee, M.H.; Lin, J.-C.; Wei, Y.-T.; Chen, C.-W.; Tu, W.-H.; Zhuang, H.-K.; Tang, M. Ferroelectric negative capacitance hetero-tunnel field-effect-transistors with internal voltage amplification. In Proceedings of the 2013 IEEE International Electron Devices Meeting, Washington, DC, USA, 9–11 December 2013; pp. 4.5.1–4.5.4. [Google Scholar] [CrossRef]

	



Zhou, J.; Han, G.; Li, Q.; Peng, Y.; Lu, X.; Zhang, C.; Zhang, J.; Sun, Q.Q.; Zhang, D.W.; Hao, Y. Ferroelectric HfZrOx Ge and GeSn PMOSFETs with Sub-60 mV/decade subthreshold swing, negligible hysteresis, and improved Ids. In Proceedings of the 2016 IEEE International Electron Devices Meeting (IEDM), San Francisco, CA, USA, 3–7 December 2016; pp. 12.2.1–12.2.4. [Google Scholar]

	



Jin, C.; Jang, K.; Saraya, T.; Hiramoto, T.; Kobayashi, M. Experimental Study on the Role of Polarization Switching in Subthreshold Characteristics of HfO2-based Ferroelectric and Anti-ferroelectric FET. In Proceedings of the 2018 IEEE International Electron Devices Meeting (IEDM), San Francisco, CA, USA, 1–5 December 2018; pp. 31.5.1–31.5.4. [Google Scholar]

	



Tu, L.; Cao, R.; Wang, X.; Chen, Y.; Wu, S.; Wang, F.; Wang, Z.; Shen, H.; Lin, T.; Zhou, P.; et al. Ultrasensitive negative capacitance phototransistors. Nat. Commun. 2020, 11, 101. [Google Scholar] [CrossRef] [PubMed]

	



Luo, Z.-D.; Xia, X.; Yang, M.-M.; Wilson, N.R.; Gruverman, A.; Alexe, M. Artificial Optoelectronic Synapses Based on Ferroelectric Field-Effect Enabled 2D Transition Metal Dichalcogenide Memristive Transistors. ACS Nano 2019, 14, 746–754. [Google Scholar] [CrossRef]

	



Chen, Y.; Wang, X.; Wang, P.; Huang, H.; Wu, G.; Tian, B.; Hong, Z.; Wang, Y.; Sun, S.; Sheng, H.; et al. Optoelectronic Properties of Few-Layer MoS2 FET Gated by Ferroelectric Relaxor Polymer. ACS Appl. Mater. Interfaces 2016, 8, 32083–32088. [Google Scholar] [CrossRef]

	



Cheema, S.S.; Kwon, D.; Shanker, N.; dos Reis, R.; Hsu, S.-L.; Xiao, J.; Zhang, H.; Wagner, R.; Datar, A.; McCarter, M.R.; et al. Enhanced ferroelectricity in ultrathin films grown directly on silicon. Nat. Cell Biol. 2020, 580, 478–482. [Google Scholar] [CrossRef]

	



Yadav, A.K.; Nguyen, K.X.; Hong, Z.; García-Fernández, P.; Aguado-Puente, P.; Nelson, C.T.; Das, S.; Prasad, B.; Kwon, D.; Cheema, S.; et al. Spatially resolved steady-state negative capacitance. Nat. Cell Biol. 2019, 565, 468–471. [Google Scholar] [CrossRef]

	



Wu, G.; Tian, B.; Liu, L.; Lv, W.; Wu, S.; Wang, X.; Chen, Y.; Li, J.; Wang, Z.; Wu, S.; et al. Programmable transition metal dichalcogenide homojunctions controlled by nonvolatile ferroelectric domains. Nat. Electron. 2020, 3, 43–50. [Google Scholar] [CrossRef]

	



Si, M.; Su, C.-J.; Jiang, C.; Conrad, N.J.; Zhou, H.; Maize, K.D.; Qiu, G.; Wu, C.-T.; Shakouri, A.; Alam, M.A.; et al. Steep-slope hysteresis-free negative capacitance MoS2 transistors. Nat. Nanotechnol. 2018, 13, 24–28. [Google Scholar] [CrossRef] [PubMed]

	



Belianinov, A.; He, Q.; Džiaugys, A.; Maksymovych, P.; Eliseev, E.; Borisevich, A.; Morozovska, A.N.; Banys, J.; Vysochanskii, Y.; Kalinin, S. CuInP2S6 Room Temperature Layered Ferroelectric. Nano Lett. 2015, 15, 3808–3814. [Google Scholar] [CrossRef]

	



Stadlober, B.; Zirkl, M.; Irimia-Vladu, M. Route towards sustainable smart sensors: Ferroelectric polyvinylidene fluoride-based materials and their integration in flexible electronics. Chem. Soc. Rev. 2019, 48, 1787–1825. [Google Scholar] [CrossRef] [PubMed]

	



Mikolajick, T.; Schroeder, U.; Slesazeck, S. The Past, the Present, and the Future of Ferroelectric Memories. IEEE Trans. Electron Devices 2020, 67, 1434–1443. [Google Scholar] [CrossRef]

	



Kim, M.-K.; Lee, J.-S. Ferroelectric Analog Synaptic Transistors. Nano Lett. 2019, 19, 2044–2050. [Google Scholar] [CrossRef]

	



Wang, Z.; Wu, H.; Burr, G.W.; Hwang, C.S.; Wang, K.L.; Xia, Q.; Yang, J.J. Resistive switching materials for information processing. Nat. Rev. Mater. 2020, 5, 173–195. [Google Scholar] [CrossRef]

	



Gibertini, M.; Koperski, M.; Morpurgo, A.F.; Novoselov, K.S. Magnetic 2D materials and heterostructures. Nat. Nanotechnol. 2019, 14, 408–419. [Google Scholar] [CrossRef]

	



Wang, J.; Li, S.-L.; Zou, X.; Ho, J.; Liao, L.; Xiao, X.; Jiang, C.; Hu, W.; Wang, J.; Li, J. Integration of High-kOxide on MoS2by Using Ozone Pretreatment for High-Performance MoS2Top-Gated Transistor with Thickness-Dependent Carrier Scattering Investigation. Small 2015, 11, 5932–5938. [Google Scholar] [CrossRef]

	



Liu, Y.; Weiss, N.O.; Duan, X.; Cheng, H.-C.; Huang, Y.; Duan, X. Van der Waals heterostructures and devices. Nat. Rev. Mater. 2016, 1, 16042. [Google Scholar] [CrossRef]

	



Si, M.; Liao, P.-Y.; Qiu, G.; Duan, Y.; Ye, P.D. Ferroelectric Field-Effect Transistors Based on MoS2 and CuInP2S6 Two-Dimensional van der Waals Heterostructure. ACS Nano 2018, 12, 6700–6705. [Google Scholar] [CrossRef]

	



Liu, F.; You, L.; Seyler, K.L.; Li, X.; Yu, P.; Lin, J.; Wang, X.; Zhou, J.; Wang, H.; He, H.; et al. Room-temperature ferroelectricity in CuInP2S6 ultrathin flakes. Nat. Commun. 2016, 7, 12357. [Google Scholar] [CrossRef]

	



Frisenda, R.; Navarro-Moratalla, E.; Gant, P.; De Lara, D.P.; Jarillo-Herrero, P.; Gorbachev, R.V.; Castellanos-Gomez, A. Recent progress in the assembly of nanodevices and van der Waals heterostructures by deterministic placement of 2D materials. Chem. Soc. Rev. 2018, 47, 53–68. [Google Scholar] [CrossRef] [PubMed]

	



Vysochanskii, Y.M.; Stephanovich, V.A.; Molnar, A.A.; Cajipe, V.B.; Bourdon, X. Raman spectroscopy study of the ferrielectric-paraelectric transition in layeredCuInP2S6. Phys. Rev. B 1998, 58, 9119–9124. [Google Scholar] [CrossRef]

	



Wan, D.; Wang, Q.; Huang, H.; Jiang, B.; Chen, C.; Yang, Z.; Li, G.; Liu, C.; Liu, X.; Liao, L. Hysteresis-free MoS2 metal semiconductor field-effect transistors with van der Waals Schottky junction. Nanotechnology 2021, 32, 135201. [Google Scholar] [CrossRef]

	



Lin, M.-W.; Kravchenko, I.; Fowlkes, J.; Li, X.; Puretzky, A.A.; Rouleau, C.M.; Geohegan, D.; Xiao, K. Thickness-dependent charge transport in few-layer MoS2field-effect transistors. Nanotechnology 2016, 27, 165203. [Google Scholar] [CrossRef] [PubMed]

	



Ding, L.; Wang, Z.; Pei, T.; Zhang, Z.; Wang, S.; Xu, H.; Peng, F.; Li, Y.; Peng, L.-M. Self-Aligned U-Gate Carbon Nanotube Field-Effect Transistor with Extremely Small Parasitic Capacitance and Drain-Induced Barrier Lowering. ACS Nano 2011, 5, 2512–2519. [Google Scholar] [CrossRef]

	



Pak, J.; Cho, K.; Kim, J.-K.; Jang, Y.; Shin, J.; Kim, J.; Seo, J.; Chung, S.; Lee, T. Trapped charge modulation at the MoS2/SiO2 interface by a lateral electric field in MoS2 field-effect transistors. Nano Futures 2019, 3, 011002. [Google Scholar] [CrossRef]

	



Tian, H.; Wang, X.; Zhao, H.; Mi, W.; Yang, Y.; Chiu, P.-W.; Ren, T.-L. A Graphene-Based Filament Transistor with Sub-10 mVdec−1 Subthreshold Swing. Adv. Electron. Mater. 2018, 4, 1700608. [Google Scholar] [CrossRef]

	



Appelbaum, I.; Huang, B.; Monsma, D.J. Electronic measurement and control of spin transport in Silicon. Phys. Rev. Lett. 2011, 106, 217202. [Google Scholar] [CrossRef]

	



Sasaki, T.; Ando, Y.; Kameno, M.; Tahara, T.; Koike, H.; Oikawa, T.; Suzuki, T.; Shiraishi, M. Spin Transport in Nondegenerate Si with a Spin MOSFET Structure at Room Temperature. Phys. Rev. Appl. 2014, 2, 034005. [Google Scholar] [CrossRef]

	



Yeung, C.W.; Khan, A.I.; Salahuddin, S.; Hu, C. Device design considerations for ultra-thin body non-hysteretic negative capacitance FETs. In Proceedings of the 2013 Third Berkeley Symposium on Energy Efficient Electronic Systems (E3S), Berkeley, CA, USA, 28–29 October 2013; pp. 1–2. [Google Scholar] [CrossRef]

	



Salahuddin, S.; Datta, S. Use of Negative Capacitance to Provide Voltage Amplification for Low Power Nanoscale Devices. Nano Lett. 2008, 8, 405–410. [Google Scholar] [CrossRef] [PubMed]

	



Hoffmann, M.; Fengler, F.P.G.; Herzig, M.; Mittmann, T.; Max, B.; Schroeder, U.; Negrea, R.; Lucian, P.; Slesazeck, S.; Mikolajick, T. Unveiling the double-well energy landscape in a ferroelectric layer. Nat. Cell Biol. 2019, 565, 464–467. [Google Scholar] [CrossRef]

	



Khan, A.I.; Chatterjee, K.; Wang, B.; Drapcho, S.; You, L.; Serrao, C.; Bakaul, S.R.; Ramesh, R.; Salahuddin, S. Negative capacitance in a ferroelectric capacitor. Nat. Mater. 2015, 14, 182–186. [Google Scholar] [CrossRef] [PubMed]

	



Khan, A.I.; Yeung, C.W.; Hu, C.; Salahuddin, S. Ferroelectric negative capacitance MOSFET: Capacitance tuning & antiferroelectric operation. In Proceedings of the 2011 International Electron Devices Meeting, Washington, DC, USA, 5–7 December 2011; pp. 11.3.1–11.3.4. [Google Scholar]

	



Lin, C.I.; Khan, A.I.; Salahuddin, S.; Hu, C. Effects of the Variation of Ferroelectric Properties on Negative Capacitance FET Characteristics. IEEE Trans. Electron Devices 2016, 63, 2197–2199. [Google Scholar] [CrossRef]

	



Kim, S.; Myeong, G.; Shin, W.; Lim, H.; Kim, B.; Jin, T.; Chang, S.; Watanabe, K.; Taniguchi, T.; Cho, S. Thickness-controlled black phosphorus tunnel field-effect transistor for low-power switches. Nat. Nanotechnol. 2020, 15, 203–206. [Google Scholar] [CrossRef]

	



Li, J.; Zhang, H.; Ding, Y.; Li, J.; Wang, S.; Zhang, D.W.; Zhou, P. A non-volatile AND gate based on Al2O3/HfO2/Al2O3 charge-trap stack for in-situ storage applications. Sci. Bull. 2019, 64, 1518–1524. [Google Scholar] [CrossRef]

	



Liu, C.; Chen, H.; Hou, X.; Zhang, H.; Han, J.; Jiang, Y.G.; Zeng, X.; Zhang, D.W.; Zhou, P. Small footprint transistor architecture for photoswitching logic and in situ memory. Nat. Nanotechnol. 2019, 14, 662–667. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.X.; Chen, X.Y.; Chen, J.X.; Zeng, G.; Li, Y.C.; Huang, W.; Ji, Z.G.; Zhang, D.W.; Lu, H.L. Dual-gate MoS2 phototransistor with atomic-layer-deposited HfO2 as top-gate dielectric for ultrahigh photoresponsivity. Nanotechnology 2021. [Google Scholar] [CrossRef]

	



Kun, Y.; Yanning, C.; Shulong, W.; Tao, H.; Hongxia, L. Investigation of charge trapping mechanism in MoS2 field effect transistor by incorporating Al into host La2O3 as gate dielectric. Nanotechnology 2021. [Google Scholar] [CrossRef]








[image: Nanomaterials 11 01971 g001 550] 





Figure 1. (a) The schematic diagram of the CIPS/MoS2 vdW in-situ ferroelectric transistor. (b) The surface morphology of the CPIS/MoS2 ferroelectric transistor, as measured by AFM. (c) The Raman spectrum of the exfoliated CIPS and MoS2 flake. (d) The height distribution along the white dotted line in the AFM image. 
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Figure 2. The electric characteristics of the CIPS/MoS2 vdW ferroelectric transistor at room temperature. (a,b) The I-V characteristic and the SS-IDS characteristic of the back-gate configuration, respectively. (c,d) The I-V characteristic and the SS-IDS characteristic of the top-gate configuration, respectively. 
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Figure 3. (a) The dual-direction transfer characteristic of CIPS/MoS2 NC-FET with 9.7 nm, 14.8 nm and 21.3 nm CIPS. (b) The gate leakage current of CIPS/MoS2 NC-FET with 9.7 nm, 14.8 nm and 21.3 nm CIPS. (c) The output characteristic of vdW NC-FET with a CIPS of 14.8 nm. (d,e) The subthreshold swing as functions of log(IDS) under forward sweep and negative sweep, respectively. (f) The subthreshold swing distribution of vdW NC-FET with a CIPS of 14.8 nm under dual-direction sweeping. 
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Figure 4. (a) The electric characteristic of CIPS/MoS2 vdW in-situ OR-Logic operation; the inset shows the measurements configuration of the CIPS/MoS2 vdW in-situ OR-Logic transistor. (b) The 2D mapping image of the output signals log(IDS) as functions of the input signals VTG and VBG. 
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Figure 5. Schematic illustrations of the OR-Logic operation mechanism of the CIPS/MoS2 vdW in-situ OR-Logic transistor. (a) “00” logic operation. (b) “10” logic operation. (c) “01” logic operation. (d) “11” logic operation. 
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