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Abstract

:

The AI and IoT era requires software and hardware capable of efficiently processing massive amounts data quickly and at a low cost. However, there are bottlenecks in existing Von Neumann structures, including the difference in the operating speed of current-generation DRAM and Flash memory systems, the large voltage required to erase the charge of nonvolatile memory cells, and the limitations of scaled-down systems. Ferroelectric materials are one exciting means of breaking away from this structure, as Hf-based ferroelectric materials have a low operating voltage, excellent data retention qualities, and show fast switching speed, and can be used as non-volatile memory (NVM) if polarization characteristics are utilized. Moreover, adjusting their conductance enables diverse computing architectures, such as neuromorphic computing with analog characteristics or ‘logic-in-memory’ computing with digital characteristics, through high integration. Several types of ferroelectric memories, including two-terminal-based FTJs, three-terminal-based FeFETs using electric field effect, and FeRAMs using ferroelectric materials as capacitors, are currently being studied. In this review paper, we include these devices, as well as a Fe-diode with high on/off ratio properties, which has a similar structure to the FTJs but operate with the Schottky barrier modulation. After reviewing the operating principles and features of each structure, we conclude with a summary of recent applications that have incorporated them.
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1. Introduction


Software is being developed to develop learning algorithms for machine learning, deep learning, and artificial intelligence (AI). Hardware must also be developed that matches the performance of this software [1,2,3]. Structurally separated processing and memory devices have high energy costs and poor data bandwidth performance (Von Neumann bottlenecks) [4,5]. The human brain shows high accuracy and as it calculates and remembers in the analog domain [6,7]. Therefore, neuromorphic systems that imitate the human brain can be expected to overcome the Von Neumann bottleneck. Efforts are also underway to overcome the so-called “memory wall”, i.e., the speed gap between logic and memory in the current CMOS stage, which occurs when hundreds of processes are performed in parallel by a graphic processing unit or custom-designed processor [8,9,10,11,12]. Resistive random-access memory (RRAM), phase change material (PCM), and magnetic random-access memory (MRAM) have been proposed as new non-volatile forms of memory that reduce the physical distance between computing components and data for memory and processing to overcome the fundamental limitations of existing CMOS systems [13,14,15,16]. However, these candidates are too slow, possess only a limited data bandwidth, and offer no price advantage [14]. As an alternative, in-memory computing has been proposed as a means of breaking away from the Von Neumann structure itself. In-memory computing improves latency and energy by performing calculations without physical separation from the storage where the data are located. Ferroelectric-based non-volatile memory with independent switching mechanisms and high-power efficiency has recently been recognized for its potential in neuromorphic and in-memory computing [17,18,19,20,21,22].



Ferroelectric materials are those with spontaneous two-way remanent polarization even in the absence of an electric field applied from the outside. Perovskite, for example, is a well-known ferroelectric material [23,24,25,26]. Perovskite may possess polarization properties depending on the location of Ti or Zr cations. In general, a phase transition occurs to tetragonal systems with ferroelectricity at low temperatures. When an external electric field higher than the coercive field (Ec) is applied, the position of the positive ion in the material moves to the opposite position compared to the conventional one, and polarization is reversed [26,27,28]. Accordingly, even when an electric field is not applied, binary states of 0 and 1 can be obtained by using reversing polarization. For this reason, these materials have begun to attract attention as an NVM [29]. However, polarization is reduced by an irregular interface layer formed between the silicon and ferroelectric material, reducing ferroelectricity, and for that reason is not compatible with the CMOS process. Moreover, since the size of the metal atom is relatively large and has a three-dimensional structure, ferroelectric properties do not appear in thin films of 50~70 nm or less [30].



In 2011, it was reported that SiO2 doping performed on an HfO2 thin film resulted in the expression of ferroelectricity. Since then, doping attempts with Si, Zr, Al, Y, Gd, Sr, La, etc., have been made [31,32,33,34,35,36,37,38,39,40,41]. Among these, Zr has the advantage of having a lower heat treatment temperature than other dopants and a similar atomic radius and lattice parameter to Hf, so HZO (HF1−xZrxO2) doped with Zr in Hf is receiving a lot of attention. HZO shows ferroelectric characteristics as its crystal structure between an electrode and a ferroelectric thin film is changed by stress from a conventional monoclinic phase to an orthorhombic phase at a temperature of 400~600 °C. HZO shows the highest ferroelectricity when the composition ratio of Hf and Zr is 1:1, and since HZO is usually deposited through atomic layer deposition (ALD), the composition ratio can be controlled and thin films can be produced easily [42,43]. In addition, HZO has ferroelectric characteristics even in thin films, so it is easy to integrate into devices and is compatible with existing CMOS processes [44]. However, studies noted its insufficient endurance, sustainability, and reliability, as well as the difficulty associated with manufacturing the back-end-of-line (BEOL) process at high temperatures. Ferroelectric memory can be classified into four types: ferroelectric tunnel junction (FTJ), Fe-diode with diode operation, FeFET with field effects, and ferroelectric random-access memory (FeRAM) [23,24,44]. This review paper introduces the operation of these four types of memory devices and some of their applications.




2. Ferroelectric Memory Operation Category


2.1. Ferroelectric Tunneling Junction (FTJ)


A FTJ is based on tunneling current conversion between the upper and lower metal electrodes and ferroelectrics. FTJs were first proposed by Esaki et al. in 1971 and only began to attract attention as it became possible to manufacture a very thin high-quality ferroelectric thin film [27,45]. FTJs have a metal-ferroelectric-metal (MFM) structure in which electrodes are formed on both sides of a nanometer thick of ferroelectric thin film. The potential barrier of the energy band between the electrode and the ferroelectrics varies depending on the polarization direction of the ferroelectric, and the amount of tunneling current changes with the change in resistance (a phenomenon called tunneling electrical resistance (TER)) [30,46]. TER occurs through three mechanisms: “direct tunneling” (when electrons pass directly through the tunneling barrier), “Fowler-Nordheim tunneling” (when electron tunneling occurs in a relatively thick tunneling barrier), and “thermionic emission” (when carriers receive thermal energy and exceed potential barrier) [47].



The bistable resistance states for the two opposite polarities can be obtained, which means that they are eventually polarized to the low resistance (LRS) and high resistance states (HRS) as shown in energy band diagrams of Figure 1a,b. FTJs can be driven at low power because the program and erase occurs in nanoseconds and do not lose data thanks to a non-destructive read process. In principle, the on/off states of an FTJ follow linear or quasi-linear I-V relationships, so an additional selector device is required to reduce the skip current in the crossbar arrangement.



The FTJ using tunneling current causes problems from thin films compared to hafnium-based materials and other ferroelectric devices. When polarization is reversed due to a high Ec value (~1 MV/cm), a hafnium-based ferroelectric has a small voltage margin, causing failures and poor cycling endurance. In addition, a high tunneling current may occur that traps electrons during operation. Trapping affects the barrier via remanent polarization and lowers the LRS and HRS values. Moreover, when a very thin polycrystalline layer is used, the memory window (MW) is dramatically reduced as parasitic currents are generated due to unwanted conduction from the interface. To address this problem, a structural metal-insulator-ferroelectric-metal (MIFM) with additional tunneling barriers inserted into the dielectric membranes has been explored as an alternative [46,48,49]. Figure 1c,d show that direct tunneling and Fowler-Nordheim tunneling contribute to tunneling current, respectively. Although the current density is slightly reduced from the stack structure, it can be useful for neuromorphic computing using large-scale parrel arrays.



Hwang et al. examined an FTJ with an MIFM structure by inserting a TiO2 layer to increase the ferroelectricity of the HZO films. The insertion layer increased the TER ratio of the device (which had an asymmetric structure). Figure 2a shows that the TER was maintained up to 107 times when a 10 μs bipolar pulse was applied. In addition, the TER ratio of the device was measured for 28 h (Figure 2b), and their research confirmed that the ratio was maintained for more than 10 years through the fitting [49].




2.2. Ferroelectric Diode (Fe-Diode)


Fe-diodes use polarization inversion caused by Schottky barrier modulation at an interface between a metal electrode and a ferroelectric thin film. The molecular structure and energy band diagram of the TiN/HZO/TiN Fe-diode is exhibited in Figure 3a,b, respectively. In a conventional metal-semiconductor contact, a spatial charge region in the semiconductor is formed to align the Fermi level, and a charge exacts same and opposite exists on the interface of the metal. The interfacial charge of a single ferroelectric Schottky diode and the band diagram is therefore subject to continuous and sustainable variability by the application of an external electric field [50,51]. The positive and negative polarization charges result in the accumulation of electrons that, respectively reduce the barrier height and increase the band bending by the positively charged oxygen vacancy. The current-voltage characteristic has a bistable operation due to the polarization dependence of the Schottky barrier. In the ferroelectric, as the rigidity of the lattice increases, the dielectric constant decreases in inverse proportion to the increasing electric field [50]. After polarization inversion, the changed electric field of the ferroelectric, and the depletion width of the Schottky diode decrease linearly until the depletion region end is zero at the maximum value of the interface. Finally, the transmission characteristic of the ferroelectric Schottky diode is obtained from a bias exceeding the threshold voltage.



Figure 3c shows the I-V characteristics of an Fe-diode [52]. The blue and red lines refer to positive voltage sweep and negative voltage sweep. In the former, the current becomes high and changes to a positive forward diode, while in the latter case, the current remains high and changes to a negative forward diode.



Fe-diodes and FTJs are both two-terminal devices, but the Fe-diode differs in its unique nonlinearity, which is defined as the ratio of the read current in     V   r     and     V   r    /2 attributable to the Schottky barrier. This means that the leakage current may be effectively reduced at the intersection of the array. Therefore, each memory cell and an external selector device need not be additionally connected in series. Moreover, if the two-terminal device repeatedly switches ferroelectric polarization, an error occurs during the read operation. The generated error can be solved by restoring the initial polarization state using the existing read pulse and inversion pulse as inputs.




2.3. Ferroelectric Field Effect Transistor (FeFET)


A FeFET incorporates a ferroelectric material into a gate oxide and is a non-destructive method that induces a change in current in a channel according to the polarization switching of the ferroelectric material. For this reason, the electric field that reaches the channel can be reduced, and the switching speed of the polarization is brisk [44,47]. Fast read/write operations are possible that use less power than static random-access memory (SRAM) and dynamic random-access memory (DRAM). Even if the gate voltage applied from the outside is stopped, the remanent polarization of the ferroelectric remains and can be applied to nonvolatile memory, and the character appears as hysteresis in the transfer curve [53]. In short, FeFET employs the same driving method as an existing FET in which ferroelectricity in the insulator site of the existing FET structure is used to generate an inverse layer of the semiconductor channel. It differs, however, in that the polarization of the ferroelectric induced by the applied gate voltage changes the threshold voltage [54]. This difference in threshold voltage is defined as MW, which can be obtained by multiplying the Ec by the thickness of the ferroelectric material and then doubling the result.



A Hf-based ferroelectric material has a larger Ec value than other materials, so it is easy to scale down and implement a high MW, though the issue of write endurance and read-after-write delay due to retention and parasitic charge trapping remains. This can be addressed by using a MIFM structure that inserts an insulating layer or by adding a layer of oxide with good conductivity to the FeFET channel. Mo et al. used an ultrathin IGZO channel in FeFET, and when the P/E voltage is higher than 2V, Vth is effectively shifted to record high endurance and retention [55,56]. The former characteristics can be determined through drain current measurement over time in the absence of applied voltage, and the latter characteristics can be extracted in the number of cycles by repeatedly applying positive/negative voltage pulses. When the program and erase were operated 108 times, 2Pr = 15 μC/cm2 was recorded without wake-up and significant degradation. In addition, it has been confirmed that both the program and the erase state are maintained for at least 1 year. Hoffmann et al. achieved high write endurance by inserting SiNx layers to improve the parasitic charge trapping of FeFETs [57]. It has been confirmed that the retention degradation caused by the reverse conversion of ferroelectric domains in a large demarcation theater is capable of overcoming retention instability by controlling the gate work function. Gaddam et al. reported the use of HfO2 as a seed layer above and below HZO in a MFM structure composed of TiN-HZO-TiN (Figure 4a) [58]. Figure 4b shows that the thickness of the insert layer is inversely proportional to its ferroelectric characteristics, and a 1 nm seed layer in the HZO bottom layer of HZO yields a maximum (Pr) of 22.1 μC/cm2, while a 1 nm seed layer inserted into the upper layer of HZO yields a maximum (Pr) of 19.6 μC/cm2. Endurance and retention characteristics were measured and compared, which can be confirmed in Figure 4c,d. In both cases, the upper and lower layer show improved properties after the insert layer is added.




2.4. Ferroelectric RAM (FeRAM)


FeRAM is a memory with a 1T-1C structure that uses a ferroelectric as a capacitor-based material [59]. FeRAM is similar to DRAM in which the capacity layer has been replaced by a nonlinear dielectric, and the plate line of FeRAM, unlike DRAM, does not maintain a constant voltage because it requires pulses to switch the ferroelectric polarization direction [47]. The binary information is stored in the ferroelectric capacitor and the transistor allows random access for read/write operations. Because ferroelectricity is used, it has NVM characteristics, but the stored values have destructive characteristics because the polarization is detected by the read pulse as to whether it is inverted, and the cell needs to be recovered.



Unfortunately, FeRAM has the disadvantage of having a larger cell size than other memories because it requires a plate line. Accordingly, FeRAM footprints range from 15 to 20 F2, making them larger than other ferroelectric memory devices, including FeFETs (4–8 F2), FTJs (4 F2), and Fe-diodes (4 F2). Therefore, these are unlikely candidates for next-generation ferroelectric devices because integration is more difficult even if a scale-down is performed [44].





3. Ferroelectric Device Application


Recently, researchers have focused on implementing artificial neurons and synapses with memory devices using ferroelectric materials and using these in neuromorphic computing systems. [60,61,62,63,64,65]. The basic behavior of computing is based on the matrix product of the voltage generated in artificial spiking neurons and the variable resistance called synapses [66]. Conventional CMOS can also construct neurons and synapses, but it requires a great deal of unit devices, resulting in low energy efficiency and difficulty in device integration [67]. Hf-based ferroelectric materials have a bistable polarization state and thus can be used as a non-volatile memory that stores binary information via the regulation of electric field strength [68]. Hf-based ferroelectric devices are stochastically capable of unexpected switching and multi-value polarization control and have a larger band gap (5.0 to 5.5 eV) than perovskite-structured ferroelectric devices (3 to 4 eV). Their high stability against leakage current renders them suitable for high-speed and low-power storage applications even if the scale of the device is reduced in charge-based ferroelectric memory devices (three-terminal devices). Furthermore, two-terminal ferroelectric memory devices are available for high-performance, low-power, and large-scale parallel memory computing applications due to their excellent analog switching characteristics, high nonlinearity, and uniformity [69,70,71,72,73]. However, the two-terminal device has current density, sneak current, and retention characteristics, and the three-terminal device has endurance, and the number of states in the scaled-down device causes problems. This section highlights the benefits of ferroelectric devices as memory devices from an application perspective.



3.1. Two-Terminal Devices


3.1.1. FTJ


Neuromorphic applications perform many analog tasks such as addition, multiplication, etc., and require linear and symmetric conductance tuning, low current write-read operations, fast transition speed, and high endurance. [74,75]. In the MFM structure of a FTJ or MFIM structure with an added insertion layer, related studies are noted because the current density is low, and a crossbar arrangement structure is possible [76]. In general, when the crossbar arrangement structure is expanded through the linear I-V characteristics of FTJ, there is the problem of high current flow from high conductivity. However, research has been conducted to provide ultra-low conductivity and ultra-low current by developing nonlinear I-V characteristics [77]. In short, FTJ brings great advantages in terms of large-scale parallel computing and integration [78].



Reservoir computing (RC) refers to energy-consuming networks that compute time data. They have attracted attention for their low cost of learning-only weights among reading layers [79]. Currently, data processing power must be improved, and research is ongoing to develop a dynamic RC hardware system by combining it with an RRAM-based readout layer using nonlinear features based on FTJ devices. The RRAM used in one experiment showed stable Set/Reset operation from the I-V curve by measuring 1T-1R 100 times. When the dielectric effect is removed from the polarization current over time in the FTJ; four peak values from the beginning of the polarization current are used as RC computing nodes. This experiment confirmed the trend of the recognition accuracy of the RC hardware system simulation value and the measured value matched for digital signals.



Chen et al. have reported electron synapses for neuromorphic systems that use three-dimensional vertical HZO-based FTJs, which can be confirmed in Figure 5a [80]. Throughout the training, the FTJ synapse showed analog-like conductivity and low energy consumption characteristics when synapse weights were updated, as well as high integration performance. As shown in Figure 5b,c, implemented in hardware, the synapse was trained by applying boost/decrease pulses through a 1/2 bias to change conductivity. When the original state is maintained, caution is needed because both the word line and the cell related to the bit line can be selected if an appropriate bias is not applied. Subsequently, as shown in Figure 5d, recognition accuracy of 96% was confirmed through 50 test character patterns through a hardware neural network (HNN) application.



Ota et al. used an FTJ that enhanced the performance and reliability of in-memory reinforcement learning (RL) through structural and material engineering, which can be confirmed in Figure 6a [81]. Compared to conventional memristors, which are difficult to program for accurate conductive states, RL can achieve human-level performance on a variety of control or decision-making tasks [82]. As shown in Figure 6b, the simulation of the standard problem showed that the training speed could be optimized at the standard deviation value (σ) and at the same normalized conductance change by adjusting the pulse voltage. Even at an optimal pulse voltage, if the σ increased, the minimum convergence time also increased, which means that the smaller σ better maximizes RL performance in Figure 6c. It was confirmed that the endurance is improved as the voltage margin (Vm) increases. As shown in Figure 6d,e, to increase Vm, the thickness of HZO and the concentration of Zr should be reduced. In this case, it is advantageous to reduce the thickness of the HZO in order to secure the variability of the RL system. Vm fluctuation with respect to the scale of the device can be solved by voltage compensation.



In the crossbar array, the parasitic component between the sneak path current and the mutual is fatal to the FTJ’s operation pursuant to Kirchhoff’s current law, and as a result, the sum of the currents is difficult to determine by a subsequent amplifier [67,78,83]. Goh et al. implemented a crossbar array without a selector using TaN as the insertion layer to prevent sneak current and confirmed that this was possible up to 4 kbit [84]. With the addition of the insertion layer, stable intermediate states of 30 or more, linear potentiation and depression are possible, as is the possibility of synapse implementation with long-term reinforcement and suppression, spiking-timing-dependent plasticity (STDP), and low energy consumption. As a result, we looked at instances of neuromorphic computing and in-memory that used an HZO−based FTJ compatible with CMOS as a synaptic device. In addition, we identified the difficulties in implementing these in large crossbar array environments and briefly summarized the research that sought solutions to these problems.



Kim et al. implemented a physical unreachable function (PUF) by simulating a 4 × 4 FTJ array [85]. PUF uses unique variability as an electrical parameter, compared to storing sequential passwords in existing memory devices. It is attracting attention because it has advantages in terms of price and is strong against side-channeling attacks. To implement this PUF, RRAM was considered a promising structure, and thus research was initiated to use it as an encryption device using FTJ. This study was simulated with an FTJ array of three sizes. It has been confirmed that reliability due to deviation between devices has more influence than reliability due to the scale-down of devices. That being said, even if the FTJ is scaled down, a stable operation may be performed in the intersection array. Lim et al. proposed SR-FTJ (self-rectifying-FTJ) through simulation that allows content-addressable memory (CAM) and PUF to operate in two layers [86]. CAM is specialized in in-memory computing, specializing in high-speed search of cache controllers or routers. However, since it has a security problem, research has been conducted in giving it high area efficiency by vertically combining it with the PUF introduced above. A certain difference in the leakage current of SR-FTJ was used as CAM data, and the leakage current was used as a value of PUF. Although its performance is still low, such memory can reduce its area by 88.1 to 97.4% compared to the previous one.




3.1.2. Fe-Diode


A design of a Hf-based Fe-diode was published in 2020 by Luo et al. [52]. The current density and nonlinearity were very high compared to the widely examined perovskite. Relative to FTJ, a higher on/off ratio could be obtained using Schottky contact. The following year, a study conducted by Bae described a diode formed by stacking an HZO layer on an oxide IGZO layer [87]. When IGZO and a ferroelectric are combined, they have high mobility and ideal SS, and high retention and endurance characteristics [55,56]. Therefore, when IGZO is efficiently positive bias and the polarization of ferroelectricity is up-polar, and negative biases and polarization of the ferroelectricity is down-polar, the charges have a depletion state and an accumulation state, respectively. The single device had a high on/off ratio of 3 × 105 and can be used as a high-speed, low-power non-volatile memory operating at 800 ps and 0.8 fJ. To implement logic-in-memory, the Boolean logic ‘NOT’ was operated using two diodes, with a significant difference in input/output current of as much as 104. In addition, a Fe-diode that combines HZO and IGZO called TCAM (Ternary-Content-Addressable-Memory) was implemented using non-volatile and ambipolar characteristics. This was verified as a potential device for in-memory data processing and neuromorphic computing [88].



To implement logic-in-memory with an Fe-diode, researchers have sought to improve the retention performance through the insertion of a HfOx layer into the HZO layer [89]. Since the retention defect in the ferroelectric was caused by the leakage current and the resulting trapping effect, retention performance was improved by adding the HfOx insertion layer [90]. A logic ‘XOR’ operation was performed on these devices by three sequential cycles (write 1, write 2, and read). The logical variables p and q were used for 16 Boolean functions. For one fluorine function, for example, 0 and 1 were excluded when 0 and 1 are 0 V and +7.5 V in the write cycle, and 0 and 1 operate when each was −4 V and 4 V in the read cycle. The operation was confirmed with the pulse results, and the experiment confirmed that this can be used as a logic-in-memory device in an MFIM structure in which an insertion layer is added to the ferroelectric layer.





3.2. Three-Terminal Devices


3.2.1. FeFET


A FeFET has a similar driving method as MOSFET, therefore efforts have been made to improve memory performance using a structural approach. An HZO-based FinFET device was investigated by Bae et al. [91]. Space and energy distributions were extracted from the trap density of the ferroelectric layer and interface layer, which were stacked on the gate, through low-frequency noise measurement (a non-destructive analysis). In addition, degradation due to radiation damage was analyzed based on the interface trap and bulk trap. A 3D FeFET was developed by Florent et al. that connected three transistors in series in the vertical direction, confirming the potential for achieving CMOS process compatibility and high integration as an NVM. To significantly improve on the low endurance characteristics in the three-terminal device created by Liao et al., a 3D GAA nano-sheet was structurally introduced, and the corner dead zone of ferroelectric polarization was suppressed [92]. In Figure 7a, HZO is used as a double layer to enable multiple Ec, which can store 3 bits of data. Figure 7b shows that the relatively nonuniform vectors at the edge of the GAA offset each other for a single HZO film using TCAD, resulting in weak polarization. In Figure 7c,d, the high endurance of 1011 and the metal-HZO interface dead layer are improved by using HZO as a double layer. Using the ITO-IGZO heterojunction channel developed by Chen et al., one study showed that the top interface defects can be self-compensated in the top gate and dual gate structure to improve the ultra-low sub-pA leakage, disturb-free, and sneak-current-free read/write operations [93]. First, the defect self-compensation effect on the ITO-IGZO channel FeFET, as well as the FeFET using only the IGZO channel, was investigated as the top gate, and it was confirmed that the trapping/de-trapping of electrons in the IGZO channel device lost the hysteresis response. As a result, MW converged to 0, and Figure 8a shows that the deep-level trap density of the low IGZO channel device is 100 times higher than that of the ITO-IGZO channel device. XPS analysis suggests that oxygen vacancy in Figure 8b is less in ITO-IGZO devices than in IGZO devices because metals with high bond dissociation energy (BDE) suppress oxygen defects. Meanwhile, read-after-write delay tests were performed on devices with BEOL dual gate and IGZO channel devices, and delays of 200 ns and 10 s were observed (Figure 8c), respectively. As illustrated in the energy band diagram of Figure 8d, interface and bulk deep-level traps are effectively passivated by the self-compensation effect. Finally, BEOL, which was structurally and thermally disadvantageous, was developed as a BEOL top gate FeFET with a very low delay value of 200 ns and an ideal SS of 62 mV/dec using heterogeneous bonding channels.



Unlike a two-terminal device, an FET structure changes channel conductivity by the gate and determines the weight of the input/output. This system shows an advantage in online learning because the learning and option are easily separated [44,94,95]. TiN/HZO/TiN structures were created using a 10 nm HZO thin film, and remanent polarization was measured in three ways (Figure 9a–c) to investigate synaptic properties [96]. The best way for remanent polarization proved to be increasing the voltage amplitude while retaining the same pulse interval. In this way, 32 polarization states were generated and converted into channel current states by simulation, and the MNIST simulation showed a pattern recognition accuracy of 84.34%, as shown in Figure 9d,e. Storage computing systems operating based on the parallel computing of FeFETs examined have been shown by Nako et al. to be well-suited for large-scale in-memory computing, which is updated over time in real-world applications such as speech recognition via online learning [97]. Voice numbers from 0 to 9 are converted into 78 frequency channels and 48 time steps, and the voltage pulse of a single frequency channel can be used as input as the gate voltage of a single FeFET. A number is determined in one device through the drain current obtained from there, according to the majority vote of the finally determined FeFET connected in parallel. In this study, several measures were proposed to increase detection accuracy. The time step used to make virtual nodes was adjusted, the voltage conversion and frequency channel selection methods were optimized, and drain, source, and substrate currents were measured and applied in detection to improve accuracy.



Chung et al. fabricated FeFETs using a germanium (Ge) channel to study the time response to the HZO gate stack, as shown in Figure 10a [98]. In Figure 10b,c, experiments demonstrate that a single pulse of fewer than 10 ns and a pulse train of 100 ps are suitable for attempting polarization transitions in FeFET. Time response is an indicator of the working speed of FeFET, which means that it is possible to operate in the GHz region when responding in an ultra-high-speed region of less than 10 ns. This group also presents a study that updates the optimal weights for improving the linearity and asymmetry of the channel conductance using the same Ge-FeFET [69]. The weight update applies potentiation and depression pulses to the gate electrode to enter a new conductance value through partial polarization of the ferroelectric. Online networks are required for the effective operation of linear and symmetric conductance. Therefore, if it is not optimized for the voltage or width of the pulse, as the number of pulses increases, the size of the decreasing conductance has nonlinear and asymmetric characteristics, and the network becomes inefficient. Through experiments, the pulse was optimized, and it was proved that the better the linearity, the higher the accuracy, and the lower the accuracy of the nonlinearity pulse. Using these devices, MNIST images were trained with these devices and achieved high accuracy of up to 88%. This means that the results confirm that optimization for the pulse has a great influence on updating the conductance.



Noh et al. conducted a study to combine β-Ga2O3 and HZO, which operate well at high temperatures available in rough environments (desert, space, etc.) [18]. β-Ga2O3 is a wide bandgap of 4.8~4.9 eV and has recently succeeded in melt-grown growth about low-priced large bulk substrates, receiving attention as a next-generation power semiconductor [99,100]. In this letter, FeFET was manufactured using HZO and β-Ga2O3 channels on sapphire substrates. The SS and Ion/Ioff characteristics of FeFET were excellent, and MW for use as a synaptic device was also confirmed. Meanwhile, as the number of pulses increases, both the nonlinear formation and the maximum conductance increase, resulting in a trade-off relationship. On-chip learning allowed excellent learning of 94% accuracy in a wide temperature band (20–200 °C) for the MNIST data set. Therefore, ferroelectric materials combined with β-Ga2O3 and HZO can be used to create devices that can overcome high temperatures.



So far, this paper has only considered HZO-based ferroelectric memory devices, but a recent study of P(VDF-TrFE) ferroelectric material-based 2D FeFET is worth reviewing from a structural and application perspective. To realize in-memory computing, Luo et al. implemented the ‘logic-in-memory’ system, which means digital operation, and the ‘neuromorphic computing’, which means analog operation, in a single three-terminal device, blurring the boundaries between the two operations [101]. With dual-ferroelectric-coupling effects and 2D transition metal dichalcogenide (TMD) channels, MoS2 with unipolar characteristics was used as the upper electrode, and MoTe2 with ambipolar characteristics was used as the lower electrode. The digital operation was performed using two ferroelectric layers located at the upper and lower ends. These layers induced four conductance states, and the ‘OR’ and ‘AND’ were implemented through the upper electrode while the ‘XNOR’ logic was implemented through the lower electrode, as shown in Figure 11a–c. In addition, one layer was set to a fixed polarization to implement analog operations that perform synaptic behavior like a general FeFET through long-term focus (LTD) measurement and MNIST simulation. This study is considered one of the low-power and high-efficiency in-memory computing hardware technologies that simultaneously conducts logic and synaptic operations when the switching between double-gate and single-gate methods was free.




3.2.2. FeRAM


FeRAM, with its 1T-1C structure, has been studied due to its high endurance, low voltage operation, and disturbance-free operation, but it is large footprint and destructive read operation suggest that it is better suited for use as, a memory array than in any neuromorphic application [44,102,103].



FeRAM was developed by Francois et al. as a 1T-1C array with a 16 kbit capacity [102]. The capacitor is less than 300 nm in diameter, and it has been confirmed that it has an operating speed of 30 ns, that data are in a 125 °C environment, that it has endurance characteristics of 1011 or more, and that it is compatible with the BEOL process. A 64 kbit array with a larger capacity was demonstrated by Okuno et al. [104]. A high operating speed of 14 ns, an endurance of 1011 or higher, and data retention characteristics of 10 years or more were also investigated. Their research attempted to amplify a voltage that changes in accordance with the difference in capacitance obtained through the comparison of the reference capacitor and the ferroelectric capacitor by the sense amplifier. Simulation and experimental results confirmed that the two memory states were distinguished. The dependence on the read voltage margin on the MFM capacitor size was calculated, and it was found that it was possible through a 40 nm process based on a 3D cylinder capacitor. While working on a low-capacity FeRAM array, a high-capacity FeRAM with 8 GB density was demonstrated by Sung et al. [105]. While the existing FeRAM operated by maximizing 2Pr by adjusting the capacitor plate voltage, the demonstrated FeRAM showed potential as a low-power, high-speed memory by using a low fixed capacitor plate voltage that widened the difference in work functions of the upper and lower electrodes. However, the system remained disadvantageous in terms of density, and additional improvements will be needed to improve the 2Pr and speed switching through asymmetric operating voltage, upper/lower electrode development, and HZO composition.






4. Conclusions


We described four types of ferroelectric-based memory devices, focusing on their operational methods, features, and applications. FTJ operates according to the TER whose resistance changes depending on the polarization direction of the ferroelectric. Fe-diodes operate by causing polarization inversion through Schottky barrier modulation at the interface between the metal electrode and the ferroelectric thin film. These two structures are two-terminal devices, so high integration that enables large-scale parallel computing can be implemented. In addition, their analog switching characteristics and uniformity are excellent. FTJs which have a linear I-V and Fe-diode generally have nonlinear I-V characteristics, but FTJs with a nonlinear I-V are also being studied. This is the nonlinear I-V characteristic of the two-terminal device that is advantageous for synaptic devices in neuromorphic applications and low-current devices in large-scale parallel computing with resistance-based crossbar arrays [77,78]. To improve mobility, SS, endurance, and retention characteristics, an IGZO layer or several oxide layers (such as TiO2 and HfOx) can be used as insertion layers [58,87,89]. FeFET induces a change in the current of a channel according to polarization switching, and FeRAM uses a ferroelectric material in a capacitor having a 1T-1C structure to perform a destructive operation. FeFET has low leakage current due to the wide bandgap of the HZO and thus shows advantageous high-speed and low-power characteristics, even when the associated device scale is small. Since they operate like MOSFET, researchers have focused on developing memory performance through a structural approach [91,92,93]. Especially, inducing a channel current change by gate has proved that learning and operation can be separated and have advantages in online learning [97]. FeRAM is being actively researched for use as a memory array, in light of its high endurance characteristics and compatibility with the BEOL process [102,104]. Finally, studies of low fixed plate voltages, have yielded encouraging findings for the development of low-power high-speed memory [105]. In summary, while research has only just begun on the application of memory devices using ferroelectric doped with Zr on Hf, the potential is clearly enormous. If each structure’s unique strengths and weaknesses continue to be improved upon, many applications, such as in-memory computing and neuromorphic computing, will be developed.
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Figure 1. Conduction band schematic by polarization during FTJ operation of an MFM and MIFM structure: (a) Asymmetric screening length x from other effective tunneling barrier height Φ: LRS (On); (b) HRS (Off); (c) direct tunneling through tunneling barriers; (d) Fowler-Nordheim tunneling that passes through only part of the tunneling barrier [47]. 
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Figure 2. (a) Endurance characteristics and (b) retention characteristics of FTJ devices with a TiO2 layer inserted in the HZO film with permission from Ref. [49], 2021, IEEE. 
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Figure 3. (a) Molecular structure of Hf0.5Zr0.5O2 and structural mimetic diagram of a Fe-diode; (b) Energy band diagram showing Schottky to ohmic internal contact in a TiN/HZO/TiN structure modulated from polarization; (c) Nonlinear I-V curve for two polarizations of ferroelectric with permission from Ref. [52], 2020, Springer Nature. 
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Figure 4. (a) Schematic of HfO2 using bottom insert layer in an HZO MFM structure; (b) remanent polarization of the thickness of the HfO2 bottom insert layer; (c) endurance and (d) retention characteristics with no HfO2 insert layer or location with permission from Ref. [58], 2020, IEEE. 
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Figure 5. (a). Section cut of 3D vertical ferroelectric HZO−based FTJ array structure. (b) Diagram of 1/2 bias training of FTJ array structure. (c) The curve of the change in conductance according to the pulse number, the difference in conductance between the selected-synapse and the half-selected synapse effectively changed. (d) The test set trained 50 letter patterns at 20 epochs, and these characters recorded high accuracy of more than 96%. With permission from Ref. [80], 2018, RSC. 
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Figure 6. (a) The RL system in a parallel structure operates by read operation the maximum current from Word-line to Bit−line. (b) Changes in conductivity of FTJ by positive and negative pulses. (c) Minimum convergence time and optimal voltage by different conductance. (d) Vm in inverse proportion to HZO thickness. (e) Vm in inverse proportion to Zr concentration with permission from Ref. [81], 2019, IEEE. 
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Figure 7. (a) ID-VG curve with 3-bit operation from double HZO layers; (b) decreased polarization in corner region for GAA FeFET with a single HZO layer by TCAD; (c) endurance (>1011) and MW (=0.9 V) characteristics obtained using double HZO layer; and (d) schematic of the effect of polarization field on corner areas when single and double HZO layers are used with permission from Ref. [92], 2022, IEEE. 
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Figure 8. (a) Trap density for interface/bulk of deep-level through C-V measurement; (b) XPS analysis confirms the effective inhibition of oxygen vacancies in the ITO-IGZO channel device; (c) 200 ns delay occurred during read after programming operation; (d) The energy band diagram shows that the self-compensation effect is capable of good passivation for defects with permission from Ref. [93], 2022, IEEE. 
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Figure 9. (a) Programming identical pulse; (b) increasing programming pulse width; (c) increasing programming pulse voltage; (d) the polarization states of 32 levels did not overlap each other, resulting from the cycle-to-cycle variation of each polarization state; (e) as a result of the simulation for three neural networks, the pattern recognition accuracy was 84.34% recorded with permission from Ref. [96], 2017, IEEE. 






Figure 9. (a) Programming identical pulse; (b) increasing programming pulse width; (c) increasing programming pulse voltage; (d) the polarization states of 32 levels did not overlap each other, resulting from the cycle-to-cycle variation of each polarization state; (e) as a result of the simulation for three neural networks, the pattern recognition accuracy was 84.34% recorded with permission from Ref. [96], 2017, IEEE.



[image: Electronics 12 02297 g009]







[image: Electronics 12 02297 g010 550] 





Figure 10. (a) 3D structure of nanowire FET with Ge-channel; (b) ID-Accumulated pulse time curve showing polarization switching limits less than 10 ns; and (c) accumulated 100 ps pulse train to detect polarization transition with permission from Ref. [98], 2018, IEEE. 
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Figure 11. Polarization state by applying different voltage pulses to the top and bottom gates of the (a) MoS2 FET; and (b) MoTe2 FET; (c) ‘And’ and ‘XNOR’ Boolean logic gate operation results table with permission from Ref. [101], 2018, ACS. 
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