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Abstract 17 

Recently transistor scaling is approaching its physical limit, hindering the further develop-18 

ment of the computing capability. In the post-Moore era, emerging logic and storage devices 19 

have been the fundamental hardware for expanding the capability of intelligent computing. 20 

In this article, the recent progress of ferroelectric devices for intelligent computing is re-21 

viewed. The material properties and electrical characteristics of ferroelectric devices are 22 

elucidated, followed by a discussion of novel ferroelectric materials and devices that can be 23 

used for intelligent computing. Ferroelectric capacitors, transistors, and tunneling junction 24 

devices used for low-power logic, high-performance memory, and neuromorphic applica-25 

tions are comprehensively reviewed and compared. In addition, to provide useful guidance 26 

for developing high-performance ferroelectric-based intelligent computing systems, the key 27 

challenges for realizing ultra-scaled ferroelectric devices for high-efficiency computing are 28 

discussed. 29 

 30 

Keywords: Ferroelectric Device, Intelligent Computing, NCFET, FeFET, Memory, Neuro-31 

morphic 32 

 33 

Main Text 34 

1. Introduction 35 

In the past few decades, the advancements in information technology have improved global 36 

economy while changing people’s lifestyle. This revolution relies on two aspects, the estab-37 

lishment of information-processing theories and development of electronic hardware. These 38 

established theories and the software based on them enable computers to process highly 39 
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complicated tasks. Simultaneously, with the rapid evolution of computing hardware, the 40 

computing capability (CC) of devices has considerably expanded as it is mainly driven by 41 

transistor scaling. However, in the past decade, transistor scaling is approaching its physical 42 

limit, hindering the further development of the CC. In addition, as shown in Fig. 1a, com-43 

puting systems need to overcome several challenges for processing increasing amounts of 44 

data in the present era. The issue of “heat wall” [1], which hinders the enhancement of the 45 

main frequency of the processer owing to the rising power density and heating effect, needs 46 

to be addressed. Furthermore, the issue of “memory wall” [2], which is caused by large 47 

performance or area gap between the logic device and memory cell, and the von Neumann 48 

bottleneck [3], which refers to the delay and power issues caused by the inefficient data 49 

transfer between the memory module and logic processor, need to be overcome. As the 50 

demand for computing power increases, new materials and novel transistors should be ex-51 

plored to support the development of CC-based emerging technologies.  52 

Intelligent computing is a new research area whose development highly relies on the im-53 

provement of CC [4][5]. However, owing to the aforementioned computing bottlenecks, 54 

new storage and logic devices with higher speed and lower power consumption, such as 55 

memristors and phase-change memory devices, need to be introduced [6]. 56 

Among all the available technological alternatives, ferroelectric devices can overcome the 57 

“heat wall”, “memory wall”, and von Neumann bottleneck, as shown in Fig. 1b. As identi-58 

fied more than a century ago, the polarization of ferroelectric materials can be retained even 59 

after the removal of the external electric field. Ferroelectric materials have been widely used 60 

as special-purpose memories in devices such as aerospace storage devices [10]. In tradi-61 

tional ferroelectric materials, such as zirconium titanate (PZT) or barium titanate (BTO), 62 

the domain size is critical for retaining the polarization [12]. The thickness scale of these 63 

materials is greater than 10 nm; thus, they are not adaptive to the nanoscale IC fabrication 64 

process. New ferroelectric materials and devices with high scalability potential can solve 65 

these issues. For example, a negative capacitor field-effect transistor (NCFET) with haf-66 

nium-based ferroelectric gate oxides can enhance the subthreshold swing (SS) to reduce the 67 

driving voltage of the integrated circuits (ICs), thus effectively suppressing the power con-68 

sumption and heating effect [14]. Ferroelectric capacitor based random access-memory (Fe-69 

RAM) and ferroelectric field-effect transistor (FeFET)-based memory show excellent per-70 

formance in dynamic random access memory (DRAM) replacement and embedded appli-71 

cations [15]. In addition, FeFETs can be used as artificial neurons and synaptic devices in 72 

the neuromorphic system to overcome the von Neumann bottleneck [17].   73 

In this article, we focus on emerging ferroelectric devices applicable for highly efficient and 74 

intelligent computing. High-κ and other novel ferroelectric materials are reviewed in Sec-75 

tion 2. This is followed by a comprehensive summary of the authors’ study on low-power 76 

ferroelectric logic devices (Section 3), high-performance memory arrays (Section 4), and 77 

neuromorphic computing demonstrations (Section 5). Section 6 concludes this article with 78 

future prospects for emerging ferroelectric devices and their application in intelligent com-79 

puting. 80 
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 81 

Figure 1. Schematics of (a) challenges faced by modern computers using von Neumann 82 

architecture and (b) solutions for “heat wall”, “memory wall”, and von Neumann bottleneck 83 

based on ferroelectric devices. 84 

 85 

2. Emerging Ferroelectric Materials  86 

Ferroelectricity has been observed in many types of materials. However, when the film 87 

thickness is reduced to less than 10 nm, most of the conventional ferroelectric materials lose 88 

their polarization characteristics at 25 °C [19], rendering the ferroelectric devices incompat-89 

ible with the nanoscale very-large-scale-integration-circuits processing technologies. The 90 

discovery of the polarization effect in high-κ materials, which are the commonly used gate-91 

oxide materials for nanoscale MOSFETs, is a breakthrough for the mass production of fer-92 

roelectric transistors. In this section, we focus on the polycrystalline Hf-based and amor-93 

phous oxide-based ferroelectric materials and devices that have been shown to be compati-94 

ble with the CMOS fabrication process. In addition, some recently reported novel ferroelec-95 

tric materials and devices are also briefly described. 96 

 97 

2.1 Doped-HfO2 ferroelectric materials 98 

Since the discovery of ferroelectricity in doped-HfO2 films in 2011 [20], ferroelectric field-99 

effect transistors (FeFETs) and ferroelectric random-access memory (FeRAM) have re-100 

ceived significant attention [21]. Polycrystalline doped-HfO2 films are considered as prom-101 

ising gate oxide materials owing to their excellent ferroelectric properties as well as high 102 

compatibility with the ultrascale CMOS process. Compared with traditional perovskite fer-103 

roelectric materials, doped-HfO2 ferroelectric films exhibit a higher coercive field (Ec ~ 1–104 

2 MV/cm) and lower permittivity (~ 30), which are desirable for low-power non-volatile 105 

memory devices with excellent retention characteristics.  106 

Doped-HfO2 materials have three types of crystal structures, namely, monoclinic, tetrago-107 

nal, and cubic structures. The phase transition can be achieved through several approaches, 108 

for example, application of mechanical stress, post-deposition annealing, and application of 109 

higher deposition pressure [26]. In 2011, Böscke et al. discovered that the use of Si as a 110 

dopant could facilitate the formation of asymmetric orthorhombic-phased HfO2 and hence 111 

the generation of ferroelectricity in the film [20]. Subsequently, various elements were in-112 

troduced as dopants for the formation of ferroelectric doped-HfO2 materials, such as HfZrOx 113 

(HZO), HfAlOx (HAO), HfLaOx (HLO), and HfGeOx [28]. Among these doped-HfO2 fer-114 

roelectric materials, HZO was studied most intensively owing to its remarkable ferroelectric 115 

characteristics, particularly at a Zr composition between 0.3 and 0.7. From the perspective 116 

of fabrication, it is easier to achieve stable, and uniform HZO ferroelectric films by atomic 117 

layer deposition and annealing. Moreover, the annealing temperature required for forming 118 

the ferroelectric HZO thin films can be as low as 400 °C [30], while that for HfO2 films 119 

doped with other elements is usually greater than 650 °C [31–34].  120 



Intelligent Computing                                    Page 4 of 29 

 

Recently, material properties, such as oxygen vacancy, doping concentration, film stress, 121 

and surface/interfacial energy, have been reported to influence the ferroelectric properties 122 

of doped-HfO2 ferroelectric films. Peng et al.[35] measured the polarization-voltage (P-V) 123 

curves of the HZO films with different Zr compositions. Fig. 2 shows the P-V curves for 124 

TaN/HZO/TaN samples. For the post-annealing temperature within the range of 500–550 125 

°C, the P-V curves of the HZO metal-insulator-metal (MIM) structures tend to saturate in a 126 

sub-loop state. As the Zr composition increases, the remnant polarization (Pr) of the film 127 

becomes stronger, and the hysteresis loop becomes narrower at a zero voltage bias; these 128 

can be considered to be the superimposed antiferroelectric-like characteristics [33, 36]. 129 

Pesic et al. [37, 38] reported the use of electrodes with different work functions to introduce 130 

a built-in electric field into the antiferroelectric layer to achieve a stable ferroelectric phase. 131 

Reyes-Lillo [39] reported that the conversion of ZrO2 from the antiferroelectric to the fer-132 

roelectric state could be realized by introducing compressive strain into the ZrO2 film. In 133 

addition, Materlik et al. [40] suggested that the stability of the metastable ferroelectric phase 134 

was related to the surface energy effect and proposed a model based on the surface energy.  135 

 136 

2.2 Amorphous oxide based ferroelectric materials 137 

Excessive research has focused on promoting the fabrication and application of poly-crys-138 

talline doped-HfO2 FeFETs [41, 42]. However, when the devices are scaled down to the 139 

nanometer level, the domain- and grain-boundary-induced variations in the polycrystalline 140 

doped-HfO2 ferroelectric films degrade their performance and reliability [43, 44]. Thus, an 141 

amorphous or single crystalline ferroelectric material is desirable for achieving high-perfor-142 

mance and reliable ferroelectric devices [45]. 143 

 144 

Figure 2. Measured P-V curves of HZO films with different Zr compositions annealed at 145 

500 and 550 °C. (a) and (b) show the Hf0.67Zr0.33O2 film annealed at 500 and 550 °C, re-146 

spectively. (c) and (d) show the Hf0.52Zr0.48O2 film annealed at 500 and 550 °C, respectively. 147 
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(e) and (f) show the Hf0.33Zr0.67O2 film annealed at 500 and 550 °C, respectively. With the 148 

post-annealing temperature increasing from 500 to 550 °C, the P-V curves of the HZO tend 149 

to saturate in a sub-loop state. An evolution of the film from ferroelectric to antiferroelectric-150 

like behavior is observed as the Zr composition increases [35]. 151 

Recently, ferroelectric-like phenomena have been observed in amorphous oxides. These 152 

phenomena are related to the mobile oxygen vacancies in the amorphous materials. Because 153 

amorphous materials lack domains or boundaries, the amorphous ferroelectric oxides men-154 

tioned above can be used for achieving nanoscale transistors exhibiting low device variation 155 

and non-volatile storage function [46, 47]. Amorphous materials that exhibit polarization 156 

switching include ZrO2[48], Al2O3 [49, 50], HfO2 [51], La2O3 [52], and TiO2 [53], which 157 

are compatible with the conventional CMOS process and have been employed as high-κ 158 

gate dielectrics for logic transistors. 159 

 160 

Figure 3. Measured P–V curves and corresponding HRTEM images of (a) TaN/ ZrO2/Ge 161 

[48][48], and (b) TaN/ Al2O3/Ge ferroelectric capacitors [50], showing the amorphous ox-162 

ide. Core-level XPS spectra of (c) Al2O3 and (d) TaN/Al2O3 samples [49]. The solid and 163 

dashed lines show the measured and deconvolution results, respectively. (e)-(i) Proposed 164 

mechanism of ferroelectric-like behavior in TaN/Al2O3/Si stack through migration of Vo+ 165 

and O2− (half cycle of polarization switching) [54].  166 
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Liu et al. [48] reported the P-V loop characteristics of a TaN/α-ZrO2/Ge device, demonstrat-167 

ing a ferroelectric-like device behavior with a non-zero Pr less than 2 μC/cm2. In contrast to 168 

doped-HfO2 ferroelectric devices, no wake-up or imprint phenomena were observed for the 169 

ferroelectric α-ZrO2 capacitors. Peng et al. [49, 50] reported the integration of amorphous 170 

Al2O3 films in MIM and MOS capacitors to achieve polarization-switching characteristics, 171 

as shown in Fig. 3, a and b. Piezoresponse force microscopy (PFM) tests of the Al2O3 film 172 

on TaN/Si samples were conducted, demonstrating the opposite natures of ferroelectric di-173 

poles on the surface of Al2O3 on TaN. X-ray photoelectron spectra (XPS) measurement 174 

showed that a TaOx interface layer was formed between TaN and Al2O3. This layer provided 175 

oxygen vacancies in the form of Al suboxides due to the scavenging effect, as shown in Fig. 176 

3, c and d. Feng et al. [54] strategically modulated the deposition conditions of Al2O3 in 177 

TaN/Al2O3/Si capacitors to change the film property from paraelectric to ferroelectric-like. 178 

The oxygen-deficient Al2O3 layer with the migration barrier is the key for achieving ferro-179 

electric-like properties. It can be hypothesized that as more oxygen vacancies (Vo+) are 180 

generated in the Al2O3 film, the migration barrier for Vo+ and O2− becomes weaker. The in-181 

situ ARXPS results clearly show the scavenging effect at the interface, which occurs upon 182 

TaN film deposition, leading to the formation of the TaON interfacial layer. The TaON 183 

interfacial layer was proposed to act as an oxygen reservoir. The transport of the Vo+ and 184 

O2− pair was introduced to explain the dynamic process of polarization switching, as shown 185 

in Fig. 3, e and j, with the consideration of the gate leakage current. With an applied gate 186 

bias, the ions pass through the migration barrier of the oxide layer to the interface. The 187 

barrier will “lock” these separated charging ions even after the applied voltage removed. 188 

This assists in generating interface-induced long-range polarization.  189 

 190 

2.3 Other emerging ferroelectric materials 191 

The development of ferroelectric transistors is a significant breakthrough in a wide range of 192 

intelligent computing applications such as non-volatile memories, logic devices, and syn-193 

aptic transistors. Such devices generally have planar MOSFET structure, in which the fer-194 

roelectric/semiconductor heterostructure is the fundamental building block [55]. Therefore, 195 

the realization of high-quality ferroelectric/semiconductor heterostructures is the core of this 196 

device integration technology. In traditional direct deposition techniques such as atomic 197 

layer deposition (ALD) and pulsed laser deposition (PLD), the integration of ferroelectric 198 

oxide thin films on conventional semiconductors is often hindered by critical issues in the 199 

growth process, including oxidation of the semiconductor surface, high thermal budget for 200 

ferroelectric growth, and lattice mismatch [56]. Atomically thin two-dimensional (2D) sem-201 

iconductors that can form heterostructures using the van der Waals (vdW) force may be 202 

promising candidates to overcome this limitation and broaden the material set for high-203 

quality ferroelectric/semiconductor heterostructures [57]. A typical fabrication process of 204 

the ferroelectric/2D semiconductor heterostructure is shown in Fig. 4a. With this transfer-205 

based integration, pre-crystallized ferroelectric and semiconductor layers can be bonded at 206 

low processing temperatures. Such a physical assembly method is based on the vdW inter-207 

action between the layers and does not involve a direct chemical process, which is required 208 

in the aforementioned direct deposition approaches. Thus, versatile ferroelectric/2D semi-209 

conductor heterostructures with a clean interface can be easily realized through vdW inte-210 

gration without any strict requirements for direct chemical vapor deposition, such as lattice 211 

matching and high-temperature post-fabrication crystallization. Moreover, compared to 212 

conventional bulk semiconductors, 2D semiconductors can enhance the modulation of the 213 

gate electric field owing to the reduced dielectric screening and therefore suppress the leak-214 

age current in the FETs owing to the confined charge carriers; they can also realize novel 215 
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functions that are not possible using bulk semiconductor devices [58–60]. Therefore, 2D 216 

semiconductors provide an untapped material platform for achieving unprecedented ad-217 

vancements in the device performance and functionality of ferroelectric transistors [61].  218 

In this section, we present a timely review of the recent advancements in intelligent compu-219 

ting applications based on the ferroelectric transistors prepared using 2D semiconductors 220 

(Fig. 4). Non-volatile memories are among of the first applications of 2D ferroelectric-gate 221 

transistors [62, 63]. A typical 2D FeFET structure consisting of a ferroelectric gate (PZT 222 

thin film) and an approximately 2-nm-thick 2D WSe2 channel is shown in Fig. 4b [63]. 223 

Excellent non-volatile memory properties including a high switching ratio of 104, robust 224 

retention up to 1000 s, and excellent fatigue properties have been obtained in such a 2D 225 

FeFET (Fig. 4b) [63]. Here, during the 2D FeFET fabrication process, 2D semiconductor 226 

flakes are mechanically exfoliated onto PZT thin films without any high-temperature an-227 

nealing. Benefiting from such a vdW integration process, the ferroelectric film/2D semicon-228 

ductor structure is expected to retain a virginal interface with a genuine vdW gap; thus, it is 229 

expected to solve the interface problems observed in conventional semiconductor-based 230 

FeFETs and exhibit a smaller depolarization field as well as a superior retention perfor-231 

mance [64]. Beyond the binary memory effect induced by full polarization switching in 2D 232 

FeFETs, fractional polarization variation subjected to mixed ferroelectric domain configu-233 

rations can be exploited as an approach to tune the electrical properties of 2D channels. 234 

Memristive behaviors featuring multilevel resistance states have been achieved in such de-235 

vices by carefully modulating the switching history of 2D FeFETs. These devices can be 236 

used as 2D memristive ferroelectric transistors and synaptic devices [65]. Recently, light-237 

controlled 2D memristive ferroelectric transistors have been proposed based on the efficient 238 

optoelectronic properties of 2D semiconductors. As shown in Fig. 4c, Luo et al. demon-239 

strated the optoelectronic tunability of the memristive effect in WS2/PZT FeFETs, wherein 240 

optically controlled long-term potentiation (LTP) and electrically modulated long-term de-241 

pression (LTD) were achieved [66]. The optically mediated resistance switching behavior 242 

is based on light-triggered ferroelectric domain switching (PFM-recorded domain evolution 243 

images shown in Fig. 4c), which is due to the interplay between the photoinduced charge 244 

dissociation process in the 2D channels and the ferroelectric depolarization effect in the PZT 245 

thin films. This heterostructure-enabled new functionality suggests that the versatile cou-246 

pling effects between the ferroelectrics and 2D semiconductors might lead to the develop-247 

ment of more intriguing function devices. In addition to memristive-enabled analog compu-248 

ting devices, the ferroelectric-induced non-volatile memory effect has been further explored 249 

for constructing non-volatile logic devices. For example, dual-ferroelectric-gated 2D tran-250 

sistors, in which the double gate terminals could serve as two logic input variables for the 251 

one-transistor (1T) structured Boolean logic gate, have been proposed, as shown in Fig. 4d 252 

[67]. Unipolar MoS2 and ambipolar MoTe2 semiconductor channels can be used to operate 253 

2D dual-gate FeFETs as AND and XOR logic gates, respectively. A heterogenous 2T-cell-254 

based non-volatile half adder was also developed by accurately connecting these two de-255 

vices. Because dual-ferroelectric-gated transistors cannot be easily achieved using conven-256 

tional materials and fabrication techniques, the use of 2D materials and vdW integration 257 

lead to a new pathway for device structure and function innovations of FeFETs. In addition, 258 

2D NCFETs can be operated with sub-thermal switching slopes and integrated with silicon-259 

based substrates [68]. By exploiting the intrinsic mechanical flexibility of 2D materials, a 260 

full vdW MoS2/CuInP2S6 (CIPS)-based flexible NCFET has been realized [69]. This device 261 

can further extend the application spectrum of 2D electronic devices (Fig. 4e).  262 
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 263 

Figure 4. Intelligent computing applications of 2D semiconductor (SC)-based ferroelectric 264 

(FE)-gate transistors. (a) vdW integration of 2D semiconductor/ferroelectric heterostruc-265 

tures. Freestanding 2D semiconductor layers can be transferred onto the ferroelectric thin 266 

film. (b) Non-volatile memories based on WSe2/PZT FeFETs and their electronic properties 267 

[63]. (c) Optoelectronic memristive 2D FeFETs with synaptic functions [66]. (d) Non-vola-268 

tile logic gates and half-adder based on dual-ferroelectric-gate 2D transistors [67]. (e) A full 269 

vdW CIPS/MoS2 heterostructure-enabled flexible NC-FET and sub-60 mV/dec subthresh-270 

old swing is shown at the bottom panel [69]. (f) Reconfigurable homojunction based on split-271 

ferroelectric-gate 2D transistors [74]. (g) and (h) p-n diode for photodetection and 272 

nanodomain-based conducting path engineering for local programmable memories, respec-273 

tively, fabricated by the local nanoscopic scanning probe technique [75]. 274 

In addition to the aforementioned devices based on the homogeneous ferroelectric-gating 275 

effect, local ferroelectric-polarization-mediated 2D homojunctions can be used to enhance 276 

the CC in intelligent computing applications. Because of the ambipolar electronic properties 277 

and ultrathin nature of 2D semiconductors, electrostatic doping has been used as an efficient 278 



Intelligent Computing                                    Page 9 of 29 

 

approach for selectively achieving p- and n-type 2D FETs [70–72]. The high doping capac-279 

ity and local domain engineering ability of ferroelectrics compared to those of conventional 280 

dielectrics render them a promising gate material for non-volatile and reconfigurable 2D 281 

homojunctions [73]. For example, Wu et al. showed that reconfigurable p-n, n-p, p-p, and 282 

n-n homojunctions could be realized in a single transistor using the local ferroelectric gating 283 

in split-ferroelectric-gated MoTe2 transistors (Fig. 4f) [74]. Furthermore, using the scanning 284 

probe technique with nanometer-level precision, arbitrary and rewritable nanopatterns with 285 

distinct electronic properties could be created on-demand in 2D semiconductors atop a fer-286 

roelectric gate. This technique was used to locally create p-n homojunctions in 2D 287 

MoS2/P(VDF-TrFE) transistors, as shown in Fig. 4g [75]. With such a device, excellent 288 

photodetection characteristics including a responsivity of approximately 12 A/W and detec-289 

tivity over 1013 Jones in tip writing were achieved. Lipatov et al. further demonstrated the 290 

facile generation and erasing of conducting channels in unipolar MoS2 channels atop the 291 

PZT ferroelectric film (Fig. 4h), indicating an innovative nanoscopic engineering method-292 

ology for ferroelectric memory devices [76]. In general, beyond conventional ferroelectric-293 

gate devices, 2D semiconductor-based ferroelectric-gated transistors have shown potential 294 

for more sophisticated device functions and high CMOS compatibility for device fabrica-295 

tion, paving the way for the development of intelligent computing devices. 296 

 297 

3.  Ferroelectric-based Efficient Logic Device: NCFET  298 

Reducing the driving voltage of the chips is a potential method to break the “heat wall” and 299 

its feasibility is highly dependent on the SS of the transistor. Ferroelectric NCFETs, together 300 

with the voltage amplification effect, can overcome Boltzmann’s tyranny and achieve an SS 301 

of sub-60 mV/dec. Thus, they are regarded to have one of the most promising device archi-302 

tectures for ultralow-power applications and can re-enable the rapid development of the IC 303 

industry [77–79]. Comprehensive investigations of NCFETs in terms of understanding the 304 

mechanisms involved, analysis of characteristics, determining design rules, and improve-305 

ment in reliability have been performed in both the industry and academia [80–90]. This 306 

section focuses on the evolution of the NCFET technology and advancements in this field. 307 

In 2008, Salahuddin et al. proposed the concept of NCFET [92]. As shown in Fig. 5a, an 308 

NCFET is realized by replacing the conventional dielectric in a planar MOSFET with a 309 

ferroelectric material. The device utilizes negative differential capacitance (dP/dE<0) to 310 

achieve surface potential amplification and an SS of sub-60 mV/dec. Prior to 2015, there 311 

was a lack of systematical characterization of its basic electrical performance, which hin-312 

dered the practical application of its highly efficient logic device concept. To bridge this 313 

gap, G. Han performed a series of studies on this topic [49, 93–95]. In 2016, Zhou et al. 314 

reported the first ferroelectric Ge and GeSn NCFETs (Fig. 5, a-c) [96]. Incorporated with 315 

CMOS-compatible ferroelectric HZO, the Ge and GeSn NCFETs demonstrated an SS of 316 

less than 60 mV/dec, enhanced on-state current, suppressed off-state current, and improved 317 

transconductance. Additionally, the other important characteristics of NCFETs were sys-318 

tematically reported, particularly the unique output and inversion capacitance characteris-319 

tics, demonstrating the typical phenomenon of negative differential resistance (NDR) and 320 

inversion capacitance peaks (Fig. 5, d and e) [81]. As shown in Fig. 5d, the NDR effect 321 

causes a decrease in current with increasing drain voltage, which not only shows the poten-322 

tial for short channel effect (SCE) suppression but also opens a new pathway to improve the 323 

intrinsic gain or output resistance for analog applications. Fig. 5e shows the capacitance 324 

characteristics of an NCFET and its reference device. Several times of enhancement in in-325 

version capacitance are gained in NCFET, and the mechanisms of accelerated switching and 326 



Intelligent Computing                                    Page 10 of 29 

 

enhanced gate control were revealed. The voltage gain characteristics of a specially de-327 

signed NCFET with an exposed internal metal gate were also investigated to monitor the 328 

response of the internal gate voltage (Vint) with VGS. Fig. 5f shows the dVint/dVGS-VGS curves 329 

of the NCFETs, where the voltage amplification (dVint/dVGS>1) was achieved for both for-330 

ward and reverse sweeping of VGS, corresponding to the abrupt switching in IDS-VGS curves 331 

at the same location of VGS. This confirms that the voltage gain was induced by negative 332 

capacitance (NC) effects and the subsequently low SS (sub-60 mV/dec) [97, 98]. Thus far, 333 

the electrical characteristics of NCFETs have been systematically characterized and used 334 

for various NCFET-based applications. 335 

After a careful investigation of the basic electrical characteristics of NCFETs, a thorough 336 

examination of the appropriate design rules for the transistors should be performed to opti-337 

mize their hysteretic behaviors and frequency characteristics. According to Salahuddin, the 338 

inventor of NCFET, a ferroelectric capacitor (CFE) usually demonstrates an intrinsic phe-339 

nomenon of polarization hysteresis loops, leading to the instability and invalidity of the NC 340 

effect as well as the hysteretic behavior of NCFET [92]. Nonetheless, the NCFET can be 341 

stabilized using a series-placed conventional dielectric capacitances (CDE). That is, the elec-342 

trical performance of NCFETs depends on the capacitance matching degree. Hence, several 343 

research groups have focused on the elimination of hysteretic characteristics of the NCFETs 344 

[14, 81, 97, 99–105]. Since 2017, Han et al. systematically investigated the design rules for 345 

capacitance matching in NCFETs from various aspects, including the ferroelectric proper-346 

ties [101], thickness of the ferroelectric films (tFE), and area ratio of CFE to CDE (CFE/CDE). 347 

As illustrated in Fig. 5g, the increased rapid thermal annealing temperature, decreased tFE, 348 

and increased CFE/CDE can effectively modulate the magnitude of hysteresis, validating the 349 

design rule for capacitance matching and its effectiveness in optimizing the electrical per-350 

formance of NCFETs. The frequency characteristics are the next key bottleneck for the 351 

practical application of NCFETs, owing to the requirement of high-speed switching for ICs. 352 

In 2015, Khan investigated the frequency characteristics of a PZT using the R-C delay sys-353 

tem. The switching delay of the PZT capacitor was shown to have a decreasing tendency 354 

with a decrease in resistance connected in series. It was predicted that the intrinsic delay of 355 

the ferroelectric material could be as low as 19.9 ns. However, research on the frequency 356 

characteristics of NCFETs is still lacking. In 2017, Xidian University and Globalfoundries 357 

[87] investigated the frequency characteristics of NCFETs and proposed a high-frequency 358 

compatible metal-ferroelectric-insulator-semiconductor (MFIS) architecture to realize an 359 

SS of sub-60 mV/dec in NCFETs operated up to the gigahertz scale. The MFIS structure 360 

could achieve faster polarization switching owing to its large leakage channel (Fig. 5h) 361 

[102].  362 

For the validation of the NC concept and the theoretical and experimental evaluations of the 363 

design rules, more attention was focused on understanding the NC effect. In 2016, Zubko 364 

et al. theoretically predicted the existence of the NC effect as a result of the field-drivable 365 

ferroelectric dipoles, which has piqued considerable interest in this field [106]. In 2018, 366 

Samsung [107] reported that the NC effect was caused by the ferroelectric polarization delay 367 

and could only be obtained during the transient response. In 2019, Salahuddin [88] and 368 

Hoffmann [89] separately demonstrated that the NC effect could be observed at both the 369 

micro- and macro-levels. However, the origin of the NC effect and its impact on the char-370 

acteristics of NCFETs remained unknown. In 2019, Han et al. reported two important stud-371 

ies [108, 109] (Fig. 5i), which experimentally clarified that the NC effect originated from 372 

the depolarization field and that incomplete polarization switching was sufficient to produce 373 

the NC effect for hysteresis-free NCFETs to achieve enhanced electrical performance. 374 
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These studies are of great importance for the optimization of NCFET in terms of basic per-375 

formance and reliability characteristics. 376 

Owing to the discovery of the CMOS-compatible doped-HfO2 ferroelectric materials, both 377 

ferroelectric memory and ferroelectric-based efficient logic devices have gained increasing 378 

attention. However, because of the intrinsic properties of doped-HfO2 ferroelectric materi-379 

als, the related ferroelectric devices always suffer from various reliability issues, such as the 380 

threshold voltage shift induced by the imprinting effect, performance variation induced by 381 

the wake-up effect, and insufficient endurance characteristics. In 2019, Peng et al. reported 382 

a new type of ferroelectric-like materials, known as nanocrystal-embedded-insulator (NEI), 383 

consisting of a main dielectric body and an embedded nanocrystal-ZrOx [110]. The mecha-384 

nism of such materials is quite different from the mainstream mechanism of doped-HfO2 385 

ferroelectric materials. The ferroelectricity of the former is not based on the non-asymmetric 386 

ferroelectric domains and can thus circumvent the performance shift appearing in the latter. 387 

Fig. 5j shows the schematic of the NEI NCFETs and HRTEM images of the gate stack. 388 

Such novel NCFETs fabricated by nanocrystal ZrO2 grains can also achieve a sub-60 389 

mV/dec SS, an enhanced on-state current, a suppressed off-state current, and the NDR ef-390 

fect. In addition, the utilization of such types of ferroelectric materials can expand the range 391 

of gate insulators for use in future electronic devices to achieve improved electrical perfor-392 

mance, high device reliability, and good process compatibility. 393 

 394 
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Figure 5. Investigation of NCFETs: (a) and (b) schematics and HRTEM images of the gate 395 

stack [96]. (c)-(f) Basic electrical characteristics of IDS-VGS curves, NDR effects, capaci-396 

tance peaks, and voltage amplification effects [81, 96, 97]. (g) and (h) Performance optimi-397 

zation of hysteretic behavior and frequency characteristics [102–105]. (i) nature of NC ef-398 

fect [108] and (j) amorphous NCFETs [110].  399 

In this section, we comprehensively reviewed the revolution of NCFETs. Over the past dec-400 

ade, the concept of NCFETs was established theoretically and demonstrated experimentally 401 

from various perspectives, such as the basic electrical characteristics, typical phenomena, 402 

performance optimization, frequency characteristics, mechanism analysis, and structure in-403 

novations. Additional applications based on the excellent electrical properties of NCFETs 404 

have been proposed, particularly ultra-low power applications, small short-channel effect 405 

(SCE) applications, and analog applications. In the future, the understanding of the NC 406 

mechanisms at the atomic level, better circuit design, and process compatibility should be 407 

focused upon, which can facilitate the practical application of NCFETs in the post-Moore 408 

era. 409 

 410 

4.  Ferroelectric-based High-performance Memories  411 

The conventional dynamic RAM (DRAM) uses a capacitor to store data. Cell leakage cur-412 

rent and wire parasitic capacitance in the ICs pose significant challenges for further scaling 413 

down the cell size. Nevertheless, the ferroelectric capacitor can store information through 414 

the Pr charge, which is non-volatile, and possesses a much higher charge density per area. 415 

Therefore, replacing the dielectric material of a flash device with doped-HfO2 ferroelectrics 416 

or amorphous oxide ferroelectrics to realize an FeFET is an alternative method to further 417 

reduce the power or delay of these memories, which will help bridge the gap between the 418 

performances of these devices and logic devices.  419 

Okuno et al. recently demonstrated doped-HfO2 one transistor on capacitor (1T1C) FeRAM 420 

for high-speed embedded non-volatile memory (eNVM) and DRAM replacement applica-421 

tions [111]. This device exhibited a low operation voltage of 2.5 V and a high operation 422 

speed of 14 ns. Many relevant studies [112–115] reported that the engineering of material 423 

and device structure could improve the performance of the FeRAM. It was observed that 424 

the oxygen content or oxygen vacancy affected the o-phase content in the HZO film [112]. 425 

Therefore, Pr could be optimized through oxygen content engineering, such as by tuning the 426 

oxygen deposition time in the ALD film deposition process, changing the electrode materi-427 

als, and depositing an additional interfacial layer/seed layer [116–118]. Although the feasi-428 

bility of doped-HfO2 FeRAM has been proven, some of its key parameters, such as endur-429 

ance, can’nt meet the requirement for practical applications. 430 
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 431 

Figure 6. (a) HRTEM image, STEM ABF image, and GIXRD curves of MFM stacks with 432 

HfO2-ZrO2 SL [93]. (b) The endurance performance of SL MFM capacitors [93]. (c) Local 433 

layout view of the FeRAM test chip with different blocks, including the WL driver, SA, and 434 

cell matrix [119]. 435 

To address this issue, Peng et al. [93] reported an HfO2-ZrO2 superlattice (SL) FE film as 436 

the gate dielectric for FeFETs. A compressive strain was introduced into the HfO2 layer 437 

owing to the lattice mismatch between HfO2 and ZrO2, which was conducive to form the 438 

non-polar phase of the ferroelectric (FE) film. The deviation of the alternate oxygen rows 439 

from the centers of four nearest Hf/Zr atoms induced a dipole moment and resulted in a 440 

ferroelectric behavior. The SL MIM capacitors exhibited significantly improved endurance 441 

performance and fatigue recovery capability compared to the HZO MIM capacitors, as 442 

shown in Fig. 6, a and b. Xiao et al. [119] designed and realized a 16 kbit 1T-1C FeRAM 443 

array with BEOL-integrated HZO-based ferroelectric capacitors. The ferroelectric charac-444 

teristics of the test key (1C) and single cell (1T-1C) were discussed. Endurance up to 109 445 

cycles at the array level was achieved for the first time. Fig. 6c showed the local layout view 446 

of the 1T-1C FeRAM test chip with different blocks in terms of the WL driver, sense am-447 

plifier, and cell matrix. Cell matrices with a size of 64 × 32, 128 × 32, and 256 × 32 were 448 

used to investigate the effect of bitline length on the memory window (MW). 449 

Flash memories are also widely used for embedded and storage applications. An FeFET can 450 

be considered a floating gate device, in which the gate dielectric is replaced by ferroelectric 451 

oxides. This device exhibits the following characteristics (1) enhanced CMOS process com-452 

patibility owing to lower operation voltage and simpler structure, (2) low power owing to 453 

the electric-field-driven polarization switching mechanism, (3) low write latency enabled 454 

by fast polarization switching, and (4) non-destructive read-out owing to the three-terminal 455 

device structure. Thus, an FeFET array-based memory based on flash memory could be 456 

realized without re-designing the architecture and circuits. A typical FeFET memory array 457 

and its peripheral circuitry are shown in Fig. 7a. The architecture includes a coder/decoder, 458 

I/Os, sensitive amplifiers, write buffers, controllers, and a data bus; this architecture is sim-459 

ilar to that of a NOR flash. At the circuit level, the only difference is that the write operation 460 

for an FeFET can be realized using an electric field; however, for the flash device, this 461 

operation is realized by hot carrier injection. Recently, Globalfoundries has demonstrated 462 

FeFET-based memory with 28-nm bulk technology and 22-nm FDSOI CMOS technology 463 
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[41, 120], indicating the possibility of FeFET-based circuit integration on advanced CMOS 464 

platforms. 465 

 466 

Figure 7. (a) Schematic of the circuits of the FeFET based memory. (b) Read ID-VG after 467 

the write operation [51]. (c) Endurance of amorphous Al2O3 FeFET [51]. 468 

 469 

Typically, the gate stack of FeFETs is in the form of MFIS structures. The threshold voltage 470 

(Vth) of FeFETs can be modulated by an external voltage pulse applied at the gate electrode 471 

using two stable polarization states and polarization switching of ferroelectric materials 472 

[121]. Thus, information can be stored as different Vth states in an FeFET. When a suffi-473 

ciently large positive voltage pulse is applied, the polarization of the ferroelectric oxide is 474 

reversed (down state), and the FeFET switches to a low-Vth state. On the contrary, if a suf-475 

ficiently large negative voltage is applied, the polarization reverses again (up state) and the 476 

FeFET switches to a high-Vth state. The voltage difference between the Vth of these two 477 

different states is defined as the MW. The MW of FeFETs with a sufficiently large Pr can 478 

be approximately evaluated by the following equation [121]: 479 

c FEMW 2 E t=    ,        (Eq.1) 480 

where α is a coefficient that represents the MW degradation caused by non-ideal effects 481 

such as charge trapping, Ec is the electric field, and tFE is the ferroelectric film thickness. 482 

An amorphous ZrO2-based ferroelectric FET has been demonstrated to improve the perfor-483 

mance and compatibility of the FeFET [49, 122]. For embedded NVM applications, a 0.78 484 

V MW can be achieved using a program voltage of 2.7 V and an erase voltage of −2.8 V 485 

with a pulse width of 5 μs. For embedded DRAM applications, program and erase speeds 486 

of approximately 10 ns can be achieved using a program voltage of 7.4 V and an erase 487 

voltage of −8.6 V, with an MW larger than 0.2 V [49]. An amorphous Al2O3 non-volatile 488 

FET can achieve a MW above 0.85 V under ±3 V at a pulse width of 100 ns under the 489 

program/erase (P/E) condition (Fig. 7b) [51]. The P/E voltage can be further reduced to 490 

±1.6 V, thus exhibiting the potential of the device for applications at a lower operation volt-491 

age compared to that of doped-HfO2 FeFETs. Amorphous oxide-based FeFETs show good 492 
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endurance characteristics but a severe degradation in the retention performance. Non-vola-493 

tile FETs with α-Al2O3 show a stable MW without any degradation over 106 P/E cycles at 494 

±3 V and 100 ns (Fig. 7c) [51]. The trapping/detrapping effect is also a key factor that 495 

influences the MW of these devices. 496 

 497 

5.  Ferroelectric Devices for Neuromorphic Computing  498 

Since the inception of the computing system, data storage and processing have been separate 499 

functions owing to the large difference between the two in terms of the working speeds, 500 

operation modes, and fabrication technology. The von Neumann architecture has addressed 501 

these compatibility problems, leading to developments in the field of computing. However, 502 

the performance and efficiency of data-centric are restricted by circuit delay and power is-503 

sues owing to the large time and power consumption required for the transport and exchange 504 

of data between the memory and processing modules, which is referred to as the von Neu-505 

mann bottleneck. Thus, novel computing devices and architecture have attracted consider-506 

able interest to resolve this issue.  507 

One of the possible solutions is neuromorphic computing. The information storage and pro-508 

cessing in the brain are hybrid functions in nature. Imitation of the neuron system for infor-509 

mation processing is referred to as neuromorphic computing. The most important compo-510 

nents in such a system are artificial neurons and synapses. According to reported studies 511 

[95, 123–136], FeFETs can implement both artificial neurons and synapses. For applications 512 

in neurons, FeFETs functioning as pulsed neural networks have been commonly used in 513 

previous studies. Because FeFETs have hysteretic Id-Vg characteristics, they can possess 514 

both on and off states and can be used as a switch to charge or discharge a capacitor. In a 515 

study by Wang et al.[126], a unique device model was used in the form of a one-transistor-516 

one- FeFET structure. This model could control the gate voltage of the FeFET to produce 517 

an arbitrary output of the neuron and an inhibitory input. Furthermore, Yan et al. conducted 518 

a study based on Ref. [126] to investigate the effect of voltage bias on the output voltage of 519 

a neuron [123]; they explained the mechanism associating the inhibitory input with the com-520 

putational biological neuron model. In addition, Chen et al. fabricated a novel leaky-FeFET 521 

(L-FeFET) to mimic biological neurons [127]. Luo et al. [128] improved the L-FeFET 522 

model and experimentally demonstrated that the hardware cost could be considerably re-523 

duced using an architecture comprising one resistor and two transistors. They added an in-524 

hibitory port to realize spiking neural networks, providing a promising direction for the in-525 

tegration of neuromorphic computing systems in the future. 526 

Moreover, FeFETs can simultaneously perform storage and processing functions; therefore, 527 

they can be used for artificial synapse applications involving spike neural networks (SNNs) 528 

[129] and convolutional neural network (CNNs) [51]. Many studies have investigated the 529 

writing methods of FeFETs as synapses in neural networks to achieve better performance. 530 

For a single FeFET device, Jerry et al. demonstrated three write pulse schemes: identical 531 

pulses, pulses with incremental voltages, and pulses with incremental pulse widths affecting 532 

the update of the switch polarization [130]. From the results [130], it was concluded that the 533 

use of write pulses with suitable incremental voltage could help achieve excellent linearity 534 

and superior accuracy in neural network simulation. Furthermore, Nguyen et al. imple-535 

mented a writing method involving fixing the gate pulse while gradually increasing the drain 536 

pulse, and compared the differences to impose incremental gate pulses [131]. The effects of 537 

different ferroelectric structures [132] and working temperature [133] were also examined 538 

in the application of deep neural networks. The charge trapping and release dynamics of 539 
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HZO-based FeFET were explored, and a gate-stack design for enlarging the MW was de-540 

termined [134]. For FeFET-based memory arrays with NOR and NAND architectures, the 541 

write disturbance effect for unselected memory cells was extensively tested [135]. Charge 542 

trapping and polarization switching were found to be the two mechanisms that affect the 543 

write disturbance. In contrast, Choe et al. proposed a three-dimensional AND-type archi-544 

tecture for matrix-vector multiplication and demonstrated its performance on deep neural 545 

networks [136]. 546 

 547 
Figure 8. Analog synapse network based on ferroelectric devices. (a) Measured STDP 548 

curves of 3- and 6-nm-thick amorphous Al2O3 synaptic transistors with a spike period of 190 549 

ns. (b) Waveform of different excitatory input pulses. (c) The SNN architecture includes a 550 

three-layer fully connected structure and is based on the LIF model for recognizing hand-551 

written digits. Circuit implementation simulation using SNN synapse arrays. Accuracy 552 

above 80% can be achieved using the SNN based on Al2O3 transistors under various values 553 

of Vread [95]. 554 

In addition to polycrystalline doped-HfO2 FeFETs, metal/amorphous dielectric/semicon-555 

ductor gate stacks exhibit the switchable ferroelectric-like P, which can be used to imple-556 

ment analog synapses and SNNs. Recently, an analog synapse device based on a non-vola-557 

tile field-effect transistor (NVFET) with the amorphous ZrO2 dielectric has been fabricated 558 

and demonstrated. This ZrO2-based device exhibited superior synaptic characteristics, in-559 

cluding good symmetry and linearity for both potentiation and depression, with small cycle-560 

to-cycle variations. The ratio of the maximum to minimum conductance (Gmax/Gmin) of the 561 

device was 130, and the middle states was over 30. The spike-timing-dependent plasticity 562 

(STDP) was reproduced in the device. Based on emulated STDP functions, an SNN-based 563 

architecture has been constructed, and it has been shown that the offline and online training 564 

recognition accuracy reach 94 and 87%, respectively [129]. Moreover, various synaptic be-565 

haviors including long-term potentiation (LTP), long-term depression (LTD), and STDP 566 

have been reproduced in ferroelectric-like FETs integrated with 3- and 6-nm-thick Al2O3 567 

dielectrics when different types of electrical stimuli were applied to the gate, as shown in 568 

Fig. 8a [95]. The dynamic response of the LTP and LTD is illustrated in Fig. 8b [95]. An 569 

SNN architecture based on the properties of analog synapses was also built. Online training 570 

was conducted based on the synaptic characteristics of the device, and a decent accuracy 571 

(>80%) was achieved for fixed amplitude potentiation/depression pulses (±3 V/100 ns, Fig. 572 
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8c). All of these results indicate that the amorphous Al2O3 synaptic device has high appli-573 

cation potential in neuromorphic computing [95]. 574 

 575 

Figure 9. Convolutional neural network based on ferroelectric devices. (a) Analog synaptic 576 

behaviors of Al2O3 Ge FeFET and multiple cycles of consecutive alternating potentiation 577 

and depression. (b) Architecture of convolutional neural network, which consists of two 578 

convolution layers and one fully connected layer (MNIST dataset is used). (c) Learning 579 

accuracy evolution of convolutional neural network based on Al2O3 FeFET synapse. (d) 580 

Accuracy above 90% can be achieved in a convolutional neural network based on Al2O3 581 

FeFET by varying the operation voltage and pulse width [51].  582 

 583 

Novel amorphous-dielectric-based ferroelectric-like devices can also be used for realizing 584 

CNNs owing to their advantages in terms of linearity and asymmetry, which help increase 585 

the accuracy of these devices. In Ref. [51], the NEI layer (3.6 nm thickness) comprised 586 

ferroelectric nanocrystals embedded in amorphous Al2O3. Thus, the operating voltages and 587 

depolarization effects were lower compared to those of the conventional doped-HfO2 films, 588 

which can be used in a CNN architecture. With fixed-amplitude potentiation/depression 589 

pulses with a 100-ns pulse width, an NEI FeFET synapse achieved a weight update with 590 

small non-linearity (αp = 0.12, αd = −0.09) and asymmetry factors. A CNN was designed 591 

and emulated for a Mixed National Institute of Standards and Technology (MNIST) dataset, 592 

and it achieved an online training accuracy of 92% [129]. Furthermore, FeFETs with the 593 

amorphous Al2O3 gate dielectric exhibit high endurance, decent memory window with low 594 

program/erase voltage, and analog synapse properties, achieving a high learning accuracy 595 

for the CNNs [51]. As shown in Fig. 9a, multiple cycles of consecutive alternating potenti-596 

ation/depression pulses were applied to the FeFET, showing highly repeatable conductance 597 

profiles, which can be used in the CNN weight update. A CNN architecture utilizing a sign 598 

backpropagation (SBP) algorithm was designed based on the one-transistor-one-FeFET 599 

synapse cell to investigate the impact of the FeFET synapse performance on the online train-600 

ing, as shown in Fig. 9b. Online neural network training simulations parameterized by the 601 

FeFET synapses were conducted, and a high learning accuracy (>94%) was achieved for a 602 

fixed pulse amplitude of potentiation/depression pulses (±2 V, 100 ns) with a read gate volt-603 

age of −0.1 V, as shown in Fig. 9c. Fig. 9d shows the statistical plots of the learning accu-604 
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racy of the neural network operated with different VGS,r and potentiation/depression condi-605 

tions of the FeFET synapses. A high learning accuracy (>90%) was achieved owing to the 606 

improvement in the synaptic behavior. 607 

In addition, ferroelectric tunnel junctions (FTJs) have attracted significant attention for syn-608 

aptic device applications owing to their compact device structure, nondestructive readout 609 

scheme, and high write/read access speeds [137]. FTJ is a two-terminal resistive nonvolatile 610 

memory device consisting of a nanometer-thick ferroelectric film and conductive metal 611 

electrodes at both ends. The operation of the FTJ memory device relies on the modulation 612 

of the interface barrier height owing to the ferroelectric switching and quantum tunneling 613 

through an ultrathin barrier layer. The modulation of the tunneling current due to ferroelec-614 

tric polarization reversal is called the tunneling electroresistance (TER) effect and is used 615 

to store/process information as an artificial synapse.  616 

Thus far, three types of ferroelectric materials have been adopted in the current FTJ tech-617 

nology: ABO-type perovskites [138, 139], such as BaTiO3 (BTO) and PbZr0.2Ti0.8O3; 2D 618 

van der Waals materials [140, 141], such as CuInP2S6 (CIPS) and α-In2Se3; and binary 619 

oxides, such as HfO2 and Hf0.5Zr0.5O2 (HZO) [142, 143]. The first two types of FTJs can 620 

achieve a large TER ratio, but they are incompatible with the modern CMOS process. With 621 

the discovery of ferroelectricity in the polycrystalline HfxZr1-xO, doped-HfO2 FTJs have 622 

been extensively explored, and a TER ratio up to 100 can be achieved.  623 

The development of FTJs is still in a preliminary stage. The suppression of the sneak current 624 

and distribution correlation of the high/low resistance in the array structure still requires 625 

further analysis. Fujii et al. [144] reported that doped-HfO2-based self-compliant FTJs could 626 

achieve a low operating current of less than 100 nA, low operating voltage of 2 V, and 627 

switching ratio exceeding 10. Recently, Goh et al. [145] reported a self-rectifying FTJ with 628 

a TiN/HZO/TaN/W stack, a low operating current of less than 100 nA, high TER (~102), 629 

and 108 endurance cycles. 630 

FTJs are also widely used in non-volatile memories and neurosynaptic computing, particu-631 

larly for artificial synaptic applications. FTJs have been demonstrated to be able to mimic 632 

various synaptic behaviors under different types of pulses, including STDP, LTP, and LTD. 633 

Ryu et al. [146] reported the continuously tunable conductivity of FTJs with a 634 

Ti/Au/Al2O3/HZO/Si structure and identified that the conductance increased with the num-635 

ber of potentiation pulses and decreased with the number of depression pulses; the results 636 

revealed that the synaptic weight was continuously tunable. In addition, the STDP function 637 

of biologic synapses in FTJs was demonstrated. Goh et al. [146] reported the evaluation of 638 

synaptic properties, such as the LTD and LTP, of the HZO FTJs using three different pulse 639 

schemes. The conductance state gradually changed with the number of pulses, and more 640 

than 30 stable intermediate states were achieved. The pattern recognition rate based on the 641 

MNIST dataset was calculated using a neural network simulator with a multilayer percep-642 

tron, and an accuracy of approximately 90% was achieved. In addition, Xiao et al. [147] 643 

simulated FTJ devices and demonstrated that the best synapse characteristics could be ob-644 

tained through the pulse amplitude modulation scheme; furthermore, they suggested that 645 

increasing the amplitudes between consecutive pulses would further improve the linearity, 646 

number of states, and conductance ratio. 647 

 648 

6.  Future Outlook 649 
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Over the past decade, remarkable progress of nanoscale ferroelectric devices based on 650 

emerging oxide materials has been achieved, from conceptual stage to industrial demonstra-651 

tion. In this article, we attempted to categorize the state-of-the-art ferroelectric devices as 652 

low-power logic devices, high-performance memory cells, and neuromorphic devices for 653 

intelligent computing to meet the requirements of different applications. If the tradeoff be-654 

tween process compatibility and device performance can be achieved, NCFET, FeRAM, or 655 

FeFET memory and ferroelectric synapse devices can be integrated into the same chip to 656 

realize a multifunctional intelligent computing system. The architecture and computing al-657 

gorithms for ferroelectric devices need to be further improved. Based on the progress 658 

achieved in the ferroelectric device-processing technology, the integration of low-power 659 

logic, high-performance memories, and neuromorphic systems on one chip seems to be fea-660 

sible with continuous process improvement. This will help realize the development of high-661 

performance and high-efficiency intelligent computing systems in the future.  662 
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