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Since the discovery of HfO2-based ferroelectric (FE) mate-

rials in 2011, considerable advancements have been made in

material preparation, mechanism research, and device real-

ization [1]. Consequently, these materials are now regarded

as leading candidates for embedded non-volatile memory

(eNVM). Beyond eNVM applications, recent studies have

demonstrated that memory devices with antiferroelectric

(AFE) films can achieve high response speeds, low latency,

and reduced power consumption while maintaining excellent

endurance characteristics [2, 3]. Additionally, the typical

double hysteresis loops and multiple non-overlapping polar-

ization current peaks of AFE films offer a novel approach to

designing multistate memories. However, in order to further

promote the application of high storage density AFE, an

AFRAM electronic design automation (EDA) model must

be developed, and it has yet to be proposed.

In this study, a physics-based AFRAM EDA circuit

model is developed. Two logic operation functions are real-

ized in parallel within a single AFRAM cell.

Methods. Figure 1(a) shows the schematic diagram of

the AFRAM EDA model proposed in this study, which

comprises two sublattice equivalent circuits (sublattice EC

models I and II) and voltage-controlled switches (SW1 and

SW2). Each sublattice EC model includes resistors R1(R2)

and capacitors C1(C2) connected in series at the input of

nonlinear voltage-controlled voltage sources (kv1 and kv2)

to simulate linear properties. At the output, the voltage-

controlled current sources (gv1 and gv2) with transconduc-

tances equal to 1 are in parallel with R3, C3, and R4, C4.

The nonlinear characteristics of the AFE are mainly deter-

mined by kv1 and kv2. To replicate full AFE behavior,

sublattice EC I is configured with a positive input voltage

(Vin > 0) to simulate operation in the positive polarization

domain, while sublattice EC II is set with Vin < 0 to repre-

sent the negative polarization domain. Figure 1(b) depicts

the specific modeling details and parameters. The results

in Figure 1(c) show a high degree of consistency with ex-

perimental data, indicating that the AFRAM EDA model

exhibits strong accuracy and reliability.

Figure 1(d) illustrates the timing diagram for the “write”

and “read” operations of the AFRAM, enabling four-state

storage (‘00’, ‘01’, ‘10’, and ‘11’). Here, the word line (WL),

bit line (BL), and plate line (PL) are defined, with VF repre-

senting the reference voltage for the PL. The write and read

operations for data ‘00’ and ‘01’ are activated by pulsing

BLneg and PLneg, corresponding to the negative polariza-

tion region shown in Figure 1(e). Specifically, when data ‘00’

is written, PLneg rises to VDD and the polarization state of

the AFE capacitor switches to −Ps (@ ‘E’) while BLneg re-

mains zero. Then the WL is turned off, and the PLneg is

kept at the VF. After that, the polarization state changes

from point ‘E’ to ‘D’, and the data ‘00’ is written. Then,

data ‘00’ is read through raising PLneg to VDD while BLneg

is pre-discharged to zero voltage and then kept floating. The

voltage across the AFE capacitor is −VDD and the polariza-

tion state is switched to −Ps (@‘E’). The process of polar-

ization state change during write/read operation follows the

dashed trajectory (1) in Figure 1(e).

When data ‘01’ is written, BLneg is raised to VF and

PLneg is kept at VF. After that, the polarization state of the

AFE capacitor is written to the point ‘O’. The BLneg drops

to zero before WL is turned off. The polarization state turns

from point ‘O’ to ‘G’ and the data ‘01’ is written. Further,

the data ‘01’ can be read through raising PLneg to VDD while

BLneg is pre-discharged to zero and then remains floating.

The voltage across the AFE capacitor is −VDD and then the

polarization state is switched to −Ps (@‘E’). The process of

polarization state change during write/read operation fol-

lows the solid trajectory (2) in Figure 1(e). Additionally,

Figure 1(e) implies that the average capacitance for reading

‘01’ (C01) is larger than that of reading ‘00’ (C00), that is

C01 > C00, which corresponds to the ‘01’ read operation

causing a larger increase in BLneg than ‘00’. Similarly, in

the case of AFRAM write/read data ‘10’ and ‘11’, the BLpos

and PLpos are carried out, corresponding to the positive po-

larization part in Figure 1(e), with their polarization state
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Figure 1 (Color online) (a) Schematic of the AFRAM EDA model; (b) fitting process and parameter extraction; (c) experimental

and simulation fitting results for the AFE capacitor; (d) time diagram of write/read operations; (e) corresponding polarization

change trajectories for four-state storage; BL readout voltage for (f) ‘00’, (g) ‘01’, (h) ‘10’, and (i) ‘11’ at different VWL and VPL;

(j) non-centrosymmetric P -V hysteresis of the AFRAM capacitor; (k) applied VWL, and VPL pulses; (l) BL readout voltage in

non-volatile AFRAM mode at different inputs; (m) single-cell LIM circuit schematic and truth table based on four-state AFRAM;

(n) waveforms for the parallel computation scheme realizing two logic functions: F1 = Bs0 and F2 = Bs0 XOR Bs1; (o) application

of LIM in an array; (p) performance benchmarking of the AFRAM EDA model in this work against reported FE/AFE models.

changes following tracks (3) and (4), respectively.

Results and discussion. The AFRAM EDA model can

effectively support both volatile and non-volatile hybrid op-

erating modes. Figures 1(f)–(i) illustrate the storage status

of ‘00’, ‘01’, ‘10’, and ‘11’ read by BL at different WL and

PL operating voltages (VWL and VPL). The range of VDD

varies from 2.5 to 3.5 V. Notably, center values of BL read-

out voltage of ‘00’, ‘01’, ‘10’, and ‘11’ states are 0.44, 1.84,

1.29, and 2.17 V, respectively, thus achieving a memory win-

dow for negative part (MWneg) and a memory window for

positive part (MWpos) of 1.40 and 0.88 V, respectively. It

perfectly satisfies the practical memory array application re-

quirements [4].

In addition to its application as a four-state volatile mem-

ory, the AFRAM EDA model’s applicability in non-volatile

mode is also explored. As shown in Figure 1(j), when

AFRAM operates in the non-volatile state, it corresponds

to the situation of the internal electric field introduced in

the AFE film, thus achieving a non-centrosymmetric hys-

teresis and non-zero remanent polarization (2Pr), resulting

in two stable non-volatile states (‘0’ and ‘1’). In this work,

the shifts of P -V loop of the AFRAM capacitance are real-

ized by adjusting the parameter b0. Here, b0(I) and b0(II)

are set to change from i0 to in (n = 10), and their spe-

cific parameter lists are shown in Figure 1(j). Similarly, the

timing diagram of AFRAM EDA model operating in non-

volatile mode is depicted in Figure 1(k). The P extracted

in the BL write/read operation signifies the successful inte-

gration of non-volatile functionality. The MWs for AFRAM

operating in non-volatile mode with different in values are

illustrated in Figure 1(l).

Based on the AFRAM EDA model, we simultaneously

implement two logic functions F1 = Bs0 and F2 = Bs0

XOR Bs1. Figure 1(m) presents the circuit scheme and

truth table for LIM in a single AFRAM cell. The wave-

forms in Figure 1(n) demonstrate the parallel computation

process. As shown in Figure 1(o), the advantage of AFRAM

in storage array applications is its ability to store 2 bits/cell

and implement two logic functions in parallel by encoding

polarization state as ‘00’, ‘01’, ‘10’, and ‘11’, thereby im-

proving both storage density and computing efficiency. Fig-

ure 1(p) benchmarks the AFRAM EDA model developed

in this study against previously reported ferroelectric and

antiferroelectric models [5–7]. Notably, the physics-based

AFRAM model proposed here not only enables flexible

switching between volatile and non-volatile hybrid modes

but is also suitable for EDA circuit simulations.

Conclusion. This study introduces a novel AFRAM EDA

model capable of flexible implementation of four volatile

states (‘00’, ‘01’, ‘10’, and ‘11’) as well as non-volatile

states (‘0’ and ‘1’). Additionally, leveraging the unique four-

state storage characteristic of AFRAM, two logic functions

F1 = Bs0, and F2 = Bs0 XOR Bs1 are realized in parallel

in a single AFRAM cell. This work presents a new AFRAM

model employed in the EDA tool for designing high-speed,

low-power embedded memory systems.
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