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A Compact Model of Antiferroelectric Capacitor

Chien-Ting Tung, Graduate Student Member, IEEE, Sayeef Salahuddin, Fellow, IEEE, and
Chenming Hu, Life Fellow, IEEE

Abstract— In this paper, we develop a compact model of
antiferroelectric (AFE) capacitors. AFE material, similar to
the ferroelectric (FE) material, is a good candidate for
non-volatile memory applications. Unlike FE materials,
there are no good compact models that can describe the
AFE materials for circuit simulation. In this study, we
consider the AFE material as a collection of multiple crystal
groups. For each group, the polarization may switch from
zero to positive or negative polarization and vice versa
depending on the electric field polarity. This switching is
modeled by a local field-dependent switching rate, which
has a statistical distribution among the groups. We
implement this model in Verilog-A and run it on a
commercial SPICE simulator to demonstrate this model’s
capability to reproduce the published experimental data of
the dependency of the AFE capacitor switching on the
writing pulse width and voltage and the major and minor
loops behavior are demonstrated.

Index Terms— Compact model, antiferroelectric, hafnium
zirconium oxide (HZO)

|. INTRODUCTION

Antiferroelectric (AFE)material is a promising material for
memory applications in integrated circuit (IC) industry.
Compared to FE material, experiments have shown that
zirconium oxide (ZrO;) based AFE has higher speed and
endurance compared to FE [1, 2]. Furthemore, the double
hysteresis loops of AFE may potentially store two bits of data
per device, doubling the storage density [3]. AFE can be
applied to the nonvolatile memories (NVMs) such as
ferroelectric RAM (FERAM), ferroelectric tunnel junction
(FTJ)and ferroelectric FET (FEFET) with better reliability [4].
AFE also shows great potential for energy storage
supercapacitor applications [5]. AFE-DRAM has been
demonstrated to have 10ns switching-speed and 1ms-retention,
and high endurance with 10" cycles [6]. Moreover, AFE canbe
stacked with FE to engineer the on-current and subthreshold
swing of negative capacitance FET (NCFET) [7, 8].
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Fig. 1. (a) The schematic hysteresis loop of AFE which is divided into 4
regions: (I) Ee<-E. , () -E_<E<E, &P>0 , ()

—E;_ <E e <E;, & P<0,and(IV) E, >E,, ; (b) The percentage of A,

Time

and A, over A and A under different E,. ; (c) The schematic transient
diagram of AFE.

To model AFE, the best-known model is the Kittel’s model
[9]. However, similar to the Landau-Khaktnikov (L-K)
equation [10-12], to simulate the multi-domain dynamics using
phase-field modeling is orders of magnitude too
time-consuming for IC simulation. Moreover, in HZO thin
film, the polycrystalline property makes the device contain
multiple grains with different material properties due to the
crystal orientation, stoichiometry and stress [2, 13]. Thus, not
only the multi-domain but also multi-grain physics needs to be
considered. Another commonmodelis Preisach model [14,15].
It uses empirical interpolation to produce the hysteresis loop,
which is not physical. Therefore, we aim to develop a
computationally  efficient model that considers the
multi-domain/multi-grain switching physics in AFE.

Multi-grain switching has been studied in FE for many years,
and one model is the nucleation-limited-switching (NLS)
model [16-18]. It considers a FE capacitor made of many
independent grains and each grain has a unique exponentially
time-dependent switching rate. The NLS model has also been
used on AFE [2, 19] but these models can only characterize
(positive or negative) half of the major hysteresis loop and not
any minor loops. In this paper, based on our previous model of
FE capacitor [20], we construct an AFE model that reimagines
NLS switching dynamics for AFE. We show that this model
can model both major loop and minor loop as well as the
pulse-width-dependent switching characteristics well by
reproducing the published experimental data [1, 14].
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Il. MODEL

In AFE, we can observefrom Fig. 1 that the polarization has
three different states: P, , —P; and 0. Polarization would
switchfrom —P; to0and from Oto P; while voltage increases
and vice versa. For each hysteresis loop, we can refer to FE
domain switching that the polarization switches from nuclei
and growto the entire device [11, 12]. For example, for the left
hysteresis curve in Fig. 1a, the negative polarization would
switch into zero polarization from some nuclei and switch the
whole area when voltage increases, which the capacitor is
switched from negatively polarized areas into nonpolarized
areas. Therefore, weapproximate the total polarization into the
combination of positively polarized areas A, , negatively
polarizedareas A and non-polarized areas A,. We first derive
the switching current in region (1) in Fig. 1 as (1a) where E,..
is the electric field, E;, and E;_ are the threshold electric
field, and P, is the remanent polarization. However, directly
solving three kinds of areas is numerically complex and not
acceptable fora compact model. Instead, we introduce two new
areas by dividing the capacitor into low-field-switchingarea A
and high-field-switching area A, where A starts switching
under the low voltage in (I1) & (lll), and A, starts switching
under the higher wvoltage in rgion (1) & (1V), and
A=A, =05A; where A;is the total area. A and A only
consist of positively and negatively polarized areas, A, , A_,
A.,and A_. A can be represented by the polrization
cancellation between A, and A . Fig. 1 shows how A, and
A, varying with E, in which we can see how polarization
changes corresponding to A, and A . Then, we obtain the

switching current in (1) as (1a). Similarly, the switching current
in region (1V) is shown in (1b). For regions (I1) & (1), the
derivation is simpler. Depending on the polarization P, we
eithercalculate the decrease in A, or A_ as(lc).

H(A>A)TI(A > A)

1
L e
dA_ d
|(Ab_>A+)+|(A»&);—2P{%+%} (1b)
|(A+_>AD)=2PR%,ifP>O
dt (]_0)

|(Aﬁ/sb):_sz%, ifP <0

After deriving the current expressions, we now set up the
differential equations for each grain group. A is the totalarea

of which the switching rate is characterized by the random
variable 7 shown in (3). 7 has a mean of 1 and a statistical

distribution f () to be determined from measurement data
[20].
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Fig. 2. Modeled hysteresis curve of a 10 nm ZrO, capacitor from [14] with
P, =11uC/cm’ , 7,=100ps , E, =3.45MV/cm , E,, =E, =2.26MV/cm
and a=2.46.
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Fig. 3 Modeled hysteresis curve of a 6 nm HZO capacitor from [1] with
P,=20uC/cm?, 7,=15ns , E, =3.6MV/cm , E,, =E, =18MV/cm and
a=17.
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Fig. 4. Modeled hysteresis curve of a TiN/TiO/HZO/RuO,/HfO, -stacked

capacitor from [1] with P, =20uC/cm® | z,=2ns , E,=3.7MV/cm |
E,, =19MV/cm, E,_ =23MV/cm and o =17 .
Here, we assume a Gaussian distribution. Since

A=A —A ,wecan write all differential equations in terms
of A as (2). The switching time constant is defined in (3)
known as the Merz’s law [21] where z, is the characteristic
timeata very large field, E, isthe meanactivation field, « isa
fitting parameter, and E;;, is the effective electric field which
equals Ene —E;, at (1) & (V) and E,c +E;_ at (1) & (1),
and E., equak to E, —E;, at (IV) and E,. +E;_ at (1)
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where E,, and E,_  are fitting parameters that characterize
the difference between the fast-switching and slow-switch
areas. We keep tracking A, and A, with time using the
differential equations (2). Finally, the overall positively
polarized area A, is the summation of all A, where the
integration is carried out numerically using (4). The
pokrization and current are calculated by (5) and (6)
respectively where C,.. is the background capacitance of the
AFE capacitor.

dA . _ d(/-\]H +A,,h+) _“An +_A7“* , IfEpe <-E

dt dt 7, T, ETTT
_ _A]H B
=—" if -E;_ <E, <E;, & P>0
q
)
B ks T ~E; <Ep <E.. & P<0
4
_ A]I - A7|+ I A;h - Aqh+ Cif EAFE > ET“
[ Th
E E |
T, =7, eXp = T, =T, EXP =) 3)
Eeff,l| eff,h|

A=A 0= At a0 @

2A, (t) j
P(t)=P, x -1, )
0 [ Ar
_ dA+(t) dVAFE
()= 2R = #Cpee — 255, (6)
lll. RESULTS

We implement this model with Verilog-A and run
simulations on Hspice. To verify this compact model’s
accuracy, we fit the data of a 10 nm ZrO, capacitor subject to a
triangle voltage waveform at 1 kHz with varying amplitude

[14]. In parameter extraction, we first extract P, , E;, and
E;_which can be easily found as Fig. 1. For other parameters,

7, can be extracted at the high applied voltage; E, and & can
be extracted by tuning the fitting of switching polarization
under different voltages. The more detailed fitting process can
be analogous to the FE model [16, 18]. In Fig. 2, our model
results are in excellent agreement with the experimentaldata. It
successfully captures the minor loop switching of AFE by
tracking the polarization history. Furthemmore, we test the
model with different rise/fall time. Fig. 3 shows the
measurement and fitting of a 6 nm HZO with a rise/fall time of
50 pusand 1 ps [1]. When the ramp rate is fast enough, A, will

not completely switch to A_ and compensate A, , which let

us can model the polarization retention at high speed. These
demonstrations show that this model can reproduce the

switching dynamics under various measurement conditions. In
addition, we model the TiN/TiO,/HZO/RuO,/HfO, -stacked

AFE [1] with 5 nm HZO and 0.5 nm TiO; in Fig. 4. The RuO»
layer’s high wotk function shifts thenonvolatile states from 0 V
to -1V. To simulate this device, we also use the model’s
capability of acceptinga series capacitance (TiO,) and the work
function difference. Fig. 4 shows the fitting result.

IV. CONCLUSION

We present a compact model of AFE capacitors. This model
produces the AFE behaviors with the switching dynamics
between positive- polarized, negativepolarized and
non-polarized states in each grain group in an AFE capacitor.
This model computes the time-dependent polarization
switching history through the entire sinulated time period of
the capacitor operation. We demonstrate the model’s capability
to capture the major and minor loop switching as well as the
speed-dependent hysteresis loop of AFE capacitors. We also
show that this model can simulate the nonvolatile AFE stack,
which is interested in future NVM applications.
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