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Abstract— In this paper, we present a compact model of 

nanoscale ferroelectric (FE)  capacitors. We first use the 

phase-field simulation to study the polarization switching 

of very small FE capacitor that contains only a few grains. 
We show that, at higher applied voltage, the entire grain 

undergoes a single-domain-like switching, but, at lower 

applied voltage, the domain wall growth mechanism 

dominates due to the difference between the domain wall 

energies of bulk and defect nuclei. To create a compact  

model that includes this voltage dependence, we use a 

time-dependent domain switching model for each discrete 

grain with empirical modifications capturing the two 

different switching mechanisms.  In addition, a 

voltage-dependent dielectric model is included to 

represent the nonlinear capacitance of the FE capacitor. 

We verify this compact model by fitting the results of 

phase-field modeling results with excellent agreement.     

 
Index Terms—Phase-field modeling, compact model, 

ferroelectric, hafnium zirconate (HZO). 

 

I. INTRODUCTION 

he ferroelectricity of thin-film HfO2 was discovered in 
2011 [1]. Due to its compatibility with the standard CMOS 

technology, HZO-based FE memories become great candidates 

for future non-volatile memory (NVM) applications such as 
ferroelectric FET (FEFET), ferroelectric RAM (FERAM), and 

ferroelectric tunnel junction (FTJ) [2]. The polycrystalline 
nature of HZO provides the opportunity for multi-state 
operation on FE memories, which can be used on neuromorphic 

applications [3]. It is the multi-grain switching behavior to 
generate the continuous polarization states. Various 
experiments and modeling works have been done to study the 

switching behavior of FE devices [4-7] using the 
nucleation-limited switching (NLS) model with a statistically 

distributed switching rate. However, when the device area 
becomes very small, we can no longer describe it with a 
continuous distribution function.  A nanoscale FE capacitor 

only contains a few grains, which leads to a discrete 
polarization switching [8, 9]. The NLS model also assumes that 
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the switching is dominated by nucleation due to the small size 
of the grains. The effect of domain propagation might be 

therefore averaged out by the statistical distribution of large 
number of grains in a large-area capacitor. However, it cannot 

be neglected in case of a small-area capacitor where there are 
only a few grains present. As the technology becomes more 
mature, this kind of nanoscale FE capacitor will be introduced 

into high-density integrated circuits (ICs). It is essential for us 
to study its characteristics and have a SPICE-compatible 
compact model for IC simulation. 

    Due to the lack of experimental data and the difficulty of 
measuring polarization-voltage characteristics of such small 

devices, we need to rely on numerical simulation to study the 
device. Phase-field modeling using time-dependent Ginzburg 
Landau (TDGL) theory is the most common way to study FE 

devices [10-13]. In this work, we study the properties of 
small-area FE by performing phase-field simulations of FE 
capacitors with grain size within 20 nm [9, 14]. We then 

develop a compact model to capture the electrical 
characteristics resulting from the TDGL model.      

II. PHASE-FIELD SIMULATION 

    To simulate the nanoscale FE, we conduct a 2D phase-field 
simulation using COMSOL Multiphysics [15]. First, we study 

the switching under a single grain FE capacitor with 20 nm 
width and 5 nm thickness. Voltage is applied on the top and 

bottom boundary. We set remanent polarization RP =22C/cm2 

and coercive field CE =2MV/cm2 [16]. Inside the capacitor, we 

add a 1 nm by 1nm nucleus which has a CE  smaller than the 

bulk value [11] shown in Fig. 1. Here, we set it to be 0.7 CE  of 

bulk. The coupled Poisson-TDGL simulation is set as (1) where 

V  is electrical potential, jP  is the polarization component in 

the j direction where j = x or y , r  is the relative permittivity (= 

31), 0  is the vacuum permittivity,  is the viscosity 

coefficient (=6 m),  ,  ,   are the Landau-Khalatnikov 

coefficients [17], and g  is the polarization gradient coefficient 

(=1E-10 m3/F). For simplicity, we assume a dielectric relation 
in the x direction since, in this study, there is no voltage applied 

in that direction. We apply 0P n  =  for every grain boundary 

where n  is the normal vector [18]. 
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Fig. 1 shows the simulation results of this FE capacitor for 1.2 

V and 1.06 V, respectively. We plot 
yP  of the entire capacitor 

at different simulation time instants. We can see that the 
polarization begins to switch at the nucleus followed by the 
bulk at 1.2 V. It is similar to single domain switching since the 

electric field is strong enough to make nucleus and bulk switch 
almost at the same time. For 1.06 V, since the applied voltage is 

close to the CE  of the bulk, the bulk will switch much slower 

than nucleus. The domain propagation can be clearly seen in 

this case. It becomes a combination of domain wall switching 
and bulk switching. This phenomenon might be averaged out 
when there are a lot of grains with different size and material 

properties. 
    We also study the case where the device contains 3 grains in 

the width direction. Each grain width is set to be 16 nm [14]. 
We choose 3-grain because the dimensions of a short channel 
transistor for the state-of-the-art technologies are typically 

around 20nm×50nm. Given the typical size of grain in HZO is 
16~20nm, we think a 3-grain scenario is good enough to study 
these devices.  For example, in [9], a  3-grain switching 

behavior was recently observed for a short channel FEFET. At 
the grain boundary, we assume there is a  0.5 nm dielectric dead 

layer [19, 20] that will stop the domain propagation. Moreover, 
in polycrystalline FE, each grain can have different FE 
properties [5]. Here, for simplicity, we set these grains to have 

different CE , which are 1.7 MV/cm, 2.55 MV/cm and 2 

MV/cm, so that it can perform the discrete switching seen in 

[9]. Inside each grain, we also place a nucleus same as the one 
grain case. Fig. 2 shows that each grain will switch at different 

times since they have different domain energy. 

III.   COMPACT MODEL 

    We now develop a compact model for nanoscale FE 

capacitors based on the phase-field simulation results. From Fig. 
1 & 2, we can see that due to the nuclei and multi-grains, a 
single domain LK equation is not able to describe the system. 

Depending on the computational penalty, directly coding 
phase-field model with Verilog-A code is not suitable for a 

compact model [12].  Therefore, we decide to adopt the domain 
switching models such as (Kolmogorov-Avrami-Ishibashi) 
KAI model and (nucleation Limited Switching) NLS model [7, 

21, 22]. We previously developed a compact model for 
large-area FE capacitor based on these models [6]. We use the 
same framework to develop a unified compact model valid for 

both the large and small-area capacitors. 
    In this compact model, the FE capacitor is described as a 
parallel combination of many small FE capacitors each 

representing a grain as shown in Fig. 3. As stated earlier, the 
switching mechanism turns from homogeneous switching to 

domain nucleation and growth switching when the applied 
voltage decreases. To model this complex switching 
mechanism, we use (2) to (4) [6], where the subscript i means 

the index of the grain which starts from 1, iP  is the polarization 

of each grain,   is the fraction of the polarization of each grain 

to the entire capacitor, i  is a  time constant following the 

Merz’s law [23], 
0i  is the characteristic time constant, 

aiE  is 

the activation field, 
kt  is when the electric field changes 

polarity, and 
i  and 

i  are fitting parameters. To capture 

these two switching behaviors for low and high voltages, we 

make i  voltage dependent as (5) with empirical fitting 

parameters (
0i , 

i , 
i  and 

0iV ). i  will affect the rising time 

and the spacing between the switching curves at different 

voltages (Fig. 4). Therefore, i  value varies from high voltage 

to low voltage conditions. Since there are only a few grains, we 
can no longer use a distribution function to describe the grain 
variation.  
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    Fig. 4 shows our fitting results compared to phase-field 

simulation for three different cases: 1 nucleus with g=1e-10 
m3/F, 1 nucleus with g=1e-11 m3/F and 2 nuclei with g=1e-10 
m3/F. We can see that the polarization first rises slowly because 

of the background dielectric response which is not included in 
the NLS and KAI models. To capture that, we use the same 

equations (2) to (4) (with the subscript i=0) and include the 

background dielectric charge BQ  as in (6) in this model in 

series with a resistance BR  where FEt  is the FE thickness. BQ  

is expressed as a nonlinear function of VFE to model the 

nonlinearity in the background capacitance where FE0  is the 

nominal permittivity, and a , b , c  and d are fitting 

parameters. The total charge is calculated as B swQ P+  where 

sw iP P=   which is shown as an equivalent circuit in Fig.3. 

This model can capture the switching under different voltage 

for the three cases shown in Fig. 4. We can also see that the 
larger the g and number of nuclei, faster is the switching 
especially when the voltage is low. 

    Now, we move on to the three grains case. Since we choose a 

large CE  variation in our simulation, we need to use i=0, 1, 2, 3 

to fit the data. The result is shown in Fig. 5. The discrete 
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switching comes from the 
CE  variation of each grain. By 

selecting different parameters of each 
iP , the model can fit the 

phase-field simulation well. Then, we simulate a P-V loop with 

a 2.5 MHz triangular voltage wave as shown in Fig. 6. It shows 
(6) can fit the nonlinear background capacitance behavior well 

as compared to the linear charge model. The result shows a 
good agreement to the COMSOL simulation.  
    To summarize the difference between the proposed small FE 

capacitor model and the previous large FE capacitor model [6], 
first, the grain distribution is considered discrete instead of 
continuous due to the small number of the grains; second, we 

include the nonlinear effect in the background dielectric rather 
than using a linear background capacitance; third, we modify 

the switching rate of this model to account for the different 
switching behaviors at low voltages and high voltages.  
  

 

 
Fig. 1.  Polarization switching of a single-grain FE capacitor at 1.2 V and 1.06 

V. The unit of polarization is C/m2. 
 

 
Fig. 2.  Polarization switching of a 3-grain FE capacitor at 1.4 V. The unit of 

polarization is C/m2.  
 

 

 
Fig. 3.  The equivalent circuit of our nanoscale FE capacitor compact model.  
 

 
Fig. 4.  Model fitting of the single-grain FE capacitors under 3 cases: (a) 1 grain 

1 nucleus g=1e-10 m3/F, (b) 1 grain 1 nucleus g=1e-11 m3/F, (c) 1 grain 2 nuclei 
g=1e-10 m3/F. The symbols are the COMSOL simulation, and the lines are the 

compact model.  (d) shows the comparison between three cases.   

 

 
Fig. 5.  Model fitting of the 3-grain FE capacitor.   
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Fig. 6.  The comparison between the COMSOL simulated PV curve and the 
compact model simulations using linear QB and nonlinear QB.  

 

IV. CONCLUSION 

    We have analyzed the switching behavior of very small FE 
capacitors that contain a few ferroelectric crystal grains using 

phase-field simulation. The results show that, at higher voltage, 
the switching mechanism is almost single domain switching 
and, at lower voltage, it is a  combination of domain wall 

switching and bulk spontaneous switching. We use these results 
to develop a compact model based on our previous large-area 
FE capacitor model. This model can simulate the change in the 

switching mechanism of nanoscale FE capacitor at all voltages 
including the discrete switching of different grains and the 

non-linear capacitance of the FE material. 
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