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Abstract Polarization evolution with space and time in HfO2 based metal-ferroelectric-insulator-metal

(MFIM) structure is studied based on the phase field model by self-consistently solving the two-dimensional

time-dependent Ginzburg-Landau and Poisson equations. Through examining the domain wall and electro-

static (depolarization) energies compared with the negative ferroelectric (FE) anisotropy energy, the cor-

relation between the domain pattern (phase transition) and negative capacitance (NC) effect is revealed

for different structure parameters and material properties, including FE thickness and gradient coefficient,

dielectric permittivity and thickness, and operation frequency of applied voltage. The design space for sta-

bilized NC with (near) hysteresis-free operation accompanied with voltage amplification is limited by phase

transition, implying the potentials and limitations of FE HfO2 for energy-efficient steep-slope devices.
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1 Introduction

Ferroelectrics (FEs) have attracted great interests owing to their potentials in nonvolatile memories
and steep-slope devices [1–3]. The recent advent of doped hafnium oxide HfO2-based FEs has inspired
researchers due to their good scalability and compatibility with standard CMOS technology compared
with traditional perovskites [4–6]. Under this condition, negative-capacitance field effect transistors (NC-
FETs) using HfO2-based FE as gate dielectric (DE) is regarded as the most possible solution to reduce
power consumption by reducing the subthreshold slope (SS) due to their capability to overcome the
Boltzmann limitation of 60 mV/decade at room temperature.

The homogeneous single-domain Landau theory suggests that by connecting an FE in series with
standard capacitor, a hysteresis-free stabilized NC state can be obtained in the FE below a critical film
thickness [2]. However, most reported NC-FETs show a strong contraction between the SS and hysteresis,
in which a small SS (large voltage amplification) is usually accompanied with unexpected hysteresis or
frequency dependent behavior [7–12]. The physics underlying this transient NC effect is associated to
depolarization field, which leads to the formation of multidomain ferroelectricity that differs from the
assumed single-domain case [13]. These results imply that the domain pattern of FE polarization plays
a key role in the performance of FE-based devices [14].

At present, probing the magnitudes of local polarization and field along the films presents a chal-
lenge [15, 16]. Only the averaged polarization versus the average electric field over the film can be
obtained. Thus, details of polarization charge in its spatial and temporal evolution can be used to un-
derstand the underlying physics of NC. To date, extensive simulation has been used to study the NC
effects and NC-FETs [17–21]. For example, the distribution of FE polarization along the gate length
due to the non-uniform electric field along the channel in NC-FET is studied by considering the domain
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interaction along the channel direction [19]. However, the distribution of FE polarization normal to the
channel direction due to depolarization field and its effect on the performance of NC-FET remain to be
explored.

The metal-ferroelectric-insulator-metal (MFIM) system is a suitable prototype to study the NC effect
under the depolarization field, given that a dead layer, imperfect electrodes such as semiconductor, and
intentional interfacial dielectric layer almost always exist [22]. Using the two-dimensional (2D) phase field
model [23, 24], the NC effect in BaTiO3-based MIFIM system is investigated focusing on the thickness
effect [25]. However, the study of polarization dynamics and NC for more promising HfO2-based FE based
on the phase field model is still highly required. More importantly, the extend of the (near) hysteresis-free
sub-60 mV/decade with maximum voltage amplification attainable for FE HfO2 needs to be evaluated.

In this work, polarization evolution in Zr-doped HfO2 (HZO)-based MFIM structure is comprehensively
studied by self-consistently solving the 2D time-dependent Ginzburg-Landau and Poisson equations, in
which temporal visualization of local polarization charges and electric fields successfully explains the
phase transition of MFIM due to the competition between the negative FE anisotropy energy, domain
wall energy and depolarization energy. Furthermore, the design space for stabilized NC based on single-
and multi-domain pattern is provided by evaluating the effect of FE and DE properties and operation
frequency.

2 Simulation methodology

The free energy density per unit volume of the FE can be written as follows [26]:

UF = αP 2 + βP 4 + γP 6 + k(∇P )2/2− P ·EF − ε0εFbE
2
F /2. (1)

The first three terms are the bulk free energy expressed as the well-known Landau-Ginzburg-Devonshire
(LGD) polynomial form as a function of the spontaneous polarization P , where α, β and γ are the
ferroelectric anisotropy constants [27]. The fourth term is the gradient energy (i.e., domain wall energy)
from the domain formation, where k is the gradient coefficient [10]. The last two terms contribute
to the electrostatic energy including the depolarization energy [26], where ε0 and εFb are the vacuum
permittivity and relative background permittivity of the FE respectively, and EF is the electric field in the
FE given by the sum of depolarization field and applied electric field. Notice that the total polarization
in the FE is given by PT = P + ε0(εFb − 1)EF . Based on the phase field model, time (t)-dependent
Ginzburg-Landau (TDGL) equation in 2D domain (x-z coordinate) is written as follows [25]:

−
1

Γ

dP

dt
= 2αP + 4βP 3 + 6γP 5 − k

(

d2P

dx2
+

d2P

dz2

)

− EF,z, (2)

where Γ is a conductivity of polarization switching.
Figure 1(a) and (b) shows the metal-ferroelectric-metal (MFM) and MFIM structures respectively. To

explore domain pattern in the MFIM, 2D electrostatics need to be solved, because the boundary condition
at the FE and DE interface is inhomogeneous when multiple domain are considered [21]. The Poisson
equation is written as follows:

ε0εr∇
2ϕ = ∇ · P , (3)

where ϕ is the electric potential inside the MFIM structure, and εr is εFb and εD in the FE and DE
respectively. Notice that spontaneous polarization P is zero in the DE.

Then based on the COMSOL multiphysics software, the polarizations and electrostatics of the MFIM
structure are self-consistently solved by Poisson and TDGL equations using the periodic boundary condi-
tions to fully investigate the evolution of domain pattern with time or external field for different geometries
and material properties. This process is carried out by using a time dependent ramp bias VApp sin(2πf · t)
on the top electrode of MFIM structure. Using HZO as FE, Table 1 lists default simulation parame-
ters unless otherwise specified. The fabrication and measurement of HZO capacitor have been described
in [28]. Figure 1(c) shows the comparison between the measured and simulated polarization-electric field
(P -E) characteristics of MFM capacitor, extracting the FE parameters based on the approach in [28].
Here the first-order phase transition of the FE, where α <0, β <0, and γ >0, is considered due to the
depolarization fields that emerge in the MFIM structure [29].
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Figure 1 (Color online) (a) MFM and (b) MFIM structures, where top electrode is biased by VApp sin(2πf · t), and bottom

electrode is grounded. (c) Measured and simulated P -E characteristics of MFM capacitor with 10 nm HZO film, showing the model

calibration. Notice that measured slow switching of FE can be obtained by considering distribution of FE parameters.

Table 1 Default parameters used in the simulation

Symbol Quantity Value

α Landau constant of ferroelectric −2.9 × 108 V·m/C

β Landau constant of ferroelectric −4.0 × 108 V·m5/C3

γ Landau constant of ferroelectric 6.0 × 1010 V·m9/C5

k Gradient coefficient of ferroelectric 1 × 10−10 V·m3/C

Γ Conductivity of polarization switching 10 S/m

εFb Dielectric constant of ferroelectric 25

εD Dielectric constant of dielectric 25

TF Thickness of ferroelectric 10 nm

TD Thickness of dielectric 5 nm

L Lateral size of simulation region 50 nm

VApp Amplitude of external applied voltage 10 V

f Sweep frequency of applied voltage 106 Hz

3 Results and discussion

3.1 Impact of ferroelectric properties

Figure 2(a)–(f) plots the P -E characteristics of MFIM structure with different FE thickness (TF = 50,
40, 30, 15, 5 and 3 nm). The overall P -E curve consists of two components: the FE polarization-
FE field (PF -EF ) and the DE polarization-DE field (PD-ED), where the PF -EF obtained from the
LGD theory is also shown. When TF is thick, the overall P -E curve of FE-DE stack exhibits remnant
polarization and significant hysteresis, which are two important features of the FE as shown in Figure 2(a).
As TF decreases, the remnant polarization in the MFIM structure gradually decreases (Figure 2(b)) and
finally disappears (Figure 2(c)). Below this critical thickness, polarization switching of the FE-DE stacks
behaves as that of the antiferroelectric (AFE), which has zero remnant polarization and field-induced
double hysteresis as shown in Figure 2(d) and (e). When TF is thinner than another critical thickness,
PF -EF precisely follows the LGD path (i.e., S-curve) without hysteresis, and the overall P -E curve of
MFIM structure acts as that of the paraelectric.

Figure 3(a) shows the critical thicknesses related to the aforementioned phase transition of MFIM
structure with various gradient coefficients at the equilibrium state (VApp = 0). Tcri,A is the critical
thickness above which P -E characteristics are always hysteretic with remnant polarization, and Tcri,C

is the critical thickness below which P -E characteristics are always hysteresis-free. The region between
Tcri,A and Tcri,C is the AFE-like FE-DE stacks. Figure 3(b) shows the domain patterns at VApp = 0 within
three different regions labeled as A, B, and C, which are separated by Tcri,A and Tcri,C. In region A,
polarization is homogeneous with the overall P 6= 0, resulting in remnant polarization. This is attributed
to the negative FE anisotropy energy that is the dominant part, implying that the depoled state (P = 0)
is unstable. In region B, anti-parallel (strip) domains with P ↑= −P ↓6= 0 will form. This condition
reduces the large electrostatic energy due to the depolarization field despite the increase in domain wall
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Figure 2 (Color online) P -E characteristics in the MFIM structure with (a) TF = 50 nm, (b) TF = 40 nm, (c) TF = 30 nm,

(d) TF = 15 nm, (e) TF = 5 nm, and (f) TF = 3 nm. Black square is the PF -EF , red circle is the PD-ED , blue triangle is the

overall P -E of FE-DE bilayer, green dash is the PF -EF based on the LGD theory. All the simulation parameters are from Table 1

except for TF .
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coefficient at equilibrium state (VApp = 0). (b) Domain patterns at VApp = 0 at the specified TF in (a) within region A, B and C,

respectively.

energy. Accordingly, Figure 4 shows the domain widths and patterns with different FE thicknesses and
gradient coefficients in the MFIM in region B. As the TF decreases, the domain width (WD) becomes
more uniform and narrower. However, when TF decreases within region C, if such strip domains still
exist, the domain period will be more intensive, and the sum of domain wall energy and depolarization
energy can be larger than the negative FE anisotropy energy. Thus, polarization transitions into the
homogeneously depoled state (P = 0) (Figure 3(b)), which is energetically more stable than any other
configuration with finite polarization. Additionally, the decrease in gradient coefficient will give rise to
the decrease in domain wall energy despite the narrow strip domain. Therefore, a small Tcri,C with high
depolarization energy is needed to exceed the FE anisotropy energy to stabilize the FE at the depoled
state. Similarly, a smaller Tcri,A will lead to the formation of strip domain. For a range of two orders of
magnitude for gradient coefficient k, Tcri,A varies between 1 and 10 nm, and Tcri,C increases from 20 to
30 nm as k increases.

Besides the aforementioned polarization at equilibrium state, the polarization dynamics of the MFIM
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MFIM with TF = 30 nm operated at frequency of 1 MHz as shown in Figure 2(c). (d) Polarization domain patterns from the fully

negatively polarized state (downward Pz, blue) to fully positively polarized state (upward Pz, red) corresponding to the stage I,

II, III, and IV, respectively.

structure is analyzed. Figure 5 shows the time-dependent voltages of VApp and VDE (a), electric fields (b),
polarization charges (c), and local polarization profiles (d), where TF is 30 nm in relation to Figure 2(c).
We focus on the switching behavior from the fully negatively polarized state (downward Pz) to the fully
positively polarized state (upward Pz). In the stage I, FE polarization is homogeneously changing mainly
due to background permittivity of the FE. As VApp changes, only the FE field gradually changes from
negative (downward) to positive (upward) value that is opposite to the external field, due to the depo-
larization field. Once FE field reaches the critical field Ecri (≈ 0.65 MV/cm), it transitions into the stage
II, and switching occurs by reverse domain nucleation and growth. Then, strip domains rapidly fill in
the whole film within about 10 ns, leading to the abrupt change in the polarization charges and electric
field in FE and DE. This finding confirms that the formation of stripe domain is attributed to the high
depolarization field and can effectively reduce the electrostatic energy. The initial nucleation occurs ran-
domly, which is different from [25], where nucleation occurs at the center of the bottom interface because
of the predefined defect. In stage III, polarization switching proceeds by lateral motion of the stripe
domain, in which one polarized state expands and the other one shrinks. This process lasts for 90 ns
until the whole FE film becomes positively polarized state. Interestingly, the change in polarization in-
duced by lateral motion of strip domain is approximately proportional to the time at the fixed domain
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Figure 7 (Color online) (a) Voltage window and (b) voltage amplification factor for hysteresis-free operation versus TF with

different k.

wall velocity (∼ 4.4×10−2 m/s), which is considerably slower than that of the nucleation and growth pro-
cess. Then, FE switching approaches stage IV, which is similar to stage I. Additionally, from Figure 5(a),
voltage amplification on the DE layer is observed when the direction of FE field is opposite to that of
the DE field and overall bilayer field. Such opposite changes in the polarization charge and electric field
in the FE layer indicate the negative permittivity of FE and the NC effect.

The abovementioned polarization reversal in HZO is similar to that of BaTiO3 [25]. Consistent
with [25], the domain nucleation and growth at ±Ecri always lead to hysteresis. By contrast, the lateral
motion of strip domain can be recovered during the reverse sweep, which provides a possible mecha-
nism to obtain hysteresis-free operation. This effect originated from the strip domain is regarded as
the multi-domain NC (MD NC). Figure 6(a) shows the VDE-VApp in MFIM structure for different TF

corresponding to those in Figure 2. As TF decreases, the range of hysteresis-free operation by MD NC
of P -E and VDE-VApp characteristics is extended. When FE film is very thick (Figure 2(a)), polarization
reversal instantaneously occurs by nucleation without formation of strip domain in the entire field range.
As TF decreases (Figures 2(b)–(e)), the small VApp enables the FE field to reach the Ecri and trigger rapid
nucleation and growth. The high depolarization field eases the formation of strip domains. Moreover, as
TF becomes thinner and below that of Tcri,C (Figure 2(f)), polarization homogeneously switches in the
entire field range due to the extremely high depolarization field, where FE works under intrinsic NC as
proposed in [2]. Figure 6(b) indicates that voltage amplification factor Av (= VDE/VApp) values related
to the MC NC are generally lower compared with nucleation and growth, and the Av of intrinsic NC is
very close to that of the MD NC with very thin TF . If a high voltage (VApp > 4 V) is applied to MFIM,
FE is in fully polarized state, and behaves as the conventional DE with neither NC nor voltage amplifi-
cation. Still, voltage amplification can be enhanced by further optimization which will be addressed in
the following section.

Figure 7(a) and (b) shows the voltage window (VW) and Av for hysteresis-free operation versus FE
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Figure 8 (Color online) P -E characteristics in the MFIM structure with different TD and εD , accounting for SiO2, Al2O3, and

HfO2, respectively. (a)–(c) and (d)–(f) are the TD = 1 nm and 5 nm cases. All the simulation parameters are taken from Table 1

except for TD and εD .

thickness with different gradient coefficients. In terms of VW, only TF in region B needs to be explored, as
FEs thinner or thicker beyond this region are either always hysteresis-free or always hysteretic. In terms
of Av, TF in region C is also considered. As TF decreases or k decreases in the MFIM, which is generally
accompanied by a small domain size (Figure 4), VW increases, but voltage boosting is weakened. For
example, in the case of k = 10−10 V·m3/C, as TF changes from 30 to 3 nm, WD decreases from 6 to 1.5 nm,
VW increases from 0.2 to 3 V, but Av decreases from 1.2 to 1.1. As a result, optimization of the TF

is required to obtain the sufficient VW and the voltage amplification as large as possible. Here, power
supply voltage VDD of 0.65 V is considered in accordance with the IRDS requirement1). In the low k case
(10−11 V·m3/C), the VW is always larger than 2VDD. Thus, a high TF is preferred to improve Av but it
is limited to below Tcri,A (∼20 nm), because remnant polarization occurs beyond this thickness. In the
moderate k case (10−10 V·m3/C), the optimal TF is ∼23 nm, where VW satisfies the VDD requirement
along with high Av (∼1.2). In the high k case (10−9 V·m3/C), the VW operated in region B is always
lower than 2VDD despite their large Av. Under this condition, TF in MFIM should be designed always
in the hysteresis-free range by thinning the TF below Tcri,C (∼10 nm) and as close to Tcri,C as possible
to improve Av (∼1.4).

3.2 Impact of dielectric properties

It is claimed that domain wall motion based NC path in FE is independent of TD but depends on the
permittivity of the DE layer [30]. However, our simulation implies that the effect of DE property on polar-
ization switching in the MFIM is determined by the equivalent oxide thickness (EOT) (i.e., DE capacitance
CD) related to εD/TD, as discussed in the following. Figure 8 shows the P -E characteristics in the MFIM
structure with TD of 1 and 5 nm, taking SiO2, Al2O3, and HfO2 as examples. First, in the TD = 1 nm
case, high εD has significant impact not only on the PD-ED but also the PF -EF characteristics. Second,
in the εD = 25 case, thin TD has similar impact as high DE permittivity. A high permittivity and/or
thin thickness of DE will effectively reduce the DE field and enhance the FE field, indicating a reduction
of depolarization field in the FE layer, which is consistent with EDep = P [ε0εFb(CD/CF + 1)]−1 [1].
Consequently, the case having the highest εD/TD in Figure 8(c) is notably distinguished from others
due to its considerably small depolarization field, whose effect is equivalent to the thick TF as shown in
Figure 2(a).

Next, we examine the interdependence of polarization switching on the εD and TD. Figure 9 shows
the P -E and VDE-VApp characteristics with different ratios of εD/TD by proportionally changing the

1) International Roadmap for Devices and Systems. 2018. https://irds.ieee.org/.

https://irds.ieee.org/
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Figure 9 (Color online) (a), (b) P -E and (c), (d) VDE-VApp characteristics in the MFIM structure with different values of εD/TD

respectively. (a), (c) are the εD/TD∝ 3.9 cases, and (b), (d) are the εD/TD∝ 10 cases.

εD with TD. Under the fixed ratio of εD/TD, the slope of PD-ED changes with εD. However, PF -EF

and the resultant VDE-VApp are almost coincident with each other especially under low εD/TD due to
their almost the same depolarization field. Therefore, polarization switching is dependent on the ratio
of εD/TD by modulating the depolarization field in FE. With respect to hysteresis-free operation, a
low εD/TD provides a large VW but small voltage amplification, where MD NC works due to the high
depolarization field.

3.3 Impact of operation frequency

Figure 10 shows the P -E characteristics of the MFIM structure with different conductivities (Figure 10(a)
–(c)) and operation frequencies (Figure 10(d)–(f)). When voltage drive speed is lower than the domain
wall motion speed, the MFIM shows hysteresis-free intrinsic NC behavior as shown in Figure 10(d). Par-
ticularly, as frequency varies, negligible difference is observed in terms of the domain width WD, which is
determined by the competition between the negative FE energy, domain wall energy, and depolarization
energy as mentioned in Subsection 3.1. However, as f increases, or Γ decreases, no formation of strip
domain motion appears, and hysteresis occurs due to large delay. The switching of hysteretic P -E in
Figure 10(b) and (f) (smoother) is different from those in Figures 2(a) and 7(c) (more abrupt). Partic-
ularly, critical field Ecri is dependent on Γ and f but is independent of TF , k, and εD/TD (Figures 2
and 7).

Figure 11 shows the related (a) VW and (b) voltage amplification factor. For the hysteresis-free
operation in the MD NC regime, as f increases, VW significantly decreases, and Av slightly decreases.
Additionally, an upper limit of frequency beyond which MFIM system operates in always hysteretic range
exists. This limit depends on the value of conductivity, which plays an important role in polarization
switching. The experimentally extracted value of Γ for FE HZO is estimated to be generally smaller than
0.01 S/m [25]. Given the VDD requirement, the maximum frequency for 10 S/m case is at approximately
the megahertz scale. Therefore, enabling an FE HZO suitable for steep-slope devices applied to high-
speed circuit up to gigahertz frequency needs a considerably amount of conductivity. According to our
calculation, the conductivity Γ should be at least 500 S/m to obtain the hysteresis-free operation at the
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Figure 10 (Color online) (a)–(c) P -E characteristics in the MFIM structure with different conductivity (Γ = 10, 0.1 and 0.01 S/m)

operated at f = 1M Hz. (d)–(f) P -E characteristics with Γ = 10 S/m operated at f = 1k, 10M and 100M Hz. All the simulation

parameters are taken from Table 1 except for Γ and f .

103 104 105 106 107
0

1

2

3

4

V
o
lt

ag
e 

w
in

d
o
w

, 
V

W
 (

V
)

Frequency (Hz)

103 104 105 106 107

Frequency (Hz)

 =10 S/m

 =1 S/m

 =0.1 S/m

(Always 
hysteresis)

(Possibly 
hysteresis)

Hysteresis-free
     window

(Always 
hysteresis-free)

VDD=0.65 V 
(IRDS2028)

(a)

1.0

1.1

1.2

1.3

1.4

1.5

 

 

 

V
o
lt

ag
e 

am
p
li

fi
ca

ti
o
n
, 

A
v

MD NC

(b)
Intrinsic NC

(Always hysteresis)

Γ

Γ

Γ

=10 S/m

=1 S/m

=0.1 S/m

Γ

Γ

Γ
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overall electric field.

4 Conclusion

Electrically induced phase transition in the MFIM with different domain patterns (homogeneous versus
strip domain) occurs at two critical thicknesses from the single loop of ferroelectric to double loops of
antiferroelectric and eventually to the linear line of paraelectric due to the depolarization field in FE. The
design space for stabilized negative capacitance (both intrinsic NC and MD NC) with (near) hysteresis-
free operation together with voltage amplification in the MFIM structure depends on the capacitance
matching between FE and DE via adjusting the FE thickness, gradient coefficient, DE thickness, and
permittivity, and depends on the operation frequency. Particularly, satisfying the VDD requirement, HZO
based MFIM with TF of several nanometers and DE EOT less than 1 nm theoretically possessesAv around
1.1∼1.4, implying that hysteresis-free SS decreases to 42∼54 mV/decade, thus limiting the megahertz
sweep frequency for NC-FET. Polarization dynamics based on phase field model provide physical insights,
which are helpful in the design and optimization of steep-slope NC devices and nonvolatile memory devices
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based on HfO2-based FEs.
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