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3D Ferroelectric Phase Field Simulations of Polycrystalline
Multi-Phase Hafnia and Zirconia Based Ultra-Thin Films

Prabhat Kumar,* Michael Hoffmann, Andy Nonaka, Sayeef Salahuddin,
and Zhi (Jackie) Yao*

HfO2– and ZrO2–based ferroelectric thin films have emerged as promising
candidates for the gate oxides of next-generation electronic devices. Recent
work has experimentally demonstrated that a tetragonal/orthorhombic (t/o-)
phase mixture with partially in-plane polarization can lead to negative
capacitance (NC) stabilization. However, there is a discrepancy between
experiments and the theoretical understanding of domain formation and
domain wall motion in these multi-phase, polycrystalline materials.
Furthermore, the effect of anisotropic domain wall coupling on NC has not
been studied so far. Here, 3D phase field simulations of HfO2– and
ZrO2–based mixed-phase ultra-thin films on silicon are applied to understand
the necessary and beneficial conditions for NC stabilization. It is found that
smaller ferroelectric grains and a larger angle of the polar axis with respect to
the out-of-plane direction enhances the NC effect. Furthermore, it is shown
that theoretically predicted negative domain wall coupling even along only
one axis prevents NC stabilization. Therefore, it is concluded that topological
domain walls play a critical role in experimentally observed NC phenomena in
HfO2– and ZrO2–based ferroelectrics.

1. Introduction

Recently, ferroelectric thin films have emerged as promising ma-
terials for high-performance and energy-efficient nanoelectronic
devices with applications in computation and data storage.[1,2]

By applying an electric field to the ferroelectric film, its spon-
taneous polarization can be switched thus enabling low-power
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non-volatile memory devices suitable
for digital storage. Furthermore, fer-
roelectric materials are promising for
neuromorphic computing due to their
ability to provide analog storage options
that can be dynamically changed for
learning and adaptation.[3,4] In ultra-thin
ferroelectric films, depolarization fields
lead to a suppression of the overall polar-
ization, typically through the formation
of ferroelectric domains.[5–7] Interest-
ingly, such depolarized ferroelectrics can
exhibit an effective negative permittivity
and thus a negative capacitance (NC),[8,9]

which is of interest for overcoming the
fundamental limitations of performance
and energy-efficiency of nanoscale
transistors.[10] Thus, the integration of
ferroelectric gate oxides into transistors
enables both more energy-efficient mem-
ories as well as logic devices with lower
operating voltage, higher drive current,
and reduced short-channel effects.[1,11]

For practical device applications, fluorite-structure ferro-
electrics based on HfO2 and ZrO2 are most promising due to
their compatibility with standard semiconductor manufacturing
processes as well as their scalability to ultra-thin thickness.[2,12–14]

When integrated into a device such as a transistor, these fluorite-
structure ferroelectrics exhibit a polycrystalline and multi-phase
film morphology, as indicated in Figure 1a. Due to their sim-
ilar formation energies, both the polar orthorhombic Pca21
(o-)phase and the non-polar tetragonal P42/nmc (t-)phase are
often found together in polycrystalline HfO2 and ZrO2 -based
films.[15] In addition, amorphous and non-polar monoclinic
P21/c phase fractions might occur when the film thickness is
decreased or increased, respectively.[16] In the present study, we
do not consider the monoclinic phase since it is typically ab-
sent in ultra-thin films, where surface energy effects reduce its
stability compared to the t- and o-phase.[15] Since the angle be-
tween the polar axis and the film plane varies for each ferroelec-
tric grain, the multi-phase polycrystalline nature of these films
can have a strong effect on domain formation and the macro-
scopic device characteristics.[17,18] Recently, it has been demon-
strated that ultra-thin HfO2 and ZrO2 -based films with a thick-
ness of as low as 0.5–2 nm can retain their ferroelectric or an-
tiferroelectric behavior, which is of interest for ultimately scaled
electronic devices.[19–21] Indeed, it was found that ferroelectric-
ity is enhanced when the film thickness is reduced to 2 nm and
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Figure 1. a) Schematic structure of a field-effect transistor (FET) with
ultra-thin HfO2/ZrO2-based ferroelectric gate oxide. The polycrystalline
multi-phase and multi-domain ferroelectric film exhibits an effective neg-
ative capacitance (NC). b) Logarithm of the drain current as a function of
the gate voltage Vg for a conventional FET and a negative capacitance FET
(NCFET). For a matched Off-current Ioff the supply voltage can be reduced
or the On-current Ion can be boosted at the same supply voltage. c) Sim-
plified metal-ferroelectric-insulator-semiconductor-metal (MFISM) capac-
itor structure simulated in this study. d) Due to the NC effect, the MFISM
capacitor shows an overall capacitance enhancement compared to an oth-
erwise identical metal-insulator-semiconductor-metal (MISM) structure.

below, which is opposite to the size effect observed in classical
ferroelectrics such as perovskites.[19] Furthermore, when grown
on single-crystalline silicon with a thin SiO2 layer, these ultra-
thin HfO2 and ZrO2 -based ferroelectrics exhibit a preferential
texture, where the polar axis is partially in the film plane.[19,20]

Interestingly, it was found that 1–2 nm thick HfO2 and ZrO2 -
based films which consist of a o/t-phase mixture when grown
on silicon, show an effective negative capacitance, thus enabling
a reduction of the equivalent oxide thickness (EOT) below the
physical thickness of the SiO2 interfacial layer.[22,23] The EOT of a
gate stack is defined as the thickness of a SiO2 layer with a relative
permittivity of 3.9, which has the same capacitance as that gate
stack. NC transistors with reduced EOT exhibit improved device
performance and can operate at lower gate voltages, as indicated
in Figure 1b. A further reduction of the EOT without compro-
mising the gate oxide reliability and leakage current is one of the
major challenges in making transistors smaller.[24] However, the
microscopic origin of this NC effect in mixed-phase ferroelectric
HfO2 and ZrO2 - based ultra-thin films is not fully understood
yet.[25]

While an in situ experimental characterization of the domain
patterns in such ultra-thin mixed phase ferroelectric films is dif-
ficult, numerical simulations can give helpful insight into the
possible evolution of domain patterns and their relationship to
NC.[26,27] Density functional theory (DFT) has been applied to
study the stability and formation energies of various domain wall
configurations of HfO2 and ZrO2 -based ferroelectrics.[28,29] It
was found that abrupt 180° domain walls can form easily due
to a slightly negative domain wall energy along one of the axes
perpendicular to the polar axis of the orthorhombic crystal.[29] In

addition, it was found using DFT that there is a further topolog-
ical class of 180° domain walls, which could explain the exper-
imentally observed low switching barriers as well as improved
domain wall mobility in films with t/o-phase mixture.[30] While
DFT calculations are useful for studying the fundamental prop-
erties of domain walls in the ferroelectric o-phase in HfO2 and
ZrO2 -based materials, it cannot give insight into the mesoscopic
and dynamic behavior of domains and domain walls in poly-
crystalline mixed-phase films. For these more practically rele-
vant film properties and length scales, ferroelectric phase field
simulations have proved useful.[31,32] NC phenomena in ferro-
electrics have been studied using phase field simulations mainly
in 2D.[26,27,32] However, the strongly anisotropic domain wall cou-
pling in HfO2 and ZrO2 based ferroelectrics predicted by DFT
requires a 3D simulation to fully capture the domain structures
and dynamics.[33]

Here, we investigate the 3D domain pattern formation and
associated NC effects in polycrystalline, multi-phase ultra-thin
HfO2 and ZrO2 based ferroelectrics on silicon, by applying
FerroX,[34] a 3D phase field simulation tool. To study these effects,
metal-ferroelectric-insulator-semiconductor-metal (MFISM) ca-
pacitor structures similar to Figure 1c are simulated in 3D, where
a ferroelectric o-phase grain is surrounded in the film plane
by the non-ferroelectric t-phase. The capacitance per ferroelec-
tric grain area is then compared to the capacitance of the struc-
ture without the mixed phase ferroelectric film (metal-insulator-
semiconductor-metal (MISM) structure), see Figure 1d. The ca-
pacitance enhancement of the MFISM structure compared to
the MISM case is used to quantify the ferroelectric NC effect.
We further vary the ferroelectric grain size, orientation, and the
anisotropic domain wall coupling constants to better understand
their relationship to the NC effect. These insights will help gain
more insight into the origin of NC in such ultra-thin ferro-
electrics and how to tailor their properties for further improve-
ments in device behavior.

2. Results and Discussion

2.1. Domain Dynamics in MFISM Structure

To study the origins of the negative capacitance effect and its
implications in the operation of transistors with ferroelectric
gate oxides, we consider the MFISM heterostructure and com-
pare it with an otherwise identical MISM capacitor. The baseline
MFISM structure consists of a 5.0 nm thick p-doped Silicon as
the semiconductor layer, a 0.8 nm SiO2 as the interfacial layer,
and a 2.2 nm thick polycrystalline ferroelectric layer. The lateral
dimensions of the films are 16.0 nm. These ferroelectric and di-
electric layer thicknesses are similar to recent experimental re-
ports of NC.[22,23] The ferroelectric layer consists of a t/o-phase
mixture with partially in-plane polarization. To capture the tex-
ture of ultra-thin HfO2 and ZrO2 -based ferroelectrics in our 3D
phase field model, we introduced polar angles (𝜃x, 𝜃y, 𝜃z), where
𝜃x = 𝜽z = 0° and 𝜃y = 45° correspond to the experimentally ob-
served preferential (111) texture.[22] The o-phase grain in the fer-
roelectric layer is for now assumed to be 10 × 10 nm in the cen-
ter of the film and is surrounded on all sides by the non-polar
t-phase in the rest of the film. Additional details of the modeling
procedure are described in the Experimental Section. Landau free
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Table 1. Physical and numerical parameters used in the simulations.

Parameters Values Units

Landau free-energy coefficients:

𝛼 −2.5 × 109 VmC−1

𝛽 6.0 × 1010 Vm5C−3

𝛾 1.5 × 1011 Vm9C−5

Gradient-energy coefficients (gx = gy = gz) 1.0 × 10−10 Vm3C−1

Polar axis angles (𝜃x, 𝜃y, 𝜃z) (0, 45, 0) degrees

Length (Lo) = Width (Wo) of o-phase 10.0 nm

Length (LF) = Width (WF) of the film 16.0 nm

Thickness of the ferroelectric layer (tF) 2.2 nm

Thickness of the dielectric layer (tI) 0.8 nm

Thickness of Si layer (tS) 5.0 nm

Permittivity of the ferroelectric layer (𝜖F) 24.0 (Hf0.5Zr0.5O2) 1

Permittivity of the dielectric layer (ϵI) 3.9 (SiO2) 1

Permittivity of the Si layer (ϵS) 11.7 (Si) 1

Kinetic Coefficient (Γ) 100.0 1(Ω · m)−1

Grid Sizes (Δx = Δy = Δz) 0.125 nm

Polarization penetration length (𝜆) 0.3 nm

Time step size (Δt) 0.25 × 10−13 s

energy coefficients and the domain wall coupling parameters are
listed in Table 1 along with other numerical and physical parame-
ters. We also performed a series of simulations of the MISM het-
erostructure (i.e., without the ferroelectric layer) with different in-
sulator thicknesses while keeping all other parameters the same
as in the MFISM case. These simulations enable us to quantify
the NC behavior of the ferroelectric layer by comparing the ca-
pacitances of the MFISM and MISM stacks denoted as CMFISM
and CMISM respectively. The capacitance of the MFISM stack rep-
resents the combined capacitance of the ferroelectric, SiO2 and
silicon layers in series. Therefore, if CMFISM > CMISM, it suggests
the manifestation of NC attributable to the presence of the ferro-
electric layer. Furthermore, by comparing the voltage-dependent
CMFISM to CMISM curves with different SiO2 layers, we can directly
determine the EOT of the MFISM stack as the SiO2 thickness of
the matching CMISM curve.[35]

Figure 2 shows the 3D distributions of ferroelectric polariza-
tion P, electric field vectors E, and free charge carrier density 𝜌 as
a function of external applied voltage Vapp for the parameters in
Table 1. Due to the ultra-thin ferroelectric film thickness and the
unscreened bound polarization charge at the ferroelectric/SiO2
interface, a 3D domain pattern forms to reduce the depolarization
energy in the ferroelectric. The multi-domain patterns show a 45°

tilt in the x− z plane, due to the assumed (111) texture of the film.
For an applied voltage Vapp = 0 V, the negatively and positively
polarized domains (blue and red) have roughly identical sizes,
however, as Vapp is decreased (Figure 2b), the positive domains
become progressively larger by domain wall motion to align with
the external electric field. The electric field vector plots indicate
the presence of both in-plane and out-of-plane components, es-
pecially close to the domain walls. The tilted multi-domain struc-
ture results in inhomogeneous stray fields, which change signif-
icantly as the domain walls move and contribute to NC effects
in these films.[32] The presence of t-phase surrounding the ferro-

electric grain from all sides leads to additional stray fields close to
the t/o-phase boundaries due to uncompensated in-plane polar-
ization contribution. Note that although the domain walls have
moved, the overall domain topology and number of domains for
Vapp = −0.5 V remain the same compared to the initial 0 V case.
This means, that increasing the voltage back from −0.5 to 0 V
would lead to the same initial state, i.e., the domain wall motion
in this voltage range is reversible.

However, there is a qualitative difference when comparing the
domain patterns at Vapp =−0.5 V and Vapp =−0.75 V: Some previ-
ously individual red domains coalesce along the x-axis into larger
domains, when the applied voltage is reduced to Vapp = −0.75 V.
This is equivalent to a partially irreversible switching of the polar-
ization of the blue domains, which previously separated the red
domains. After this switching event at Vapp = −0.75 V, the num-
ber of domains and overall domain topology has changed and
cannot be recovered by simply increasing Vapp back to −0.5 V.
As we will see in the capacitance data, both reversible and irre-
versible domain wall motion can lead to NC. However, only re-
versible domain wall motion leads to stable and hysteresis-free
NC behavior, which is needed for device applications. Irreversible
domain wall motion leads to hysteresis, energy loss, and reduced
device speed, which is detrimental for most applications of NC.

In order to quantify the EOT in the regime of reversible do-
main wall motion, we compare the C − V relationships obtained
from simulations with and without the ferroelectric layer, which
are shown in Figure 3. For a given applied voltage Vapp, the av-
erage charge density Q at the top metal/ferroelectric interface
z = zint (metal/insulator interface for MISM) is calculated as
Q(zint) =

1
LxLy

∫ Lx

0 ∫
Ly

0 Dz(x, y, zint)dxdy where Lx and Ly are lateral

dimensions of the film and Dz(x, y, zint) = 𝜖0𝜖DE × Ezint
+ Pz is the

normal component of the displacement field in the x − y plane
at z = zint. The C–V curves are then obtained as C = dQ/dVapp
from the Q–V relationships. Figure 3 shows that in the lower
voltage range, CMFISM is much larger than CMISM, which can only
be explained by an effective NC of the ferroelectric layer, which
is electrically in series to the other layers. By comparing the
MFISM C–V curve with reference MISM curves, we can deter-
mine the effective EOT of the gate stack. A 5.5 EOT is extracted
with a physical thickness of 8.0 of the SiO2 interfacial layer in
this particular HfO2/ZrO2-based gate stack with a t/o-phase mix-
ture and partially in-plane polarization. Without NC, the EOT
would always be larger than the physical SiO2 thickness. How-
ever, we can also see from Figure 3, that for Vapp < −0.7 V there
is a substantial increase in capacitance due to the previously dis-
cussed irreversible coalescence of domains shown in Figure 2c.
Since a small change ΔVapp in this voltage range leads to a large
change in charge ΔQ due to irreversible polarization switching,
the calculated capacitance C = ΔQ/ΔVapp shows a “jump” in
Figure 3. However, upon completion of domain coalescence at
Vapp < −0.8 V, there is a marked reduction in overall capacitance
due to the cessation of the transient NC effect resulting from
the switching process. Therefore, for NC device applications,
the operating voltage should be kept low enough that such irre-
versible switching events do not degrade the overall device per-
formance. For this reason, we limit our discussion on NC from
reversible domain wall motion in the following sections, i.e., for
Vapp > −0.7 V.
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Figure 2. 3D distribution of local polarization, electric fields, and charge density for different applied voltages. Simulations use parameters listed in
Table 1. Only the orthorhombic grain is shown in the top row since the polarization in the surrounding t-phase is zero. The second row shows the
distribution of the electric field. To clearly show the direction of the electric field, a slice in the x–z plane at 1 nm from the t-o phase boundary is shown
in the third row. The fourth row shows the distribution of charge density in the semiconductor region.

2.2. Effect of Polar Axis Angle

While we previously investigated a fixed polar axis angle of
45° to reflect a (111) texture of the ferroelectric o-phase, not
all grains in these polycrystalline films will have the same po-
lar axis angle. Therefore, in the next step, we focus on the
effect of varying the polar axis angle of a single ferroelectric
grain on the 3D domain structure and capacitance enhance-
ment due to NC. While keeping all the physical and numer-
ical setups identical as in Figure 2, we progressively increase
the polar angle 𝜃y from 0° to 75°, similar to what has been
previously shown in 2D phase field simulations.[35] Figure 4
shows that as 𝜃y increases, the polarization is more in-plane
which leads to an increase in the domain sizes. A further in-
crease of the polar axis angle to 75° results in an almost single-
domain ferroelectric, where domain wall motion, and thus NC,
is not possible. The reason why the domain size increases
for larger polar axis angles, can be understood by considering
a ferroelectric with an alternating domain pattern in 2D, see
Figure 5.

The local domain wall energy density per unit volume can be
written as

fDW =
gx

2

(
𝜕P
𝜕x

)2

≈
gx

2

(
2PS

w

)2

(1)

where PS is the spontaneous polarization and gx is the gradi-
ent coefficient in the film plane. In the approximation in Equa-
tion (1), it is assumed that the polarization in the domain wall
region changes linearly from –PS to +PS. We can now obtain the
total domain wall energy in the ferroelectric of thickness tF and
length LF by multiplying fDW by the width of the domain walls
w, the length of each domain wall tF/cos(𝜃y), and the number of
domain walls LF/d, which yields

FDW (𝜃y) = w
tF

cos(𝜃y)
LF

d
fDW =

2tFLFgxPS
2

cos(𝜃y)wd
(2)

From Equation (2), we can see that when increasing 𝜃y from
zero, we increase the domain wall energy by a factor of 1/cos(𝜃y).
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Figure 3. C − V curves without ferroelectric (solid lines) and with ferro-
electric + 8.0 SiO2 (black solid line with circles) showing the achievable
EOT as low as 5.5 . Simulations use parameters listed in Table 1.

All of the factors in the numerator of Equation (2) can be con-
sidered constant for a given ferroelectric film. Therefore, only
the domain wall width w and the domain size d can increase to
compensate the increase in domain wall energy caused by the
increase of 𝜃y.

C − V relationships for different 𝜃y shown in Figure 4g show
higher capacitance compared to the baseline MISM case for every
𝜃y up to 60°, whereas it is lower than the MISM case for 𝜃y = 75°

due to the absence of NC effects. Furthermore, we calculate Ca-
pacitance Enhancement as the ratio CMFISM/CMISM at Vapp = −0.5
V which is a reasonable operating voltage for a NC device. Our
results show that the Capacitance Enhancement increases with
𝜃y and peaks at 𝜃y = 60° as shown in Figure 4h. This is attributed
to the fact that, as long as the ferroelectric is in a multi-domain
state where reversible domain wall motion is possible, a larger
domain period increases the stray field energy leading to a larger
NC effect.[32,35]

While a detailed derivation of the stray field energy can be
found in ref. [32], the intuitive explanation is the following:
The alternating bound polarization charges at the ferroelectric-
dielectric interface, which originate from the alternating domain
pattern, result in inhomogeneous stray electric fields, which ex-
tend from the interface into the films (in the z-direction) over a
distance similar to the domain size d. When d becomes larger,
these stray fields extend further into the ferroelectric and dielec-
tric layers, increasing their overall energy. Geometrically, dou-
bling the domain size will roughly lead to a doubling of the space
occupied by the stray fields, and thus to a doubling of the stray
field energy.

In addition, as expected from Equation (2), the width of the
domain walls for the 60° case is larger compared to the others,
which might further contribute to the NC effect by increasing
the anisotropy term in the total free energy of the ferroelectric.

The anisotropy term has two energy minima for P = ±PS,
which are the two spontaneous polarization states. These two
minimum energy states are separated by an energy barrier, cre-
ating a double-well potential. The polarization inside of the do-
mains is close to PS and thus the domains have a low anisotropy
energy density. On the other hand, inside a domain wall between
two anti-parallel domains, the polarization P < |PS|, which means

the anisotropy energy density in the domain wall region is larger
compared to the domains themselves. When the domain wall
is wider, the total anisotropy energy of the domain wall will be
larger, because P < |PS| across a larger volume of the ferroelec-
tric.

In conclusion, a larger polar axis angle generally leads to an
increase in domain size and thus stray field energy as well as a
larger domain wall width and anisotropy energy. All of these ef-
fects contribute to a stronger capacitance enhancement, as long
as the ferroelectric is in a multi-domain state. Therefore, achiev-
ing a polar axis angle of the ferroelectric grains close to 60° would
be beneficial to further lower the EOT in future NC devices using
ultra-thin HfO2– and ZrO2–based ferroelectrics.

2.3. Effect of Ferroelectric Grain Size

Another important property of ultra-thin ferroelectric films is the
grain size distribution. HfO2– and ZrO2–based polycrystalline
ferroelectrics typically have a distribution of lateral grain sizes
ranging from ≈5–50 nm.[36,37] To understand the effect of the
grain size on the 3D domain structure and capacitance enhance-
ment we vary the o-phase grain size while keeping all other pa-
rameters fixed to the values listed in Table 1. 𝜃y = 45° is used
to capture the preferential (111) texture observed in the experi-
ments, which results in tilted domains in the (x,z) plane (similar
to Figure 2) for all grains sizes. The top row of Figure 6 shows the
distribution of polarization in the (x,y)-plane at the top surface of
the ferroelectric film for grain sizes ranging from 15 to 5 nm and
an external voltage Vapp = 0 V. Since the lateral size of the film is
fixed at 16 × 16 nm, the t-phase fraction increases as the o-phase
grains get smaller. However, we only calculate the normalized
capacitance for the ferroelectric grain area to exclude the effect
of the changing t/o-phase fraction of the film. This means that
resulting capacitance enhancements are only representative of o-
phase grains embedded in a t-phase matrix. To confirm this, we
also carried out additional simulations with a fixed t/o-phase frac-
tion of 25% and different o-phase grain sizes, which can be found
in the Supporting Information. Since interactions between differ-
ent o-phase grains are not included here, these results might not
be valid for films with very high o-phase fractions.

As can be seen from the polarization distributions in
Figure 6a1–a5, since the domain sizes stay similar, the overall
number of domains in one ferroelectric grain is reduced for
smaller grain sizes. For a 5 × 5 nm grain, only two domains re-
main. The electric field distributions in Figure 6 b1–b5 show that
the largest fields mostly appear close to the t/o-phase boundaries
along the x-axis. Furthermore, the stray fields surrounding the
ferroelectric grain extend substantially into the non-polar t-phase
regions with a characteristic length on the order of the domain
size. When looking at the resulting C−V curves in Figure 6c, one
can see that all grain sizes show strong capacitance enhancement
and thus NC. However, as shown in Figure 6d, smaller ferroelec-
tric grains exhibit increasing capacitance enhancement. This in-
creased enhancement for smaller grains might be explained by
the reduction in grain volume compared to the volume that is oc-
cupied by the stray fields. The energy stored in the stray fields sur-
rounding the ferroelectric grain becomes more and more impor-
tant for smaller grain sizes. The characteristic length of the stray

Adv. Electron. Mater. 2024, 2400085 2400085 (5 of 10) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH

 2199160x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202400085, W
iley O

nline L
ibrary on [19/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advelectronicmat.de


www.advancedsciencenews.com www.advelectronicmat.de

Figure 4. Effect of varying the polar axis angle 𝜃y. 3D distribution of polarization in the orthorhombic grain shows domain patterns for Vapp = 0.0 V.
Making the polarization more in-plane leads to an increase in the domain period until the ferroelectric enters a single-domain state at 𝜃y ⩾ 75°. C–V
curves for different cases shown in (g) indicate the presence of NC for 𝜃y ⩽ 60° with the maximum capacitance enhancement observed at 𝜃y = 60° for
Vapp = −0.5 V.

fields around the ferroelectric grain is getting closer to the grain
size itself. At the same time, the number of domains is reduced
for smaller grains, which is similar to the trend of increasing po-
lar axis angles until 60° in Figure 4h. This reinforces the notion
that fewer domains (as long as they are at least two) per grain
lead to larger capacitance enhancement and thus lower EOT.[35]

So when building NC transistors, one should try to optimize the
ferroelectric film morphology toward smaller grains with polar
axis angles close to 45–60° to achieve lower EOT.

2.4. Effect of Gradient Energy Coefficients

The change in energy-related to polarization gradients and do-
main walls plays a crucial role in the formation of domains,

Figure 5. Schematic multi-domain ferroelectric with polar axis angle
a) 𝜃y = 0 and b) 𝜃y ≠ 0. The domain width d is assumed to be identical in
both cases.

their dynamics, and related NC effects.[27,38] Although we have
so far assumed isotropic gradient coefficients (see Table 1) and
thus the same domain coupling in both directions perpendic-
ular to the polar axis, this is not necessarily true for all ferro-
electrics. In a recent study,[33] Paul et al. used DFT to show that
the gradient coefficients in Hf0.5Zr0.5O2-based ferroelectrics are
direction-dependent and exhibit significantly different character-
istics along the two axes (x and y) perpendicular to the polar
axis (z) of the orthorhombic crystal. Previous 2D phase field sim-
ulations cannot fully model this anisotropy in gradient energy
coefficients.[35,39] Therefore, we perform 3D phase field simu-
lations to capture the domain structures and dynamics due to
strongly anisotropic domain wall coupling in HfO2 and ZrO2 -
based ferroelectrics and quantify its effect on the domain for-
mation and capacitance enhancement due to NC. For the gra-
dient energy coefficient along the y-direction (gy) we used a con-
stant value while varying the gradient coefficient (gx) along the
x-direction. To isolate the effect of anisotropic domain wall cou-
pling, we consider a 10 × 10 nm entirely ferroelectric film (i.e.,
without t-phase) and a fully out-of-plane polar axis. All other pa-
rameters are the same as in Table 1. Previous DFT calculations[29]

have suggested that HfO2-based materials exhibit ferroelectric-
ity down to the unit cell limit due to slightly negative domain
wall coupling, i.e., a preference for the antipolar Pbca phase.[40]

However, 2D phase field simulations have shown such negative
domain wall coupling does not lead to NC,[35] which presents a
seeming contradiction when trying to explain the experimentally
observed NC effects in HfO2/ZrO2-based materials.[22,23] To in-
vestigate if a negative domain coupling along only one axis and
a positive coupling along the two other axes can lead to NC in
a fully 3D simulation, we varied gx from a small but negative
value (gx = −1 × 10−12 Vm3C–1[33]) until a relatively large value
of 4 × 10−10 Vm3C–1.

Adv. Electron. Mater. 2024, 2400085 2400085 (6 of 10) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 6. Top view of the polarization domain patterns, electric field, and C–V characteristics for different ferroelectric grain sizes. Panel (a1–a5) show
the domains at the top surface of the ferroelectric layer for grain sizes in 15–5 nm range, while the total film size remains fixed at 16 × 16 nm. Panel
(b1–b5) show the corresponding vector plots of the electric field. Panel (c) shows the C–V curves for these cases together with the baseline MIS case
(solid black curve). All the grain sizes simulated show higher capacitance than the baseline case due to NC effects. d) Capacitance at Vapp = −0.5 V
increases as the grain size decreases and is three times the baseline MISM capacitor for a 5 × 5 nm grain.

Figure 7a–f shows the domain patterns for different gradi-
ent coefficients gx, while the top and bottom row correspond to
two different gy values. A negative gx (gx = −1.0 × 10−12 Vm3C–1)
leads to antipolar ordering resulting in domain periods along the
x-direction on the scale of ferroelectric unit cell size (≈5 Å). This
unit cell-based local polarization profile results in the creation
of abrupt and hard domain walls, which cannot reversibly move
along the x-axis.[41] Furthermore, any change in the overall en-
ergy due to domain wall movement in the y-direction is small,
because of the small domain period along the x-axis. Therefore,
as shown in Figure 7g, no capacitance enhancement and thus no
NC is observed for a negative gx, even if gy is positive. As gx is
increased (Figure 7b–f), the domain sizes along the x-direction
increase and the domain walls become softer. When gx is smaller
than gy, domains along the y-axis are wider and have softer do-
main walls resulting in striped domains along the x-axis. When
gx = gy, there is an isotropic domain wall coupling resulting in a
more meandering domain pattern instead of stripes (top row of

Figure 6d and bottom row of Figure 7e). Further increase in gx
(gx > gy) results in larger domains along the x-axis, which even-
tually results in striped domain along the y-axis, see Figure 7f.
Interestingly, when looking at the C–V curves in Figure 7g, the
capacitance of the MFISM stack increases with increasing gx un-
til gx = gy and then stays constant. This suggests that the capac-
itance enhancement due to NC is only limited by the smallest
gradient coefficient perpendicular to the polar axis. In Figure 7h,
it becomes clear that the point where the capacitance enhance-
ment saturates with gx exactly corresponds to gy. This makes intu-
itive sense since the smallest gradient coefficient determines the
minimum domain period, which in turn limits the energy that is
stored in the stray electric fields that compensate the bound po-
larization charges at the ferroelectric/dielectric interface. When
the domain period along any axis (x or y) is reduced, the NC effect
becomes smaller resulting in a lower capacitance enhancement.

The results in Figure 7 imply, that NC cannot be observed if
either gx or gy is negative, since the domain period will be on

Adv. Electron. Mater. 2024, 2400085 2400085 (7 of 10) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 7. Effect of varying the gradient energy coefficients gx and gy. a–f) 3D distributions of ferroelectric polarization show domain patterns for
Vapp = 0 V. The top row shows domain patterns for a fixed gy = 1 × 10−10 Vm3C–1, while the bottom row uses gy = 2 × 10−10 Vm3C–1. g) Capacitance-

voltage (C–V) curves for different gx and gy = 1 × 10−10 Vm3C−1 compared to the reference metal-insulator-semiconductor-metal (MISM) structure. h)
Capacitance enhancement compared to the MISM case at Vapp = −0.5 V for different gx and gy.

the scale of the unit cell. Therefore, there seems to be a contra-
diction between the experimental results of NC in HfO2/ZrO2-
based ferroelectrics[22,23] and recent DFT calculations.[29,33] How-
ever, we argue that this discrepancy can be resolved by consid-
ering the presence of topological domain walls in HfO2/ZrO2-
based materials.[30] While the equilibrium domain patterns in
these materials might be consistent with a negative gradient en-
ergy coefficient gx, their dynamics seem to be affected by topolog-
ical considerations. Through the application of an electric field,
the immobile narrow domain walls caused by negative gradient
energy can be transformed into topological domain walls with
high mobility and effective positive coupling.[30] This possible
transformation of domain wall topology by electric fields seems
to lead to an effective positive gradient energy coefficient that fa-
cilitates NC effects and can thus explain the observed capacitance
enhancement. Therefore, our results indicate that topological do-
main walls are indeed necessary for explaining experimental NC
effects in ultra-thin HfO2/ZrO2-based ferroelectrics.

3. Conclusion

We have studied the domain formation and dynamics in ultra-
thin mixed phase ferroelectric films using 3D phase field simu-
lations to better understand experimentally observed NC effects
and capacitance enhancement. We have shown that reversible
and irreversible domain wall motion can give rise to stable NC
and hysteretic switching, respectively, depending on the mag-
nitude of the applied voltage. Through the study of ferroelec-

tric grains embedded in a matrix of a non-ferroelectric phase,
we showed that smaller ferroelectric grains and a larger polar
axis angles up to 60° with respect to the out-of-plane direction
leads to stronger capacitance enhancement as long as at least
one domain wall inside the grain can reversibly move. Further-
more, we studied the effect of anisotropic domain wall coupling
in ultra-thin HfO2/ZrO2-based ferroelectrics and found that a
negative gradient energy even along one axis impedes NC. Only
the smallest gradient energy coefficient determines the capaci-
tance enhancement. This suggests that topological domain walls
in HfO2/ZrO2-based ferroelectrics lead to effectively positive do-
main wall coupling, which is necessary to explain experimentally
observed NC effects.

4. Experimental Section
All the simulations reported in this work were carried out using the 3D
phase-field framework, FerroX.[34] The distribution of electric potential in
the system was obtained by solving Poisson’s equation in the following
form:

∇ ⋅ 𝜖∇Φ = ∇ ⋅ P − 𝜌 (3)

where ϵ is a spatially-varying permittivity and 𝜌 is the total free charge den-
sity in the semiconductor region. 𝜌 depends on the local distribution of
electric potential and was computed using the following equation:

𝜌(r) = e
[
np − ne + N+

d
− N−

a

]
(4)
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where e is the elementary charge and np(r), ne(r), N+
d

(r), and N−
a (r) are

densities of holes, electrons, ionized donors, and acceptors at spatial lo-
cation r. A p − doped silicon was used as the semiconductor with an ac-
ceptor doping of 1015 cm−3 where the distribution of electrons and holes
was estimated as a function of Φ using Maxwell–Boltzmann statistics. The
evolution of polarization in the ferroelectric polycrystal is described by the
time-dependent Ginzburg–Landau (TDGL) equation:

𝜕P(r, t)
𝜕t

= −Γ 𝛿F
𝛿P(r, t)

(5)

where P is the electric polarization vector, r = (x, y, z) is the spatial vector, Γ
is the kinetic or viscosity coefficient, and F is the total free energy of system
as a function of P(r, t) and takes into account the contributions due to the
bulk Landau free energy, the domain wall energy or gradient energy, and
the electric energy of the applied electric field. The exact forms of these
energy densities are elaborated in ref. [34].

In order to model the polycrystalline ferroelectric, a common global co-
ordinate system (x, y, z) was introduced for all grains. In the t-phase, po-
larization was consistently zero. However, within each o-phase grain, it
exhibited inhomogeneous variations, represented using local coordinates
(p, q, r) specific to each grain. These local coordinates were determined
by the polar axis angles (𝜃x, 𝜃y, 𝜃z), which corresponded to three counter-
clockwise rotations with respect to the global coordinates (x, y, z). The
rotation matrix from the global-to-local coordinate system is given by:

R =
⎡⎢⎢⎣
cos𝜃ycos𝜃z sin𝜃x sin𝜃ycos𝜃z − cos𝜃x sin𝜃z cos𝜃x sin𝜃ycos𝜃z + sin𝜃x sin𝜃z

cos𝜃ysin𝜃z sin𝜃x sin𝜃ysin𝜃z + cos𝜃xcos𝜃z cos𝜃x sin𝜃ysin𝜃z − sin𝜃xcos𝜃z

−sin𝜃y sin𝜃xcos𝜃y cos𝜃xcos𝜃y

⎤⎥⎥⎦ (6)

Accordingly, the first and second-order derivatives of a scalar-valued func-
tion f in the local coordinates are obtained from the corresponding terms
in the global coordinates by

⎡⎢⎢⎣
fp
fq
fr

⎤⎥⎥⎦ = R
⎡⎢⎢⎣
fx
fy
fz

⎤⎥⎥⎦ (7)

fpp = R2
11fxx + R2

12fyy + R2
13fzz + 2(R11R12fxy + R12R13fyz + R13R11fxz) (8)

fqq = R2
21fxx + R2

22fyy + R2
23fzz + 2(R21R22fxy + R22R23fyz + R23R21fxz) (9)

frr = R2
31fxx + R2

32fyy + R2
33fzz + 2(R31R32fxy + R32R33fyz + R33R31fxz) (10)

This coupled system of partial differential equations was discretize us-
ing a finite difference approach, with an overall scheme that was second-
order accurate in both space and time. In order to achieve a massively par-
allel manycore/GPU implementation of the structured grid simulations,
the DOE Exascale Computing Project (ECP) code framework, AMReX, de-
veloped by Zhang et al. was leveraged.[42] Additional details on the numer-
ical approach, parallelization, and scaling studies are given in ref. [34].

Each simulation began with Pz initialized from a uniform distribution
of random numbers in the interval [− 0.2, 0.2] μCcm−2 and a correspond-
ing self-consistent Φ(r⃗) and 𝜌(r⃗). The voltage applied across the stack was
controlled by specifying the electric potentials at the metal layers as the
boundary condition for Poisson’s equation. It was started with an initial
voltage of 0 V and gradually decrease it by 0.05 V after achieving a steady
state, repeating this process until the desired Q − V relationship was es-
tablished within the specified voltage range.
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