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Abstract
Ferroelectric memory devices are expected for low-power and high-speed memory applications. H
 fO2-based ferroelectric is attracting attention for its CMOS-compatibility and high scalability. Mesoscopic-scale grains, of which
size is almost comparable to device size, are formed in HfO2-based ferroelectric poly-crystalline thin films, which
largely influences electrical characteristics in memory devices. It is important to study the impact of mesoscopic-scale
grain formation on the electrical characteristics. In this work, first, we have studied the thickness dependence of the
polarization switching kinetics in HfO2-based ferroelectric. While static low-frequency polarization is comparable for
different thickness, dynamic polarization switching speed is slower in thin Hf0.5Zr0.5O2 (HZO) capacitors. Based on
the analysis using the NLS model and physical characterization, thinner HZO contains smaller grains with orientation
non-uniformity and more grain boundaries than thicker HZO, which can impede macroscopic polarization switching.
We have also theoretically and experimentally studied the polar-axis alignment of a H
 fO2-based ferroelectric thin film.
While in-plane polar orientation is stable in as-grown HZO, out-of-plane polarization can be dominant by applying
electric field, which indicates the transition from in-plane polar to out-of-plane polar orientation in the ferroelectric
phase grains. This is confirmed by calculating kinetic pathway using ab-initio calculation.
Keywords: Ferroelectric HfO2, Thermodynamics, Kinetics
1 Introduction
Ferroelectric memory devices are promising candidates
for low-power and high-speed memory for IoT and AI
applications. Since ferroelectricity was discovered in
HfO2-based material, high-capacity and high-density
are also expected in ferroelectric memory devices [1,
2]. In fact, there have been manufacturing-level demonstrations of scaled ferroelectric memory devices,
including 1-transistor-1-Capacitor FeRAM [3, 4], 1-transistor FeFET [5, 6] and 1-resistance FTJ devices [7] using
HfO2-based ferroelectric. For development toward highvolume manufacturing, understanding and engineering
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the material property is indispensable to realized highperformance and high-reliability ferroelectric memory
devices. Till now, the physical mechanism of the emergence of ferroelectricity in 
HfO2-based ferroelectric
has been intensively studied [8–11]. Ferroelectricity in
HfO2-based material comes from the polar orthorhombic Pca21 phase (ferroelectric phase, f-phase) (Fig. 1).
Bulk-HfO2 has the stable phases of the monoclinic phase
(m-phase) around room temperature and the tetragonal phase (t-phase) at high temperature, both of which
are centrosymmetric without showing ferroelectricity. It
has been reported that film thickness, strain, dopant and
electric field facilitate the f-phase formation [12–16].
As a case study, essential factors of dopant, surface
energy, and temperature are considered, and reviewed
here [17]. The role of dopant such as Si and Al is the lowering of total energy in the t-phase in bulk-HfO2. When
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Fig. 1 (a) Unit cell structures of the monoclinic (m), polar orthorhombic (ferroelectric, f ), non-polar orthorhombic (o), and tetragonal (t) phases, (b)
Supercell structure with dopants, which is expanded by 2 × 2 × 2 for monoclinic, tetragonal and ferroelectric phases and by 2 × 2 × 1 for non-polar
orthorhombic phase

it comes to a thin film, the surface energy further stabilizes the t-phase and the t-phase becomes the most
stable state against the m-phase with a finite grain size.
High temperature is applied during thermal annealing
process. Figure 2a shows the bulk free energy of HfO2
versus temperature. Figure 2b–d show phase diagrams
as a function of temperature and grain size based on the
free energies of undoped H
 fO2 and doped H
 fO2 grains.
As the t-phase has higher entropy than other phases, the
t-phase is further stabilized in larger grain size at high
temperature. Thus, in a thin film, t-phase grains nucleate
and grow from an amorphous film. Note that a too thick
film allows large grain growth of the m-phase, which
should be avoided. In cooling down, the phase transition
occurs from the t-phase to the f-phase. This is because
the f-phase is a metastable phase with lower energy than
the t-phase, and kinetic energy barrier height from the
t-phase to the f-phase is lower than to the m-phase. Note
that a too thin film does not allow the phase transition
from the t-phase to f-phase because the f-phase is not a
metastable phase with very small grains. The overall ferroelectric phase formation is summarized in Fig. 3 which
illustrates the thermodynamics and kinetics of the phase
formation from amorphous to the f-phase through the
thermal process.
Unlike perovskite ferroelectric material, 
HfO2-based
ferroelectric is grown on metal electrode materials such
as TiN, TaN, and W which are commonly used in CMOS
interconnect. Thereby, H
fO2-based ferroelectric is

formed as a poly-crystalline film. The grain size is in mesoscopic scale; nanometer size and comparable to device
size. The grain size and characteristics variability are concerns for manufacturing and actively discussed [18, 19].
Particularly, we are interested in how grains are distributed in thin HfO2-based ferroelectric film and influence
static and dynamic characteristics. For practical application, thinner HfO2-based ferroelectric films are preferred
as operation voltage can be reduced. Thus, it is important
to systematically study the thickness dependence of the
relationship between the physical property and electrical
characteristics of poly-crystalline HfO2-based ferroelectric thin film. We are also interested in how grains are
oriented in thin HfO2-based ferroelectric film. To realize
3D-structure ferroelectric device, the polar axis should
be aligned perpendicular to the surface [20]. It is important to study preferable orientation and figure out how to
control the orientation alignment.
Based on the above motivations, in this paper, we
report the thickness dependence of the polarization
switching kinetics and the polar-axis alignment in
HfO2-based ferroelectric poly-crystalline thin film, considering the mesoscopic-scale grain formation.

2 Methods/experimental
Metal/ferroelectric/metal (MFM) capacitors were fabricated by following the process below. A 30 nm-thick TiN
layer was deposited on a wet-cleaned N+-Si substrate as a
bottom electrode by RF sputtering at room temperature.
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Fig. 2 (a) Calculated free energy of bulk HfO2 at finite temperature with reference to the m-phase. Phase order diagrams based on free energies of
m, t, f-phases of (b) undoped H
 fO2, (c) 3.125 f.u. % Si doped HfO2, and (d) 6.25 f.u. % Si doped HfO2

Next, Hf0.5Zr0.5O2 (HZO) layers were deposited by
ALD at 250 °C with thicknesses of 6.5 nm, 8.4 nm, and
12.0 nm. Then another 30 nm-thick TiN layer was deposited as a top electrode by RF sputtering at room temperature. Lastly, RTA was done at 500 °C in N
 2 ambient for
10 s duration. Nominal capacitor size is 15 µm. Static
polarization-voltage (P–V) curves were obtained by lowfrequency measurement with 1 kHz triangular voltage
pulses and a charge amplifier circuit. Dynamic switched
polarization charges were obtained by applying initialization set/reset pulses, write voltage pulse and then read
double voltage pulses. Write voltage pulse width (tpw)
and amplitude (EFE) were varied. We define write operation by positive voltage as program and write operation
by negative voltage as erase. Thereby, the samples are
consistently initialized, and only switched polarization
charge can be extracted by subtracting the non-switched
charge at the second read pulse from the total charge at
the first read pulse. Note that our measurement system

limits the minimum pulse width to 50 ns due to the band
width. We confirmed that switched polarization charge
does not strongly depend on the capacitor pad size down
to 100 ns. Our measurement ensures the accuracy in
the medium speed region. In the physical characterization, TEM and electron diffraction mapping were used
for both cross-sectional and plan-view images. The top
TiN electrode was stripped by wet H2O2 solution without causing damage before analysis. The electron diffraction mapping method provides the distribution of grain
phases and crystal orientations [21]. Ab-initio simulations were employed for supporting the discussion, the
detail of which is described in our previous report [17].
The default setting is as follows: The exchange–correlation energy is computed using a generalized gradient
approximation-Perdew-Burke-Ernzerhof
(GGA-PBE).
The SG15 Optimized Norm-Conserving Vanderbilt
pseudopotential (ONCV) is used for all calculations. The
density mesh cutoff is 140 Har. For unit-cell calculations,
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Fig. 3 Schematic illustration of the mechanism of the f-phase formation from amorphous H
 fO2 in thermal process

optimization is carried out for both lattice and atomic
position relaxation with a force tolerance of 0.01 eV/Å.
The Brillouin zone is sampled with 5 × 5 × 5 k-points. The
surface energy is calculated by a slab model with different
orientations. The slab is built with a 6 unit-cell HfO2 in
the out-of-plane direction and 3 unit-cell vacuum at both
ends. In-plane directions are periodic with 1 unit-cell.

3 Results and discussion
3.1 The thickness dependence of polarization switching
kinetics and grain distribution

Low-frequency P–V curves were measured with different thicknesses as shown in Fig. 4a. Clear ferroelectricity
was observed. Remanent polarization (2Pr) was almost
the same for all the thicknesses, which means that the
static characteristics was almost the same for all thicknesses in terms of ferroelectric polarization charge. Coercive field (2Ec) was estimated to be 2.2, 2.1, and 2.0 MV/
cm for 6.5, 8.4, and 12.0 nm, respectively. 2Ec is slightly
larger in the thinner film but is not largely different. Next,
switched polarization was measured as a function of tpw
and EEF by the input waveform as described in Ref. 23.

Switched polarization is normalized by the saturated
polarization value. Figure 4b shows the example of measured switched polarization curves for the 8.4 nm-thick
HZO capacitor. To compare switching speed of the ferroelectric capacitors with different thicknesses, switched
polarization curves can be plotted in the form of a contour plot. Figure 5 show contour plots of the normalized
switched polarization as a function of tpw and EEF for
each thickness and for both program and erase operation. Dotted lines represent the conditions of tpw and EFE
where half of the total polarization charge is switched.
For both program and erase operation, switching speed
becomes slower for the thinner HZO capacitor at each
EFE, and electric field required for switching becomes
larger for the thinner HZO capacitor at each tpw. Erase
operation is slightly slower at each EFE and requires larger
electric field at each tpw than program operation for the
thin HZO capacitors, which indicates the asymmetry in
polarization switching.
To investigate the thickness dependence of the switching characteristics, the nucleation-limited-switching
(NLS) model [22, 23] was used for modeling. The NLS
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model describes macroscopic polarization switching
as an ensemble of independent switching in nucleated
domains. A ferroelectric-HfO2 unit cell contains movable and non-movable oxygen planes alternately. Unlike
perovskite ferroelectric, ionic dipoles are weakly coupled
with each other. Polarization switching in poly-crystalline HfO2-based ferroelectric thin film can be dominated
by nucleation growth rather than domain wall propagation. Therefore, the NLS model is commonly used. In the
field-dependent NLS model, the cumulative probability
of the switching time is described as,
   
t β
P(t|τ , β) = 1 − exp −
(1)
τ
where β is a stretched exponential parameter and τ is a
switching time constant which depends on the applied
electric field EFE as,

 
Ea α
τ (Ea , EFE ) = τmin exp
(2)
EFE

Fig. 4 (a) Measured P–V curves of the HZO capacitors with HZO
thicknesses of 6.5 nm, 8.4 nm, and 12.0 nm at 1 kHz, (b) measured
normalized polarization curves versus pulse width tpw as a function of
applied electric field EFE. for the 8.4 nm-thick HZO capacitor
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where τmin is a coefficient of τ and α is an empirical exponential parameter. Ea is an activation field which can
have a distribution representing the variability of grains
and domains in a film. An effective activation field is
expressed as Ea’ = Ea/η, where η is a random variable that
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Fig. 5 Measured contour plots of normalized switching polarizations as a function of tpw and EFE for program operation with (a) 12.0 nm, (b) 8.4 nm,
and (c) 6.5 nm-thick HZO capacitors, and for erase operation with (d) 12.0 nm, (e) 8.4 nm, and (f) 6.5 nm-thick HZO capacitors
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follows statistical distribution. The total switching probability is then calculated by,
 ∞
P(EFE , t) =
P(t|τ(η−1 Ea , EFE ), β)f (η)dη
(3)
0

where Ea, τmin, α, β and f(η) are fitting dynamic parameters. Measured normalized switched polarization can be
fitted by this model and the dynamic parameters can be
extracted.
The extracted dynamic parameteres Ea’ and τmin are
shown in Fig. 6 for all thicknesses and program and
erase operation. The thick HZO capacitor shows a
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sharp distribution of Ea’, while the thin HZO capacitor shows a broad distribution of Ea’. The long tail in
the Ea’ distribution of the thin HZO capacitor means
large electric field is required for completely switching
polarization, which leads to slow switching in the thin
HZO capacitor. In addition, Ea’ is distributed in larger
value for erase operation than for program operation,
which leads to slow switching in erase operation. τmin
is less sensitive to HZO thickness for the thick HZO
capacitor and almost the same for program and erase
operation. For the thin HZO capacitor, however, τmin
becomes larger in erase operation than in program
operation. Assymetry in switching kinetics becomes

Fig. 6 Extracted (a) Ea’ distribution and (b) τmin for program and erase operation, for different HZO thickness, (c) calculated average time
constants < τ > versus EFE for program and erase operation, for different HZO thickness
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distinct for the thin HZO capacitors, which will be
discussed shortly. By using the extracted parameters,
average switching time constant < τ > can be calculated
by integrating τ with the distribution f(η), as shown in
Fig. 6c. < τ > represents the thickness dependence of
switching speed and its asymmetry.
To investigate the material property that causes the
thickness dependence of the switching kinetics, crosssectional TEM images were taken for all thicknesses as
shown in Fig. 7a, c, e. The samples received 1
 03 electrical
cycling for wake-up of the HZO capacitors and the top
electrodes were removed before analysis. Then, electron
diffraction mapping was used to identify the grain size
and grain distribution of the f-phase in the TEM images
as shown in Fig. 7b, d, f. The HZO layers are poly-crystalline and the computed average grain size is 10.1 nm,
8.8 nm, and 7.3 nm for 12.0 nm-, 8.4 nm, and 6.5 nmthick HZO layers, respectively. Large grain formation is
suppressed in the thin HZO capacitors [12, 24]. There
exist more grain boundaries which can be electrically
charged and pin the polarization [25]. Thus, polarization
switching is slower and requires larger electric field in the

12.0 nm

8.4 nm

6.5 nm
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thinner HZO capacitors. Figure 7g, h, i show inverse pole
maps of the f-phase grains, which illustrates the distribution of crystalline axis of the f-phase grains. For thicker
HZO, out-of-plane (001) orientation is dominant, however, for thinner HZO, other orientation such as (111)
is also prominent. This large variability in ferroelectric
grains can be one of the reasons for the wide distribution of Ea’ in Fig. 6a. The asymmetric switching kinetics
for program and erase operation in the thin HZO capacitor can be attributed to the structural asymmetry of the
MFM capacitor. Oxygen atoms are exchanged at the
interface during the thermal process, and thus, a TiON
interfacial layer and oxygen vacancy are formed [26].
The bottom HZO/TiN interface receives more thermal
budget than the top TiN/HZO interface, including ALD
deposition process. Therefore, a thicker TiON layer and
more oxygen vacancies are formed at the bottom interface [27–29]. In erase operation, the initialization pulse
induces electron trapping at the bottom HZO/TiN interface in polarization switching. Then, the erase pulse
needs to detrap the electrons through the interfacial
layer in reverse polarization switching. Thus, polarization

(a)
(b)

(c)
(d)

(e)
(f)
(g)
12.0 nm

(h)
8.4 nm

(i)
6.5 nm

Fig. 7 Cross-sectional bright-field TEM images and f-phase grain maps for the (a, b) 12.0 nm, (c, d) 8.4 nm, (e, f) 6.5 nm-thick HZO capacitors.
Inverse pole maps of orthorhombic grains for the (g) 12.0 nm, (h) 8.4 nm, (i) 6.5 nm-thick HZO capacitors with respect to the (001) orientation. The
color represents the population of the orientations (red: highest, green: medium, blue: lowest)
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switching is slower and requires larger electric field in
erase operation. The asymmetry is more prominent in the
thin HZO capacitor because more voltage is applied at
the interface region at a given applied electric field. This
result indicates that very thin HZO film may not gain as
much scaling benefit as predicted by linearly scaling thin
HZO film characteristics but require process engineering
and optimization.
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Fig. 8 Calculated surface energies of ferroelectric-HfO2 slabs with
different orientation

3.2 The polar‑axis alignment of ferroelectric grains
with electric field

We start from identifying the preferable crystalline orientation of the f-phase grain by using ab-initio calculation [17]. Figure 8 shows the calculated surface energy
of the f-phase for different primary surface orientation.
It turns out that out-of-plane polar (001) orientation has
the largest surface energy, while in-plane polar (010) orientation has the smallest surface energy. In-plane polar
(100) orientation has medium surface energy. Therefore,
the in-plane polar orientation is naturally stable in the
HfO2-based ferroelectric thin film.
To experimentally identify the orientation of the
f-phase grains, two MFM capacitors were fabricated with
10 nm-thick HZO layers. After crystallization anneal, 103
electrical cycling was applied on one sample for wakeup and electrical test, while the other sample was kept
as grown. Plan-view TEM images were taken for both
samples after stripping the top TiN electrode as shown in
Fig. 9a, c. Then, electron diffraction mapping was carried
out on the same samples. Figure 9b, d show individual
f-phase grains across the films (the black color region
represents other phase grains). Inverse pole maps are
generated based on Fig. 9b, d in Fig. 9e, f. In the as-grown
sample, in-plane polar (010) orientation is dominant and

(b)

(a) As grown

(e) As grown
In-plane
polar

010

200nm

(c) After wake-up

(d)
001

100

(f) After wake-up
Out-of-plane
polar

Fig. 9 Plan-view TEM images and crystal-orientation color-maps of HZO films (a, b) without and (c, d) with wake-up operation. Inverse polar maps
(e) without and (f) with wake-up operation by 103 electrical cycling
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in-plane polar (100) orientation is also highly populated,
while out-of-plane polar (001) orientation slightly exists.
This result is consistent with the previous theoretical prediction in Fig. 8. On the other hand, in the sample with
wake-up cycling, out-of-plane polar (001) orientation
becomes dominant, while in-plane polar (010) and (100)
orientation are not populated. This indicates that the inplane polar (010) and (100) orientation grains transit to
the out-of-plane polar (001) orientation grains under the
electric field.
To verify this polar-axis transition of the f-phase
grains, ab-initio calculation was used to identify the
kinetic pathway of the transition. Total energy was
calculated along the movement of oxygen atoms. Figure 10a shows the calculated kinetic pathway of nominal polarization switching along (001) direction. Both
up and down polarized states have the lowest energy.
The transition occurs through the metastable t-phase
(denoted as t) along the movement of oxygen atoms in
the out-of-plane polar axis. Figure 10b shows the calculated kinetic pathway of the transition from in-plane
polar (010) orientation to out-of-plane polar (001)

ΔE (eV /f.u.)

(a) 0.4

(b) 0.4

t

0.3

0

t’

0.3

0.2
0.1

orientation. Both polar states are the stable states in
the beginning and end. Starting from the f-phase with
in-plane polar (010) orientation, a t-phase (denoted as
t’) appears along the movement of oxygen atom in the
in-plane polar axis. This t-phase has similar energy as
the t-phase in Fig. 10a. Then, there exists a potential
barrier which separate the two t-phases, t’ and t [30].
This potential barrier is not as high as the potential barrier for up and down polarization switching and can
be overcome by the electric field. By overcoming the
potential barrier, the t-phase (denoted as t) appears.
Then, the electric field further moves oxygen atoms in
the out-of-plane polar axis, and finally the f-phase with
out-of-plane polar (001) orientation is realized. Therefore, even if the as-grown HZO film contains in-plane
polar orientation grains, the polar-axis can transit from
in-plane to out-of-plane by applying electric field. Large
ferroelectricity can be obtained in poly-crystalline
HZO films. This feature of HfO2-based ferroelectric is
highly beneficial for 3D structure ferroelectric memory
which requires highly polarized grains with respect to
any type of surface in 3D structure.
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Fig. 10 Calculated kinetic pathway of (a) up/down polarization switching and (b) in-plane/out-of-plane polarization transition via t-phases as
intermediate steps
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4 Conclusions
We studied the thickness dependence of the polarization switching kinetics in 
HfO2-based ferroelectric.
Although low-frequency static polarization is comparable for different thickness, dynamic polarization switching speed is different and the thinner HZO capacitors
show slower switching speed and require larger electric
field for switching. Based on the analysis using the NLS
model and physical characterization, thinner HZO contains smaller grains with orientation non-uniformity
and more grain boundaries than thicker HZO, which
can impede macroscopic polarization switching. Large
size grain formation and/or passivating grain boundaries
are important for fast polarization switching operation.
Asymmetry in switching characteristics for program
and erase operation can be due to the different interface property between top and bottom interface. Process
engineering and optimization will be required to gain the
benefit of thickness scaling.
We also studied the polar-axis alignment of HfO2-based
ferroelectric poly-crystalline thin films. In-plane polar
orientation is stable in as-grown HZO, which is theoretically and experimentally observed. However, by applying
electric field, out-of-plane polarization can be dominant
which indicates the transition from in-plane polar to outof-plane polar orientation in the f-phase grains. This is
confirmed by calculating kinetic pathway using ab-initio
calculation. The feature of the field-induced polar-axis
alignment in HfO2-based ferroelectric is encouraging for
3D ferroelectric devices.
Acknowledgements
Not applicable.
Author contributions
MK edited the manuscript in this paper. MK managed the research project.
MK discussed the experimental and theoretical data with other co-authors.
JW was engaged in all the ab-initio calculations in this work and analyzed the
results. YS was engaged in all the experimental fabrication and measurement
in this work and analyzed the results. ST managed the lab facility including
fabrication equipment and measurement tool. Other co-authors consulted
him for technical problems and ST provided practical solutions. TH managed
the laboratory with MK. Other co-authors had technical discussion with TH. All
authors read and approved the final manuscript.
Funding
This work was supported by JSPS KAKENHI Grant No. 18H01489 and No.
21H04549, JST SICORP Grant No. 20218786, KIOXIA Research Funding.
Availability of data and material
The data that support the findings of this study are available from the corresponding author upon reasonable request.

Declarations
Ethics approval and consent to participate
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Page 10 of 11

Author details
d.lab, School of Engineering, The University of Tokyo, 4‑6‑1 Komaba
Meguro‑Ku, Tokyo 153‑8505, Japan. 2 Institute of Industrial Science, The University of Tokyo, 4‑6‑1, Komaba Meguro‑Ku, Tokyo 153‑8505, Japan.

1

Received: 9 August 2022 Accepted: 25 October 2022

References
1. T.S. Böscke, J. Müller, D. Bräuhaus, U. Schröder, U. Böttger, Appl. Phys. Lett.
99(10), 102903 (2011)
2. J. Müller, T.S. Böscke, U. Schröder, S. Mueller, D. Bräuhaus, U. Böttger, T.
Mikolajick, Nano Lett. 12(8), 4318–4323 (2012)
3. M. Sung, K. Rho, J. Kim, J. Cheon, K. Choi, D. Kim, H. Em, G. Park, J. Woo, Y.
Lee, J. Ko, M. Kim, G. Lee, S.W. Ryu, D.S. Sheen, Y. Joo, S. Kim, C.H. Cho, M.H.
Na, J Kim. IEEE Intern. Electron Devices Meet. (IEDM) 1, 705–708 (2021)
4. T. Francois, J. Coignus, A. Makosiej, B. Giraud, C. Carabasse, J. Barbot, S.
Martin, N. Castellani, T. Magis, H. Grampeix, S. Duijin, C. Van Mounet, P.
Chiquet, U. Schroeder, S. Slesazeck, T. Mikolajick, E. Nowak, M. Bocquet,
N. Barrett, F. Andrieu, L. Grenouillet, IEEE Intern. Electron Devices Meet.
(IEDM) 1(697), 700 (2021)
5. J Müller, E Yurchuk, T Schlösser, J Paul, R Hoffmann, S Müller, D Martin, S
Slesazeck, P Polakowski, J Sundqvist, M Czernohorsky, K. Seidel, P Kücher,
R Boscke, M Trentzsch, K Gebauer, U Shröder, T Mikolajick, VLSI Symposium on Technology, 25-26 (2012).
6. S. Dünkel, M. Trentzsch, R. Richter, P. Moll, C. Fuchs, O. Gehring, M. Majer,
S. Wittek, B. Müller, T. Melde, H. Mulaosmanovic, S. Slesazeck, S. Müller, J.
Ocker, M. Noack, D.A. Löhr, P. Polakowski, J. Müller, T. Mikolajick, J. Hönstchel, B. Rice, J. Pllerin, S. Beyer, IEEE Intern. Electron Devices Meet. (IEDM)
1, 485–488 (2017)
7. S Fujii, Y Kamimuta, T Ino, Y Nakasaki, R Takaishi, M Saitoh. VLSI Symposium on Technology. 146-147 (2016)
8. S. Clima, D.J. Wouters, C. Adelmann, T. Schenk, U. Schroeder, M. Jurczak, G.
Purtois, Appl. Phys. Lett. 104(9), 092906 (2014)
9. R. Materlik, C. Künneth, A. Kersch, J. Appl. Phys. 117(13), 134109 (2015)
10. R. Batra, H.D. Tran, R. Ramprasad, Appl. Phys. Lettr. 108(17), 172902 (2016)
11. U Schroeder, CS. Hawng, H Funakubo “Ferroelectricity in Doped Hafnium
Oixde: Materials, Properties, and Devices”, Woodhead Publishing (2019).
12. M.H. Park, Y.H. Lee, H.J. Kim, T. Schenk, W. Lee, K.D. Kim, C.S. Hwang,
Nanoscale 9(28), 9973–9986 (2017)
13. M.H. Park, H.J. Kim, Y.J. Kim, T. Moon, C.S. Hwang, Appl. Phys. Lett. 104(7),
072901 (2014)
14. S. Starschich, U. Boettger, J. Mater. Chem. C 5(2), 333–338 (2017)
15. T. Schenk, E. Yurchuk, S. Mueller, U. Schroeder, S. Starschich, U. Bottger, T.
Mikolajick, Appl. Phys. Rev. 1(4), 041103 (2014)
16. R. Cao, Y. Wang, S. Zhao, Y. Yang, X. Zhao, W. Wang, X. Zhang, H. Lv, Q. Liu,
M. Liu, IEEE Electron Dev. Lett. 39(8), 1207–1210 (2018)
17. J. Wu, F. Mo, T. Saraya, T. Hiramoto, M. Kobayashi, Appl. Phys. Lett. 117,
252904 (2020)
18. K Ni, W Chakraborty, J Smith, B Grisafe, S Datta, VLSI Symposium on Technology 40–41 (2019).
19. K. Maekawa, T. Yamaguchi, T. Ohara, A. Amo, E. Tsukuda, K. Sonoda,
H. Yanagita, M. Inoue, M. Matsuura, T. Yamashita, IEEE Intern. Electron
Devices Meet. 1, 350–353 (2019)
20. Z. Li, J. Wu, X. Mei, X. Huang, T. Saraya, T. Hiramoto, T. Takahashi, M.
Uenuma, Y. Uraoka, M. Kobayashi, IEEE Electron Dev. Lett. 43(8),
1227–1230 (2022)
21. M. Lederer, T. Kampfe, R. Olivo, D. Lehninger, C. Mart, S. Kirbach, T. Ali, P.
Polakowski, L. Roy, K. Seidel, Appl. Phys. Lett. 115(22), 222902 (2019)
22. A.K. Tagantsev, I. Stolichnov, N. Setter, J.S. Cross, M. Tsukada, Phys. Rev. B
66, 214109 (2002)
23. C. Alessandri, P. Pandey, A. Seabaugh, IEEE Electron Dev. Lett. 39(11),
1780–1783 (2018)
24. H.J. Kim, M.H. Park, Y.J. Kim, Y.H. Lee, W. Jeon, T. Gwon, T. Moon, K.D. Kim,
C.S. Hwang, Appl. Phys. Lett. 105, 192903 (2014)
25. M. Pesic, F.P.G. Fengler, L. Larcher, A. Padovani, T. Schenk, E.D. Grimley, X.
Sang, J.M. LeBeau, S. Slesazeck, U. Schroeder, T. Mikolajick, Adv. Funct.
Mater. 26, 4601–4612 (2016)

Kobayashi et al. Nano Convergence

(2022) 9:50

26. G. Karbasian, R.dos Reis, A, K Yadav, AJ Tan, C Hu, S Salahuddin., Appl. Phys.
Lett. 111, 022907 (2017)
27. D. Zhou, J. Muller, J. Xu, S. Knebel, D. Baruhaus, U. Schroder, Appl. Phys.
Lett. 100, 082905 (2012)
28. KY Chen, PH Chen, YH Wu. VLSI Symposium on Technology, 84-85 (2017).
29. A. Chouprik, E. Kondratyuk, V. Mikheev, Y. Matveyev, M. Spiridonov, A.
Chernikova, M.G. Kozodaev, A.M. Markeev, A. Zenkevich, D. Negrov, Acta
Mater. 204, 116515 (2021)
30. S. Barabash, D. Pramanik, Y. Zhai, B. Magyari-Kope, Y. Nishi, ECS Trans.
75(32), 107–121 (2017)

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Page 11 of 11

