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A B S T R A C T

We report on the nonlinear wake-up behavior against the external electric field cycling in the ferroelectric
Hf0.7Zr0.3O2 thin film. Two distinct scaling regimes during the increase of the remnant polarization with different
activation energies were observed in TiN/Hf0.7Zr0.3O2/TiN cells. The transmission electron microscopy revealed
the structural phase transition from the monoclinic structure to the orthorhombic structure of the Hf0.7Zr0.3O2

film after the wake-up behavior. During the phase change, as the remnant polarization enhanced, the dielectric
constant of the Hf0.7Zr0.3O2 film increased with the external field cycling. The temperature dependence of the
wake-up behavior revealed that each estimated activation energies for the early and later enhancement of the
remnant polarization are 1.12 eV and 0.73 eV, respectively. First principle calculations show that the oxygen
vacancies can reduce the activation energy barrier for the structural phase transition.

1. Introduction

HfO2-based ferroelectric thin films have attracted attention for the
application of non-volatile ferroelectric memory devices [1]. The robust
ferroelectricity with compatibility on the current complementary metal
oxide semiconductor device process enables the practical non-volatile
device application using HfO2 thin film [2]. Since the discovery of
ferroelectricity in polycrystalline HfO2 film [1], the characterization of
ferroelectricity in terms of stability as a memory device has reported
high endurance with 108–1010 switching cycles and retention proper-
ties up to 103 h at 125 °C [3,4]. In addition, besides practical applica-
tion structures like ferroelectric tunnel junctions or ferroelectric field-
effect transistor [5–7], the negative capacitance has opened an avenue
for the next generation of memory applications using ferroelectric HfO2

[8,9].
A variation of the remnant polarization during the external field

cycling has been investigated severely in light of the elucidation of the
uncertainty of the non-volatile memory. The enhancement of the rem-
nant polarization value known as a wake-up behavior was observed
depending on the deposition conditions [10] and the type of electrode
material [11]. This wake-up behavior was often accompanied by the
change of hysteresis from antiferroelectric to ferroelectric depending on
dopants (Si, Zr, La) [10]. The variation of the remnant polarization
owing to the wake-up behavior can be an obstacle to apply ferroelectric

HfO2 thin films to non-volatile memory devices. Prior to the practical
application, a clear understanding of the mechanism for the wake-up
behavior is required [12].

Various mechanisms have been proposed for the wake-up behavior,
such as the redox reaction on the interfaces, a pinning-depinning effect
of the ferroelectric domains by defects, and structural phase transitions
[11,13]. The wake-up behavior with different metal-ferroelectric in-
terfaces was investigated in terms of the density of oxygen vacancies
which correlate with the stability of the orthorhombic structure [11].
The redistribution of oxygen vacancies and charge trapping-detrapping
were proposed through the harmonic analysis of the evolution of the
hysteresis loop during the external field cycling [14,15]. In addition,
the field-induced structural phase transition has also been considered
for the origin of the wake-up behavior [16]. The scanning transmission
electron microscopy revealed a tetragonal-to-orthorhombic structural
phase transition and a monoclinic-to-orthorhombic phase transition at
the interface and the bulk, respectively [17]. Furthermore, the increase
of a cubic phase and the suppression of the monoclinic phase were also
reported to stabilize the orthorhombic phase during the external field
cycling [18]. These mechanisms were proposed with the theoretical
argument for ionic contribution or ex-situ analysis of structural de-
formation after the external field cycling. Therefore, the detailed dy-
namic analysis of the remnant polarization enhancement will enlarge
our understanding of the underlying mechanism for the wake-up
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behavior.
In this letter, we investigated the subsequent external field cycling

dependence of the wake-up behavior of the ferroelectric Hf0.7Zr0.3O2

film. After the wake-up behavior, the direct phase transition was in-
vestigated by the high-resolution transmission electron microscopy
(HRTEM). The capacitance-voltage (C–V) measurement exhibited the
nonlinear increase of the permittivity with the wake-up behavior. The
temperature dependence of the wake-up behavior was analyzed by the
Johnson-Mehl-Avrami (JMA) model which has been used to understand
the various transition in terms of the nucleation and grain growth [19].

2. Material and methods

We fabricated the ferroelectric Hf0.7Zr0.3O2 film by using the atomic
layer deposition (ALD) method. For the ALD growth, we used tetrakis
(ethylmethylamido) hafnium (TEMAH), tetrakis (ethylmethylamido)
zirconium (TEMAZ) and ozone. 10-nm-thick Hf0.7Zr0.3O2 films were
grown at 280 °C. The titanium nitride (TiN) bottom and top electrodes
were deposited by DC sputtering. The polarization-voltage (P–V) hys-
teresis was performed after each of the finite numbers of the external
bias sweep with a semiconductor parameter analyzer (Model 4200-SCS,
Keithley) and ferroelectric tester (TF Analyzer 3000, aixACCT). The
cation composition and crystallographic phases of the films were ex-
amined using a transmission electron microscopy (JEOL ARM 200F).
The C–V measurements were performed by using an impedance ana-
lyzer (Model E4990A, Keysight). For the theoretical estimation of the
energy difference between the monoclinic structure and the orthor-
hombic structure, we conducted first-principle calculations based on
the density functional theory using the Vienna Ab initio calculation
package code (VASP Software GmBH, Vienna, Austria).

3. Results and discussions

The ferroelectric Hf0.7Zr0.3O2 film exhibited the typical wake-up
behavior under the subsequent external field cycling. Fig. 1(a) shows
the P–V curves of the ferroelectric Hf0.7Zr0.3O2 film for the pristine
specimen and specimens after the external field cycling of 50 000,
100 000 and 300 000 times, respectively. P–V hysteresis curves using a
positive-up-negative-down (PUND) method were measured after each
of 10 000 cycles of the external field cycling with a frequency of
10 kHz at 7 V [20]. Although ferroelectricity was not found in the
pristine sample, the external field cycling enabled the evolution of
ferroelectricity with 2Pr ~60 μC/cm2. The dashed hysteresis curves
demonstrate the systematic change of ferroelectricity before 50 000
cycles. Fig. 1(b) shows that the coercivity decreased during 50 000
external field cycling and the remnant polarization value increased
continuously. On the other hand, the rest wake-up behavior exhibited
only the increase of the remnant polarization value without the addi-
tional change of the coercivity. This difference between the early and
later wake-up behavior can be considered with the reduced depolar-
ization field near the metal-HfO2 interfaces. HfO2 based ferroelectric
thin film has a non-ferroelectric monoclinic phase with oxygen va-
cancies near the metal-HfO2 interfaces [11,21]. As the oxygen va-
cancies tend to stabilize the orthorhombic phase, the phase transition
from the non-ferroelectric monoclinic phase to the ferroelectric or-
thorhombic phase occurs during the early wake-up behavior [17]. Even
though the bulk region also can have the phase transition, the effective
electric field engaged to the whole film won't change because the fer-
roelectric phase and non-ferroelectric phase are connected in parallel
effectively [22]. Therefore, the decrease of the coercivity was observed
during the initial wake-up behavior and the rest wake-up behavior
shows polarization enhancement without the change of the coercivity.

The transmission electron microscopy manifested that the structural
phase transition from the monoclinic to the orthorhombic phase was
accompanied by the wake-up behavior. Figs. 1(c) and (d) show fast
Fourier transform images of the HRTEM results of the pristine and

woken-up TiN/HZO/TiN/Si specimen shown in the inset, respectively.
The diffraction patterns from polycrystalline TiN {200} layers were
used for calibration. The strong diffraction pattern of (111) plane of the
monoclinic phase in the pristine specimen was observed with d-spacing
of 0.3195 nm noted with a black dashed line in Fig. 1(c). On the other
hand, (111) plane of the orthorhombic phase diffraction pattern with d-
spacing of 0.2967 nm noted with a black dashed line in Fig. 1(d)
emerged with vanishing of the monoclinic diffraction pattern in the
woken-up specimen. For clarity, Figs. 1(e) and (f) show the intensity
line profile of the black dashed line in Figs. 1(c) and (d), respectively.
Considered with the peak positions in the line profile, the diffraction
patterns of the pristine and woken-up specimen demonstrate the clear
structural change from the monoclinic structure to the orthorhombic
structure after the wake-up behavior.

The evolution of the permittivity during the external field cycling
was coincident with the enhancement of the remnant polarization.
Fig. 2(a) shows the C–V curves with a small ac voltage of 10 kHz and
200 mV amplitude after each of 10 000 cycles of the external field
cycling up to 200 000 cycles. Solid orange, red, green, blue, and purple
lines represent the pristine and cycled specimens after 50 000, 100 000,
150 000 and 200 000, respectively. As the number of the external field
cycling increased, the minimum value of the permittivity of each C–V
measurement increased continuously from 17 to 19. The permittivity of
the monoclinic phase and the orthorhombic, tetragonal phases are
known to be 16–20 and 27–35, 28–70, respectively [23]. Even though

Fig. 1. (a) The hysteresis loops: pristine, 50 000 cycled, 100 000 cycled,
300 000 cycled woken-up specimens, respectively. The inset shows the I–V
curve of the fully woken-up Hf0.7Zr0.3O2 film. (b) The reduction of the coer-
civity of the hysteresis loops from pristine to 40 000 cycled wake-up. Diffraction
patterns of fast Fourier transform images from (c) the pristine sample and (d)
300 000 cycled wake-up sample, respectively. The insets show the HRTEM
image. (e) The intensity line profile of the black dashed line of Fig. 1(c). (f) The
intensity line profile of the black dashed line of Fig. 1(d).
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the permittivity during the wake-up behavior is slightly less than the
value of the orthorhombic phase, the increase of the permittivity can
imply that the change from the monoclinic phase to the orthorhombic
phase was accompanied by the wake-up behavior [24].

The wake-up behavior can be clearly distinguished into two dif-
ferent regimes during the external field cycling. To understand the
evolution of the wake-up behavior, the permittivity and the coercivity
were compared after every 10 000 cycles of the external field cycling.
Fig. 2(b) shows the minimum value of the permittivity with the external
field cycling extracted from Fig. 2(a). From the pristine to 50 000 cycled
specimens, the minimum value of the permittivity increases by 2.4%
from 16.8 to 17.2. In contrast, the minimum value of the permittivity
from 50 000 to 100 000 cycled specimens increased by 5.8% from 17.3
to 18.3, almost two times larger than previous enhancement. Fig. 2(c)
shows the evolution of the coercivity and remnant polarization with the
external field cycling. The decrease of variation of the coercivity above
50 000 cycles was coincident with the change of the permittivity with
different slopes. Note that the coercivity difference between the P–V
and C–V measurements can be attributed to the frequency dependence
of ferroelectric coercivity [25,26]. The P–V and C–V measurements
were measured at 2 kHz and DC bias, respectively. The correspondence
between the change in the permittivity and the variation of the coer-
civity evokes that the wake-up behavior can be attributed to the
structural change.

Each enhancement of the remnant polarization in the two regimes
follows the typical growth behavior by the nucleation and the expan-
sion of the grain. Fig. 3(a) shows the external field cycling dependence
of the remnant polarization under varying temperatures between 290 K
and 320 K. The enhancement of the remnant polarization during the
wake-up behavior became faster if the measurement temperature in-
creased. The temperature dependence of the enhancement of the rem-
nant polarization resembles the conventional growth behavior observed
in the crystallization of amorphous materials, ferromagnetic and fer-
roelectric grain growth [27–29]. Most aforementioned cases can be
described by the nucleation of the transformation and domain wall
growth supposed by the JMA model [19].

The saturation behavior of the remnant polarization during the
wake-up behavior demonstrated that the increase of the remnant po-
larization follows the JMA model. Using the JMA model, we predicted
the amount of the enhanced remnant polarization phase as a function of
N/f:
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where N, f, m, K, Ea, T, and kB are the external field cycling number,
measurement frequency, the Avrami coefficient, an effective rate con-
stant, the activation energy, temperature, and the Boltzmann constant,
respectively. In order to compare the enhancement of the remnant
polarization with respect to the JMA model, the JMA plot, i.e., ln (-ln
(1-Pr)) vs ln N/f was obtained as shown in Figs. 3(b)-3(e). The experi-
mental results showed two different scaling regions with different
slopes for linear fits as depicted with the solid and dashed lines, re-
spectively. As the measurement temperature increased, the difference
between the slopes of linear fits decreased as shown in Figs. 3(b)-3(e).
Fig. 4(a) shows the Arrhenius plots with two activation energies of
1.12 eV and 0.73 eV extracted from the slopes of the line fit in
Figs. 3(b)-3(e). The different linearity indicates that the mechanism for
the wake-up behavior was altered simultaneously during the external
field cycling with a decrease of the activation energy.

The migration and redistribution of oxygen vacancies into the bulk
region have been considered as a prominent origin for the wake-up
behavior with the structural change from the monoclinic phase to the
orthorhombic phase [17]. The migration of oxygen vacancies was re-
ported to be essential for the ferroelectric structural phase transition of
HfO2 [15]. The activation energies of migration of oxygen vacancies in
HfO2 are known to be from 0.76 eV to 1.2 eV depending on the oxi-
dation states [30]. Also experimentally, the activation energies for the
oxygen vacancies are known to be from 1.01 eV to 1.03 eV depending
on the doping concentration [31]. Taking into account the estimated
activation energy in Fig. 4(a), oxygen vacancies may occur and the
migration and redistribution of oxygen vacancies may alter the acti-
vation energy of phase transitions [11].

DFT calculations on the influence of oxygen vacancies on the phase

Fig. 2. (a) The C–V curves of the Hf0.7Zr0.3O2 film. (b) The evolution of the
minimum relative permittivity εr. (c) The coercivity (left side) and the remnant
polarization (right side) as a function of a number of switching cycles.

Fig. 3. (a) The evolution of the remnant polarization as a function of the
number of the external field cycling and the JMA model fitting at the tem-
perature of (b) 290 K, (c) 300 K, (d) 310 K, (e) 320 K, respectively.
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transition from the monoclinic phase to the orthorhombic phase of bulk
HfO2 was carried out to understand the variation of activation energy
with respect to the external field cycling. Fig. 4(b) shows the schematic
diagram of the crystal structure of the monoclinic and the orthorhombic
HfO2 in the simulations. Fig. 4(c) shows the activation energy barrier
from the monoclinic phase to the orthorhombic phase without oxygen
vacancies defect and with oxygen vacancies of 1.56% and 3.125%. The
activation energy barrier reduced 6% from 0.497 eV to 0.468 eV. After
the transition, the total energy of the orthorhombic phase reduced 19%
from 0.331 eV to 0.276 eV. The stabilization of the orthorhombic phase
by oxygen vacancies is consistent with previous reports [11]. DFT
calculations showed that oxygen vacancies stabilized the orthorhombic
phase, and also reduce the activation energy barrier from the mono-
clinic to the orthorhombic phase. However, the activation energies of
experimental measurement and theoretical calculation showed quite
different values. In the DFT calculations, we calculated the bulk system,
not the film, which might underestimate the activation energy. First,
DFT could under/overestimate the bonding strength between Hf and O
compared to experimental values. The estimated bonding energy,
which could be weaker than the actual bonding energy, reduces the
transition state energy and energy barrier. Second, extrinsic factors
such as screening effect, strain, and defects could affect the effective
field engaged on the HfO2 film, the transition state energy by altering
the real atomic structure, or local field near trap sites experimentally
[32,33]. Since we assumed a bulk system, the total energy of the or-
thorhombic phase was calculated higher than the monoclinic phase.
However, it has been reported that the total energy of the orthorhombic

phase can be lower than the monoclinic phase with high compressive
strain in the film [34]. The discrepancy between the experimental value
and theoretical calculation can be moderated by the detailed chemical
and local structure analysis.

4. Conclusion

In conclusion, we have demonstrated the wake-up behavior of the
Hf0.7Zr0.3O2 film. The HRTEM diffraction patterns implied the phase
transition from the monoclinic phase to the orthorhombic phase during
the wake-up behavior. The C–V measurement results demonstrated the
nonlinear phase transition from the non-ferroelectric low permittivity
phase to the relatively ferroelectric high permittivity phase during the
wake-up behavior. The activation energies with the nonlinear wake-up
behavior were extracted from JMA model. The DFT calculations re-
vealed that oxygen vacancies can induce nonlinearity during the wake-
up behavior. Our results provide insight into the mechanism of the
wake-up behavior in hafnia based ferroelectric thin films.
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