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Abstract—The polarization switching dynamics for Hf1-xZrxO2
(HZO) integrated on InAs is studied as a function of pulse width
and amplitude. Due to a mixed ferroelectric/antiferroelectric
phase at x=0.8, a more gradual total polarization update is shown
compared to a fully ferroelectric Hf0.5Zr0.5O2 stack. A lowered
operating voltage is achieved in Hf0.2Zr0.8O2 by activating an
inner ferroelectric hysteresis loop, and the switching dynamics
of this inner hysteresis is studied. The Nucleation-Limited
Switching (NLS) model is used to determine switching times for
both stacks and show increased switching speeds for low-voltage
polarization in the Hf0.2Zr0.8O2 inner hysteresis, suggesting
a benefit of using high-Zr HZO for higher speed and lower
operating voltages.

Index Terms—ferroelectricity, HZO, antiferroelectricity, polar-
ization, switching dynamics, Indium Arsenide

I. INTRODUCTION

Ferroelectric (FE) Hf1-xZrxO2 (HZO) thin films have dis-
played a large potential for future non-volatile memories,
especially for ultra-low energy operations and neuromorphic
computing [1]. Ferroelectric field-effect transistors (FeFET),
tunnel junctions (FTJ) and random-access memory (FeRAM)
are all devices based on the non-volatile ferroelectric polariza-
tion for either modulation of device current or as a state to be
read and written [2]. HZO as a material is attractive for these
applications as it is very scalable and compatible with modern
Si-based nodes and back-end-of-line (BEOL) integration [3].
By increasing the Zr concentration in Hf1-xZrxO2, a transi-
tion to antiferroelectric (AFE) behavior can be observed [4].
As a design consideration, a higher Zr concentration shows
benefits such as higher permittivity and lower crystallization
temperature [4]–[6]. AFE-based memory devices have also
been reported to benefit from lower operating voltages, lower
switching stress and better endurance, making Zr-rich HZO
devices highly relevant for further device research [6]–[8].

The dynamics of polarization switching is essential, as it
sets a constraint on the read and write-schemes used in the
system. This has been studied for fully FE devices, and to
some degree for AFE devices, but is less characterized for
FE/AFE mixed phase devices [9]–[11]. The FE-AFE transition
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of Hf1-xZrxO2 integrated on indium arsenide (InAs) shows that
high-Zr (80%) HZO-based metal-ferro-semiconductor (MFS)
capacitor display a relatively large remanent polarization (P r)
compared to classic TiN-based metal-ferro-metal (MFM) de-
vices at identical Zr concentrations [12]. Due to this fact,
an inner FE hysteresis can be accessed, with a reduced
coercive field (EC), enabling lower-voltage operations while
still displaying a polarization usable for non-volatile memory
devices. It is also of interest to study the switching dynamics
as results of the nucleation-limited switching (NLS) model,
where the FE film is assumed to consist of different domains
with a distribution of independent switching times.

In this paper, we study and compare the switching dynamics
of Hf0.2Zr0.8O2 and Hf0.5Zr0.5O2 integrated on InAs and eval-
uate the experimental data with the NLS model. The inner
FE hysteresis for Hf0.2Zr0.8O2 is shown to have switching
dynamics coherent with the NLS theory, and faster extracted
switching speeds compared to Hf0.5Zr0.5O2, illustrating the
benefit of using high-Zr HZO for fast non-volatile operations.

II. DEVICE FABRICATION AND EXPERIMENTAL SETUP

The processing of the devices is summarized in Fig. 1
(a) and described further in [12]. An Al2O3 layer (≈ 1.2
nm) is deposited by thermal atomic-layer deposition (ALD)
directly on low-doped (n-type, 1.7e16 cm−3) InAs substrate
acting as the bottom electrode (BE), followed by ≈ 10 nm
Hf1-xZrxO2. For Hf0.5Zr0.5O2, the Hf-Zr oxide layers are grown
1:1 (referred to as 50% Zr). For Hf0.2Zr0.8O2, the Hf-Zr oxide
is instead grown 1:4 (referred to as 80% Zr). TiN is used as
top electrode (TE) and the devices are annealed at 550 oC for
30 s. This forms a metal-ferro-insulator-semiconductor (MFIS)
capacitor which is then defined in area as circular devices with
a radius of 15 µm (Fig. 1 (b)).

Electrical characterization is performed in a CRX-6.5K
probe station with a Keysight B1500 semiconductor analyzer
and B1530A waveform generators. The measurement setup is
illustrated in Fig. 1 (b). 1000 square-wave pulses (1 kHz) at ±3
V is used as wake-up for all devices before measuring. Bipolar
pulsing for polarization hysteresis measurements is performed
with 10 kHz triangular pulses. A device area = π·152 µm2,
relative permittivity ≈ 25 (from [12]) and measured probe



Fig. 1. Summary of the MFIS process flow (a). Measurement setup using
B1530A waveform generators and schematic of MFIS stack (not to scale)
(b). Pulse scheme for measuring polarization of a pulse with certain pulse
length and height, with a SET pulse and subsequent READ pulses of identical
polaritites (c).

series resistance ≈ 40 Ω gives the measurement setup an RC
time constant of approximately 0.6 ns.

When measuring switching dynamics, the polarization
switching is analyzed as a function of a WRITE pulse width
and amplitude. Due to limitations in current measurement at
ultra-short pulses, it is necessary to read the WRITE pulse
polarization with a re-polarizing measurement (illustrated in
Fig. 1 (c)). The polarization is first SET with a 80 µs triangular
pulse. A WRITE pulse with varying length and height and
a 10 ns rise-and fall time is then applied with the opposite
polarity to the end SET pulse. This is followed by two READ
pulses of the same polarity as the SET pulse (80 µs each). The
corresponding polarization switching from the WRITE pulse
is then expected to be re-switched with the READ pulse. The
second READ pulse can be used to remove the contribution
from volatile switching and/or the leakage contribution. Before
and after the WRITE pulse there is a 10 µs delay.

III. EXPERIMENTAL RESULTS

The Polarization-Voltage (P-V) hysteresis for 50% Zr and
80% Zr is shown in Fig. 2 (a-b), with the corresponding
Current-Voltage response in Fig. 2 (c-d). 80% Zr exhibits a
mixed FE/AFE hysteresis, as there exists a P r at zero fields.
Both hysteresis curves are shifted toward positive biases from
the internal field equal to the flat band voltage between InAs
and TiN [12]. As can be seen in Fig. 2 (b), an inner FE
loop is accessible for 80% Zr with lower bias fields. This
avoids the switching at high positive biases (and the following
back-switching, labeled as I and I* respectively in Fig. 2
(d)), instead only accessing the switching and back-switching
from the negative side of the hysteresis (II and II*). Due to
the internal field discussed above, this switching and back-
switching are somewhat separated on different sides of 0 V,
creating a FE-like switching for low fields.

In Fig. 3, the dynamic pulse-scheme in Fig. 1 (c) is
applied to woken-up 50% Zr and 80% Zr samples, for -3.5
V SET/READ and positive WRITE (top figure), as well as
for +3.5 V SET/READ and negative WRITE (bottom figure).
The switching dynamics for 50% Zr in Fig 3 (a) display a
polarization update consistent with previous work as well as
that stated by the NLS model (discussed further in section
IV) [9], where the polarization saturates for larger voltages at a
certain pulse width. 80% Zr, however, shows little saturation in
the polarization update for large amplitudes and pulse widths,
but instead a gradual increase in polarization when the AFE-
like back-switching is present. The gradual increase in 2P r
suggests that the back-switching does not fully cancel the FE
switching. This can be seen in Fig. 2 (b), where the measured
inner FE hysteresis is not fully extended to the edge of the
total hysteresis at zero biases. The internal field hysteresis-
shift discussed above is also seen as asymmetric polarization
switching for both 50% and 80% Zr devices.

There is a gap between zero polarization and the measured
values in the ”negative WRITE” case in Fig. 3 (b). This can
be understood by observing the inner FE hysteresis in Fig. 2
(b), which looks more saturated for positive biases compared
to negative. This is due to the inner FE loop originating
from the offset negative bias switching and AFE-like back-
switching. Thus, for +3.5 V READ pulses (negative WRITE
pulses) the positive-bias AFE switching/back-switching (I / I*
in Fig. 2 (d)) will be accessed and seen as an always-present
polarization in the READ pulse.

In Fig. 3 (b), the 80% Zr switching dynamics at polarization
up to ±20 µC/cm2 (marked in Fig. 3 (b) as ”Inner FE”) is
shaped like that of the full pulse range of 50% Zr (disregarding

Fig. 2. Polarization-Voltage hysteresis of Hf0.5Zr0.5O2 MFIS devices (a, b)
and Hf0.2Zr0.8O2 MFIS devices, with inner FE loops in 80% Zr devices with
switching/backswitching current pairs labeled as I / I* and II / II* (c, d).
The full hysteresis switching is performed with ±3.5 V, the inner FE loop
switching in (c, d) with ±2 V.



Fig. 3. Switching dynamics for 50% Zr (a) and 80% Zr (b). The re-
polarization from the first READ pulse is shown as a function of WRITE
pulse length for varying WRITE amplitudes, with the WRITE polarity
corresponding to the polarization polarity. The WRITE pulse voltage is varied
from ±0.25 V to ±3 V, with ±0.25 V steps (indicated by the arrows). The
SET/READ voltages are ∓ 3.5 V. In (b), the FE-like inner-loop switching
dynamics are highlighted.

the AFE contribution and polarization range difference). This
illustrates the dynamic switching of a fully inner FE loop
hysteresis. The continued polarization update of more grad-
ual character could potentially benefit operations in analog
computing using gradually set analog weights, where robust
control of the polarization would be important [13].

IV. MODELLING METHODS AND RESULTS

The NLS model has proven an accurate description for
the ferroelectric polarization dynamics, where the polarization
switches as an ensemble of many individual regions that
switches independently with a field-dependent switching time

and has been validated experimentally for Hf-based ferroelec-
tric thin films [9], [14]. The polarization update is modelled
as [14]:

∆P=2P r, max
∫ ∞
−∞

(
1−exp

[
−
( td

tsw

)2
])

·F (log tsw)d(log tsw) (1)

Where ∆P is the polarization update, P r, max the maximum
remanent polarization, td the WRITE pulse width. F (log(tsw))
is a Lorentzian distribution of the logarithmic switching time
as

F (log tsw)= 1
π

(
ω

(log tsw−log tmean)2+ω2

)
(2)

Where ω and log(tmean) are the width and center of the
distribution.

The purely FE polarization update (50% Zr) is used to fit
the NLS model from (1) and (2) in Fig. 4 (a) with good
agreement. As discussed, 80% Zr exhibits an inner FE loop
with a lowered EC, observable in Fig. 2 (b) and the switching
dynamics in Fig. 3 (b) up to a certain polarization. This ”Inner
FE” region is modeled using NLS in Fig. 4 (b), with the AFE
contribution present in the second READ pulse subtracted,
up to this polarization (20 µ/cm2 for positive WRITE and
-11 µ/cm2 for negative WRITE). The resulting polarization
update is coherent to the NLS model for both negative and
positive WRITE pulses and illustrates the inner FE hysteresis
operations as a similar one to a fully FE hysteresis in a 50%
Zr stack. The non-volatile polarization continues to increase as
we access more of the inner FE hysteresis switching, but with
increasing AFE-like back-switching as we do so with WRITE
dynamics that access the entirety of the hysteresis.

The following empirical relationship between the field-
dependent switching time tmean and applied voltage can be
made:

Fig. 4. Nucleation-Limited Switching modeling of switching dynamics for 50% Zr (a) and 80% Zr (b). In (b), the AFE contribution from the READ pulse is
removed by subtraction from the consecutive READ pulse. The fit in (b) is limited to abs(2P r, max) = 20 µm/cm2 and -11 µm/cm2 for positive and negative
WRITE respectively. The arrow indicates the increase of WRITE pulse voltage from ±0.25 V to ±3 V, with ±0.25 V steps.



Fig. 5. Mean switching time tmean for a different WRITE pulse voltages for
50% Zr and 80% Zr. The experimental results are fitted with (3). Data points
excluded from the fit are marked as ”x” (observe that all voltages below -1.75
V (-WRITE) and above 2.5 V (+WRITE) are excluded for 80% Zr).

τ ∝ exp

(
α

kBT
1

V 2

)
(3)

where α is a fitting parameter coupled to intrinsic material
properties such as domain wall energy, kB is Boltzmann’s
constant, and T is the temperature [15]. Using (3) and the
mean switching times determined from the NLS fit (excluding
switching times for near non-switching and instantly switching
pulse amplitudes) in Fig. 4, the relationship between switching
time and WRITE voltage is fitted and can be seen in Fig. 5.
The fit between (3) and the experimental data further shows
the agreement between the NLS model and the measurements,
both for 50% and 80% Zr. 80% Zr devices displays shorter
mean switching times for the inner FE hysteresis polarization
compared to 50% Zr. A reduction of α (Fig. 5 inset) for the
higher Zr devices further indicates a lowered switching barrier
energy. This together with a lowered EC could enable faster
domain switching for the dipole switching in the material,
compared to 50% Zr which need larger and more separated
bias fields for switching [16]. Note that in Fig. 4 (b), the
negative WRITE dynamics show an almost full polarization
already at the shortest WRITE pulse (10 ns) larger than -1 V.
The mean switching times for these voltages are difficult to
accurately determine, so the fit of (3) to these points in Fig. 5
should be regarded with this in mind. Nonetheless, the trend
is still clear.

V. CONCLUSIONS

The polarization switching dynamics for a FE/AFE-mixed
HZO (Hf0.2Zr0.8O2) thin film on InAs have been measured
and compared to a purely FE device (Hf0.5Zr0.5O2). The NLS
model is fitted to the experimental data and used to determine
the mean switching time. 80% Zr devices displayed a faster

switching of its non-volatile inner FE loop compared to 50%
Zr devices, due to the lowered EC for the inner non-volatile
switching and a lowered intrinsic switching barrier energy.
Switching speed and operating voltage are both important
parameters for future low-energy memory devices, thus moti-
vating the use of Zr-rich HZO.
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