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Switching Dynamics of Ferroelectric
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Abstract— FerroelectricZr-doped HfO2 (HZO) is a promis-
ing candidate for steep slope transistors and memory tech-
nology. For these applications, it is essential to understand
and optimize the switching dynamics of the ferroelectric
film. In this letter, we characterize the polarizationreversal of
an 8 nm-thick HZO film deposited by the atomic layer depo-
sition with voltage pulses varying in amplitude (0.8–2 V)
and duration (200 ns–7.6 ms). We show that the measure-
ments are well described by a nucleation limited switching
model, which enables extraction of the minimum switching
time and the probability distribution of local electric field
variations in the polycrystalline film. The close model fit
spanning 5 orders of magnitude in pulse duration indicates
the applicability of this model to HZO. This characterization
framework can be used to quantify, compare, and optimize
the switching dynamics of ferroelectric HZO.

Index Terms— Ferroelectric devices, analytical models,
hafnium compounds.

I. INTRODUCTION

THE discovery of ferroelectricity in the CMOS-compatible
HfO2 material system [1] has led to a variety of

applications including memory [2]–[4], steep slope transis-
tors [5], [6], and neuromorphic computing [7], [8]. Several
studies have analyzed the effect of growth and annealing
conditions on the FE properties of Zr-doped HfO2 (HZO), such
as the Zr concentration [9], [10], electrode material [11], [12]
and annealing temperature [13], [14]. These studies usually
focus on properties that can be directly measured from the
polarization-voltage (P-V ) loops, such as the remanent polar-
ization and endurance, but provide limited insight into the
FE dynamics or speed limitations, a subject that is widely
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Fig. 1. Polarization reversal of a polycrystalline FE film. Starting from
a fully polarized state −PS, a positive voltage is applied at t = 0. The
FE grains switch and increasingly align until the FE reaches the fully
polarized state +PS.

debated [15], [16]. On the other hand, nucleation limited
switching (NLS) models for polarization reversal provide
an accurate description of the switching transient of FE
thin films, and have been experimentally validated in other
material systems [17]–[19]. Although it has been shown that
the polarization reversal of ferroelectric HfO2 occurs in the
nucleation limited regime [20]–[22], only one prior study
reports parameter extraction by applying an NLS model to
Al-doped HfO2 [23].

In this work, we show that the NLS model [17] provides a
good description of the polarization reversal of HZO films,
under the assumption of a distribution of switching times
that originate from variations in the local electric field [19].
We extract the probability distribution that characterizes the
electric field variations and the parameters that govern the
polarization dynamics. This characterization framework can be
used to guide the optimization of the HZO material system.

II. MODEL FOR POLARIZATION REVERSAL

IN THIN-FILM FERROELECTRICS

Figure 1 depicts the polarization reversal of a polycrystalline
FE thin film, which is composed of many grains with fixed
grain walls. When all the grains are polarized in the same
direction, a saturation polarization PS is obtained (C/m2).
Starting from the −PS state, if a positive voltage is applied
at t = 0, the FE grains will start to switch polarization
until the whole FE reaches the +PS state. A stable partially
polarized state is obtained by pulsing the applied voltage
for a time t short enough so only a fraction of the FE
grains are able to switch. The NLS model was proposed
to account for multigrain polarization by characterizing the
thin film as an ensemble of elementary regions that switch
independently with a distribution of switching times [17].
This distribution of switching times was later attributed to
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Fig. 2. a) Cross section and b) TEM of 8 nm thick Hf0.5Zr0.5O2 FE capacitor with 60 μm-diameter top electrode. c) Capacitance-Voltage
measurements with 1 V/s sweep rate and 30 mV, 100 kHz AC signal. d) Current-voltage characteristic of Hf0.5Zr0.5O2, measured with
a 2.5 V triangular waveform with 4 ms period. e) P-V loop obtained by integrating the current-voltage characteristic.

variations in the local electric field when a uniform external
field is applied, due to impurities or crystal defects [18],
or the intrinsic inhomogeneity of the FE film [19]. The field-
dependent NLS model can be summarized as follows: The
switching of a single elementary region is described by a
stretched exponential with parameter β [18], [19]

p(t, τ ) = 1 − exp

{
−

(
t

τ

)β
}

. (1)

The characteristic switching time τ is a function of the local
field E and an activation field Ea , expressed by the empirical
relation [19], [24]

τ (Ea, E) = τ∞exp

{(
Ea

E

)α}
, (2)

where τ∞ is the time constant obtained for an infinite applied
field, and α is an empirical parameter. Assuming an inhomo-
geneous and field-independent dielectric permittivity, the local
electric field value is expressed as E = ηEext , where Eext
is the constant applied field and η is a random variable
with probability density function (PDF) f (η) and unity mean,
defined in the [0,∞) interval [19]. As a result, the polarization
reversal from −PS to +PS is computed as

P(Eext , t)=−PS + 2PS

∫ ∞

0
p(t, τ (Ea, ηEext )) f (η)dη (3)

With this mathematical formulation, the FE film is character-
ized by the parameters PS , Ea , β, α, τ∞ and the probability
density function f (η).

III. EXPERIMENTAL RESULTS AND

PARAMETER EXTRACTION

The cross section and transmission electron micro-
scopy (TEM) of an 8 nm FE W/HZO/W capacitor are shown
in Fig. 2a) and b). The device fabrication started by sput-
tering 65 nm W on a Si wafer. The HZO was deposited by
atomic layer deposition at 300 ◦C with tetrakis(ethylmethyl-
amino)hafnium and tetrakis(ethylmethylamino)zirconium pre-
cursors, and water vapor as the oxidant. The HZO was then
capped with 65 nm of sputtered W and annealed at 500 ◦C
for 30 s in N2. Then, 60 μm-diameter dots were deposited
by shadow mask evaporation of Ti/Pd. Finally, the top W and
HZO were etched using the Ti/Pd electrodes as a hard mask.
A Hf:Zr ratio of 1:1 was verified with energy dispersive X-ray
linescans.

Electrical measurements were performed with a Keithley
4200 parameter analyzer with a 4225-PMU pulse measurement

Fig. 3. Measurement protocol for polarization reversal. Conditioning
pulses of amplitude VR = 2.5 V are applied to reset the FE. A program-
ming pulse of varying width and amplitude is applied, and the polarization
is measured by two pulses of amplitude VR = 2.5 V.

unit and two 4225-RPM remote preamplifiers. The experimen-
tal setup and the capacitor diameter were designed so that
the partial polarization measurements are not limited by RC
delays. The combined resistance of the 50 � output resistance
of the remote amplifier and the series resistance of the probes
was measured to be 54 �, which with the measured capaci-
tance (Fig. 2c)) results in a time constant in the order of 5 ns.
A 2.5 V triangular waveform with 4 ms period was applied
for 500 cycles for wake up. The current-voltage and P-V
characteristics are shown in Fig. 2d) and e), measured after
wake up. The measurement sequence performed to character-
ize the polarization reversal is depicted in Fig. 3. Conditioning
pulses of amplitude VR = 2.5 V are applied to reset the FE.
The programming pulse width (tP ) was stepped from 200 ns
to 7.6 ms in increments of 1.5×, then the amplitude (VP ) was
stepped from 0.8 V to 2 V in increments of 100 mV. The
polarization is measured by two consecutive negative pulses
of amplitude VR = 2.5 V and 1 ms rise time. The first pulse
polarizes the capacitor back to the −PS state, and produces
a current due to the linear capacitance and the polarization
current of the switched domains. The displacement current
due to the linear capacitance alone is measured by the second
pulse, where there is no polarization current. The current
difference is integrated to calculate the partial polarization.
The pulse amplitude VP is translated to field Eext by dividing
by the film thickness (TF E ). Figure 4 shows the polarization
reversal measurements (dots) and the fitted model (solid lines)
as a function of pulse width and pulse amplitude. In addition,
polarization measurements with 2.5 V pulses (diamonds) are
shown to verify that the conditioning and read pulses produce
a saturated polarization.

The distribution of local field variations f (η) was extracted
from measurements with the method presented in [19]. The
logarithmic derivative of the polarization with respect to the
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Fig. 4. Measured partial polarization (dots) vs. pulse width (left) and pulse amplitude (right) show close agreement with model (solid line) over
5 decades of pulse times. Extracted parameters are PS = 26.4 μC/cm2, τ∞ = 236 ns, Ea = 2.42 MV/cm, α = 3.73 and β = 2.06. Measurements
with 2.5 V pulse amplitude (diamonds) were not used for parameter extraction, which demonstrates the predictive capability of the model.

Fig. 5. Extraction of the distribution of local field variations f(γ) [19].
a) Derivatives of the polarization with respect to applied field. b) The
derivatives overlap into a master curveΦ(x) when the x-axis is normalized
by the field at which the derivatives are peaked. c) Distribution of local
fields obtained fromΦ(x) (red), with the proportionality constant γ derived
from condition of unity mean. The same distribution was obtained by
fitting the distribution parameters directly from the polarization reversal
data (blue).

applied field exhibits a maximum at a certain field Emax that
depends on the pulse time tP , as shown in Fig. 5a). When
the x-axis is normalized by Emax for each pulse time tP ,
the derivatives overlap into a master curve �(x) (Fig. 5b)).
The distribution f (η) is obtained from the master curve as

f (η) = 1

η
�

(
1

γ η

)
, (4)

where γ is a proportionality constant derived from the con-
dition of unity mean [19]. As shown in Fig. 5c), the data is
well described by a generalized beta distribution of type 2,

whose PDF is

G B2(η|a, b, p, q) =
|a|
b

( η
b

)ap−1

B(p, q)
(
1 + ( η

b

)a)p+q , (5)

where B(p, q) is the beta function. The distribution parameters
are a = 9.0986, b = 1.3935, p = 1.1101 and q = 15.197.
The parameters PS , Ea , β, α and τ∞ were then extracted by
performing a least square fit of Eq. (3) with the polarization
reversal data. Alternatively, once the analytic form of the
distribution is known, its parameters can be extracted with the
least square fit directly from the polarization reversal data.
The resulting distribution is not sensitive to the extraction
method, as shown in Fig. 5c), and the fitted parameters vary by
less than 1%, which underscores the physicality of the model.
Furthermore, the fitted model is able to predict the measured
polarization reversal with 2.5 V pulses, which was not used
for parameter extraction.

According to Eq. (2), as the applied field increases,
τ asymptotically reaches its minimum value τ∞ = 236 ns,
which imposes a hard limit on the switching speed. This limi-
tation is shown in Fig. 4 by extrapolating the pulse amplitude
to 2.5, 5 and 10 V. The relative speed at which the FE grains
switch is determined by the spread of the distribution of local
field variations: grains at the higher end of the distribution have
a smaller time constant and will switch sooner than those with
η closer to zero. Therefore, a large variance in the local field
distribution favors partial polarization, but is not desirable for
fast transitions between saturated states (±PS). Furthermore,
a narrow distribution is needed for memory writing schemes
that leverage the nonlinearity of the FE response to applied
field [4].

IV. CONCLUSION

We modeled and characterized the polarization reversal
of HZO. We show that the field-dependent NLS model pro-
vides a comprehensive description of the polarization reversal
of HZO films for varying pulse amplitudes and pulse width
spanning over 5 decades. We extracted the probability distri-
bution that characterizes the local electric field variations in
the FE film, and the parameters that govern the polarization
dynamics. This characterization framework provides the tools
to quantify, compare and optimize the switching dynamics and
the nonlinear response to applied field of HZO films.
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