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ABSTRACT

We investigated the internal bias field and coercive field in a typical ferroelectric thin-film capacitor and simulated polarization switching
dynamics using Euler’s method. The simulation results agreed well with the experimental results and reflected the well-known polarization
domain switching model in which the polarization switching occurs on the order of nucleation, growth, and coalescence. The fit parame-
ters (damping parameters affecting the polarization change rate) also followed a certain distribution. When the expected value was used
instead of full distribution, the simulation results did not agree well with corresponding experimental results. The simulation results sug-
gested no domain structure in the polarization switching dynamics, indicating that the polarization domain structure was affected by the
distribution of the fit parameters. Our results demonstrate the possibility of simulation using realistic distribution of ferroelectric

properties.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0131087

Polarization switching dynamics in ferroelectrics is important
owing to their applications in nonvolatile memory devices and nega-
tive capacitance devices. Hoffmann et al. simulated the polarization
domain switching dynamics of a ferroelectric Pb(Zr,Tiy s)O5 capaci-
tor by modeling the capacitor as a two-dimensional plane.' Using this
numerical approach allowed us to visually investigate the resultant
dynamics. Meanwhile, ferroelectric hafnia has recently attracted much
interest as a potential candidate material for various ferroelectric devi-
ces. Hafnia thin films have been fabricated using different methods
and under different conditions and have shown diverse ferroelectric
properties.” '* Regarding the ferroelectric hysteresis loops, the distri-
bution of the internal bias and the coercive fields is often represented
by the distribution of switching densities over the film area."” In ferro-
electric polarization switching dynamics, it is important that the simu-
lations reflect these distributions. However, the existing simulation
study is performed by employing the modeled distribution of free
energy coefficients and internal bias fields without harnessing the mea-
sured local properties.' Our proposed simulations capture these realis-
tic material properties. Therefore, we measured the switching density
and simulated the polarization switching dynamics using these results.

In this Letter, the voltage transient across a ferroelectric
Hfy6Zr 40, (HZO) thin-film capacitor was simulated using the
Landau-Ginzburg-Devonshire (LGD) theory and the Landau-
Khalatnikov (L-K) equation." The simulation parameters were
obtained from the measured values of the local internal bias and local
coercive fields using first order reversal curves (FORCs) method. The
simulation results agreed well with the measurement results for a cer-
tain range of the damping parameter values in the L-K equation.

A ferroelectric thin film (HZO; thickness, 9.7 nm) was grown on
a TiN-coated Si substrate using atomic layer deposition. The TiN top
electrode was deposited by sputtering with a shadow mask. The top
electrode was square-shaped (a side length, approximately 100 um).
For crystallization, the sample was annealed at 600°C for 1min at
4-5 Torr atmospheric pressure in a nitrogen atmosphere, using a rapid
thermal process.

The hysteresis loop of the sample was measured by applying a
one-cycle triangular wave (amplitude, 3 V; frequency, 1kHz) to the
capacitor, using a Radiant Technologies Precision LC II ferroelectric
tester. All measurements were performed after the previous applica-
tion of the triangular wave for 10 s using the ferroelectric tester.
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FIG. 1. Schematic of the measurement circuit.

The voltage across the ferroelectric thin-film capacitor during
polarization switching was measured using the measurement circuit
shown in Fig. 1. A ferroelectric capacitor and oscilloscope (input
impedance, 50€2) were connected in series. A voltage pulse was
applied using a Tabor Electricc WW1071 pulse generator. First, a
square pulse (height, —3 V; width, 2 us) was applied to pole the capaci-
tor. After 20 us, a one-cycle square wave was applied (amplitude, 3 V;
period 4 us). The voltage of the pulse generator Vg was directly probed
using a Tektronix MDO4104C digital oscilloscope. The voltage across
the ferroelectric capacitor Vi was obtained as Vp = Vg — Vg, where
Vr was the voltage across the input impedance connected to the capac-
itor in series.

The switching density psw (E, E,) was obtained from the follow-
ing equation by fitting the polarization P(E, E,) data measured using
the f?groelectric tester using FORCs method, where E, is the reversal
field: ~

19°P(E, E,)
psw(E, E;) = T2 OEOE, (1)
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The polarization curves were obtained from various applied elec-
tric field E sweeps from E, to the maximal electric field E,,,.,, where E,
was varied from E,,, to —E,... This was translated into psw(Epias Eco)
using Eq. (2), where E,;,, and E. are the internal bias and coercive
fields, respectively,'”

E+E, E—E
5 E. = S (2)

The hysteresis loop shifted toward the negative direction along
the voltage axis, as shown in Fig. 2(a). The distribution of the switch-
ing densities was also apparent in the negative bias field in Fig. 2(b),
suggesting many local hysteresis loops with different Ey;,s and E, val-
ues in the ferroelectric thin-film capacitor. In our numerical method,
the ferroelectric capacitor was assumed to be a uniform square grid of
100 x 100 in the x-y plane. Therefore, Ey;,s and E. were extracted
from Fig. 2(b), as explained below.

To assign all pairs of the internal bias and coercive field values to
10000 grids, the following procedure was performed. N(Ep;,s, E.) was
defined as the largest natural number below psw(Epis EJ) X n/
Psw.max> Where psw max was the maximal value of psw(Epias E.) and n
was a natural number such that the sum of N(Eyp;,, E.) was 10000.
Negative psw(Epias E.) values were discarded. If the sum of N(Eypys, E,)
slightly exceeded 10000, the lowest N(Ey;s, E.) was replaced with
N(Epiass Ec) — € to meet 10 000, where € was a small natural number.

In our pulse experiment, the effective field E.q; at each ith point
on the grid was given by’

bias =

v
Eeff,i = S Ebias,ia (3)
tp

where tp was the ferroelectric thin-film thickness and Ej;,s; was the
local internal bias field at each ith point on the gird. The LGD theory
describes the free energy per volume of a ferroelectrics as a polynomial
function of polarization P.' Thus, in this theoretical framework, the
free energy u; at each point i on the grid is given by’

u; = OC,‘P,‘Z + ﬂ,P;l - Eeffﬂipi + k(VP,)2 (4)
In Eq. (4), o; and f; are the ferroelectric anisotropy constants and

k is the domain coupling constant that compensates for the spatial
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FIG. 2. (a) Hysteresis loop. (b) Distribution of switching densities.
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non-uniformity of P. o; and f3; can be obtained from remanent polari-
zation P, and local coercive field E.;. When the minimum u; is
reached, 20P 4 4P> — Eq = 0. The E.g vs P curve describes the
hysteresis loop without a shift from the imprint. By employing the
remanent polarization value P,, Eo = 4BP(P + P,)(P — P,) = 4pP>
—4BP2P. The extrema of the equation correspond to coercive field E..
Local extremum points of the equation are *P,/v/3, implying
E. = 8fP3/3/3. A detailed derivation is provided in the supplemen-
tary material section. Therefore, o; and f; are given by

_ 3\/§Ec,i _ 3\/§Ec,i
4p, 8p3

where P, is obtained from Fig. 2(a). The L-K equation describes the
dynamics of P with the damping parameter p.'° The parameter p rep-
resents the dynamic sensitivity with which the local free energy
reaches its minimum. With p; at each point i on the grid, the evolu-
tion of P; is given by’

o =

B; (©)

Ou; _ 0P,
op, P or

- (6)

To understand the domain dynamics during polarization switching,
simulation parameters k and p; were fitted to the experimental data. The
fitted value of the domain coupling constant k was 10> m*/F while the
damping parameter p; was assumed to be uniformly distributed, with a
minimum of 10 Qm and a maximum of 590 Qm. A good agreement
was achieved as shown in Fig. 3(a). However, the results of a simulation
that used p; = 300 Q m (mean of the uniform distribution) did not agree
well with the measured data. The simulated voltage transient [Fig. 3(b)]
exhibited voltage fluctuation during the capacitor charging.

Figures 4(b)-4(f) show the polarization reversal simulation
results obtained assuming uniformly distributed p; (with the mini-
mum of 10 Qm and maximum of 590 Q m). The white dots in Fig.
4(b) denote the domain nucleation in the initially negatively polarized
blue area. Soon, the dots grow to red dots via forward domain growth
as shown in Fig. 4(c). Subsequently, via sideway growth and domain
coalescence in Figs. 4(d)-4(f), the capacitor turns to a positively
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polarized red area. Therefore, our simulation reflects the well-known
polarization domain switching model with the nucleation, growth, and
coalescence processes.”” "’

Figures 5(b)-5(f) show the simulated polarization reversal results
obtained by assuming p; = 300 Q m (fixed value corresponding to the
mean of the uniform distribution). The blue area slowly becomes
white with a polarization value of almost zero and then eventually red.
It is remarkable that the simulation yielded relatively homogeneous
switching without a domain structure. Uniform p; suppressed the
domain nucleation; consequently, the simulated voltage in Fig. 5(a)
deviated from the actually measured data.

Using distributed switching densities allowed using realistic sam-
ple’s parameter values in simulations that used the LGD theory. With
respect to the voltage transient, the calculations were consistent with
the measurement results. In addition, the polarization switching
dynamics followed the well-known polarization domain switching
model. However, the simulated voltage transient did not agree well
with the measured data when using p; = 300 Q m. The polarizations
switched relatively homogeneously. Therefore, polarization switching
through the domain structure was affected by the distribution of the
damping parameters.

The LGD theory posits that the equilibrium polarization state is
P; when the free energy function u(P) is minimal at P = P;. When an
external electric field is applied across a ferroelectrics, u(P) changes
and Ou/JP is no longer zero but rather takes on a nonzero at P;. By
the L-K equation, OP/0t (which is the rate of the polarization change)
is related to —p~'Ou/OP. The damping parameter p affects the speed
with which the polarization value changes. In Ref. 16, Chatterjee et al.
explained the polarization of HfO, using a charge-mass spring system,
which is a nonlinear dipole oscillator. These researchers modeled
polarization switching as a damped oscillator of charged particles. The
polynomial terms of polarization in the free energy were obtained
from the polynomial terms in the spring. The damping parameter in
the L-K equation was also obtained from the damping term in the
oscillator. When a constant electric field was applied to the oscillator
in a static state, the time required to reach the new equilibrium state
was affected by the damping term. Similarly, when an electric field was

() Jp—

4 1 . L o 1 " L L o
0 1 2 3 4 5 6
Time (us)

FIG. 3. The voltage transient measured across the ferroelectrics Vi and the simulated voltage transient across the ferroelectrics: (a) Vs, with fitting parameters p; = 10 — 590

Qmand (b) Ve » with p; = 300 Qm.
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FIG. 4. (a) The simulated voltage transient across the ferroelectrics Vi with p;=10 — 590 Q m. The domain dynamics in the ferroelectric thin-film capacitor for the polariza-

tion switching in (b) 1.05, (c) 1.17, (d) 1.32, (e) 1.49, and (f) 1.65 us.

applied across a ferroelectrics, the rate of the polarization variation
was affected by the damping parameter.

Therefore, we expected similar outcomes for two simulation sce-
narios because 300 Q m is the mean of the uniform distribution, with
the minimum of 10 Q m and maximum of 590 Q m. However, these
two results were different, suggesting that it is important to consider
the distribution of the damping parameters. In Ref. 9, Hoffmann et al.
prevented the immediate screening of the polarization charge during

(@) sop—

Time (us)

switching for the temporary observation of the fundamentally unstable
negative capacitance region without hysteresis. It was difficult to
observe the region stably because homogeneous switching hardly
occurred. Immediate screening owing to the charge injection induced
inhomogeneous switching,”” When immediate screening was pre-
vented, the homogeneous switching was induced, and its distribution
of damping parameters was the uniform distribution of a single value.
With immediate screening, a well-known polarization domain
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FIG. 5. (a) The simulated voltage transient across the ferroelectrics Vim 2 With p; =300 Qm. The polarization map in the ferroelectric thin-film capacitor for the polarization

switching in (b) 1.05, (c) 1.17, (d) 1.32, (e) 1.49, and (f) 1.65 us.
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switching model would become relevant, and its distribution of damp-
ing parameters would be a certain distribution with a minimum p and
maximum p. Our sample’s distribution of damping parameters was
not a uniform distribution of a single value but a uniform distribution
with a minimum p and maximum p.

In summary, we simulated the polarization switching phenome-
non of a typical ferroelectric thin-film capacitor using the distributions
of the switching densities. Our results show that the simulations are
possible by considering the measured internal bias fields and the distri-
bution of calculated free energy coefficients. This is important because
the polarization switching dynamics is affected not only by the repre-
sentative value but also by the distribution of the parameters. Also, the
simulation offers the distribution of the damping parameters related to
the dynamic sensitivity. We found that the distribution of damping
parameters determines whether the ferroelectric polarization switching
occurs by domain switching or relatively homogeneous switching. Our
work can be applied in order to investigate polarization switching
dynamics in the various ferroelectric materials.

See the supplementary material for the derivation of Eq. (5).
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