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Abstract — Ferroelectrics are increasingly used in
nonvolatile memory applications. However, the impact of the
electric dipole switching on its material parameters, in particular
on the dielectric response, is not fully understood. In this work,
an analytical model, linking the dielectric response to the
potential energy curve, is first used to qualitatively illustrate the
non-constant evolution of the dielectric response with applied
electric field. Increasing precision, we then show from first-
principles density-functional theory simulations that defect-free
ferroelectric materials undergo changes in potential energy near
the ferroelectric switching that lead to vibrational modes
softening which impacts the dielectric response. In particular, we
observe that the dielectric response ¢ of a ferroelectric material
with anti-aligned polarization increases as the applied electric
field increases towards the coercive field. We incorporate this
new insight in the time-dependent NLS-based predictions and
demonstrate that this evolution of the dielectric response right
before polarization reversal is required for a proper match
between experiment and prediction of the capacitance-voltage
characteristics of the metal-ferroelectric-metal capacitor.

Index Terms—ferroelectricity, dielectric response.

I. INTRODUCTION

THE recent revival of technological interest in ferroelectric
(FE) materials is due to the discovery of the CMOS-
friendly HfO, class of FEs[1-6]. HfO,-based FEs, which are
fluorite-type FEs, solved one of the major drawbacks that was
plaguing the classical perovskite FEs integration: scaling to
relevantly small film thicknesses [7, 8]. The fluorite-type FEs
have a larger bandgap and lower dielectric constant, hence
higher electric fields, lower leakage currents and smaller FE
film thickness can be achieved when scaling the FE devices [9-
11].

To design scaled FEFET or MFM (metal-ferroelectric-metal)
electronic devices [12-15], it is imperative to be able to
accurately model the electrical behavior of such devices. The
ultimate goal in terms of modeling is to have an all-physical
calibrated model of the FE, including switching dynamics [16,
17]. For FEs, establishing such a model requires insight in the
fundamental physics at the atomic scale. A so far not well-
understood FE property is the capacitance-voltage (C-V)
characteristic: it typically displays two peaks near the switching
coercive fields (traces 2 and 4 in Fig. l1a, which are the curve

sections between zero field and large positive or negative field,
displaying switching behavior (“s”) as indicated with a red
arrow “s” for trace 2) and no peak for non-switching fields
(traces 1 and 3 in Fig. 1a, which are the curve sections far
enough beyond the coercive field (both positive and negative)
and back to zero field, displaying no switching (“ns”) as
indicated with a blue arrow “ns” for the bottom trace 3).
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Fig. 1 a) Typical experimental C-V characteristics of a FE layer,
measured in b) dynamic (full lines) and c) static (dashed lines)
mode (adapted from ref [18]). The dots in b)-c) correspond to the
time and DC voltage of a C-V measurement.
However, as can be seen in Fig. la, there are significant
differences when the capacitance is measured under finite
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electric field (dynamic mode Fig. 1b) or without any fixed
electric field (static mode Fig. 1c) [18]. These differences are
interpreted with various microscopic mechanisms, ranging
from structural defects [18] to ferroelectric domain dynamics
(reversible domain wall displacement [19]).

In this work, we infer from an analytical model, linking a
simple potential energy representation of the electric dipole to
its dielectric response (Section II1IB), that the dielectric response
of the material (and therefore the capacitance) has a strong
dependence on the applied electric field and the polarization
direction with respect to the applied field. We confirm these
findings with first-principles DFT (Density Functional Theory)
simulations providing a more quantitative assessment of the
dielectric response of a prototype BaTiO3 FE material (Section
IIIC). Finally, we are able to match the experimentally
measured C-V curves of BaTiO3 with an extended NLS model
that takes this variable dielectric response into account (Section
11ID).

Il. METHODOLOGY

The first-principles DFT simulations are performed with
CP2K [20] and are employing Goedecker-Teter-Hutter
pseudopotentials [21], mixed with a double-zeta-valence-
polarization (DZVP) localized basis set and a Perdew-Burke-
Ernzerhof (PBE) functional [22]. The FE materials under study
are thombohedral (r-) and tetragonal (t-) BaTiOs. The evolution
of the phonon modes, and therefore the dielectric response, with
the applied electric field is monitored. To compute the phonons
and the dielectric response, we employ the modern theory of
polarization in the frozen-phonon approximation.[23-26] In
particular, a periodic 3%3x3 supercell is relaxed under various
electric fields, until the atomic forces are relaxed below 10
Ha/Bohr, while the cell parameters are relaxed until the
pressure drops below 100 bar. For every optimized-under-
electric-field structure, we apply finite displacement
perturbation on the atoms to compute the Born effective charges
and atomic forces. The latter are diagonalized to obtain the
phonon modes and frequencies, that are used to compute the
ionic dielectric tensor (see Section I11A).[27, 28]

For the experimental data, a sample is used consisting of a 50
nm BaTiOs film, grown with a Solmates 200 mm Pulsed Laser
Deposition system (KrF excimer laser) on a LaNiOs substrate.
The BaTiOs films are deposited with a laser fluence of 0.8
J/em?, a laser frequency of 66 Hz, and with the incident laser
beam rastered across the diameter of the rotating ceramic target.
The deposition is carried out in an oxygen ambient at a partial
pressure of 0.20 mbar and with the substrate heated to 750°C.
After the deposition, the films are cooled down under 0.10 mbar
of oxygen atmosphere. Pt electrodes are deposited on top after
which the capacitance-voltage (C-V) characteristics and
polarization-electric field (P-E) hysteresis curves are measured
with an aixACCT TF Analyzer 2000 measurement system.

Ill. RESULTS AND DISCUSSION

A. The dielectric response

The material property that determines the measured
capacitance C is the dielectric response &, as reflected in
C=¢ FormFactor, with ¢ the permittivity (dielectric response)

and FormFactor a material-independent design parameter (e.g.
area/thickness). As an approximation, we can consider the
dielectric response as consisting of paraelectric (PE) and FE

dipole switching contributions:
aPpg

€]
aE
with Ps the spontaneous polarization (FE dipole) and E the
electric field. The abrupt switching of the FE dipole (2" term
in Eq. (1)) is not included in the analysis. Since it is irreversible
(one-time event), in experimental C-V measurements, it will
only show up as a current spike for each dipole which is
switching during the measurement. Given the small amplitude
of the ac voltage, we have neglected this contribution in our
analysis. Also in the analytical model (Section III.B) and in the
first-principles dielectric response calculations, the 2" term is
not present. In what follows, we show that epg is changing under
applied electric field, contrary to its constant value in dielectric
materials.

From first-principles, the ionic (atomic vibrational)
component of the dielectric response tensor, which is expected
to have the largest contribution (larger than the electronic
component), is computed as follows [28]:

2
Ehtom = T4 T2 252, ()
where a,b are displacement and field directions, 2 is the unit
cell volume, e is the electron charge, A counts over the
vibrational modes, Zi is the vibrational mode polarizability,
and @ is the vibrational mode frequency.
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Fig. 2. Qualitative evolution of the dielectric response of the electric
dipole with the applied electric field (relative to its value without
applied electric field), as derived for a hypothetical material from
the potential energy curvature (Eq. (3)) before switching (labels
1,2,3) at switching (label 4) and after polarization switching (label
5). The inset shows the corresponding potential energy curves
versus polarization for the considered electric fields.

B. Analytical model

From Eq. (2), we observe the following qualitative dielectric
response proportionality: £ ~ I/«’. The contribution of the
spontaneous polarization to ¢ (1% term in Eq. (1)) will therefore
depend on the atomic vibrational mode frequency o,
corresponding to the switching mode of the FE dipole. This
frequency can be approximately determined if we simplify the
potential energy surface U of an electric dipole to a harmonic
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oscillator (inset to Fig. 2), considering only the atom that
represents the moving part of the ferroelectric dipole. Assuming
the atom moves along ‘x’ (with P=gx ), the oscillation
frequency @ can be determined to be proportional to the spring
constant k based on &’ = k/m, with k = -0F/0x = ¢°U/ox’ and
with F' = -0U/0x). The dielectric response therefore shows an
inverse relationship to the second derivative of the potential
energy curve ( Fig. 2):
&~ (QPU/OP)™ (3)

In order to extract a numerical trend for the dielectric
response, let’s consider a simple hypothetical ferroelectric
material in an MFM configuration, of which the potential
energy can be described with a simple double-well Landau
potential (U=Up-EP+aP?+fP* with a and B as fitting
parameters ) within the Gibbs-free energy framework [29]. For
each value of the electric field, the polarization P is determined
for which the energy U reaches a local minimum. In this local
equilibrium point, Eq.(3) is then applied to estimate the
dielectric response. The resulting qualitative evolution of € is
depicted in Fig. 2 and it shows a strong increase (y-axis is a
multiplication factor with respect to its reference value at E=0)
while approaching E. with an electric field that can cause
switching (labeled s in Fig. 2 and inset). Once the polarization
switches, the electric field becomes a non-switching field (Fig.
2, ns label). For this case (Fig. 2, state 5), a decrease of &below
2/3 of the reference value is observed.
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Fig. 3 Evolution of the atomic vibrational spectra under applied
electric field in (a) rhombohedral and (b) tetragonal BaTiOs. The ‘FE
switching mode’ is the polarization reversal mode. Some other
modes are strongly impacted by the electric field, and the
corresponding points are connected with dashed lines, intended as a
guide for the eye. The ‘s’ labels indicate the E-fields for which
switching occurs (‘ns’ for no switching E-fields). Note that the Ti
atom inside the O octahedron is displaced in the[111] direction by
the electric field for the rhombohedral phase (insets in a) and in the
[001] direction for the tetragonal phase (insets in b). The curves show
that the modes soften as switching becomes more likely.

C. First-principles predictions

To verify the qualitative picture of the analytical model, we
have performed first principles dielectric response calculations.
Fig. 3 depicts the DFT-computed phonon spectra for two
crystalline phases of BaTiOs under applied electric field. The
rhombohedral phase (ferroelectricity in the [111] direction, see
insets in Fig. 3a) is chosen for the investigation since it is the
stable (no imaginary soft vibrational modes) crystalline phase
at the DFT temperature of OK. The second, tetragonal phase
(ferroelectricity in the [001] direction, see insets in Fig. 3b) is
stable only at room temperature [30], however, we need to
investigate its spectra, since the experimentally measured
capacitance-voltage characteristics are collected for this phase
(see next subsection). For both crystalline polymorphs, the
polar modes that contribute to the dielectric response become
softer (lower frequency) with a switching electric field (s-
labeled/red arrow in Fig. 3) that pushes the central Ti atom in a
direction that can lead to an electric polarization switch: [111]
direction for the rhombohedral phase and [001] direction for the
tetragonal phase. The opposite trend is valid for non-switching
electric fields (ns-labeled/blue arrow in Fig. 3) — the vibrations
increase in frequency and the dielectric response should drop,
according to Eq.2 (Ti atom pushed against the ‘potential wall’
by the electric field). The phonon frequency change is
originating from a change in the atomic bond stiffness with
applied electric field, especially close to the coercive field.
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Fig. 4. (a) Electronic/optical &x» component and (b) static (atomic
vibrational) €s component of the dielectric response in r-BaTiO3,
computed from first principles at OK for different electric fields. The
data point at large negative fields in b) represents the es value after
polarization switching, and the reduced value is in agreement with
the non-switching s values at high positive fields.
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The first-principles dielectric response is more straight-
forward to compute for the stable systems (r-BaTiO3), that do
not show unstable/imaginary modes (as the t-BaTiO; phase
does). Results are shown in Fig. 4: the dielectric response
increases with switching field and decreases with non-
switching fields, as expected from the vibrational frequency
trends shown in Fig. 3, since the dielectric response is inversely
proportional to the square of the vibrational frequencies
(Eq.(2)). In Fig. 4 one can observe the same trends hold for both
electronic (optical) and atomic-vibrational components of the
dielectric response, though — as expected — the optical
contribution is very small, compared to the atomic-vibrational
component.

D. Extended NLS model

In this section we illustrate the need for a non-linear
dielectric response to obtain a good agreement between the
modeled and the experimentally measured C-V characteristics
[31]. In particular,we implement a diclectric response model,
which reflects the boost in the dielectric response close to the
coercive field (Fig. 5) and which is dependent on the
polarization direction of the electric dipole, with the latter
determined based on the NLS model.
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Fig. 6a) and 6¢) have been performed on the same sample and
within one measurement session). Since both samples used in
Fig. 6a) and 6b) are grown on the same wafer, we assume that
the time-dependent polarization evolution of both samples is
sufficiently similar, such that re-use of the calibrated time-
dependent data is meaningful, provided the value of P; is
adjusted.
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Fig. 5 Dielectric response versus normalized electric field for the
default model (flat curve with Epp = €te) and for the calibrated
extended model (red and black curves), with the red branches
corresponding to the increased dielectric response while approaching
the coercive field, and with the black branches corresponding to the
values immediately after a switching event.

First, using the experimental P-V data (Fig. 6a) and time-
dependent response data (Fig. 6b), the default NLS model is
calibrated:

PeE)=2F | - e‘@n]f(EalE_a, OdE, (%)
aO

with 7 = ‘[Oek'(%a) and with normal distribution function
f(EL|E,, o), whereby P, is the remanent polarization, E, the
mean activation field (coercive field), o the standard deviation
of the PDF (probability density function), T, the intrinsic
switching time and n, k and o nucleation-volume-related fitting
parameters [16, 32]. The model-experiment calibration results
are shown in Fig. 6(a-b) and numerical values of the parameters
used are summarized in Table I. Note that the polarization value
in Fig. 6b) (P: = 18) is higher than in Fig. 6a) (P = 7.5) as
different samples have been used (while the measurements in
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Fig. 6 a) P-V characteristics (0.5 psec time between data points), b)
time-dependent polarization measurement at different applied
voltages [28] and c) C-V characteristics (IMHz small-signal freq.,
10 psec time between data points) of the BaTiOs MFM device , as
measured experimentally (blue dots) and modeled by NLS with non-
linear dielectric response (red circles). Note that the C-V
characteristics are offset by a (constant) dielectric response of 0.55
uF/em?.

This NLS model is then used, together with the non-linear
dielectric response (Fig. 5, with pre- and post-switching
branches ), to model the C-V characteristics (Fig. 6¢). In this
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extended NLS model, the time-dependent polarization is first
determined for each domain in the multi-domain setup at each
applied voltage. If the polarization of the given domain is more
than 50% flipped according to the NLS model, then the post-
switching dielectric response branch is used, else the pre-
switching dielectric response branch is used. The dielectric
response values combined with the thickness of the sample give
the predictions for the C-V characteristics of the MFM sample.

The dielectric response enhancement close to switching
field is able to reproduce well the experimental C-V profiles.
Numerically, the change in the dielectric response, required to
match the C-V characteristics of the t-BaTiOs sample, has the
same order of magnitude as the ab-initio predicted values for r-
BaTiOs: a change of 4de, = 0.3 between E; =1.25MV/cm and
zero field is used in the extended NLS model (see Fig. 5), while
first-principles calculations show an increase of Ae,= 2.4/(2
MV/em) x E, = 1.5 (see Fig. 4b) between E, and 0 field. Note
that when no dielectric response enhancement is used, no C-V
matching is possible as a flat C-V characteristic is predicted
with the default NLS model.

P, E, OFa To n k | o
(] [MV/em] | [MV/em] | [nsec] | [] (]
a)7.5 1.25 0.1 1 1.5 |8 0.8
b) 18

Table I. Numerical values of the parameters used in the NLS
model (Eq. 4).

Worth noticing, the theoretically simulated electric fields
required for atomic relaxation to converge to the opposite
polarization state are much higher than the typical coercive
fields, measured experimentally. This is expected, since the
theoretical simulations do not account for the temperature,
strain effects, domain dynamics and the stochastic nature of the
kinetic-barrier-crossing process, that should all decrease the
electric field because of the field acceleration of the kinetic
processes and that should show an electric field-switching time
trade-off. While it is difficult to encompass all the phenomena
that could take place in the material at the atomic level, the mere
dielectric response evolution with the applied electric field can
already account (at least partially) for the experimentally
observed C-V behavior of the ferroelectric materials.

I[V. CONCLUSION

In conclusion, both analytical and first-principles approaches
show that the dielectric response ¢ in ferroelectric materials is
enhanced under switching fields and inhibited under non-
switching fields. This property is intrinsic to the material and
due to the phonon mode softening near switching. After
polarization switching, the phonon modes are hardened. The
results show the limitation of using constant dielectric response
values in modeling of ferroelectric materials, as they cannot
account for an accurate C-V characteristic. This work adds to
the understanding of the ferroelectric materials physics and
advances the all-physics-based modeling of ferroelectrics.
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