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In this paper, the field-induced residual ferroelectricity in antiferroelectric lead zir-
conate thin films has been studied by impedance measurements together with a hy-
perbolic law analysis, which permits us to extract the different contributions to the
material’s complex permittivity. By measuring the Rayleigh coefficient «,. it appears
that the residual ferroelectricity is considerably enhanced when the sample has been
previously exposed to an electric field close to the antiferroelectric to ferroelectric
transition field. This indicates that a part of the material remains ferroelectric after
the antiferroelectric-ferroelectric backwards transition, which constitutes an addi-
tional contribution to polarization. Consequently a higher domain wall density and
mobility can be observed. Measurements after exposition to thermal treatment show

this ferroelectric response is metastable.
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I. INTRODUCTION

Antiferroelectric materials present a great interest for energy storage applications' .
When a large electric field is applied to an ideal antiferroelectric, a transition to the ferro-
electric phase occurs and the material comes back to the antiferroelectric state when the
electric field is released, resulting in the double hysteresis in the polarization versus electric
field loop™*®. The antiferroelectric-ferroelectric transition, however, may be irreversible for

6710 and the material stays in the ferroelectric phase. In this case, the

some compounds
double hysteresis loop disappears in favor of a ferroelectric loop for successively applied cy-
cles. Even in the case of a reversible antiferroelectric to ferroelectric transition, some weak
ferroelectricity at zero electric field may contribute to the polarization in the material due
to an unbalanced antiparallel shift of the oxygen atoms along the [001] direction!.

For storage applications, a ferroelectric contribution to the polarization in an antiferro-
electric material is undesirable since it increases switching losses and thus limits the efficiency
of the component. In antiferroelectric materials based on lead zirconate (PbZrOs, PZO) the
residual ferroelectric contribution has been extensively studied!!' 4 and is also called weak
ferroelectricity. This residual ferroelectricity can be investigated using various methods as
for example the observation of a current peak at low fields when measuring I(F) loops at

12,13 or the presence of a

high fields (i.e. above the antiferroelectric to ferroelectric transition)
ferroelectric hysteresis loop P(FE) at low fields (i.e. below the antiferroelectric to ferroelectric
transition). Impedance spectroscopy can be employed in order to see an eventual increase
of the relative permittivity when the measuring electric field increases, i.e. observing a non-
linear dielectric response, which indicates a ferroelectric domain wall pinning/unpinning
contribution*1415,

For a ferroelectric material containing domain walls, at sub-switching electric fields, the

polarization can be described using the following expression:'®

EoQy

P=c¢o(er1+ aEo) E+ (B3 —E*)+... (1)

with e,_; and «, the lattice and the irreversible domain wall contributions (also called
pinning/unpinning), respectively. The sign + stands for the decreasing and the sign —
for the increasing part of the alternating field. The second term reflects the hysteretic
contribution of the domain wall to the polarization. This non-linear expression of the po-

larization gives the following Fourier series decomposition when the applied electric field is
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E(t) = Eysin (wt):

Ao, E?
P(t, Ey) = €0 (/-1 + . Ey) Epsin (wt) — ZE0M 0 g (wt)
T
4ega, B2 1 1
_ 20T | - o 2
- [ Cos (3wt) To5 08 (bwt) + (2)

The irreversible domain wall motion contribution is thus out-of-phase with the measuring
electric field in the case of an ideal material. In order to describe a real material, equation
(1) can contain additional terms, reflecting the degree of randomness of the energy profile,'”
and in that case, the harmonics may not be purely out-of-phase. For this reason, the non-
linear response of a ferroelectric material can be investigated by extracting the phase of
the third-harmonic contribution to the polarization and its evolution with the measuring
field amplitude, which gives information on the hysteretic or an-hysteretic character of the
domain wall motion” 9.

On the other hand, recent work on PZO and PZO-based materials claim the possibility

of a ferrielectric (FiE) phase structure’ 2

which may explain the non-null polarization zero
field. Those studies predict the FiE phase, with an up-up-down orientation, is more stable
than the FE phase at room temperature and also slightly more stable than the up-up-down-
down pattern commonly admitted for PZO. It has been pointed out that the presence of a
non-zero remnant polarization depends on the film orientation??*. Yao et al. suggest that
this comes from a ferrielectric phase which is anisotropic (similar to a ferroelectric phase)
along specific crystallographic directions and behaves like an antiferroelectric along others®?.
The existence of the FiE phase has been experimentally confirmed by transmission electron
microscopy in PZO/SrTiOs thin films deposited by pulsed laser deposition (PLD)?*. The
authors show that FE clusters can be contained in the AFE phase. Moreover, depending on
the electric field, the FiE phase seems to be more stable than the AFE and FE state. Another
study on epitaxial PZO grown by PLD shows that the up-up-down-down orientation is
obtained but with an imperfect polarization compensation in adjacent cells*®. The presence
of a weak ferroelectricity is confirmed by the presence of a current peak at low fields while
measuring [ (F) loops and second-harmonic generation characterizations. All those studies
highlight the difficulty to precisely know the ground state of PZO, and, even with the
conventional up-up-down-down arrangement, ferroelectric clusters®* or a non-uniform local
polarization orientation?® may be present.

In the present study, the reversible antiferroelectric to ferroelectric transition is investi-
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gated in PZO thin films to see the part of the material that exhibits a ferroelectric response.
Using impedance measurements coupled with a hyperbolic law analysis, the different con-
tributions to the permittivity have been decomposed and show an increase of the domain
density and reduced the domain wall pinning/unpinning when a large electric field is applied
and hence an enhancement of the residual ferroelectricity. The phase of the third-harmonic
contribution to the polarization has been measured after applying various electric field ampli-
tudes, too. Even if we cannot exclude the possibility that the material studied in the current
paper can be in a ferrielectric phase, we will use a more generic way to name the phenomena
(non-zero polarization and dielectric non-linearity), like ferroelectric behavior/response or

weak ferroelectricity, which later has been widely used in the literature.

II. EXPERIMENTS

The lead zirconate PbZrOs (PZO) thin films are prepared by a sol-gel process™*?6. The
solution of 0.5M concentration is deposited at 4000 rpm during 25s by a multi-step spin
coating process on an alumina substrate previously coated with a titanium and a platinum
layers to form the bottom electrode. Each layer is annealed in a preheated open-air furnace
at 650 °C during 10 min in order to obtain the perovskite structure. Twelve layers result in an
overall film thickness of 800 nm. Square platinum electrodes of 0.1 mm width are deposited
by RF magnetron sputtering in order to realize a Metal-Insulator-Metal (MIM) capacitor
for the dielectric characterizations of the fabricated thin films.

X-ray diffraction (XRD) was performed for phase identification using a Siemens D5000
diffractometer with CuKa radiation. The X-ray diffraction pattern of PZO thin film is
shown in Fig. 1. The peaks corresponding to the PZO perovskite structure are well vis-
ible and are indexed according to the pseudo-cubic crystallographic structure. The lead
zirconate thin films are oriented along the (100) crystallographic plane at around 99% by
taking into account the crystallographic orientation factor apy = Inu/Iiota> >, where I
corresponds to the peak intensity of the selected plane and I, is the sum of all diffraction
peaks. Obtaining this orientation on polycrystalline alumina substrate is due to a most

thermodynamically favorable growth direction?®3.

No parasite peak and no evidence of
any secondary phase formation is visible.

The dielectric characterization method is similar to what has been used in Ref. 31 and
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Figure 1. X ray diffraction pattern of the PbZrO3 thin film.

. FE . . E B
Emaj - V‘ Emaj - m Emajr Ema;'

a A vl aa A AAAﬂﬁAA‘
VVVVVVVU VVVVVVVU VVVVVVV VVVVVVUU il

&r

Eac Eac

Figure 2. Description of the experimental protocol used for measuring the threshold electric field
which enhances the ferroelectric contribution to the dielectric permittivity. P(E) loops are obtained
while increasing the electric field amplitude (blue curves). Between each major P(E) loop (Emaj),
impedance measurement as a function of the measuring field F 4o and hyperbolic analysis is done

(orange curves).

was conducted at room temperature, i.e. T' = 25°C All the impedance measurements were
done at an excitation signal frequency of 1kHz, since previous work on PZO shows only
a small decay of the dielectric permittivity when the frequency increases but no dielectric
relaxation is visible between 100 Hz and 1 MHz! which is valid for all its contributions®®. The

current is measured as a function of time while applying an alternating voltage at 1 kHz and
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the polarization is computed with the TF2000 analyzer software by numerical integration.
In addition to the first harmonic study, giving access to the relative permittivity for which
the computation is detailed further down, the non-linear response has been investigated by
analyzing the third-harmonic phase angle.

For the hyperbolic and third-harmonic phase angle analysis, the measured current wave-
form has been fitted by i(t) = Yi_, I sin (kwt + 0, ) and the applied voltage by v(t) =
Vsin (wt 4 0y) The first harmonic current and the applied voltage are used for the compu-

tation of the complex impedance:*3!

Z— m exp (7 (O — 61,)) 3)

with j the imaginary unit. The complex capacitance C* hence can be derived from the

complex impedance:

* 1 o |Il| . ™
¢ = jwZ  w|V| P (j (911 b 2)) @)

w the angular frequency of the measuring voltage. The k-th harmonic phase angle extraction

is similar and its value can be obtained using the following expression:
T
O = 01, — kby — 5 (5)

In our case, we focus on the third-harmonic since its extraction is easier than for higher
order harmonics due to a larger amplitude (2).

Even if the system in not symmetric in terms of the electrode configuration, the electric
field distribution can be considered homogeneous between the electrodes due to the difference
in terms of form factor (800 nm film thickness vs 100 pm electrode width). Those conditions
allow to use the parallel plate formula for calculating the material relative permittivity e:
L b
" Sep

with ¢ the thickness of the film, S the surface of the electrodes and ¢y the vacuum permit-

3

c*, (6)

tivity. In the present case, the electrodes are sufficiently thick in order to limit the effect of
the series resistance on the measured impedance. No relaxation is visible in the considered
frequency range which permits us to directly use the impedance to compute the capacitance,
otherwise, a more complex model needs to be used®?33.

In the studied measurement configuration, the active area under the top electrode is

surrounded by non-active material which affects the electrical and non-linear response (lower

6
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value of the irreversible domain wall contribution) by a clamping effect®3¢. The effect of

the clamping shall be investigated in another study.

III. RESULTS AND DISCUSSION

In part IIT A, the general (ferroelectric) behavior of the antiferroelectric thin films is
studied. Then, in part III B, impedance measurements is done after each P(FE) loop while
increasing the applied field in order to study the enhancement effect at low fields. The
evolution of the permittivity and hence the ferroelectric phase is examined, considering
more particularly domain wall motion effects. Part IIIC focuses on the hyperbolic law
analysis which used in order to decompose the material’s complex permittivity into its lattice
and domain wall (vibration and pinning/unpinning) contribution, and thus to precisely
determine if the enhancement of the ferroelectric phase is due to a particular applied electric
field. In the last part 11D, exposition of the thin films to a higher temperature allows to
verify if the observed weak ferroelectricity subsists or vanish after the thermal treatment,

thus determining if the field-induced ferroelectricity is metastable.

A. P(FE) loops

In order to determine the evolution of the ferroelectric behavior, P(E) major loops with
increasing electric field amplitude have been measured on a virgin sample. The amplitude of
the major electric field has been varied from 150kV em ™! to 875kV cm™! with an increment
of 25kV em™!. The resulting P(E) major loops are shown in Fig. 3.

The first series of measurements of the polarization versus electric field loops on a pristine
sample are shown in Fig. 3a. The typical double hysteresis of an antiferroelectric material
is well visible. The maximum value of polarization is 26 1C cm~2 which is close to the value
reported for PZO thin films®". The antiferroelectric to ferroelectric and ferroelectric to an-
tiferroelectric transition fields are respectively E}r = 628kVem™! and Efy = 244kV em ™!
for positive and F, = —580kV ecm™! and Fpy = —229kV em ™! for negative electric fields.
A rapid increase of the polarization is visible when the driving field magnitude reaches the
antiferroelectric to ferroelectric transition, curves between 550kV ecm™! and 650kV cm™t.

When repeating the measurement for a second time, similar values for the maximum polar-

7
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Figure 3. P(FE) loops for different value of the maximum electric field for the first (a) and the

second (b) series of measurement. Remnant polarization for the two series (c).

ization and transition fields are obtained (Fig. 3b). The sharp increase of the polarization
above the antiferroelectric to ferroelectric transition field is not visible and the curves are
more regularly spaced.

The remnant polarization has been extracted for each measurement and is reported

in Fig. 3c. For the first series, the remnant polarization shows a sharp increase around

8
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600kV cm™!, a similar field as observed for the strong increase of the polarization. For the
second series, the remnant polarization at fields below the antiferroelectric to ferroelectric
transition, is higher than for the first series and enhancement regularly, without the sharp
increase around 600kV cm ™. In order to verify whether the change of remnant polarization
is linked to an increase of the ferroelectric response, impedance measurements as function

of the AC measuring field have been carried out and are shown in the next part.

B. Permittivity evolution

Between each P(F) major loop measurement, the permittivity of the film has been de-
termined as a function of the amplitude of the measuring field E4¢ to see the evolution of
the ferroelectric contribution (Fig. 2). The amplitude of this measuring field, swept from
1.25kVem™! to 125kV em ™, has been kept sufficiently small to stay at sub-switching level,
i.e. below the antiferroelectric-ferroelectric transition field®:38.

The real and the imaginary parts of the permittivity as a function of the amplitude F ¢
used for the impedance analysis are shown in Fig. 4, for an increasing amplitude of the
previously applied major field E,,,;. For a better readability, only few E,,,; value are shown,
all measured data are given in the supplementary material. For a virgin sample, i.e. before
applying any major electric field (noted E,,,; = 0kVem™) and up to Eyey ~ 500kV em ™,
the real and imaginary parts of the relative permittivity evolve only little as a function of
the major electric field. The observed rather linear increase with the measuring field is due
to the ferroelectric domain wall motion contribution!3%,

Between E,,,; = 500kVem™ and E,,,; = 700kV em™!, the permittivity at small AC
measuring fields shows a small increase, from 122 to 128 for the real part and 4.4 to 5.4 for
the imaginary part. At higher AC fields, the slope of the permittivity with the measuring
field which is higher can be attributed to an increase of the domain wall pinning/unpinning,
signature of a ferroelectric behavior. Above E,,,; = 7T00kV cm ™', the slope increase is negli-
gible indicating that the ferroelectricity has been established and is not enhanced anymore
by a higher applied electric field of the P(FE) major loop.

The dielectric non-linearity, signature of ferroelectric domain wall motions, have been al-
ready observed in antiferroelectric materials such as PZO%!5?226 and in (Pb, La)(Zr, Ti)O3".

One can note that the measuring electric field is small compared to the transition field (from

9
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Figure 4. Real (a) and imaginary (b) parts of the relative permittivity and phase of the third-
harmonic contribution to the polarization (c), as a function of the measuring field amplitude
obtained after each P(E) cycle with successively increasing electric field amplitudes E,q;. The

dots are the experimental results and the solid lines correspond to the hyperbolic fits (7).

AFE to FE phase) and the current associated to those transition does not contribute to the
permittivity. In addition, only ferroelectric domain walls contribute to this increase of rel-
ative permittivity, since antiferroelectric domain wall motion cannot move under the action

of an homogeneous electric field”.

The third-harmonic phase angle is reported in Fig. 4c¢ as a function of the AC measuring

electric field for different values of the previously applied major field E,,,;. In the case of a

10
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Table I. Numerical values of the coefficients extracted with the hyperbolic law from the curves

presented in Fig. 4.

Real part Imaginary part
Eigj Lattice €]_, Vibration  Pinning/Unpinning  Lattice €!/_, Vibration  Pinning/Unpinning

Er—rev a; (cmkV™h) Er—rev oy (emkV1)
0kVem™! 120.3+0.1 1.8+0.1 0.0327 £ 0.0008 3.89 £0.06 0.47 £0.07 0.0121 £ 0.0004
500kVem™!  121.940.1 0.8+0.1 0.032 £ 0.001 4.18 £ 0.06 0.21 £0.08 0.0130 £ 0.0007
550kVem™!  122.6 0.1 0.9+0.2 0.047 £ 0.002 41+0.1 0.4+0.1 0.022 £ 0.001
575kVem™!  123.140.1 1.0£0.2 0.063 £ 0.002 4.0£0.1 0.5£0.2 0.031 £ 0.002
600kV cm~! 123.83 +0.09 1.24+0.1 0.089 £ 0.001 3.9+0.1 0.8+0.1 0.044 £ 0.001
625kVem™!  124.840.1 1.7+£0.2 0.124 £ 0.002 4.0+0.1 0.8+0.1 0.056 £ 0.001
650kVem~!  125.6 +0.1 1.9+0.2 0.149 £ 0.002 3.99 £0.09 1.0+0.1 0.067 £ 0.001
700kVem™!  126.240.1 21+£0.1 0.168 £ 0.001 3.9+0.1 1.2+0.1 0.076 £ 0.001
750kVem™!  126.140.1 25£0.2 0.176 £ 0.002 3.9+0.1 1.3+0.1 0.078 £ 0.002

virgin sample, the phase is close to —180°, which corresponds to a non-hysteretic contribution
of the domain wall motion to the polarization, similar to what is observed for hard Fe-doped
PZT'®. 1In this case, it is mainly domain wall vibration (reversible domain wall motion)
as deep pinning centers limit the domain wall . Between F,,,; = 500kV cm™! and Erej =
600kV cm™!, the phase of the third-harmonic progressively goes to another regime. This
regime corresponds to a phase angle which increases from —135° to —45° when the measuring
field E4¢ increases from 25kVem™! to 125kV em™?, similar to what is observed for soft
Nb-doped PZT'®. This indicates a progressive change from a non-hysteretic contribution
of the domain wall motion to the polarization at low measuring fields (reversible, domain
wall vibration) to a hysteretic contribution to the polarization (irreversible, domain wall
pinning/unpinning) at high measuring fields. The change of the domain wall motion regime
also indicates a change of the pinning center depth. In the present case, the non-linearity at
E ¢ field below 25kV em ™! is too weak to allow a proper estimation of the third-harmonic
phase angle. Consequently, the expected limit of —180° at low E4¢ fields can be seen only

in the case of applied major fields E,,,; < 525kV em™!, but the nominal value seems to be

11
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approached also at higher fields. Instead of the expected phase angle of —90°, characteristic
an irreversible domain wall motion contribution, the observed limit at high F4¢ field is closed
to —45kV em~! which is attributed to a saturation-like component!™®. The saturation is
well visible from the evolution of the real part of the dielectric permittivity that shows a
deviation from the linear Raleigh increase at large F4¢ fields.

Due to this transition from reversible to irreversible contributions when F 4o changes,

the hyperbolic law3%4°

is chosen for the domain wall motion contribution to the permittivity
analysis. This model is an extension of the Rayleigh law and considers in the same expression,

both the reversible and irreversible contributions to the dielectric permittivity.

C. Hyperbolic analysis

In order to determine the different contributions to the permittivity (lattice, domain wall

38,40 :

vibration, pinning/unpinning) the hyperbolic law is used:

€ =Er_1+ \/gz—rev + (EACar)za (7)

where ¢€,_; is the lattice contribution to the permittivity, ,_,., and «, correspond respec-
tively to domain wall vibrations and domain wall pinning/unpinning (jump). The coef-
ficients are extracted using Levenberg-Marquat method, which consists of minimizing the
quadratic error. In order to determine the parameters, data deviating from the linear region
at high fields are not taken into account (i.e. E4c > 85kV cm~! for Epe; = 0kV cm~! and
Exc > 50kVem™ for E,,; = 875kVem™!).

The ferroelectric residual phase has already been shown in the literature using Rayleigh
analysis (which consider a linear increase)'®. The hyperbolic analysis allows in addition to
obtain respectively information on the domain wall vibration contribution, an indicator of
the domain wall density**!*? and the threshold field which points out the degree of wall
pinning in the material*®. The different contributions obtained are shown Fig. 5

At low fields, the lattice contribution to polarization is constant (Fig. 5a), starts to

increase around FE,, = 200kV cm ™!

, and reaches its maximum value around E,, =
650kV cm™!. The variation of the real part €. is rather small (4%) and the imaginary
part e/ stays constant.

The real and imaginary parts of the domain wall pinning/unpinning contribution are

shown in Fig. 5b. Contrary to the lattice parameter, a large increase of the o/ and o/

12
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Figure 5. Real and imaginary parts of the different contributions to the dielectric permittivity,
as a function of the previously applied P(E) loop amplitude E,,,;: lattice (a), domain wall pin-
ning/unpinning (b) and domain wall vibration (c). The retrieved threshold field Ey, as a function

Of Emaj (d)

values can be seen between 550kV cm™! and 700kV ecm™!, which are multiplied by a factor
of 5.4 and 6.4 respectively. This confirms that the ferroelectric behavior is enhanced when

applying a major electric field F,,,; above 500kV cm™!

and corresponds to what has been
previously seen in Fig. 4 since «, represents the slope of the permittivity rise as a function
of the measuring field. For the studied PZO sample, /. is small, 3 orders of magnitude
smaller than for ferroelectric Pb(Zrg 52 Tip.48)O3**® and of the same order of magnitude than

in Ba().go SI‘O.QOTiO34O’41

. Nevertheless, the Rayleigh parameter /. is one order of magnitude
higher than for heavily constrained Pb(Zrg 2 Tigg0)O3 thin film*® for which almost no domain
wall pinning/unpinning is visible due to a low domain density and high threshold field. In
the present case, the ferroelectric contribution is largely enhanced by the application of a

high electric field which is not the case for (Pb, La)(Zr, Ti)O3'* where the application of a
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large electric field only slightly increases the Rayleigh coefficient (2 %).
Analysis with the hyperbolic law also allows extracting the domain wall vibration contri-

bution, the real and imaginary parts, which are shown in Fig. 5c. The domain wall vibration

/
r—rev

parameter is small confirming a low ferroelectric domain wall density.

For small electric fields £),,;, the domain wall vibration parameter decreases, correspond-
ing to the diminution of the domain wall density due to the onset of the orientation of the
ferroelectric domains in the direction of the electric field and thus to domain merging by

447 After a local minimum at a major electric field around

removing of the domain walls
500kV cm ™!, the domain wall vibration contribution increases (up to a level higher than the
initial value), confirming an enlargement of the ferroelectric clusters in the antiferroelectric
matrix after application of high field E,,,; loops. One can note that the field range which
triggers the ferroelectric behavior is close to the antiferroelectric to ferroelectric transition
(Efp =628kVem™ and By = —580kV ecm™!) indicating that the residual ferroelectric has
transition field closely related to the antiferroelectric behavior of the material, as already
noticed using First Order Reversal Curve (FORC) measurements®. It seems that the resid-
ual ferroelectricity comes from some part of the material that switches to the ferroelectric
state when a sufficiently high field is applied but does not go back to the antiferroelectric

state when the field is released and hence remains in the ferroelectric state.

Using the domain wall vibration and pinning/unpinning parameters, a threshold field can

be found:?%46

E — rT—Trev 8
n = ®

which is shown as a function of the previously major electric field F,,,; in Fig. 5d and
represents the degree of wall pinning in the material®?.

For small major electric fields E,,,;, the threshold field is almost constant around
55kV ecm~!, indicating a strong pinning of the domain walls, similarly to what has been
found for heavily constrained PZT*. With increasing major electric field, the threshold field
decreases indicating a larger mobility of the domain walls. In this region, the enhancement
of the dielectric non-linearity (increase of the pinning/unpinning parameter «.) is correlated
to the facility to unpin domain walls but not to a higher domain wall density since the
domain wall vibration parameter €,_,., remains small. Above 600kV cm~!, the threshold
field is rather stable, about three times smaller than for a virgin sample. Nevertheless, it

is still one order of magnitude higher than in the ferroelectric compounds PZT** or BST*®
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indicating deep pinning centers and a low mobility of the domain wall.

The low domain wall density and their higher mobility confirm the deviation to the linear
regime, visible at lower measuring field amplitude E4¢ (Fig. 4), is due to vibration of the
wall into small ferroelectric clusters®2¢. A higher mobility, lower threshold field, corresponds
to a lower defect depth and the domain wall vibrates for a lower field once the ferroelectricity
is enhanced.

The number of cycle of the different contributions to the dielectric permittivity has been
investigated up to 100 cycles and no wake up effect of fatigue has been seen (see Supple-

mentary material).

D. Persistence of the ferroelectricity

In the previous part, we show that a residual ferroelectric phase appears in some region
of the thin film, not switching back to the antiferroelectric state after the release of the
electric field while doing P(E) loops. In order to verify if this residual ferroelectricity is
persistent or metastable, thermal treatment and impedance measurement as a function of
the measuring field amplitude, coupled with hyperbolic analysis, have been done. The 4

steps measurement protocol has been carried out:

1. Impedance measurement at the ambient temperature on a fresh sample (indicating

(F) in Fig. 6)

2. Application of a high electric field major loop P(E) in order to establish the residual

ferroelectric phase and consecutive impedance measurements (indicated (M) in Fig. 6)

3. Exposition of the thin film to a heat treatment during 20 min at 150 °C and consecutive

impedance measurements (indicated (T) in Fig. 6) at ambient temperature

4. Application again of the high electric field major loop P(E) and consecutive impedance

measurement (indicated (TM) in Fig. 6)

Likewise in the first part of our study, the application of a high electric field consists to a
P(E) loop with a major electric field amplitude of 875kV cm ™.
The real and imaginary parts of the permittivity as a function of the measuring electric

field amplitude, for the described conditions, are presented in Fig. 6. Both parts have been
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Figure 6. Real (a) and imaginary (b) parts of the relative permittivity and third harmonics phase
angle (c), as a function of the measuring field amplitude, for conditions of cycling and thermal

treatment.

fitted using the hyperbolic law (7) and the obtained parameter values are summarized in
Table II. In the case of the fresh sample (step 1, curve (F) in Fig. 6), the real and imaginary
parts of the permittivity show a small rise with the increasing measuring field due to a
very weak ferroelectric contribution, as already seen previously. After exposition to a large
electric field (step 2, curve (M) in Fig. 6), the increase of the permittivity is larger due to
the field-induced ferroelectricity, visible by the higher values of €/, and /. Those both

conditions are consistent with the measurement described in the parts II1 C.
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Table II. Numerical values of the extracted coefficients using the hyperbolic laws of curves presented

Fig. 6.
Conditions
Fresh no thermal Major loop no  Thermal treatment Major loop after
Contribution
treatment thermal treatment  after major loop  thermal treatment
Curve (F) Curve (M) Curve (T) Curve (TM)
e, 112.34 + 0.06 113.85 £ 0.06 108.4 £ 0.1 110.95 £ 0.06
Real part Ehrew 0.68 £ 0.07 1.11 £0.09 0.4+0.1 0.77 £ 0.09
al (emkvV—1) 0.022 4 0.001 0.103 £+ 0.001 0.024 £ 0.001 0.067 & 0.001
el 3.19+0.04 2.84 +0.08 2.95 4+ 0.06 2.94 +0.08
Imaginary part el ren 0.16 +0.05 0.5+0.1 0.09 + 0.08 04+0.1
o (cmkv—1) 0.008 £+ 0.001 0.038 + 0.001 0.005 % 0.001 0.027 +0.001
me, 0.028 £ 0.001 0.025 = 0.001 0.027 £ 0.001 0.027 4+ 0.001
Dissipation factors Me, oo 0.23 £0.08 0.4+0.1 0.2+£0.3 0.5+£0.1
M, 0.34 +0.02 0.37£0.01 0.20 £0.03 0.40 £ 0.02
Threshold field  Ey, (kVem™!) 3142 11+1 19+4 12+1

After exposition of the film to a thermal treatment (step 3, curve (T) in Fig. 6), the
increase of the permittivity with the AC measuring field becomes very small, similar to the
case of the fresh sample, indicating that the domain wall pinning/unpinning contribution to
the permittivity is weak. The slope of the real part, corresponding to the pinning/unpinning
parameter o, is equal for the F and T curves which means that the residual ferroelectric
contribution (induced in step 2) has been removed with the exposition of the sample to

a thermal treatment. The ferroelectric domain wall density (indicated by the parameter

/
r—rev

/

rew value is equal to 0.4 and

€ ) is smaller compared to the fresh sample since the e
0.68 respectively. This might be due to a migration of defects during the thermal treatment,
which improve the antiferroelectric phase. After the thermal treatment, a lower value of
the threshold field is observed (19kV cm™ compared to 31kVem™.), which is consistent
with the lower domain wall density associated to a similar value of the domain wall pin-

ning/unpinning coefficient /.. The ferroelectric domain walls hence seem to be in shallow
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pinning centers and have a higher domain wall mobility. The dissipation factor m,, for the
pinning/unpinning contribution is then lower than for the fresh sample due to the shallow
pinning center and the lower interaction between domain walls, which is consistent with the
lower domain wall density.

Finally, when exposing the thin film once more to a high electric field (step 4, curve (TM)
in Fig. 6), the increase of the permittivity with the measuring field is again well visible,
but the ferroelectric activity is smaller than for the first exposition of the fresh sample
to a large electric field, represented by a lower Rayleigh coefficient (o). = 0.067 cmkV !

vs 0.103cm kV~'). This lower ferroelectric activity is due to the lower domain wall density

/
r—rev

since, after the thermal treatment and then the exposition to an electric field, the e value
is approximately two times lower than before (0.77 vs 1.11) whereas the threshold field is
similar (12kVem™ vs 11kV em™!) indicating that the pinning centers are not deeper after
applying a large electric field.

The third-harmonic phase angle d3 has been determined for each step of the measurement
protocol and is shown in Fig. 6¢. The evolution with the measuring field amplitude EAC
is similar in the case of the fresh thin film and after the thermal treatment (curve (F)
and (T), respectively). The phase angle is very close to —180° for all measuring fields,
indicating deep pinning of the domain walls and thus limiting the irreversible contribution
(pinning/unpinning). After exposition of the thin film to the major P(E) loop, reversible
domain wall motion at low measuring fields still occurs but irreversible domain wall motion
becomes more important at high fields as indicated by a phase angle 3 which increases up
to 45°. The behavior of the third-harmonic phase angle is similar for step 2 and 4 which
means that the field-induced ferroelectricity appears again after the application of a large
electric field.

The measurement described in this part indicates that the field induced ferroelectricity
is metastable. Ferroelectricity disappears after the exposition of the sample to a thermal
treatment but can be partially restored by the application of a large electric field which
has been also noticed for lanthanum-doped lead zirconate titanate stannate®. The major
difference in our work is that the antiferroelectric behavior is mostly restored when the field
is removed in our work since the double hysteresis loop is well visible even for a sample
already exposed to a high electric contrary to the typical ferroelectric P(FE) loop obtained

ref. 8. The return to the antiferroelectric phase is consistent with the theoretical predictions
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l20

of Aramberri et al®” as we observe that the ferroelectric phase is slightly less stable than the

antiferroelectric state. Nevertheless, it needs some energy since the free energy difference

149

between the two phases is small*’, provided by the thermal treatment, to allow reestablishing

the antiferroelectric phase.

IV. CONCLUSION

In this paper, the evolution of the ferroelectric response in antiferroelectric PZO thin
films has been studied using hyperbolic law and third-harmonic phase angle analysis. At

low major electric fields E,,,;, a large threshold field, indicating deep pinning centers and a

/
r—rev

small vibrating parameter are observed in the studied thin film. After the application
of a major electric field F,,, > 500kV cm~! in order to measure the polarization versus
electric field loop P(F) an enhancement of the ferroelectricity can be deduced from two
observations: (i) the more important domain density, visible from the higher value of the
domain wall vibration parameter ¢, (which is almost doubled, see Fig. 5c), and (ii)
the smaller threshold field E;,, which is divided by more than 3 after the application of
the high field E,,,; (see Fig. 5d), indicating a higher mobility of domain walls. The third-
harmonic phase angle analysis reveals that the domain wall are deeply pinned before the
field exposition and the pinning degree is lower once a large field has been applied, which is
consistent with a higher ferroelectric activity.

The transition occurs when the maximum applied electric field is close to the antiferroelec-
tric to ferroelectric transition field (E4r). As expected, this indicates that the polarization
tends to be oriented when the electric field exceeds F4r. When the electric field goes back
to 0, some clusters still exhibit a ferroelectric response that is more important compared to
the virgin sample and the ferroelectric to antiferroelectric phase transition is not complete.

The observed residual ferroelectricity, however, is not stable as the field induced ferro-
electric response disappears once the film has been exposed to thermal treatment. Finally,
it can be enhanced again by applying a large electric field, indicating the metastable char-
acter of the field-induced ferroelectric response in the antiferroelectric PZO thin film. The
different contributions to the complex permittivity and hence the domain wall dynamic can

be particularly well studied by using impedance measurements with hyperbolic law analysis,

also providing information on the pinning center depth of the thin film.
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tion for all previous major electric field and the effect of the number of cycle on the different
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