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The most characteristic functional property of antiferroelectric materials is the possibility to induce a phase
transition from a nonpolar to a polar phase by an electric field. Here, we investigate the effect of this field-
induced phase transition on the birefringence change of PbZr 95TigsO3. We use a transparent polycrystalline
PbZr(.95Tig 0503 film grown on PbTiO; /Hf O, /Si0, with interdigitated electrodes to directly investigate changes
in birefringence in a simple transmission geometry. In spite of the polycrystalline nature of the film and
its moderate thickness, the field-induced transition produces a sizable effect observable under a polarized
microscope. The film in its polar phase is found to behave like a homogeneous birefringent medium. The time
evolution of this field-induced birefringence provides information about irreversibilities in the antiferroelectric
switching process and its slow dynamics. The change in birefringence has two main contributions: One that
responds briskly and a slower one that rises and saturates over a period of as long as 30 min. Possible origins for

this long saturation and relaxation times are discussed.

DOI: 10.1103/PhysRevMaterials.6.L.091403

Antiferroelectric (AFE) materials are related to the family
of vastly used piezoelectric and ferroelectric (FE) materials.
The concept of antiferroelectricity was first postulated by Kit-
tel in 1951 and then experimentally demonstrated in PbZrO;
(PZO) by Shirane et al. [1,2]. AFE materials are often de-
scribed as being composed of two sublattices of dipoles with
opposite directions, leading to a zero macroscopic polariza-
tion [3]. A sufficiently large electric field above a critical value
(Eare—re) can force a phase transition to a polar phase. This
field-induced transition is the main defining feature of AFE;
it gives rise to their characteristic double hysteresis loop. For
the last decade, a large portion of research has been dedicated
to exploring this remarkable nature of AFEs for their poten-
tial applications in capacitors, actuators, and cooling devices
[4-9].

In its bulk room-temperature phase, the archetypal AFE
PZO is orthorhombic Pbam. It undergoes a transition to a
cubic Pm3m phase at 230°C [3]. The structure of its field-
induced polar phase has been under controversy. A number
of phases have been proposed, yet a rhombohedral phase
with space group R3c seems to be the most commonly ac-
cepted one [10—12]. Both the nonpolar orthorhombic phase
and the polar rhombohedral phase of PZO are birefringent;
more precisely, optically biaxial and uniaxial, respectively.
It is therefore natural to expect a change in birefringence
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at the phase transition, both in the orientation of the optical
axes and the magnitude of birefringence. As a matter of fact,
birefringence measurements have proven to be very insightful
in general in studies of ferroic transitions, including PZO
[13]. Field-induced birefringence changes, i.e., electro-optic
effects, have been extensively studied in oxide FE materials
[14-17]. However, the birefringence change occurring along
with antiferroelectric switching has barely been reported for
oxide AFE materials. The development of transparent lead-
based AFE and advancement in thin-film growth technologies
provided electrical and optical characterization opportunities
even in pure PZO [18]. The relative lack of studies on this
subject with the exception of Refs. [18,19], prompted us
to delve into the field-induced AFE-FE phase transition via
the birefringence effect. Keeping the potential application in
transparent optoelectronic devices in mind, we utilize a trans-
parent PbZr 9sTip 0503 (PZT) film to study the birefringence
change caused by the field-induced AFE-FE phase transition
in transmission geometry. The composition with 5 % of Ti has
been selected in order to reduce the critical field.

A polycrystalline PZT film of thickness 1um was
deposited by chemical solution deposition method on a fused-
silica (SiO,) substrate, coated with 23 nm of ALD (Atomic
Layer Deposition) deposited Hf O, buffer layer. Before further
processing, HfO, film was annealed at 700 °C and crystal-
lized in the monoclinic phase [20]. To induce a preferred
orientation, a seed layer of PbTiO3; (PTO) was deposited on
the substrate prior to PZT film deposition. The preparation
of solutions for PZT and PTO followed a standard method

©2022 American Physical Society
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FIG. 1. (a) X-ray diffraction pattern of PbZry ¢5Tig0sO5 film with reference peak intensities of PbZrO; (ICSD # 73469). (b) Polarization
(P) versus electric field (E')/Current (1) versus electric field (E) loops measured at 100 Hz.

[21]. The film was fabricated by spin coating the PZT solution
on the PTO seed layer. Every deposited layer was dried for
3 min at 130°C and pyrolyzed for 3 min at 350°C. After
every four layers of depositions, the film was crystallized in
a rapid thermal annealing furnace at 700 °C for 5 min in air.
The process was repeated until the desired film thickness was
reached. Platinum interdigitated electrodes (IDEs) with a gap
of 10 um and a finger width of 5 um were patterned with
lift-off photolithography.

X-ray diffraction (XRD) patterns of the PZT films (Bruker
D8 Discover) are shown in Fig. 1(a). The pattern reveals that
the film crystallizes in the perovskite phase, without any impu-
rity phases, and with pronounced orientation along the (100)
pseudocubic direction. The (100) pseudocubic direction could
be associated with any of the two possible directions of the
orthorhombic unit cell ((120), and (002),). However, upon
closer inspection and comparing the XRD pattern with the
standard powder diffraction as shown in Fig. 1(a), we notice
that the out-of-plane orientation of the film is specifically
along the (002), direction (subscripts “pc” and “o” refer to
pseudocubic and orthorhombic indexing, respectively) [22].
To quantify the orientation of the film, a Lotgering factor was
calculated using the intensity ratios of XRD peaks given in
Ref. [23]. The Lotgering factor corresponding to (00!),, ori-
entation is approximately 0.86, indicating a strong preferred
orientation. The in-plane orientation of the film, however,
remains random.

The antiferroelectric hysteresis loop and the corresponding
current curve were measured using a TF Analyzer 2000 from
aixACCT by sending a bipolar triangular voltage ramp with a
frequency of 100 Hz. The obtained result is shown in Fig. 1(b).
The effective electric field across the IDE is derived from
the applied voltage using the relation £ = V/(a + Aa) [24].
Here, a is the gap between IDE fingers and Aa = 1.324¢,
with 7y being film thickness. From the switching loops, a
broad Earg_pg Was noted with a maximum transition field of
~205kV /cm, and the back transition to the nonpolar AFE
phase ("back switching”) occurs at 94 kV/cm (Egg_arpg)- As
discussed in Ref. [25] the broad current peak results from the
distribution of orientations in the plane of the film.

For the birefringence measurement, a polarizing opti-
cal microscope was used (Leica DM2700M). Figure 2(a)

demonstrates a schematic of a general arrangement of the
experimental setup used for field-induced birefringence mea-
surements. The light intensity transmitted through the sample
was recorded at a rate of 100 frames per second and analyzed
using the image processing software ImageJ [26]. An area of
250 x 250 um? was integrated in order to get an average total
intensity.

For a birefringent single crystal, the intensity transmitted
through crossed polarizers [27] is given by

I = I,sin*(2¢) sin*(§/2),
6 =Q2n/A) Anxt,

ey

where 1, is the incident light intensity, ¢ the angle between the
polarizer and the axes of the optical indicatrix of the crystal
in the plane of the microscope stage, § the phase retardation,
A the wavelength of the light, An the crystal’s birefringence,
and ¢ is the thickness of the crystal. When the polarization of
the light passing through the crystal is parallel with either the
polarizer’s or the analyzer’s axis, the crystal becomes dark.
This is known as a position of extinction and is often used as
a reference point. The maximum brightness is observed when
the optical axis of the crystal is at an angle of 45° with respect
to both polarizer and analyzer. For our polycrystalline film
with random in-plane orientation, the total intensity collected
is the sum of the intensities from individual grains. The grain
orientations are random in the plane, but each grain is bire-
fringent, so that a pristine film always transmits some light
intensity. We therefore analyzed the transmitted intensity with
the following formula:

I = Igackground + 1, sin*(2¢) sin®(8/2). 2)

In addition to the parameters above, here, Ipackground 1S the
intensity measured outside the electrode region, and the angle
@ is defined as the angle between the fingers of the IDE
and the analyzer’s axis [Fig. 2(a)]. We took 550 nm as the
peak wavelength of our white light. An becomes an effective
birefringence that is a result of an orientational average.
Figure 2(b) displays images of PZT film under the polariz-
ing microscope at ¢ = 45°, with and without field. A strong
contrast between the electric field-OFF state and the electric
field-ON state is visible to the naked eye. To confirm that the
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FIG. 2. (a) Schematic representation of birefringence measurement on PZT film under a polarizing microscope (top view). (b) Photographs
of PZT film under the polarizing microscope in field-OFF and field-ON (205 kV/cm) states. (c) Electric-field dependence of birefringence.
Here, A, P, and E represent the light transmission axes of the analyzer, polarizer, and DC electric field, respectively.

observed birefringence is indeed linked to the phase transi-
tion, we performed this measurement with increasing values
of the electric field. The results are displayed in Fig. 2(c).
Small fields only caused a negligible response. The first
prominent response is seen at 185 kV/cm, which is much
closer to the Eopg—_pg phase transition field (205 kV/cm). The
birefringence clearly increases with the field strength until
210 kV/cm. The field could not be increased beyond this
value due to the electrical breakdown of the electrodes. The
small response at the lower fields is probably because some of
the crystallites start switching at lower fields as evident from
the broad Eapg—_rg peak in the I(E) loop shown in Fig. 1(b).
However, the response is prominent only when the field is in
the vicinity of or above the critical field. From the results
discussed above, it is clear that the observed birefringence
effect is indeed caused by the AFE-FE phase transition. The
change in birefringence can therefore be seen as an effective
electro-optic effect that sums up two main contributions: A
change in intrinsic birefringence due to the change in crystal
structure, but also a linear electro-optic effect that is forbidden
in the AFE phase and becomes symmetry allowed in the polar
phase.

In order to better analyze the birefringence caused by
field-induced AFE-FE phase transition, we first measured
the transmitted light intensity as a function of the angle ¢
with and without field [Fig. 3(a)]. For a pristine sample,
the light intensity is constant and independent of the sam-
ple orientation. This behavior can be easily related to the
polycrystalline nature of the film. The PZT film is highly
oriented along the [001], || [002], direction but otherwise
isotropic in plane. Orthorhombic PZO has principal refractive
indices (n, < n. < ny) along the directions of the crystallo-
graphic axes a, b, c [28]. So, with light propagating along the
[002], direction under a polarizing microscope, the relevant

birefringence for a single grain is (n, — n,) [29]. By averaging
over all possible grain orientations in the plane of the film, one
obtains an optically isotropic behavior whereby some light
intensity is transmitted in a way that is independent of the
angle ¢.

When the electric field corresponding to the AFE-FE phase
transition (205 kV/cm) is applied, the transmitted intensity
follows a characteristic sine-squared-shape dependence that
is consistent with Eq. (2) and the behavior of a homogeneous
birefringent medium. This also is the result of an average over
different possible orientations of crystallites in the observed
area: If we assume that the field-induced polar phase has a
rhombohedral structure and that all grains are switched into
the polar phase, then their optical axis lies along the [111] ||
[042], direction that is closest to the field direction, which
results in a net transmitted intensity. Remarkably, after the
field is switched off, the light intensity no longer behaves like
a pristine sample but still shows a significant magnitude and
¢ dependence. This points to an irreversible process upon the
first application of the field. In Fig. 3(b), measurements are
shown at two fixed positions (¢ = 0°and 45°) as a function
of time while switching the DC field ON and OFF in 10-s
steps. For ¢ = 45° the intensity rises rapidly as soon as the
field is turned on. The effect has a much smaller magnitude
for the ¢ = 0° position. In these conditions, the change in
birefringence appears reproducible from one step to another
after the initial switching.

Figure 3(b) also shows that the birefringence during the
field-ON duration is not constant over time but increases
slowly for ¢ = 45°, with a trend towards saturation. To better
understand it, we carried out time-dependent birefringence
measurements for various time intervals between field-ON
and field-OFF states as exhibited in Fig. 4. We note three
important observations in these measurements: (i) an increase
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FIG. 3. (a) Azimuthal angular (¢) dependence of transmitted intensity for AFE phase (pristine), FE phase (field ON@205 kV /cm), and
remnant (field OFF). (b) Field-induced (205 kV/cm) birefringence measurement at ¢ = 0° and at ¢ = 45°. The time interval between each
ON and OFF is 10 s. The inset shows schematics of the top view of the sample positions for ¢ = 45° and ¢ = 0°.

in birefringence that occurs in two steps when the field is
switched on, with a first swift jump followed by a much slower
increase; (ii) the presence of a remnant birefringence i.e.,
an irreversible contribution that remains even after the field
is switched off; and (iii) a significant undershoot upon back
switching when the field is switched off, followed by a slow
relaxation.

Switching of PZT-based antiferroelectric thin films under a
DC electric field is reported to occur on a timescale of 610 ns,
both forward (AFE-FE) and backward (FE-AFE) [30,31], i.e.,
it is instantaneous at the level of our measurement tech-
nique. The fast-responding component of the birefringence
can therefore be associated with AFE-FE phase transition. The

origin of the slow increase in birefringence could be linked
to the growth and movement of newly formed domains and
domain walls, respectively, in the polar phase under the DC
electric field for a longer duration. This can be understood
under the assumption that the polar phase is rhombohedral.
The transition of the nonpolar orthorhombic to the polar rhom-
bohedral phase comes with the formation of many domain
walls (DWs) because of the absence of a group-subgroup
relation. In the rhombohedral phase, we would have 180°,
71°, and 109° DWs. Under the applied field, the ferroelectric
domains are expected to grow until saturation. This argument
is verified from frequency-dependent P(E)/I(E) hysteresis
loop measurements where the saturation polarization (FPy) is
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FIG. 4. Time-dependent birefringence measurement at ¢ = 45° for
(a) 10 s, (b) 60 s, (c) 10 min, (d) 30 min.
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various intervals between field-ON (205 kV /cm) and field-OFF states:
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FIG. 5. P(E)/I(E) hysteresis loops measured before (on a pris-
tine film) and after the birefringent measurements. The inset shows a
magnified view of the coercive field region.

seen to increase with a decrease in frequency (higher measure-
ment time) without affecting the critical fields as displayed in
Supplemental Material Fig. S1 [32]. The rate at which these
DWs move could be affected by the presence of defects and
dislocations through the pinning of DWs [33]. Moreover, with
71° and 109° DWs being ferroelastic in nature, the growth is
accompanied by local stresses and strains causing a delay in
the saturation.

The existence of a remnant birefringence points to an
irreversible process, primarily, the irreversible FE domain for-
mation due to the application of the high field. Figure 5 shows
P(E)/I(E) hysteresis loops measured before and after the
birefringence measurements. The decrease in the saturation
polarization and the critical fields point toward the FE domain
stabilization. This is further validated by bipolar fatigue mea-
surements shown in Fig. S2, where the effect is much more
severe [32]. From the evolution of P(E)/I(E) hysteresis loops
during the electric fatigue measurement, it is noticed that the
P; and critical fields decrease while the remnant polarization
(P,) increases with an increase in the number of cycles. The
double hysteresis loop nearly becomes a single loop after 10°
cycles, suggesting the stabilization of the FE domains upon
bipolar field cycling [34]. Another potential source of remnant
birefringence is the small but finite polarization value ob-
served at zero electric fields in the P(E) hysteresis loop. The
nonzero polarization in the present PZT film could originate
either from the presence of intrinsic weak ferroelectricity in
PZ0O-based antiferroelectric films or the additional polar PTO
seed layer in spite of its small thickness (13 nm) compared
to the PZT film [35,36]. The presence of the FE domain in
AFE PZO is not unprecedented [37]. Besides, recent first-
principle calculations suggest that the ground state of PZO is
polar and ferrielectric rather the commonly accepted nonpolar
antiferroelectric structure [38]. Thus, one cannot rule out the
possibility that the finite remnant polarization observed at
zero electric field in Fig. 1(b) is due to the presence of this
ferrielectric phase.

Finally, the reason for the undershoot at the back switch-
ing and the slow relaxation that follows is not clear at this

stage. Hypotheses can be made based on the presence of
a space charge effect, mobile charged defects like oxygen
vacancies or defect dipoles that are known to form during
the high-temperature annealing of PZT film [39,40]. If we
consider mobile charged defects, the application of a strong
electric field for a long period could create a space charge
effect, for example by migrating the charged defects near the
grain boundaries, causing an internal bias field in the film.
These defects could then redistribute themselves after the field
is switched off. Similarly, if we consider polar defects, the
application of a strong electric field for a long period could
align defect dipoles with the field that then do not switch back
when the field is switched off but provides a restoring force
towards a stable state that is partially polarized. The relaxation
time in both cases may vary from tens of minutes to days
[41-43]. A thorough analysis of the observed relaxation is
beyond the scope of this Letter, but we note that a similarly
slow and isothermal transformation has been recently reported
in a Nb-doped PZO crystal [44].

In summary, we studied the birefringence effect caused by
field-induced AFE-FE phase transition in a transparent stack
of antiferroelectric PbZr( 95Tig 0503 /PbTiO3/HfO,/Si0,
thin film. We demonstrated that the observed birefringence
is specifically induced by an AFE-FE phase transition. The
azimuthal angle (¢) dependence of birefringence revealed
that despite the polycrystalline nature, the PZT film in
its field-induced polar phase behaves as a homogeneous
birefringent medium. The time dependence of birefringence
was probed for various intervals between field ON and
field OFF. It was found that there are three components
in the observed birefringence effect: (i) a fast-responding
component associated with AFE-FE phase transition, (ii)
a slow responding component due to ferroelectric and
ferroelastic domains/domain walls growth/motion in the
polar phase, and (iii) a remnant birefringence owing to the
finite remnant polarization in the film and field-induced
permanent FE domains. More generally, this work shows that
this relatively simple protocol for birefringence measurements
can be used as a sensitive probe for field-induced transitions
in antiferroelectric thin films.

The data that supports the findings of this study are
available from the corresponding authors upon reasonable
request.
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