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In-situ experiment

Piezoelectric properties of randomly oriented self-polarized PbZrg 50Tip 5003 (PZT) thin films were investigated
using in situ synchrotron X-ray diffraction. Possibilities for investigating the piezoelectric effect using micro-
sized hard X-ray beams are demonstrated and perspectives for future dynamical measurements on PZT samples
with variety of compositions and thicknesses are given. Studies performed on the crystalline [100, 110] directions
evidenced piezoelectric anisotropy. The piezoelectric coefficient d3; was calculated in terms of the lab reference
frame (dperp) and found to be two times larger along the [100] direction than along the [110] direction. The ab-
solute values for the dper, amount to 120 and 230 pm/V being in good agreement with experimental and theo-
retical values found in literature for bulk PZT ceramics.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Lead zirconate titanate, Pb(Zr; _ 4Tix)O3 (PZT), is probably one of the
most studied ferroelectric materials in the past years due to its excellent
piezoelectric and dielectric properties [1]. The main studies on the PZT
system were performed at compositions around the morphotropic
phase boundary (MPB), at compositions of x =~ 0.48, where dielectric
and piezoelectric properties show their maximum values. In thin film
form, the potentials of PZT have been demonstrated for applications as
capacitors 2], micromechanical devices [3], nonvolatile ferroelectric
memories [4], and others.

The PZT system has been systematically investigated for several
years to understand the high piezoelectric response at compositions
around the MPB. The discovery of a stable ferroelectric monoclinic
phase (space group Cm) in the PZT system close to the MPB [5,6] has
provided a new perspective to explain some results attributed before
to the coexistence of tetragonal (P4mm) and rhombohedral (R3m)
phases [7,8]. Later, first-principles calculations and experimental find-
ings were consistent with the monoclinic phase as an intermediate
phase in a narrow region of composition between tetragonal and rhom-
bohedral phases in the PZT system [8]. Although the high piezoelectric
response could be explained in terms of a rotation of the polarization
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from [001] to [111] directions in cubic indexes in the PZT [8], it is not
yet clear if a monoclinic unit cell is a necessary condition for large piezo-
electric responses or if the rotation of the polarization model really de-
scribes the origin of the higher piezoelectric responses in PZT and
similar systems with MPB regions [9]. Despite the many uncertainties
and controversies on this subject, it is unquestionable that our under-
standing of the piezoelectric response in perovskites has improved con-
siderably in the last decade.

Although most of the studies in the past were on bulk ceramics, re-
cent studies on PZT and other ferroelectric thin films have shown that
the relaxation of a residual strain in films is accompanied by systematic
changes in polarization properties [10]. Sometimes, these changes
manifest as a self-polarization in thin films attributed to mechanical
coupling between the ferroelectric film and a rigid substrate [11], to
compressive/tensile stresses [12] or to Schottky barriers located at the
bottom film-electrode interface [13,14]. These studies demonstrate an
intrinsic dependence on sample size in ferroelectrics and have motivat-
ed studies on ferroelectric thin films.

Different techniques are widely used to measure the piezoelectric
coefficients of bulk ferroelectrics. However, for thin films the absolute
displacement of the surface is extremely small in comparison to bulk
materials being often out of the resolution limit of displacement probes.
Therefore, methods with high strain sensitivity are desirable to obtain
precise values of the piezoelectric coefficients for thin films. In this con-
text, the normal load method and interferometric measurements of
electric field-induced displacements have been often used to measure
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the effective piezoelectric coefficient in bulk ferroelectric and thin films
[15,16]. In addition, strain and piezoelectric properties of ferroelectric
thin films can be measured quantitatively using time-resolved in situ
synchrotron X-ray diffraction (XRD) with the appropriate spatial reso-
lution and the sample under an applied electric field [17-20]. In situ
high-resolution XRD has been performed to study the switching behav-
ior of 90° domains in epitaxial tetragonal PZT thin films under applied
bias voltage [21-24], as well as to investigate the electromechanical
properties and the origin of the polarization fatigue in highly (111)
and (001) oriented tetragonal PZT thin films [25,26].

Recently, we observed a self-polarization effect [27,28] on polycrys-
talline randomly oriented PZT thin films prepared by a modified Pechini
polymeric method [29]. Although structural, electrical and local piezo-
electric properties of these films were investigated to infer about the or-
igin of this self-polarization effect [30], the piezoelectric anisotropy in
this film was not yet investigated by in situ XRD. The present work re-
ports on synchrotron microfocused X-ray diffraction experiments on
such polycrystalline PZT thin films with a Zr/Ti 50/50 concentration.
The lattice expansion/contraction was monitored in-situ as a function
of an applied electric field revealing “butterfly loops” [10] which are
clear indications for the piezoelectric hysteresis. In addition, studies as
a function of the crystalline orientation demonstrated piezoelectric an-
isotropy within the thin film showing piezoelectric coefficients which
are two times larger along the [100] direction than along the [110] di-
rection. The absolute values of the dyer, amount to 120 and 230 pm/V
for (100) and (110) oriented grains being in good agreement with ex-
perimental and theoretical values found in literature for bulk PZT.

2. Experimental

PZT thin films with a nominal composition Pb(Zrg 50Tig.50)03 were
deposited by spin coating on the Pt/TiO,/SiO,/Si substrates using a poly-
meric precursor route based on the Pechini method [18]. As starting ma-
terial, this method used PZT powder previously prepared by the
conventional solid-state reaction as described in the literature [19].
For preparation of PZT powder, appropriate amounts of reagent-grade
PbO (Aldrich, 99.9%), ZrO, (Aldrich, 99.9%) and TiO, (Aldrich, 99.99%)
were mixed at Zr/Ti = 50/50 ratio by ball milling for 4 h. The mixed
powder was calcined at 850 °C for 3.5 h in an electric furnace to obtain
the PbZrg 50Tig.5003 powder. Next, to prepare the polymeric resin PZT
powder was dissolved in nitric acid solution (30% of HNO5 and 70% of
distillate water) during 1 h at 80 °C to obtain the metallic Pb?*, Zr*™,
and Ti* ™" ions in solution. To compensate the lead loss during the film
synthesis and to stabilize the growth of the perovskite phase, 10 mol%
of lead oxide was added in excess during the powder dissolution.
After completing the dissolution, citric acid (CA) was added to the
metal solution followed by stirring and heating at 90 °C for 1 h to
form a citrate solution. Finally, ethylene glycol was added to the citrate
solution and stirred while heating at around 110 °C until a clear polymer
was obtained. The obtained polymeric resin was deposited on the sub-
strates by spin coating at 5000 rpm for 30 s. To remove organics, the
polymer film was submitted to a pyrolysis at 300 °C for 30 min. To in-
crease the film thickness, another resin deposition and pyrolysis steps
were performed. When the desired thickness was reached, the final
film was obtained after a crystallization at 700 °C for 1 h. The obtained
film was 710 nm in thickness and showed no preferential orientation
of the grains. The film thickness was measured by scanning electron mi-
croscopy (SEM). For electrical measurements, several gold electrodes
(0.3 mm in diameter) were deposited by dc sputtering over an area of
1 x 1 cm? on the films through a mask to form capacitors. To apply an
electric field, one of the gold electrodes was contacted using a thin
wire with 150 pm in diameter, as shown in the optical image presented
as inset in Fig. 1(a). The DC voltage was applied using a Synchroneous
Analog Output (SAO) card (model PXI 3 U from ADLINK), allowing to
generate a bipolar tension in the +10 V range (5 mA maximum
current).
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Fig.1.a) 6/26 scan (A = 1.2398 A) in a large angular range covering Bragg reflections from
all material components of the sample: PZT thin film deposited on the Pt(111)/Ti0,/SiO,/
Si substrate. The inset shows an optical microscopy image of the sample including the
electrical connection via a thin wire. Scanning X-ray diffraction maps recorded b) at the
Pt 111 and c) at the Au 111 Bragg peaks.

In-situ X-ray diffraction (XRD) studies were performed at the DiffAbs
beamline of SOLEIL Synchrotron (France) which is equipped with a 6
circle diffractometer (kappa geometry). The incident 10 keV X-ray
beam was focused down to a spot size of 8 um x 5 pm (full width half
maximum, FWHM) in horizontal and vertical direction, respectively,
using bent mirrors in Kirkpatrick-Baez (KB) geometry. This
micrometric focal spot ensured that the footprint of the X-ray beam
on the sample surface was always significantly smaller than the size of
the top electrodes even at low incident angles of ~8° (footprint
~60 um x 5 um during the XRD measurements reported here). This con-
figuration guarantees experiments in the central part of the electrodes
where a homogeneous electric filed is expected and edge effects
are avoided. The in situ diffraction measurements were performed in co-
planar geometry with the sample mounted horizontally on a xyz
translation-stage for precise lateral sample positioning. The diffracted
intensity was monitored using a two-dimensional pixelated area detec-
tor (XPAD) with 560 x 960 pixels and a pixel size of 130 um [31]. It was
installed at a distance of 650 mm from the sample covering a 6° range in
angular 26 direction in a single image.

3. Results and discussion

A 0/20 diffractogram of the sample is presented in Fig. 1(a) revealing
Bragg peaks of the PZT thin film, the Pt bottom electrode and the Si sub-
strate. The Si 004 reflection served for alignment and as a reference for
indexation purposes of the other Bragg peaks. The shoulder towards
lower diffraction angles at the Pt 111 Bragg peak (highlighted by an
arrow) originates from the gold electrodes deposited on top of the film.

In order to image the different sample regions and, in particular, to
locate the contacted electrode, the sample was mapped over a range
of 4 x 4 mm? in steps of 100 um using two different diffraction Bragg
peaks as contrast signal for the maps. Fig. 1(b) and (c) displays scanning
X-ray diffraction maps (SXDM) recorded using the Pt 111 and Au 111
Bragg peaks as contrast signal. While the position of the gold electrodes
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appear as less intense areas for the map at the Pt 111 Bragg reflection
because of the absorption of the X-ray beam, they appear bright in the
Au 111 SXDM. The extended shadow corresponds to the thin wire
used for electrically contacting one of the Au electrodes which is located
at the upper edge of the SXDMs. The extension of the shadow of the
wire originates from the fact that the wire may block either the incident
X-ray beam or the diffracted one during the raster mapping. After locat-
ing the electrically contacted Au electrode, the sample was laterally po-
sitioned in the X-ray beam in order to illuminate a region close to the
contacting wire; then an electrical field was applied, and the diffraction
intensity at the chosen PZT 110 and 100 Bragg peaks (cubic indexation)
was recorded in-situ. Typical detector images after averaging 10 diffrac-
tion patterns which were recorded with an exposure time of 20 s each
are shown in Fig. 2(a), for different applied potentials. All diffraction
patterns show a segment of the Debye-Scherrer ring revealing a poly-
crystalline nature of the PZT thin film. With increasing electric field,
the diffraction signal moves by few pixels on the detector, the maxi-
mum diffraction intensity decreases, and the width of the diffraction
peak increases. For further data analysis, the XPAD images recorded
for one applied electric field were averaged. Before image analysis geo-
metrical corrections were applied on the curved signal stemming from
the powder ring transforming the pixel coordinates of the detector
into angular one (two theta and azimuth). The 26 Bragg peak profile is
extracted following an azimuthal regrouping of the data (pixels corre-
sponding to the same 26 value). Two such line profiles for an applied po-
tential of 0 +- 0.1V and 9 £ 0.1 V are shown in Fig. 2(b) respectively. On
the one hand, the width of these line profiles allows for determining the
average size of the grains constituting the film. The mean grain size
amounts is about 20 nm which is in good agreement with TEM studies
(not shown here). On the other hand, these line profiles verify the
shift of the Bragg peak as a function of the applied voltage as well as
the slight decrease at maximum intensity. In order to extract the posi-
tion and the full width at half maximum of the Bragg peak, the line pro-
files were fitted by a Gaussian. While 1 pixel on the detector
corresponds to an angular opening of 0.011°, the aforementioned fitting
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process allows for measuring sub-pixel shifts rendering an estimated
strain resolution of the order of 10™%.

Fig. 2(c) presents the 26 value of the fitted center position of the PZT
110 Bragg peak for U =0V and U = 9 V as a function of time. The
exposure time for each diffraction pattern (i.e. detector image) was
20 s. As soon as a voltage of 9 V is applied on the film (t = 0 s), the
20-position of the Bragg peak shifts towards lower values by 0.02° im-
plying that strain is induced by the applied electric field. After 600 s,
the voltage was switched back to the initial value of U = 0 V. While
maintaining the electric field, the Bragg peak continuously moves to
lower angles with time, indicating a lattice expansion. This lattice ex-
pansion may originate from the Joule effect heating up the sample.
Compared to the piezoelectric strain induced by the electric field, the
thermal lattice expansion is a factor of 5 less over a time period of
10 min. The studied sample contains Au and Pt electrodes whose ther-
mal expansion coefficients are much higher than those for piezo ce-
ramics [36] making them ideal as a reference for detecting heating
effects. Hence, the evolution of the Pt 111 Bragg peak was studied as a
function of the applied potential (not shown here) revealing a variation
of ~1072 degrees in its 26-position, which is close to the resolution limit
of this experimental approach. This change in diffraction angle corre-
sponds to a thermal strain of <10~ and, thus to a temperature increase
of <10 °Cat U = 9 V. Thus, the thermal expansion by Joule heating was
neglected for the further studies.

The piezoelectric response of the PZT thin film was investigated for
two different crystalline orientations (PZT(110) and PZT(100)) by in-
creasing the applied voltage from 0 V to +9 V, then decreasing it to
—9 V and raising it back to 0 V (ie. E ranging from —140 to
+ 140 kV/cm) in steps of 0.5 V. At each step, 30 diffraction patterns
with an exposure time of 20 s each were recorded. Before increasing
the voltage to the following step, the voltage was reduced to 0 V for
200 s in order to minimize a possible heating by the Joule effect as de-
scribed before. From the change of the 26 position of the center of the
respective Bragg peak at 0 V and at the applied potential, the strain in-
duced by the piezoelectric effects was calculated. Fig. 3(a) and (b)
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Fig. 2. a) Detector images recorded of the PZT 110 Bragg peak at different applied voltages. b) Line profiles across the PZT 110 peak for 0 and 9 V. ¢) Time-dependent behavior of the 26 value

of the PZT 110 Bragg peakatU =0Vand U =9 V.
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Fig. 3. Two-theta line profiles of a) the PZT 100 and b) the PZT 110 diffraction peak for
applied voltages of 0 V (M) and at 9 V (0O). c) Piezoelectric strain as a function of the
applied electric potential for the PZT 110 and the PZT 100 Bragg reflections. The error
bars originate from the uncertainty of the fitting of the profile of the Bragg peak using a
Gaussian.

displays the 26 profiles for the PZT 110 and 100 reflections, respectively,
recorded at U = 0V and U = 9 V. Based on those findings, strain profiles
for the PZT (110) and the PZT (100) were calculated. Fig. 3(c) displays
the piezoelectric strain for the two PZT reflections as a function of the
applied voltage, revealing “butterfly loops” [32]. These loops are a
clear signature for a piezoelectric hysteresis in the thin film. The piezo-
electric effect is a factor of ~2 stronger for grains oriented with [100]
out-of-plane direction than for grains oriented with [110] out-of-plane
direction, evidencing piezoelectric anisotropy. Considering a linear volt-
age drop over the entire film thickness of 710 nm, the piezoelectric co-
efficient in the lab reference frame dperp at U = 9V for the PZT (100) and
PZT (110) yields ~230 and ~110 pm/V, respectively. These values are in
good agreement with theoretical piezoelectric coefficients found in lit-
erature for these two crystalline orientations [33,34].

Both “butterfly loops” are characterized by an asymmetric shape and
openings at U = 0 V (Fig. 3(c)). Such behavior was observed and ex-
plained for different materials including different compositions of PZT
[21,26,35,36]. The asymmetry of the loops may originate from an
uncomplete switching of the polarization domains [26] or from a self-
polarization of the film [13]. The latter may be caused by space charges
associated to Schottky barriers located at the bottom film-electrode in-
terface [37], complex defects such as lead and oxygen vacancies [37], or
by the mechanical coupling of the film and the substrate resulting in
compressive/tensile stress [11]. In the case of PZT films previous studies
demonstrated that Schottky barriers can be ruled out as the main mech-
anism for the self-polarization of PZT thin films.

For the PZT film under study in the present work, asymmetries of
the macroscopic P-E hysteresis loops and the analysis of the local
piezoresponse by piezoresponse force microscopy indicated an internal
bias electric field which is oriented towards the bottom electrode |29,
30]. This internal electric bias field (not estimated) which is a signature
of the self-polarization of the film interferes with the applied extrinsic
electric field (max + 127 kV/cm) resulting in an asymmetric effective
electric field. Due to this superposition of the two electric fields the ef-
fective electric field is higher in the direction towards the bottom

interface than towards the top surface. As a consequence, higher strains
are observed for negative voltages compared to positive voltages lead-
ing to asymmetries in the measured butterfly curves (see Fig. 3(c)).
While the effective field for negative applied voltages is sufficient to po-
larize the film in one direction, it is not clear if the magnitude of the ef-
fective electric field for positive applied voltages is large enough to
overcome the positive coercive field Ec (+40 kV/cm and — 14 kV/cm)
and thus to switch the polarization of the studied film [29]. Further ex-
periments are needed to uncover the origin of this behavior.

4. Conclusions

In conclusion, in-situ microfocused X-ray diffraction experiments on
PZT thin films were conducted as a function of the applied electric field
rendering possible both the direct measurement of the piezoelectric
strain induced by the electric field and the determination of the piezo-
electric coefficient for different crystalline orientations. Butterfly loops
demonstrate the piezoelectric hysteresis in the material while the
fact that the loops are not closed indicate the existence of a self-
polarization. The experiment further addresses the piezoelectric anisot-
ropy: the piezoelectric coefficient is about a factor two larger in the
[100] than in the [110] direction. These studies pave the way to novel
research on the origin of the self-polarization effect in thin films as a
function of their thickness and their composition. Moreover, future syn-
chronous experiments in combination with AC electric fields may allow
for dynamic measurements giving access to the reorientation of the pi-
ezoelectric domains.
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