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The change in the crystal structure after poling and under an constant electric field was investigated for Pb(Zr,Ti;,)O3 films. The preparation of

approximately 1.5 um thick (100)+/(001)+/(100)g-oriented Pb(Zr,Ti;,)O3 films with a Zr/(Zr + Ti)

ratio of 0.54-0.67 took place on

(100)cSrRuO3/(100) cLaNiOg/(111)PY/TiO/SiO,/Si substrates by pulsed metal organic chemical vapor deposition. Increasing Zr/(Zr + Ti) ratio
provides a change in the constituent phases of the films from single-phase tetragonal to a mixture of tetragonal and rhombohedral phases, and
finally, to single-phase rhombohedral. The crystal structure of all films changed after the poling process and under an electric field in various ways
according to the Zr/(Zr + Ti) ratios of the films; including lattice elongation, domain switching, and phase change. In particular, a single peak from
the rhombohedral phase is asymmetrically broadened by both the poling process and an applied electric field suggesting that a (100)-oriented
rhombohedral phase presumably changed to a (001)-oriented tetragonal phase. © 2019 The Japan Society of Applied Physics

1. Introduction

Because of their high dielectric constant and large piezo-
electricity, ferroelectrics have been investigated and are
widely used in various electronic devices.'™ In recent years,
with the development of micro-electro-mechanical system
technology, ferroelectric materials have been used for thin
film applications, such as thin film sensors and thin film
actuators.>® Among the ferroelectric materials, a solid
solution of PbTiO; and PbZrOs, Pb(Zr,Ti;., )O3 (PZT), is
the most widely used because of its large piezoelectricity for
a Zr/(Zr 4 Ti) ratio near the phase boundary between the
tetragonal phase of the PbTiOj3-rich composition and rhom-
bohedral phase of the PbZrOj3-rich composition, the so-called
morphotropic phase boundary (MPB).”~

There are many reports clarifying the origin of the large
piezoelectric response, in both bulk'®'" and film
samples,'*' especially from the viewpoint of crystal
structure. Most studies on PZT discuss the relationship
between the crystal structure of as-deposited films and the
piezoelectric responses.'>™'” Nevertheless, a poling treat-
ment was usually required to activate the piezoelectric
properties. It is well recognized that the poling treatment
often changes the crystal structure of ferroelectric materials
based on the studies of the bulk samples.lx’w) Hence, the
relationship between the piezoelectric response after poling
and the crystal structure is essential, although few studies to
clarify the relationship have been performed with film
samples. In addition, it is also important to investigate the
change in the crystal structure under an electric field because
the piezoelectric response is considered to accompany the
crystal structural change under the application of an electric
field.

Kovacova et al. reported the phase transformation from
(100)-oriented tetragonal to (100)-oriented rhombohedral
phases under an electric field for a PZT film of 1 um
thickness, consisting of a mixture of tetragonal and rhombo-
hedral phases.19) However, there was no switching from the
(100) to (001) orientation of the tetragonal phase in that
study, even though other studies have reported the presence
of this switching for pure tetragonal films.'**>*" Domain
switching to the (001)-oriented tetragonal domain is
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considered to be plausible, even from the rhombohedral
domain, because the polarization direction is parallel to the
surface normal direction, along which an electric field is
applied. This has been pointed out for some single crystals of
Pb-based relaxor ferroelectrics from both experimental and
theoretical viewpoints.”**® Therefore, it is an interesting
question whether such a domain rotation occurs after poling
and under an electric field near the MPB. However, such a
change by an electric field has been scarcely reported for
various Zr/(Zr + Ti) ratios near the phase boundary.

Herein, we investigated the change in the crystal structure
after the poling process and under an electrical field using a
microbeam X-ray diffraction (XRD) study for (100)1/(001)1/
(100)g-oriented PZT films with a thickness of 1.5 um near
the MPB composition, where (100)t, (001)t, and (100)g refer
to the (100) orientation of the tetragonal phase, (001)
orientation of the tetragonal phase, and (100) orientation of
the rhombohedral phase, respectively. The crystal structures
changed in different ways according to their compositions.
These results suggest a change from the (100)-oriented
rhombohedral phase to the (001)-oriented tetragonal phase,
as well as switching from the tetragonal (100) to (001)
orientation, not only after the poling process but also under
the application of an electric field.

2. Experimental procedure

Pb(Zr,Ti;_)O3 films with the Zr/(Zr + Ti) ratio of 0.54-0.67
were deposited at 700 °C by pulsed metal organic chemical
vapor deposition. Pb(C;1H;90,),, Zr(O-+-C4Hy),, and
Ti(0-i-C5H;), were used as the source materials of Pb, Zr,
and Ti, respectively. The thickness of the films was approxi-
mately 1.5 ym. Nitrogen and oxygen gases were used as a
carrier gas of these source materials and as an oxidant gas,
respectively. The chamber pressure during the deposition was
maintained at 670 Pa. Details of the deposition are already
reported elsewhere.’*?> The Zr/(Zr + Ti) ratio of the films
was changed by controlling the input Zr to Ti concentration
ratio from the source materials, while maintaining a constant
Pb/(Pb + Zr + Ti) ratio at 0.5 as shown in Fig. 1, where
R[Zr(O-t+-C4Hg)4] and R[Ti(O-i-C3H),] are the theoretical
flow rates of the Zr and Ti source gases.”**> The theoretical
flow rate (R) is defined by the vapor pressure for the source

© 2019 The Japan Society of Applied Physics
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Fig. 1. Zr/(Zr + Ti) ratio of the films as a function of R[Zr(O--C4Ho),4)/
{R [Zr(O-t-C4Hy)4] + R[Ti(O-t-C3H7)4 1}. R[Zr(O-t-C4Ho)4] and
R[Ti(O-i-C3H7)4] are the theoretical flow rates of the Zr and Ti source gases,
respectively.

materials at the temperature of vaporizer [P(7)], the pressure
of vaporizer (P,) and the carrier gas flow rate (/) as follows

LAtF) (1)

v

R =

The film thickness was adjusted by the deposition time.
The SrRuO; film was used as a conductive bottom electrode
layer on account of its good lattice matching with
Pb(Zr,Ti;_,)O3 film and its high conductivity. To grow
(100)1/(001)1/(100)g-oriented Pb(Zr,Ti;, )O3 films, the
(100)c-oriented SrRuO; bottom electrode layer was prepared
by inserting the LaNiOj; buffer layer; the resultant stacking of
substrate was (100)cSrRu03/(100)cLaNiO5/(111)Pt/TiO,/
Si0,/S1.® The pseudo-cubic Miller index was used for
SrRuO; and LaNiOs;, and is denoted as (hkl)c in the present
study. All buffer layers and electrodes were deposited by the
RF magnetron sputtering method.

The film composition was characterized by X-ray fluores-
cence spectrometry (PANalytical, PW4400) using standard
samples. The crystal structure and orientation of the films
were analyzed by X-ray diffractometer (PANalytical, X part
MRD) with Cu-Ka radiation. Electric properties were mea-
sured using a ferroelectric tester (Toyo Corp. FCE-1). Pt top
electrodes with 200 um ¢ were deposited onto PZT films by
evaporation for the measurement of ferroelectric properties.
Micro-area XRD set up with a 2D detector (Bruker AXS D8
DISCOVER) was used to evaluate the crystal structure of the
films before, after, and under application of an electric field
by focusing an X-ray on Pt top electrodes.?”

3. Results and discussion

Figure 2 shows the XRD patterns of Pb(Zr,Ti;_)O; films
with various Zr/(Zr + Ti) ratios. All patterns showed only
PZT h00/00//h00g diffraction peaks. This indicates a
(100)1/(001)1/(100)g-orientation of the films, irrespective of
the film Zr/(Zr + Ti) ratio. The inset figure shows the X-ray pole
figure data measured at the 26 angle, corresponding to PZT
{110} diffraction peak, revealing a ring-shaped pattern located
at an inclination angle ¥ of approximately 45°. This result
means that (100)1/(001)1/(100)g-oriented Pb(Zr,Ti;_)O5 films
with an in-plane random orientation were grown onto
(100).S1Ru03/(100).LaNiO5/(111)Pt/TiO,/SiO,/Si substrates.
Figure 3 shows enlarged XRD patterns for 26 = 94°-104°
for the as-deposited films. The pattern for the film with
Zr/(Zr + Ti) = 0.54 shows a clear split, forming two peaks
assigned to the 004 and 400 reflections from the tetragonal
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Fig. 2. (Color online) (a)-(d) X-ray diffraction (XRD) patterns of
Pb(Zr,Ti; )05 films with Zr/(Zr + Ti) ratios of (a) 0.54, (b) 0.62, (c) 0.65,
and (d) 0.67. (e) X-ray pole figure data measured at 26 angle corresponding
to the PZT {110} diffraction peak for the Pb(Zr,Ti;.,)O3 films with a
Zr/(Zr + Ti) ratio of 0.54. Symbols of filled circles and filled squares indicate
the peaks from SrRuO; and LaNiOs, respectively.
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Fig. 3. (Color online) XRD patterns of Pb(Zr,Ti;_,)O5 films with
Zr/(Zr + Ti) ratios of (a) 0.54, (b) 0.62, (c) 0.65, and (d) 0.67 for as-
deposited films (black line) and after the poling process of up to
approximately 260 kV cm™! (blue line).

phase, while films with Zt/(Zr 4+ Ti) = 0.65 and 0.67 show
only one peak attributed to the 400 reflection from the
rhombohedral phase. There are three peaks in the pattern for
the film with Zr/(Zr + Ti) = 0.62, i.e. the 400 and 004 peaks
of the tetragonal phase located at the highest and lowest
angles, respectively, and the 400 peak from the rhombohedral
phase located at the middle angle. These results suggest that
the film with Zt/(Zr + Ti) = 0.54 consists of the tetragonal
single-phase with (100)/(001) orientation, while the films
with Zr/(Zr + Ti) = 0.65 and 0.67 consist of the rhombohe-
dral single-phase with (100) orientation. The film with Zr/
(Zr + Ti) = 0.60 is considered to be the mixture of tetragonal
and rhombohedral phases with (100)/(001) and (100) orienta-
tions, respectively.

Figure 4 shows the polarization-electric field relationships
measured by applying an electric field of approximately
260kVcecm™! to the films, shown in Figs. 2 and 3. Well-
saturated hysteresis loops originating from the ferroelectricity
were observed for all films. The remnant polarization (P,)
value was almost the same, irrespective of the Zr/(Zr + Ti)
ratio in the present Zr/(Zr + Ti) ratio range, as our previous
study indicated.”® This shows that the P, value was almost
independent of the constituent phase of the as-deposited
films. On the other hand, the coercive field monotonously

© 2019 The Japan Society of Applied Physics
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Fig. 4. Polarization-electric field relationships measured under an electric
field up to approximately 260 kV cm ™' for the same films shown in Figs. 2
and 3.

decreased with increasing Zr/(Zr + Ti) ratio, which is also the
same trend as the previous reports.”>”

Figure 3 also displays the XRD patterns of the films after
the poling process by an electric field of 260 kV cm ™. In the
case of Zr/(Zr 4+ Ti) = 0.54, shown in Fig. 3(a), intensities of
tetragonal 004 and 400 peaks increased and decreased,
respectively, after the poling process. This means that the
domain switching occurred from the (100) to (001) orienta-
tion of the tetragonal phase by the poling process, corre-
sponding with our previous reports for 2 pm thick films with
Zr/(Zr + Ti) ratios of 0.39 and 0.5.°” Kungl et al. also
reported similar results.”” Note that the peak position of
tetragonal 004 shifted to a lower angle by the poling process.
This suggests an increase in the c-axis lattice parameter of
the tetragonal phase. The films with Zr/(Zr + Ti) = 0.62
exhibited a change in the film similar to that with
Zr/(Zr 4+ Ti) = 0.54, shown in Fig. 3(a), despite the existence
of the rhombohedral domain. For the film with a Zr/(Zr + Ti)
ratio of 0.65, the peak became asymmetrically broader by the
poling process, and the peak position of the rhombohedral
400 diffraction seemed to shift to a lower angle. The peak
broadening possibly suggests the generation of the tetragonal
phase by the poling process; namely, some of the rhombohe-
dral domains were transformed to (001)-oriented tetragonal
domains. Unlike these compositions, a single peak of
rhombohedral 400 remained, and the peak shifted to a lower
angle by the poling process for Zr/(Zr + Ti) = 0.67, as shown
in Fig. 3(d). It must be noted that the sum of the peak area
after poling treatment decreased compared with the as-
deposited film. This likely originated from the change in
the structural factor among the different orientations. The
change in the ionic position possibly occurred, which also
varied the structural factors.

To analyze the crystal structural change by the poling
process shown in Fig. 3, lattice parameters are plotted in
Fig. 5 as functions of the Zr/(Zr+ Ti) ratio for the as-
deposited films and films after the poling process with an
electric field of approximately 260kV cm . For the as-
deposited films, the tetragonal phase was detected up to the
Zr/(Zr 4 Ti) ratio of 0.62, while the rhombohedral phase was
confirmed down to 0.55, as shown in Fig. 3. As a result,
single-phase tetragonal and rhombohedral phases were ob-
tained for the films with a Zr/(Zr + Ti) ratio below 0.55 and

SLLB07-3

£ 0.415 .

= Cr =¥y ~

£ 0.410 R
7] A

£ /
£

= 0.405

=9

@ .

g /

3 0400

-

0.4 0.5 0.6 0.7
Zr/(Zr+Ti) ratio

Fig. 5. Lattice parameters as a function of the Zr/(Zr 4 Ti) ratio for the as-
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Fig. 6. (Color online) XRD patterns of Pb(Zr,Ti;_,)O3 films with Zr/
(Zr + Ti) ratios of (a) 0.54, (b) 0.62, (c) 0.65, and (d) 0.67 for before

(corresponding to after poling) (purple line), under (green line), and after

(blue line) application of an electric field of approximately 260 kV cm ™"

above 0.62, respectively, and the mixture of these two was
done between ratios of 0.55 and 0.62.

The lattice parameters after the poling process are plotted
as half-closed symbols in Fig. 5. The c-axis lattice parameter
of the tetragonal phase is found to increase by the poling
process. The lattice parameter corresponding to the lower
angle peak for the film with Zr/(Zr 4 Ti) = 0.65 lies on the
extrapolated line of the c-axis lattice parameter of the
tetragonal phase after the poling process (dashed line in
Fig. 6), indicating the existence of the (001)-oriented domain.
This suggests a partial phase change from the (100)-oriented
rhombohedral phase to (001)-oriented tetragonal phase, and
the phase change caused the peak broadening in Fig. 3(c),
which implies the existence of two peaks.

To discuss the field-induced strain, the XRD measure-
ments were also performed under the application of an
electric field. Figure 6 shows XRD patterns of before, after,
and under an electric field of about 260 kV cm ™' for the same
films shown in Figs. 2-5. Note that the data before the
application of the electric field correspond to the data after
the poling process shown in Fig. 3. The XRD patterns
measured under the electric field dramatically changed from
those before the electric field application, suggesting that the
crystal structure changed under the electric field. It should be
mentioned that the XRD patterns measured before and after
application were the same for all films, indicating that the
overserved change in the crystal structure under the electric

© 2019 The Japan Society of Applied Physics
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field was reversible, and the crystal structure relaxed into the
original structure after the removal of the electric field for all
films.

For the film with a Zr/(Zr 4+ Ti) ratio of 0.54, shown in
Fig. 6(a), the peak position of tetragonal 004 shifted to a
lower angle, and its relative intensity against tetragonal 400
increased under the electric field. A similar behavior was also
observed for the films with a Zr/(Zr + Ti) ratio of 0.62, as
shown in Fig. 6(b), even though the rhombohedral 400 peak
coexisted. These results indicate the increase in the (001)-
oriented domain as well as its elongation, irrespective of
the existence of the rhombohedral domain. For that with a
Zr/(Zr 4 Ti) ratio of 0.65, the asymmetric peak split into at
least two peaks, as shown in Fig. 6(c), suggesting an increase
in the fraction and lattice parameter of (100)-oriented
tetragonal domain. The rhombohedral 400 peak asymmetri-
cally broadened under the electric field for Zr/(Zr 4 Ti) ratio
of 0.67, as shown in Fig. 6(d). This change is similar to that
by the poling process for the film with Zr/(Zr 4+ Ti) = 0.65

the lower angle. In addition, peak broadening was confirmed
under an electric field for the rhombohedral film with a
Zr/(Zr 4 Ti) ratio of 0.67, implying that the (001)-oriented
tetragonal domain was present. These results suggest that
both the poling treatment and biasing cause a phase change
from the (100)-oriented rhombohedral to (001)-oriented
tetragonal phases.
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