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Direct observation of 90° domain switching in lead zirconate titanate thick

films using x-ray diffraction

Satoko Osone,? Yoshiro Shimojo, Kyle Brinkman, and Takashi lijima
National Institute of Advanced Industrial Science and Technology, Tsukuba Central 5, Tsukuba 305-8565,

Japan
Keisuke Saito

Burker AXS K.K., Moriya 3-9, Kanagawa, Yokohama, Kanagawa 221-0022, Japan
(Received 28 March 2007; accepted 2 June 2007; published online 26 June 2007)

Using an x-ray diffraction with reciprocal space mapping, 90° domain switching in tetragonal lead
zirconate titanate (PZT) thick films under an applied field was studied. An increase in the c-axis
lattice constant and a decrease in the ag-axis lattice constant due to the piezoelectric effect and
switching from a domain to ¢ domain (90° domain switching) were observed under an applied field.
The contribution from 90° domain switching to the total strain was estimated to be 60%—100%,
which is almost the same as that for bulk PZT. High value is consistent with the intrinsic
nonlinearity in a tetragonal film. © 2007 American Institute of Physics. [DOL: 10.1063/1.2752104]

Ferroelectric films are widely studied because of their
high potential applicability in piezoelectric actuators, micro-
mirrors, optical waveguides, ferroelectric random access
memories, infrared sensors, and resonators.' Lead zirconate
titanate (PZT) is the leading ferroelectric material due to its
high Curie temperature and high piezoelectric constant of
d33=223 pm/V at the morphotropic phase boundary for the
bulk PZT. However, thin films with a thickness of several
hundred nanometers often exhibit low d33=50 pm/ V.23
Therefore, there is an increased interest in thick films of
thickness in microns that have a dz; value comparable with
bulk PZT.* There is a high demand for thick films for appli-
cations and the study of piezoelectric properties is a require-
ment for thick films.

Piezoelectric properties comprise the intrinsic effect of
piezoelectricity and the extrinsic effect of 90° domain
switching in tetragonal films. The 90° and 180° domain
switchings have been indirectly observed with the tempera-
ture dependence of the dielectric constant and d3; values for
the bulk PZT. By applying a voltage, 90° domain switching
and piezoelectricity can be directly observed in (002)/(200)
of the x-ray diffraction (XRD) spectrum. There is no (111)
domain in tetragonal films. Polycrystalline materials form a
Debye-Scherrer ring. Conventional 6-26 scans measure a
part of the ring. A reciprocal space mapping is required in
order to estimate the volume ratio of ¢ domain. The XRD
spectrum of the tetragonal bulk PZT obtained using a con-
ventional #-26 scan under an applied field exhibited an in-
crease in the c-axis lattice constant, i.e., piezoelectric effect
and the switching from a domain to ¢ domain, i.e., 90° do-
main switching.6_8 An XRD spectrum of tetragonal PZT ep-
itaxial films obtained from synchrotron emissions with a re-
ciprocal space mapping under an applied field exhibited
changes in the lattice constant of ¢ axis and the c-domain
volume ratio.” The XRD spectrum of PZT thin films with
conventional #-26 scan taken before and after the applied
field exhibited a switching from @ domain to ¢ domain.
However, direct observations of 90° domain switching and
piezoelectricity with reciprocal space mapping have not been
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done for PZT thick films. A normal x-ray source requires a
long time to perform reciprocal space mapping, and a good
thick film has not been made in order to withstand the volt-
age for a long time duration. Synchrotron emissions require a
short time duration to perform reciprocal space mapping;
however, XRD with synchrotron emissions has not been
studied for thick films.

In this study, dense and crack-free 5 um thick PZT films
have been successfully prepared, and the XRD spectrum ob-
tained from a normal x-ray source with reciprocal space
mapping under the applied field was measured.

PZT thick films were deposited onto a 2 in.
Pt(111)/Ti/SiO,/Si substrate using a chemical solution
deposition process. Lead acetate trihydrate (99.9%, Nakarai
Tesque), titanium isopropoxide (97%, Kanto Chemical), zir-
conium n-propoxide (70% in propanol, Azmax), and
2-methoxyethanol (99.7%, Aldrich) were used as the starting
materials. The nominal composition of the precursor solution
is Pb(Zry3Tip7)O;5. The details of the preparation process of
PZT films have been previously described elsewhere." A
9 mm square Pt top electrode was sputter deposited onto the
PZT thick film through a metal mask. In order to measure the
reciprocal space mapping, D8Discover Hybrid (Bruker AXS,
Germany) was used. The measurement condition was set as
260=34°-48° for (200) and (002). The full width at half
maximum of ¢ was 12° for a defined value of @ and the
measurement condition was set as ¢=+6° for each value of
6. The time duration for each measurement was 5 min. The
integrated XRD spectrum with ¢ was used for this experi-
ment. The state at which the voltage has not been applied is
referred to as the initial state. At first, the XRD spectrum is
measured at the initial state. Next, a dc electric field of
40 kV/cm was applied for 2 min to ensure sufficient time for
domain switching to occur,12 followed by an XRD measure-
ment under 40 kV/cm. Further, the applied voltage was de-
creased to 0 kV/cm, and the XRD spectrum under 0 kV/cm
was measured. This sequence was repeated, wherein the ap-
plied dc field was increased in a step of 40 up to 160 kV/cm,
for example, a sequence of 0, 40, 0, 80, 0, 120, 0, 160, and
0 kV/cm. In this study, the coercive field E,. of the film was

© 2007 American Institute of Physics
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FIG. 1. XRD spectrum from 20° to 50° taken by conventional #-26 scans
(outer figure) and integrated XRD for (200) and (002) with ¢ taken by
reciprocal space mapping (inner figure).

67.5+1.2 kV/cm. Errors are introduced by different elec-
trodes of the same film.

The XRD spectrum obtained by the conventional 6-26
scans from 20° to 50° is shown in Fig. 1. The PZT thick film
is entirely randomly oriented. The integrated XRD spectrum
with ¢ obtained by reciprocal space mapping for (200) and
(002) is also shown in Fig. 1. The peaks for (200) and (002)
can be distinguished. A decrease in the peak intensity of
(200) and an increase in the peak intensity of (002) under an
applied voltage are observed in Fig. 1. This demonstrates 90°
domain switching from a domain to ¢ domain. The shift in
the (200) peak to a higher diffraction angle on application of
a voltage can also be observed in Fig. 1. A decrease in the
lattice constant of a axis can be attributed to the piezoelectric
effect.

Cu Ka; and Ko, were used as x-ray source in the detec-
tor. For each of the peaks of both (200) and (002), two func-
tions were used as Ka; and Ka,. These functions were con-
nected with intensity and diffraction angle. Peaks of (200)
and (002) were simultaneously fitted with four functions.
When an XRD spectrum of the initial state was fitted with a
Gaussian function, X*/degree of freedom (DOF) was 3.61.
When this spectrum was fitted with a PsdVoigt2 function,
which is defined in the analysis tool origin, X*/DOF was
1.27. When the spectrum was fitted with a PsdVoigtl func-
tion, X>/DOF improved as 1.15. Therefore, a PsdVoigt1 func-
tion was used.

The intensity of the peak exhibits a multiplicity of four
for a axis and two for ¢ axis. Considering this, the volumes
of the @ domain V, and ¢ domain V., which removed the
multiplicity were calculated. The c-domain volume ratio
V./(V,+V,) is given by 21./(1,+21.);. Here, I, and I, are the
peak intensities for a axis and c axis, respectively. The
c-domain volume ratio is shown in Fig. 2. The error is a 68%
confidence level statistical error from the model fit. The
c-domain volume ratio at the initial state was 36.3 % +0.4%.
When an electric field of 120 kV/cm was applied, the
c-domain volume ratio increased up to 42.7% +0.4% due to
the switching from a domain to ¢ domain. When the applied
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FIG. 2. ¢c-domain volume ratio with the electric field E.

voltage was removed, the switched ¢ domain did not return
to the initial state and the c-domain volume ratio became
39.1% £0.4%. When the applied field was less than the co-
ercive field, E,=67.5 kV/cm, there was no significant in-
crease in the c-domain volume ratio, as shown in Fig. 2. This
result is consistent with the domain switching theory. The
changes in the lattice constants for a axis and ¢ axis were
calculated from the peak shifts of (200) and (002), as shown
in Fig. 3. A 68% confidence level statistical error is observed
in the model fit. When an electric field was applied, the lat-
tice constant of a axis decreased and that of ¢ axis increased.

There are two types of strains: one from 90° domain
switching and the other from piezoelectricity. Here, the strain
from 90° domain switching is calculated with a c-domain
volume ratio deduced from (200)/(002). The (111) does not
contribute to a strain by 90° domain switching because 90°
domain wall has the same projection along the applied field."
The schematic view of the strain from 90° domain switching
is shown in Fig. 4. The initial state, the state under an electric
field, and the state in which the electric field is removed are
denoted by A, B, and C, respectively. These symbols corre-
spond to those shown in Fig. 2. At first, when an electric field
was applied to the initial state (A— B), a strain from the
initial state S(B—A) was calculated. Next, when the electric
field was removed (B— C), a strain from the initial state
S(C-A) was calculated. The subtraction of these two strains
S(B—A)-S(C-A) was obtained as the strain at which the
on-off cycle of the electric field was repeated (B« C). We
have used the idea of the average length of the lattice in the
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FIG. 3. Lattice constants of a axis and ¢ axis with electric field. The lattice
constant of a axis is 3.96 A and that of ¢ axis is 4.13 A for the bulk PZT.
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FIG. 4. Schematic view of relationship between a strain from 90° domain
switching and the electric field. The initial state, the state under an electric
field, and the state in which the electric field is removed are denoted by A,
B, and C, respectively.

direction of the thickness of the film.” We suggest that a
domain and ¢ domain are superimposed in the direction of
the thickness of the film as bulk PZT. The average length of
the lattice at the initial state L(A) is (1-V(A))a(A)
+V(A)c(A). Here, a(A) and c(A) are the lattice constants of a
axis and c¢ axis at the initial state, respectively, and V(A) is
the c-domain volume ratio at the initial state. When an elec-
tric field is applied, the change in the average length of lat-
tice from the initial state is given as follows: AL(B-A) is
(V(B)-V(A))(c(A)—a(A)), where V(B) is the c-domain vol-
ume ratio under an electric field E. S(B—-A)=A L(B
—A)/L(A). When the electric field is removed, the change in
the average lattice constant from the initial state is given as
follows: AL(C-A) is (V(C)-V(A))(c(A)—a(A)), where V(C)
is the c-domain volume ratio after the removal of the electric
field E. S(C-A)=AL(C-A)/L(A). The strains S(B-A),
S(C-A), and S(B-A)-S(C-A) are 0.16%=0.02%,
0.07% +0.02%, and 0.09% +0.04%, respectively, for a dc
electric field of 120 kV/cm. The strain from the piezoelectric
effect could not be calculated accurately. The lattice con-
stants of a axis and ¢ axis were expected to return to the
initial state upon the removal of the electric field. However,
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it did not and this requires further study. The total strain was
measured by an atomic force microscope (AFM) or laser
displacement, and the total strain versus the calculated strain
from 90° domain switching were compared. When a dc elec-
tric field of 120 kV/cm was applied to a 5 um thick
Pb(Zry5Tiy7)03, a strain of 0.15% +0.00% was measured
using laser displacement for the film with an electrode with
dimensions of 9 X9 mm? and a strain of 0.08 % +0.00% was
measured by the AFM for a film with an electrode of 20 um
diameter. Poling was performed for 2 min before the mea-
surement. Errors are introduced by different electrodes of the
same film. The contributions of domain switching to the total
strain were estimated to be 60% and 100%. The correspon-
dence value for Pb(Zrys,Tiy43)O3 bulk was 68% from an
indirect observation of the 90° domain switching at room
temperature.5 The high value obtained for the thick film is
almost the same as that for bulk PZT. In addition, this high
value for thick film is consistent with the suppression of
piezoelectricity by intrinsic nonlinearity in tetragonal films.'
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