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(57) Abstract: Provided are a piezoelectric thin film having good piezoelectricity in which a rhombohedral structure and a tetrag-
onal structure are mixed, and a piezoelectric element using the piezoelectric thin film. The piezoelectric thin film includes a per-
ovskite type metal oxide, in which the perovskite type metal oxide is a mixed crystal system of at least a thombohedral structure
and a tetragonal structure, and a ratio between an a-axis lattice parameter and a c-axis lattice parameter of the tetragonal structure
satisfies 1.15<c/a<1.30. The piezoelectric element includes on a substrate: the above-mentioned piezoelectric thin film; and a pair
of electrodes provided in contact with the piezoelectric thin film.
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DESCRIPTION
PIEZOELECTRIC THIN FILM, PIEZOELECTRIC ELEMENT,
MANUFACTURING METHOD FOR THE PIEZOELECTRIC
ELEMENT, LIQUID DISCHARGE HEAD, AND ULTRASONIC -
MOTOR

Technical Field

[0001] The present invention relates_to a piezoelectric thin
film, a piezoelectric element, a manufacturing method
for the piezoelectric element, a liquid discharge head,
and an ultrasonic motor. In particular, the present
invention relates to a lead-free piezoelectric thin
film with piezoelectribity improved by control of the
crystal structure.

Background Art - .

[0002]A piezoelectric element is typically formed of a bulk-
shaped or film-shaped piezoelectric material including
a lower electrode and an upper electrode.

As a piezoelectric material, ABO; type ceramics such as
lead zirconate titanate (hereihafter, referred to as
"PZT") is generally used.

[0003]However, PZT contains lead at an A-site of a perovskite
skeleton. Therefore, the environmental impact of the
lead component i1s considered to be a problem. In order
to address this problem, a plezoelectric material using
a lead-free perovskite type metal oxide has been
proposed. _

[0004]A typical lead-free piezoelectric material is BiFeOs;

.(hereinafter, referred to as "BFO"), which is a '
perovskite type metal oxide.
For example, PTL (Patent Literature) 1 discloses a BFO-
based material cohtaining'lanthanum at its A-site. BFO
is a good ferroelectric, and it has been reported that
the amount of remanent polarizaﬁion of BFO measured at
low temperature is high. However, there remains a

problem that sufficient piezoelectric strain cannot be
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obtained from BFO.
[0005]Aimed at an attempt to enhance the ferroelectric
characteristics of a memory element usihg BFO, PTL 2
. discloses an approach to substituting Co at the B-site
of BFO at a ratio of 1% to 10%. In the conventional
method of manufacturing a BFO thin film, however;
impurity phases other than the perovskite structure are
increased with the substitution of Co, which causes a
problem of low piezoelectricity. _

[0006]NPL (Non Patent Literature) 1 discloses a BFO thin film,
which introduces a pseudo-morphotropic phase boundary
by epitaxy (described therein as a combination of
epitaxial growth techniques). The pseudo-morphotropic
phase boundary as used therein is a mechanism for the
reversible transformation between a pseudo-rhombochedral
phase (déscribed‘therein as a rhombohedral-like phase)
and a pseudo—tetragohal phase (described therein as a
tetragonal-like phase). However, there is a small
volume difference between a unit cell of the pseudo-
rhombohedral phase and a unit cell of the pseudo-
tetragonal phase, with the result that sufficient
piezoelectric strain have not been obtained so far.
Citation List
Patent Literature

[0007]PTL 1: Japanese Patent Application Laid-Open No. 2007-
287739

[0008]PTL 2: Japanese Patent Application Laid-Open No. 2005-
011931
Non Patent Literature

[000S9INPL 1: "Science", 2009, vol. 326, pp. 977 to 980
Summary of Invention
Technical Problem

[0010] The present invention has been made to deal with the
above-mentioned problem, and provides a piezoelectric
thin film having good piezoelectricity in which a

rhombohedral structure and a tetragonal structure are
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mixed.

Further, the present invention provides a piezoelectric
element using the piezoelectric thin film, a
manufacturing method for the piezoelectric element, a
- liquid discharge head, and an ultrasonic motor.
Solution to Problem

[0011]In order to solve the above-mentioned problem, a
piezoelectric thin film includes a perovskite type
metal oxide, in which the perovskite type metal oxide
is a mixed crystal system of at least a rhombohedral
structure and a tetragonal structure, and a ratio
between an a-axis lattice parameter and a c-axis
lattice parameter of the tetragonal structure satisfies
1.15<c/a<1.30. |

[0012]In order to solve the above-mentioned problem, a
piezoelectric element includes on a substrate: the
above-mentioned piezoelectric thin film; and a pair of
electrodes provided in contact with the piezoelectric
thin film.

[0013]In order to solve the above-mentioned problem, a
manufacturing method for a piezoelectric element
including, on a substrate, a piezoelectric thin film
and a pair of electrodes provided in contact with the
piezoelectric thin film, includes: forming a first
electrode on the substrate, the substrate being a
single-crystal substrate selectively oriented in a
(100) plane, in which an in-plane lattice parameter of
a unit cell of the single-crystal substrate is 0.360 nm
or more to 0.385 nm or less in a surface of the single-
crystal substrate; forming the piezoelectric thin film
on the first electrode; and forming a second electrode
on the piezoelectric thin film, in which the forming
the piezoelectric thin film includes applying a '
precursor solution of an organometallic compound to the
single-crystal substrate, followed by drying, and

—~ . .—heating the single-crystal substrate at 430°C or lower
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under an excess oxygen atmosphere, thereby obtaining a
thin film formed of a crystallized metal oxide.

[0014]A liquid discharge head for solving the above-mentioned
problem includes the above-mentioned piezoelectric
element.

An ultrasonic motor for solving the above-mentioned
problem includes the above-mentioned piezoelectric
element. |

Advantageous Effects of Invention

[0015]According to the present invention, the piezoelectric
thin film having good piezoelectricity can be provided.
Further, the present invention can provide the
piezoelectric element including the above-mentioned
piezoelectric thin film, the manufacturing method for
the piezoelectric element, the liquid discharge head,
and the ultrasonic motor.

[0016]Further features of the present invention will become
apparent from the following description of exemplary
embodiments with reference to the attached drawings.
Brief Description of Drawings

"[0017] [FIG. 1]FIG. 1 is a schematic view in vertical cross-
section illustrating an exemplary embodiment of a
piezoelectric element according to the present
invention.

[FIGS. 2A and 2B]FIGS. 2A and 2B are schematic views
illustrating én embodiment of a structure of a liquid
discharge head according to the present invention.
[FIGS. 3A and 3B]FIGS. 3A and 3B are schematic views
illustrating an embodiment of a structure of an
ultrasohic motor according to the present invention.
[FIG. 4]1FIG. 4 is a schematic_view in vertical cross-
section illustrating an image of a piezoelectric thin
film observed under a transmission electron microscope
according to Example 1 of the present invention.

[FIG. 5]FIG. 5 is a graph illustrating a relation

between magnetization and an applied magnetic field on
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a piezoelectric thin film according to Example 5 of the
preéent invention and a metal oxide thin film according
to Comparative Example 1.

[FIG. 6]FIG. 6 is a schematic view in vertical cross—b
section illustrating another exemplary embodiment of a
piezoelectric element according to the present
invention.

Description of Embodiments

[0018]Now, embodiments of the present invention are described
in detail below.

The present invention provides a novel piezoelectric
~thin film having good piezoelectric characteristics..
Taking advantage of the characteristics of a dielectric,
the piezoelectric thin film according to the present
invention can be used in various applications,

including a capacitor material, a memory material, and

a sensor material.

[0019]The piezoelectric thin film according to the present
invention is a piezoelectric thin film made of a
perovskite type metal oxide, in which the crystal

" system of the perovskite type metal oxide is a mixed
crystal system of at least a rhombohedral structure and
a tetragonal structure, and the ratio between the a-
axis lattice parameter and the c-axis lattice parameter
of the tetragonal structure satisfies 1.15%c/a<l.30.

[0020] The "perovskite type metal oxide" as used herein refers
to a metal oxide having a perovskite type structure as
described in Iwanami Dictionary of Physics ahd
Chemistry, 5th Edition (Iwanami Shoten, Publishers, Feb
20, 1998). The metal oxide having the perovskite type
structure is generally represented by the chemical
formula ABOs;. The elements A and B in the perovskite
type oxide each act in the form of an ion and occupy
specific positions of a crystal unit cell called A-site
‘and B-site, réspectively.~ In a unit cell of a cubic

crystal system for example, the element A is positioned
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at a vertex of a cube and the element B is positioned
at the body center of the cube. The elements O act as
oxygen anions and occupy face-centered positions.

[0021]Three axes along the sides of a unit cell are called a-
axis, b-axis, and c-axis. In a cubic , tetragonal, or
orthorhombic unit cell, the three axes are
perpendicular to one another. Commonly, the c-axis is
an axis with the highest symmetry, such as the long
side of a square prism. The length of each axis is
called axis lattice parameter. The a-axis lattice
parameter and the b-axis lattice parameter are herein
considered to be substantially the same.

[0022] Herein, types of crystal systems, such as a
rhombohedral sffucture and a tetragonal structure, are
defined as follows. The following symbols "=" and "#"
represent a substantially equal relation and an unequal
relation, respectively. The [ angle represents an
angle formed by the a-axis and the b-axis of a crystal
lattice. ’

Rhombohedral crystal: a-axis lattice parameter = c-axis
lattice parameter, and B angle # 90°

Tetragonal crystal: a-axis lattice parameter # c-axis
lattice parameter, and B angle = 90°

[0023]The crystal system of the piezoelectric thin film
according to the present invention is a mixed crystal
system of at least the rhombohedral structure and the
tetragonal structure. In the mixed crystal system,
larger piezoelectric effects are generated by an ‘
external electric field. This results from the
switching from the polarization moment in the (001)
axis direction of the tetragonal structure to the
polarization moment in the (111) axis direction of the
rhombohedral structure.

This switching phenomenon may occur in other crystal
systems than the mixed crystal system as in the present

invention. However, energy barriers for the switching
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are so high that the switchiﬁg occurs infrequently and
the level of contribution to piezoelectricity is low.

[0024]Note that, it can easily be confirmed that the crystal
system of the piezoelectric thin film is a mixed
crystal system of the rhombohedral structure and the
tetragonal structure, based on a detection angle of the
diffraction peak in X-ray diffraction measurement (e.g.,
28/0 method or reciprocal lattice mapping), which is
commonly used for crystal thin films. In other words,
if the crystal system of the piezoelectric thin film is
a mixed crystal system of the rhombohedral structure
and the tetragonal structure, the diffraction peaks of
detection angles are relegated into a diffraction peak
resulting from the tetragonal structure and a
diffraction peak resulting from the rhombohedral
structure. It can easily be determined as the mixed
crystal system if the integrated intensity ratio
between the diffraction peak resulting from the
tetragonal structure and the diffraction peak resulting
from the rhombohedral structure is 0.01 or more to 100
or less. Note that, the integrated intensity ratio in
the same plane approximates the volume ratio between
the structures.

Meanwhile, the co-existence -of two crystal systems in a
static state as in the present invention suggests that
mutual energy states be close to each other. In other
words, the energy barriers for switching are so reduced
that the switching occurs frequently, with the result
that piezoelectricity is enhanced.

[0025]In the piezoelectric thin film according to the present
invention, the ratio between the a-axis lattice
parameter and the c-axis lattice parameter of the
tetragonal structure satisfies 1.155c/a<1.30, more
preferably 1.16<c/a<l1.26. The value of c¢/a is larger
than 1.15, which means that an aspect ratio as a square

prism is large enough. Because the value of c/a of the
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rhombohedral structure is 1, a large shape difference
is caused between both 'structures when the switching
occurs therebetween. Taking advantage of the
synergistic effect of the large shape difference and
the frequent switching described above, the
piezoelectric thin film according to the present
invention has high piezoelectricity.

[0026] From the above-mentioned reason, it is preferred that
the aspect ratio c/a be high.  However, if c/a exceeds
1.30, it may become difficult to maintain the
perovskite type structure, and the shape difference may
become large to reduce the frequency of switching
betweén the structures.

Further, it is preferred that the above-mentioned
perovskite type metal oxide contain a metal oxide
represented by the following general formula (1).

[0027] Bix (M;-yCoy) O3 General formula (1)
where M represents at least one kind of metal selected
from Fe and Al, and x and y satisfy 0.955x<1.25 and
0.055y<0.15.

[0028]In the general formula (1), bismuth (Bi) is a metallic
element that is mainly positioned at the A-site, and
iron (Fe), aluminum (Al), and cobalt (Co) are elements
that are each mainly positioned at the B-site.

[0029]The site A is formed of Bi as a trivalent metallic
element, thereby allowing the perovskite structure
including the A-site element and the O element to be
electrically more stable. |
Further, when the A-site is occupied by only Bi, the
symmetry of the perovskite skeleton constituted by the
A-site element and the elements O is increased to
improve the stability in a piezoelectric material to
external stimulus. In addition, the strong bonding
inherent in Bi provides the effects of increasing the
Curie temperature of the piezoelectric material and

widening a variation of internal polarization.
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[0030]In the general formula (1), x representing the
composition of Bi satisfies 0.955x<1.25, preferably
0.98<x£1.15. If x is less than 0.95, the insulation
property is adversely affected by defect sites because
of a deficiency of Bi. On the other hand, if x is more
than 1.25, an excessive amount of bismuth oxide
precipitates at a grain boundary, which is responsible
for current leakage under high voltage application.

[0031]The metal oxide represented by the general formula (1)
can be interpreted as a solid solution of BiMO3; and
Bi,Co0Oz;. When M is Fe, a BiiFeOs; itself is a stable
rhombohedral structure. When M is Al, a simple
substance of Bi,Al0;3 is difficult to synthesize at
normal pressure but is a stable rhombohedral structure
in the high-pressure phase. A simple substance of
BiyCo0O3 is difficult to synthesize at normal pressure
but is a stable tetragbnal structure with a high aspect
ratio in the high-pressure phase. In other words, the
general formula (1) is a solid solution of a
rhombohedral-structured material and a tetragonal-
structured material, and is a composition with large
piezoelectricity taking advantage of the above-
mentioned switching mechanism of polarization moments.

[0032]In the general formula (1), y representing the
compositions of M and Co satisfies 0.055y<0.15, more
preferably 0.08<y<0.12. If the value of y satisfies
0.05£y<0.15, a mixed crystal system of a tetragonal
structure with a high aspect ratio and a rhombohedral
structure 1is more‘easily obtained. If y is,lessvthan
0.05, the crystal system of the piezoelectric thin film
may have only the rhombohedral structﬁre. If vy is more
than 0.15, the crystal system of the piezoelectric thin
film may have only the tetragonal structure.

[0033]In the metal oxide represented by the general formula
(1), it is more preferred that the metal M be Fe.

BiyFeOs; has a more stable rhombohedral structure.
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Besides, BiyFeO3; is excellent in solubility to BiyCoO;
and forms a homogeneous solid solution.

[0034]The above-mentioned valueé of x and y in the
piezoelectric thin film according to the present
invention can be confirmed by elemental analysis, such
‘as energy-dispersive X-ray spectroscopy (EDX), X-ray
fluorescence analysis (XRF), or inductively coupled
plasma (ICP) emission spectrometry.

[0035] The piezoelectric thin film according to the present
invention may be doped with a trace amount of an
element other than Bi, Fe, and Co as long as its
piezoelectricity and insulation property are not
impaired. Specific examples of the element used as a
dopant for doping include Ca, Sr, Ba, Sn, La, Th, Y, Sm,
"Ce, Ti, Sb, Nb, Ta, W, Mo, Cr, Ni, Cu, Si, Ge, Sc, Mg,
Mn, and Zr. The amount of the dopant is 0.05 or less
in terms of atomic fraction with respect to the total
number of atoms of the metallic elements in the general
formula (1).

[0036] Further, when the piezoelectric thin film according to
the present invention has the composition represented
by the general formula (1), the piezoelectric thin film
also functions as a multiferroic material having both
ferroelectricity and ferromégnetism. The mixed crystal
system of the rhombohedral structure and the tetragonal
structure with a high aspect ratio like the present
invention provides another effect of enhancing the
remanent magnetization of the multiferroic material,
namely magnetic memory performance.

[0037] Further, it is preferred that the tetragonal structure
of the piezoelectric thin film be selectively (001)
oriented, and that the rhombohedral structurevof the
piezoelectric thin film be selectively (100) oriented.
Note that, the phrase "selectively (hkl) oriented " as
used herein refers to the state in which the degree of

orientation in the (hkl) plane is higher than the
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degree of orientation in othér planes. The phrase can
be translated as a phrase "preferentially oriented in
the (hkl) plane". This also comprehends an exactly
(hkl) oriented state like a single crystal.

[0038]The (001) oriented tetragonal structure is in the state
in which the c-axis is oriented in the thickness
direction. The rhombohedral structure is described
above as being (100) oriented because no distinction is
made between the a-axis and the c-axis in general, but
it is intended that the rhombohedral structure is c-
axis oriented similar to the tetragonal structure. .
When the tetragonal structure and the rhombohedral
structure in the piezoelectric thin film are oriented
in the same direction, the directions of polarization
moments are aligned with the stréin'direction of the
piezoelectric thin film, thereby increasing the
distortion amount in the use of a piezoelectric element.
In particular the case of c-axis orientation, it is
possible to make the most of the strain resulting from
a high aspect ratio of the tetragonal structure.

[0039] The oriéntation state of the piezoelectric thin film
can easily be Confirméd based on the detection angle
and intensity of the diffraction peak in X-ray
diffraction measurement (e.g., 26/6 method), which is
commonly used for crystal thin films. For example, in
a diffraction chart obtained from the piezoelectric
thin film according to the present invention, in which
the c-axis 1is oriented in the thickness direction, the
intensity of a diffraction peak detected at an angle
corresponding to the (001) plane of the tetragonal
structure or the‘(100) plane of the rhombohedral
structure is extremely large as compared with a total
intensity of peaks detected at angles corresponding to
other planes.

[0040] Further, it is preferred that at least one of the part
of the tetragonal structure and the part.of the
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rhombohedral structure of the piezoelectric thin film
form a columnar structure. The columnar structure is
intended to a state in which unit cells of one crystal
structure are aggregated to grow in the thickness
direction and an alternate structure is formed in the-
plane together with the aggregate of unit cells of the
other crystal struéture, when viewed from the cross-
section of the piezoelectric thin film according to the
present invention. This state can be identified by
observation using a transmission electron microscope
(hereinafter, referred to as TEM). There are different
electron diffraction intensities between the part of
the tetragonal structure with a high aspect ratio as in
the present invention and the part of the rhombohedral
structure, with the result that a contrast difference
(gray—-level difference) appears. An electron
diffraction pattern is obtained from one of the regions
and compared with a diffraction pattern calculated from
the crystal structure model. This way, the crystal
structure can be identified. Alternatively, the’
crystal structure can also be identified using a high-
resolution TEM image (hereinafter, referred to as
lattice image). The lattice image exhibits a periodic
contrast corresponding to a periodic crystal structure.
By subjecting the lattice image to fast Fourier
transform, an FFT pattern corresponding to the electron
diffraction pattern is obtained. Similarly to the
‘above-mentioned electron diffraction pattern, the
crystal structure can be identified through analysis of
the FFT pattern.

[0041]The part of the tetragonal structure and the part of
the}rhombohedral structure are phase-separated so that
at least one thereof forms a columnar structure, to
thereby maintain a stadble mixed crystal system of both
structures.

The thickness of the piezoelectric thin film according
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to the present invention is not particularly limited,
but desirably 50 nm or more to 10 um or less for
example. Setting the thickness of the piezoelectric
material to 50 nm or more to 10 ym or less provides a
function of the piezoelectric material, and
processability of a film for manufacture of the element
is also expected.

[0042]The thickness of the piezoelectric thin fllm accordlng
to the present invention is preferably 100 nm or more
to 1000 nm or less, more preferably 100 nm or more to
750 nm or less. When the shape of the thin film is not
flat and hence the thickness cannot be determined to be
a single value, the average of thicknesses between two

"electrodes, which practically function as the
piezoelectric thin film upon manufacture of the element,
has only to be set to fall within the above-mentioned
range. When the thickness of the piezoelectric thin
film according to the present invention is set to 100
nm or more, a sufficient strain amount required for a
piezoelectric element can be obtained. When the
thickness is set to 1000 nm or less, an increase in
integrate density upon manufacture of the element is
expected. In addition, the above-mentioned thickness
range exerts an enlarged synergistic effect with a
surface‘roughneSS'range to be described later.

[0043]Note that, the "thin film" as used herein may be of

such a form as to cover one surface of a substrate, or
may be of such a form as to aggregate in a foil
fashion independently.
Further, it is preferred that a root mean square
roughness Rg of the surface of the piezoelectric thin
film and y in the general formula (1) satisfy the
relationship of the following general formula (2).

[0044] 0<Rg<25y+2 - General Formula (2) . -

[0045]The general formula (2) means that the surface of the

piezoelectric thin film according to the presént
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invention is excellent in smoothness. When the surface
of the piezoelectric thin film is smooth, high
insulation property is expected. The upper limit of
the surface roughness for maintaining the insulation
property is determined by the function of y
representing the composition amount of Co in the
general formula (1) .

[0046]The "root mean square roughness Rg" as used herein
refers to one described in JIS Standard B0601 (revised
edition of 2001) and is represented by the following
equation: '

[0047]

7

where 1 is a reference length, x is a coordinate
representing an arbitrary position, and Z(x) is
the height of a roughness curve at the coordinate x.

A method of deriving the Rg is not limited as long as
the method is in conformance with the standard. For
example, a method involving calculating the Rg from the
height difference of the surface of the thin film
scanned with an atomic force microscope (AFM) is
generally adopted. '

[0048]When the surface of the piezoelectric thin film is
covered with a member such as an electrode, a root mean
square height Pg of a sectional curve obtained from the
cross-sectional shape of the surface of the film may be
used instead. '

In the present invention, the Rq of the surface of the
thin film of 25y+2 or less is a factor for enhancing
the insulation property of the piezoelectric thin film.

As the amount of the Co component increases, the size
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of a crystal grain of the BFCO itself increases, and

_ hence an allowable Rg increases.

[0049]When the Rg is 25y+2 or less, the piezoelectric thin
film according to the present invention has sufficient
insulation property, but it is preferred that the Rqg be
as small as possible, for example, 20y+2 or less
because a higher insulation property can be expected.

[0050] The Rg necessarily takes a positive value because a
crystal grain in the piezoelectric thin film according
to the present invention cannot be completely flat.
Further, it is preferred that the piezoelectric thin
film be provided on a substrate, that the substrate be
a single-crystal substrate selectively (100) oriented,
and that an in-plane lattice parameter of a unit cell
of the single-crystal substrate is 0.360 nm or more to
0.385 nm or less in a surface of the single-crystal
substrate.

[0051]Because the piezoelectric thin film according to the
present invention is provided on the substrate, the
stability in the form of the thin film can be expected.
When the substrate is a single—cryétal substrate
selectively (100) oriented, the piezoelectric thin film
provided on the substrate surface can also be
‘selectively oriented in the same orientation. When the
piezoelectric thin film is selectively oriented, the
polarization moments are aligned in the thickness
direction to expect the enhancement of the
piezoelectric effects. 1In particular the case where
the in-plane lattice parameter of the single-crystal
substrate is 0.360 nm or more to 0.385 nm or less in
the substrate surface, there is obtained an effect of
suppressing the a-axis léttice parameter of a unit cell
of the metal oxide during epitaxial growth of the
perovskite type metal oxide according to the present
invention. A unit cell has a fixed number of metallic

elements contained therein, and hence the unit cell of
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the tetragonal structure elohgates the c-axis lattice

parameter so as to maintain its volume. In other words,

the growth or existence of the tetragonal structure

with a high aspect ratio (c/a) is expected.

[0052]If the in-plane lattice parameter is less than 0.360 nm,

the a-axis lattice parameter is so suppressed that the

impurity phase may be generated in the perovskite type

structure. On the contrary, if the in-plane lattice
parameter is more than 0.385 nm, the effect of
suppressing the a-axis lattice parameter cannot be

expected.

[0053]Next, a piezoelectric element according to the present

invention is described. The piezoelectric element

according to the present invention includes on a

substrate: the piezoelectric thin film above mentioned;

and a pair of electrodes provided in contact with the
piezoeleétric thin film. |

[0054]FIG. 1 is a schematic view in vertical cross—-section
illustrating an exemplary embodiment of the
piezoelectric element according to the present
invention. In FIG. 1, the piezoelectric element
includes a substrate 1, a lower electrode 2, a
piezoelectric thin film 3, and an upper electrode 4.
The piezoelectric element according to the present
invention includes, on the substrate 1, the
piezoelectric thin film 3 and a pair of the lower
electrode 2 and the upper electrode 4 provided in
contact with the piezoelectric thin film 3.

[0055] The substrate 1 includes é single-crystal substrate
selectively (100) oriented, and an in-plane lattice

parameter of a unit cell of the single-crystal

substrate is 0.360 nm or more to 0.385 nm or less in a

surface of the single-crystal substrate.

If the in-plane lattice parameter in the substrate

surface of the single-crystal substrate is 0.360 nm or

more to 0.385 nm or less, a compressive stress is
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generated in each of the a-axis direction and the b-
axis direction of a unit cell of a metal oxide
constituting the piezoelectric thin film according to
the present invention. The compressive stress enables
a stable mixed crystal system of a rhombohedral
structure and a tetragonal structure with a high aspect
ratio (c/a).

[0056]If the in-plane lattice parameter is less than 0.360 nm,
a compressive stress may be applied excessively to
interfere with the piezoelectric strain. On the
contrary, i1f the in-plane lattice parameter is more
than 0.385 nm, the compressive stress is too small to
expect the effect.

[0057] Examples of the single crystal substrate satisfying the
requirements for thée in-plane lattice parameter include
lanthanum strontium gallate (LaSrGaO,), strontium |
lanthanum aluminate (SrLaRAlQ4), calcium neodymium
aluminate (CaNdAlQ4), lanthanum aluminate (LaAlOs),
neodymium aluminate (NdAlO3), yttrium aluminate (YAlOs),
and yttria-stabilized zirconia (YSZ). Likening the
single-crystal substrate to a cubic crystal system of a
pseudo-perovskite type structure, the (100) plane is
exposed in the surface, thereby obtaining the in-plane
lattice parameter in the above-mentioned range. Those
materials may be used in combination or may be
laminated to form a multi-layered structure. In order
to doublé as one electrode of the piezoelectric element,
the substrate may be doped with a conductive metal or a
conductive metal oxide, or the substrate surface may be
laminated therewith.

[0058]The more preferred range of the in-plane lattice
parameter is determined depending. on the‘type of thé
piezoelectric thin film used in the piezoelectric
element according to the present invention. When the
piezoelectric thin film is constituted by a perovskite

type metal oxide containing Bi at the A-site, the most
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preferable substrate is a LaRAlO3 single-crystal
substrate. The LaAlO; single-crystal substrate is
identified by a rhombohedral structure or a pseudo-
cubic structure, and when the (100) plane is exposed in
the surface, the in-plane lattice parameter is 0.379 nm
‘to 0.380 nm. This in-plane lattice parameter is most
suited to the a-axis lattice parameter of a tetragonal
structure of the Bi-based perovskite type metal oxide.
[0059] Further, the lower electrode 2 and the upper electrode
4 of the piezoelectric element are each formed of a v
conductive layer having a thickness of about 5 nm to
2000 nm. A material for each of the electrodes is not -
particularly limited, and a material used in a
piezoelectric element in ordinary cases suffices.
Examples of the material include metals of Ti, Pt, Ta,
Ir, Sr, In, Sn, Au, Al, Fe, Cr, and Ni, and oxides of
those metals. Each of the lower electrode 2 and the
upper electrode 4 may be formed of one kind thereof, or
may be formed by laminating two or more kinds thereof.
[0060] Further, it is preferred that at least one of the lower
electrode 2 and the upper electrode 4 be formed of a
perovskite type metal oxide represented by MIRuO; (M1
represents at least one kind selected‘from the group
consisting of Sr, Ba, and Ca).or Sr(1-2)M2,Co03 (M2
represents at least one kind seleéted from the group
consisting of La, Pr, Sm, and Nd and z satisfies 0<z<1).
[0061]When applying such a conductive metal oxide to the
lower electrode 2 or the upper electrode 4, crystal
lattice matching in the contact interface with the
piezoelectric thin film 3 is enhanced so that
piezoelectricity and drive durability of the
piezoelectric element can be expected to increase. 1In
particular the case where the lower electrode 2 is the
above-mentioned conductive oxide, the lower electrode 2
serves to promote the perovskite crystallization of the

piezoelectric thin film 3, with the result that the
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insulation property and piezoelectricity of the
piezoelectric element can be expected to increase.

[0062]In particular, it is preferred that the lower electrode
2 provided in contact with both of the piezoelectric
thin film 3 and the substrate 1 be formed of Sr(i-
)La,Co0s (z satisfies 0<z<1l). Sr-;La,Co0; is excellent
in conductivity as an electrode and can maintain the
vin—plane lattice parameter of the substrate, as well as
being excellent in smoothness of the electrode surface.
In view of this, an ideal value of z representing the
compositions of Sr and La is 0.5. Further, it is
preferred that the thiékness of the lower electrode 2
made of the above-mentioned material be 10 nm or more
to 100 nm or less. |

[0063]1If the thickness of the lower electrode 2 is smaller
than 10 nm, the conductivity as an electrode may become
too low. On the contrary, if the thickness of the
lower electrode 2 is larger than 100 nm, the

" maintenance of the in-plane lattice parameter and the
smoothnesé of the electrode surface may be adversely
affected.

[0064]The lower electrode 2 and the upper electrode 4 may
each be formed by application and baking by a liquid
phase film-forming method such as a chemical solution
deposition method, or by a vapor phase film-forming |
method such as pulse lasering, sputtering, or vapor
deposition. In addition, each of the lower electrode 2
and the upper electrode 4 may be used after having been
patterned into a desired shape.

[0065] The piezoelectric thin film 3 may similarly be used in
the element after having been patterned into a desired
shape. :

The piezoelectric element accordihg to the present
invention can be used in a device such as a
piezoelectric sensor, an ultrasonic vibrator, a

piezoelectric actuator, an inkjet head, a ferroelectric
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memory, Or a capacitor.

[0066]Next, a manufacturing method for a piezoelectric
element according to the present invention is described.
According to the present invention, the manufacturing
method for a piezoelectric element including, on a
substrate, a piezoelectric thin film and a pair'of
electrodes provided in contact with the piezoelectric
thin film, includes: forming a fifst electrode on the
substrate, the substrate including a single-crystal
substrate selectively (100) oriented, in which an in-
plane lattice parameter of a unit cell of the single-
crystal substrate is 0.360 nm or more to 0.385 nm or
less in a surface of the single-crystal substrate;
forming the piezoelectric thin film on the first
electrode; and forming a second electrode on the
piezoelectric thin film, in which the forming the
piezoelectric thin film includes applying a precdrsbr

- solution of an organometallic compound to the single-
crystal substrate, followed by drying, and heating the
single-crystal substrate at 430°C or lower under an
excess oxygen atmosphere, thereby obtaining a thin film
formed of a crystallized metal oxide.

[0067] Because the substrate used in the manufacturing method
for a piezoelectric element is a single-crystal
substrate selectively (100) oriented, the first
electrode and the piezoelectric thin film provided on
the substrate surface can also be selectively oriented
in the same orientation. When the piezoelectric thin
film is selectively oriented, the polarization moments
are aligned in the thicknesé direction to expect the
enhancement of the piezoelectric effects. The (100)
plane means the state in which any one of the planes of
a unit cell is exposed in the substrate surface when
likening the crystal system of the single-crystal
substrate to a pseudo-cubic structure of the perovskite

type structure.
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[0068] In particular the case where the in—plane lattice
parameter of the single-crystal substrate is 0.360 nm
or more to 0.385 nm or less in the substrate surface, a
compressive stress is generated in each of the a-axis
direction and the b-axis direction of a unit cell of
the metal oxide during epitaxial growth of the
piezoelectric thin film. A unit cell has a fixed
number of metallic elements contained therein, and
hence the unit cell of the tetragonal structure
elongates the c-axis lattice parameter so as to
maintain its volume. Accordingly, thevcompressive
stress exerts an effect of the stable existence of a
mixed crystal system of a rhombohedral structure and a
tetragonal structure with a high aspect ratio (c/a).
The effect can also be obtained if the first electrode
is interposed between the substrate surface and the
piezoelectric thin film.

[0069]1If the in-plane lattice parameter is less than 0.360 nm,
the a-axis lattice parameter is so suppressed that the
impurity phase may be generated in the perovskite type
structure. On the contrary, if the in-plane lattice
parameter is more than 0.385 nm, the effect of
‘suppressing the c-axis lattice parameter cannot be
expected.

[dO70]The firsf electrode refers to an electrode on the
substrate side of the pair of electrodes constituting
the piezoelectric element according to the present
invention. In the embodiment of FIG. 1, the first
electrode corresponds to the lower electrode 2.
Similarly, a second electrode corresponds to the upper
electrode 4 in FIG. 1.

[0071] The piezoelectric element is manufactured by stacking
on the substrate the first electrode, the piezoelectric
thin film, and the second electrode in this erder,
thereby manufacturing a piezoelectric element with good

adhesion between the members. Examples of the method
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of stacking the first electrode, the piezoelectric thin
film, and the second electrode include a liquid phase
method, such as a chemical solution deposition method
or a hydrothermal synthesis method, and a gas phase
method, such as a sputtering film-forming method, a
"pulsed laser deposition method, a vapor deposition
method, or an metalorganic chemical vapor deposition
method.

[0072]The crystallization of the piezoelectric thin film
according to the present invention is performed at
430°C or lower under an excess oxygen atmosphere. A
lower 1limit of the crystallization temperature, which
varies depending on the composition of the
piezoelectric thin film, is typically 400°C or higher,
more preferably 420°C or higher.

[0073]The crystallization of the piezoelectric thin film at a
temperature within the above-mentioned range can
suppress the emergence of impurity phases that are of
non-perovskite structures with non-piezoelectricity.
Besides, the crystallization of the piezoelectric thin
film at a temperature within the above-mentioned range
makes the homogeneous growth of crystal grains, thereby
providing a piezoelectric thin film having a flat and
smooth film surface.

[0074]In addition, when heating is performed under the excess
oxygen atmosphere, the crystallization of the
piezoelectric thin film is promoted even in a low
temperature region with a maximum of 430°C or lower.
The term "excess oxygen atmosphere" as used herein
refers to an atmosphere having a higher oxygen
concentration than that of an ordinary air atmosphere,
for example, an atmosphere having an oXygen |
concentration in a reactor of 21 vol% or more,
preferably 25 vol% or more.. A preferably applicable
manner of the crystallization under the excess oxygen

atmosphere is that the crystallization while causing an
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oxygen gas to flow in the reactor or the
crystallization while causing an mixed gas with oxygen
to flow in the reactor.

[0075]1It is more preferably that an ozone component be
incorporated into the excess oxygen atmosphere for
further promoting the crystallization of the
piezoelectric thin film. The term "ozone component”
comprehends an ozone gas, an ozone ion, and an ozone
radical. Because the ozone Componentvhas higher
oxidizing power than that of oxygen, the ozone
component has an effect of reducingvthe amount of the
impurity phases.of the piezoelectric thin film so that
the insulation property and piezoelectricity of the
piezoelectric element may be improved. The excess
oxygen atmosphere containing the ozone component can
easily be obtained by using the oxygen gas and a
commercially available, industrial ozone generator or
the like.

[0076]A tube furnace, an electric furnace, an infrared
annealing oven, a hot plate, or the like can be used in
the crystallizing step. Of those, the tube furnace is
suitable for the introduction of the excess oxygen
atmosphere. '

Further, it is preferred that the first electrode be
formed of Sr(;-;yLa,Co03 (z satisfies OSz<l)'by a pulsed
laser deposition method. Sr(;-;)La,Co0Os; is excellent in
conductivity as an electrode and can maintain the in-
plane lattice parameter of the substrate, as well as
being excellent in smoothness of the electrode surface.
In view of this, an ideal value of z representing the
compositions of Sr and La.is 0.5.

[0077] The pulsed laser deposition method as used herein
refers to a generic name for film-forming methods with
which a metal oxidé grows from the vapor on the
substrate by using plasma, which is generated when a

pulsed laser within several tens of nanoseconds (ns)
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enters a target material. The term "pulsed laser
deposition method" comprehends a film-forming method
generally called pulsed laser vapor deposition method,
pulsed laser film-forming method, laser ablation method,
or molecular beam epitaxy method.

[0078]In the case of forming an electrode of Sr(;-;;La,Co0s; by
the pulsed laser deposition method, an ideal thickness
thereof is 10 nm or more to 100 nm or less. The reason
is as described above in the description of the
piezoelectric element. |

[0079]In the case of forming the electrode of SrH,MLaZCoOQ by
the pulsed laser deposition method, the oxygen partial
préssure in a vacuum chamber is preferably 20 mTorr or
more to 100 mTorr or less, more preferably 30 mTorr or
more to 50 mTorr or less. The Sr(;-;La,Co03 electrode
obtained under the oxygen'partial pressure within the
above-mentioned range exhibits epitaxial growth with
respect to the iﬁ—plane lattice parameter of the
single-crystal substrate, and has a single crystal
orientation. ‘

[0080] Further, it is preferred that, in the manufacturing
method for the piezoelectric element according to the
present invention, the step of forming the
piezoelectric thin film be performed by the chemical
solution deposition method.

The term "chemical solution deposition method" as used
herein refers to a generic name for film-forming
methods each involving applying a precursor solution
for a target metal oxide onto a substrate, and '
crystallizing the applied solution under heat to
provide the target metal oxide. 1In general, film-
forming methods called a €SD method, a sol-gel method,
and a metalorganic decomposition method are included in
the term, and are hereinafter generically referred to
as chemical solution deposition methods. The chemical

solution deposition methods are each a film-forming
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method excellent in precision control of metal
composition.

[0081]A precursor solution of a metal oxide applied on the
substrate contains at least a metal component
constituting a target metal oxide. For example, a
precursor solution for Bix(FeLyCOQ)O3 as a target
contains .at least Bi, Fe, and Co. Those metallic
elements are ihcorporated into the precursor solution
in the form of a hydrolyzable or thermally-degradable
organometallic compound. For example, typical examples
thereof include metal complexes of the metals such as a
metal alkoxide, organic acid salt, and B—diketone
complex. As the metal complex, in addition to amine
complexes, there may be used various other complexes.
Examples of the B-diketone include acetylacetone (=2,4-
pentanedione), heptafluorobutanoylpivaloylmethane,
dipivaloylmethane, trifluoroacetylacetone, and
benzoylacetone.

[0082]In the manufacturing method for the piezoelectric
element aécording to the present invention, it is
preferred'that, of the organometallic compounds, at
least a metal salt of 2-ethylhexanocate be incorporated
into the precursor solution. In the 2-ethylhexanoate
salts of the respective metals, hydrdlysis reaction
between the metals easily progresses, and hence a dense
and homogeneous piezoelectric thin film can be obtained.

[0083]It is preferred that the composition ratio of metal
components in the precursor be the same molar ratio as
in a target. For example, in a precursor solution for
Bi (Fe;-,Coy)0O3 as a target, it is preferred that the
difference between the total content of Fe and Co and
the content of Bi be 1 mol% or less. With such
procedure, the charge balance of the piezoelectric thin
film to be finally obtained is established, and hence
the insulation property is improved. In addition, the

procedure has such an action that the arrangement of
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perovskite type crystals is promoted and hence the
amount of the impurity phases is reduced. This is
attributable to a feature of the chemiCal solution
deposition method in which the arrangement of metal
atoms in an intermediate state before crystallization
affects the arrangement of the metal atoms after the
crystallization.

[0084] The organometallic compounds as precursors for the
respective component metals are collectively dissolved
or dispersed in a proper solvent. Thus, a precursor
solution for a composite organic metal oxide (oxide
containing two or more metals) of which the
piezoelectric thin film'is formed is prepared. 1In
addition, the solvent used in the preparation of the
precursor solution is appropriately selected from
various known solvents in consideration of
dispersibility and an application characteristic.

[0085] Examples of the solvent used for preparing the
precursor solution include a xylene-based solvent, a
toluene-based solvent, an alcohol-based solvent, an
ether-based solvent, a cellosolve-based solvent, an
amide-based solvent, and a nitrile-based solvent. Of
those, the xylene-based solvent is preferably used.
The amount of the solvent contained in the precursor
soluticn of the present invention is not particularly
limited. However, a dense piezoelectric thin film is
easily obtained when the amount of the solvent is
adjusted so that the concentration of a composite metal
oxide component converted to the chemical formula
represented by the general formula (1) falls within the
range of about 0.05 mol/Kg to 1 mol/Kg.

[0086] The precursor solution may contain an additive such as
a stabilizer in addition to the organometallic compound
and solvent. Examples of the stabilizer include B-
diketones, ketone acids, lower alkyl esters of those

ketone acids, oxyacids, lower alkyl esters of those
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oxyacids, oxyketones, a-amino acids, and alkanolamines.

[0087] The precursor solution is applied onto the first
electrode. A known application method such as spin
~coating, dip coating, bar coating, or spray coating can
be employed as a method of applying the precursor
solution. A relative humidity in this case 1is
preferably 60% or less. A relative humidity of more
than 60% is not preferred because hydrolysis progresses
rapidly in the applied raw material solution on the
substrate and hence a precipitate i1s observed in the
applied layer in some cases.

" [0088] The number of times of application is determined by a
relationship between a coating thickness and a desired
thickness of the piezoelectric thin film. 'Note that,
the application is performed multiple times (multi-
layer coating) in the chemical solution deposition
method of the present invention, and a coating
thickness per layer is preferably 8 nm or more to 30 nm
or less. The microstructure of a metal oxide thin film
obtained by the chemical solution deposition method is
largely affected‘by the coating thickness per layer.

In the present invention, when the coating thickness is
set to fall within the above-mentioned range so that
the film may be of a stacked structUré, the film
becomes dense and homogenous. As a result, the effects
that the crystal phases become homogeneous and the .
insulation property is improved can be obtained.

[0089] The chemical solution deposition method is performed by
multi-layer coating. The term "multi-layer" refers to
two or more layers, preferably 5 or more to 60 or less
layers.

When the application is performed multiple times, it is
more preferred that a drying step be performed during
each time period between application and-the next
application. Although the drying step may serve also

as the step of crystallizing the piezoelectric thin
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film, it is preferred that the étep bevperfbrmed at a
low’temperature involving no crystallization, for
example, 300°C or lower. A dryer, a hot plate, a tube
furnace, an electric furnace, or the like can be used
in the drying step.

[0090]A liguid discharge head according to the present
invention is a liquid discharge head including the
above-mentioned piezoelectric element. FIG. 2A is a
schematic view illustrating the liquid discharge head.
‘The liquid discharge head includes: discharge ports 11;
connecting holes 12 connecting individual liquid
chambers 13 and the discharge ports 11; a common liquid
chamber 14; a diaphragm 15; and a piezoelectric element
10. The piezoelectric element 10 has a rectangular
shape as illustrated in FIG. 2A, but may have the shape
of an ellipse, a circle, or a parallelogram, apart from
the rectangle. 1In general, a piezoelectric thin film 7
also adopts the shape according to the shape of the
individual liquid chamber.

[0091]Referring to FIG. 2B, the piezoelectric element 10
constituting the liquid discharge head according to the
present invention and its vicinity are described in
detail. FIG. 2B is a cross-sectional view of the
piezoelectric element in the width direction of the
liquid discharge head of FIG. 2A. The piezoelectric
element 10 has a rectangle shape in cross-section, but
may have a trapezoidal or inverted trapezoidal shape.
In FIGS. 2A and 2B, a first electrode 6 and a second
electrode 8 correspond to a lower electrode 16 and an
upper electrode 18, respectively, but the first
electrode 6 and the second electrode 8 constituting the
piezoelectric element 10 according to the present
invention may be either of the lower electrode 16 and
the upper electrode 18. A buffer layer 19 may be
interposed between the diaphragm 15 and the lower
electrode 16.
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[0092]In the above-mentioned liquid discharge head, the
diaphragm moves vertically with the expansion and
contraction of the piezoelectric thin film to apply
pressure to the liquid in the individual liquid chamber,
to thereby discharge the liquid from the discharge
ports. The liquid discharge head according to the
present invention is applicable for use in the
manufacture of electronic devices, in addition to a
printer.

[0093] The -diaphragm has a thickness of 0.5 pym or more to 15
um or less, preferably 1.0 um or more to 8 um or less.
The material of the diaphragm is not limited but
preferred to be silicon. Further, the buffer layer and
the electrode layer above silicon may be part of the
diaphragm. The silicon of the diaphragm may be doped
with boron or phosphorus. » '

[0094] The buffer layer has a thickness of 300 nm or less,
preferably 200 nm or less.

The size of the discharge port is 5 pm or more to 40 um
or less in diameter. The shape of the discharge port
is circular, but may be star, square, or triangular.

[0095]Next, an ultrasonic motor usingbthe piezoelectric
element according to the present invention is. described.
FIGS. 3A and 3B are schematic views illustrating an
embodiment of a structure of the ultrasonic motor
according to the present invention. _

FIG. 3A illustrates the ultrasonic motor formed of the
single piezoelectric element according to the present
invention. The ultrasonic motor includes a transducer
24, a rotor 25, and an output shaft integrated with the
rotor 25. The transducer 24 is formed by bonding a
pilezoelectric element 22 according to the present
invention to an elastic metal ring 21 by an organic
adhesive 23 (epoxy-based adhesive, cyanoacrylate
adhesive, etc.). The rotor 25 receives a pressure

force from a pressure spring (not shown) to be brought
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into contact with a slide surface of the transducer 24.

[0096]When the piezoelectric element according to the present
invention is applied with AC voltages from a two—phase
power source (the phases are different by n/2), a
flexural progressive wave 1is generated in the
transducer 24 so that the respective points-on the
slide surface of the transducer 24 make an elliptical
motion. When the rotor 25 is brought into pressure
contact with the slide surface of the transducer 24,
the rotor 25 receives a frictional force from the
transducer 24 and rotates in the direction of
elliptical motion on the transducer slide surface. A
driven member (not shown) is bonded to the output shaft
by a coupling or the like and is driven by receiving é
rotational force of the rotor 25. This type of motor
uses the principle that, when the piezoelectric element
is bonded to the elastic-mémber like a metal, the
elastic member is bent because of the expansion and
contraction of the piezoelectric element by the
piezoeiectric lateral effect caused by voltage
application to the piezoelectric thin film.

[0097] Further, referring to FIG. 3B, an ultrasonic motor in
which the piezoelectric element has a laminate
structure is exemplified. In FIG. 3B, a transducer 61
made of a metallic material is constituted by
interposing multiple piezoelectric elements 63
according to the present invention between cylinder
metal blocks and by fastening the metal blocks with
bolts to sandwich and fix the multiple piezoelectric
elements 63. In the transducer 61, when a driving
pilezoelectric film of the piezoelectric element is
applied with AC voltages having different phases, two
orthogonél vibrations are excited and combined to form
a circular vibration for driving at the distal end
portion of the transducer. Note that, a constricted-

circumferential groove is formed in the tip of the
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transducér 61 so as to increase the displacement of
vibration for driving. A rotor 62 is brought into
pressure contact with the transducer 61 by a pressure
spring to obtain a frictional force for driving.

[0098]As described above, the piezoelectric element according

"to the present invention is suitably applicable to the
liguid discharge head and the ultrasonic motor.

[0099] Hereinafter, the present invention is described more
specifically by way of examples. However, the present
invention is not limited by the following examples.
(Manufacture Examples 1 to 9 of Precursor Solution)
Mixed solutions having metal molar ratios shown in
Table 1 were each prepared as a precursor solution for
forming the piezoelectric thin film and the
piezoelectric element according to the present
invention.

[0100] For preparing the precursor solution, there were mixed
a xylene solution of bismuth 2-ethylhexanocate, a xylene
solution of iron 2-ethylhexanoate, a xylene solution of
aluminum 2-ethylhexanoate, and a xylene solution of
cobalt 2-ethylhexanoate, each having a concentration of -
0.2 mol/Kg. The mixed solution was heated and refluxed
for 1 hour at 120°C under a nitrogen atmosphere to
promote the progress of a thermolysis reaction. Xylene
was added to the resultant so that the concentration of
the oxides as perovskite type metal oxide might be 0.2
mol/Kg, to thereby obtain a precursor solution.

The precursor solutions of Manufacture Examples 1 to 9
each had a difference between the total concentration
of Fe or Al, and Co components and the concentration of
Bi of 1 mol% or less.

10101] (Manufacture Examples 10 to 15 of Precursor Solution)
Precursor solutions having metal molar ratios shown in
Table 1 were each prepared in the same manner as in
Manufacture Example 1 for comparison with the present

invention.
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[0102] Table 1

Bi (mocl) | Fe (mol) |Al (mol) | Co (mol)
Manufacture Example 1 100 95 0 5
Manufacture Example 2 100 92.5 0 7.5
|Manufacture Example 3 100 90 0 10
Manufacture Example 4 100 87.5 0 12.5
Manufacture Example 5 100 85 0 15
Manufacture Example 6 100 0 95 5
Manufacture Example 7 100 0 90 10
Manufacture Example 8 100 0 85 15
Manufacture Example 9 .100 45 45 10
Manufacture Example 10 100 100 0 0
Manufacture Example 11 100 97 0 3
Manufacture Example 12 100 80 0 20
Manufacture Example 13 100 70 0 30
Manufacture Example 14 130 90 0 10
Manufacture Example 15 90 90 0 10

[0103] (Manufacture Example of Substrate and First Electrode)
To form the piezoelectric thin film and the
piezoelectric element according to the present
invention, a substrate and a first electrode each

having a structure shown in Table 2 were prepared. A

substrate A and a substrate B are a substrate provided

with the first electrode on its surface, whereas a
substrate C is a substrate without an electrode.

[0104] The in-plane lattice parameter in the surface of a
LaAl03 single crystal used in the substrates A, B, and

C was 0.379 nm.

electrode in Table 2 were about 60 nm in thickness

A Srg.sLag.s Co0O3z electrode and a SrRuO;

provided by a pulsed laser deposition method.
Substrate temperature was 500°C and oxygen partial
pressure was 30 mTorr. \

[0105] Further, a substrate D and a first electrode each
having a structure shown in Table 2 were prepared for
comparison with the present invention. The in-plane

lattice parameter in the surface of a SrTiO3; single

The

manufacturing method for a first electrode provided on

crystal used in a substrate D was 0.390 nm.

the surfaée of the substrate D was the same as in the
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substrate: B.

[0106] Table 2

Substrate First electrode
Substrate A with {(100) -oriented (100) -~oriented
electrodes LaAlO3 single Srg.sLag.sCo03 film

crystal
Substrate B with (100) —oriented (100)-oriented
electrodes LaAl0O3 single SrRuOz; film’

crystal ‘
Substrate C (100) —oriented -

-~ LaAl0Os; single

crystal ‘
Substrate D with (100) -oriented (100) -oriented
electrodes SrTi03 single SrRuO3 film

crystal

[0107] (Example 1)

A piezoelectric thin film made of a perovskite type
metal oxide was formed by a chemical solution
deposition method using the precursor solution of
Manufacture Example 1 shown in Table 1 and the

substrate A with electrodes shown in Table 2.

[0108]First, the precursor solution was applied to the

surface of the substrate with a spin coater (3000 rpm).
The applied layer was heat-treated at 250°C for 5
minutes to dry the solvent. The heat treatment process
was performed with an electric dryer under an air

atmosphere;

[0109]Hereinafter, in the same manner as in the foregoing,

the applying step and the drying step were repeated to
form second to twentiethblayers. Finally, the entire
substrate having the multiple applied layers was placed
in an infrared-annealing tube furnace. An oxygen gas
was introduced into the tube furnace via a commercially
available, industrial ozone generator at a flow rate of
'l L/min (corresponding to an oxygen concentration in
the furnace of 50 vol% to 80 vol%). Note that, the
generated ozone concentration of the ozone generator
was about 100 g/m’. The substrate placed in the tube

furnace was heat-treated at 430°C for 60 minﬁtes to



WO 2011/108732 34 » PCT/JP2011/055153

crystallize the film provided on the substrate, thereby
obtaining the piezoelectric thin film according to the
present invention.

[0110]X-ray diffraction measurement (XRD) including 26/6
measurement and reciprocal lattice measurement was
carried out to find that the piezoelectric thin film
was a perovskite type metal oxide having a mixed
crystal system of a tetragonal structure selectively
(001) oriented and a rhombohedral structure selectively
(100) oriented. The a-axis lattice parameter and the
c-axis lattice parameter of the tetragonal structure
were 0.379 nm and 0.460 nm, respectively, with
c/a=1.214. 1In the 26/ measurement, the integrated
intensity of the diffraction peak resulting from the
(001) plane of the tetragonal structure and the
integrated intensity of the diffraction péak resulting
from the (100) plane of the rhombohedral structure were
compared. The result showed that the mixture
percentage of the tetragonal structure was about b5%.

[0111]X-ray fluorescence analysis (XRF) was carried out to
measure the content of metallic elements in the
piezoelectric thin film. It was found that, when the
total molar amount of iron and cobalt was normalized to
1, a content ratio "Bi/Fe/Co" was 1.00/0.95/0.05.

Noted that, other metals than those three kinds were
not detected.

[OllZ]The thickness of the piezoelectric thin film measured
by a contact profilometer was 400 nm. In other words,
the thickness of é coated film per layer was 20 nm.

A transmission electron microscope (TEM) was used to
observe the cross-section of the piezoelectric thin
film according to the present invention. FIG. 4 is a
schematic view 1llustrating the state of a cross-
sectional image. In FIG. 4, reference numerals 1, 2,
and 3 denote the substrate, the lower electrode, and

the piezoelectric thin film according to the present
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invention, respectively. The piezoelectric thin film
was classified into a first trapezoidal region 301 and
a second inverted-trapezoidal region 302 based on the
gray level of electron diffraction. Those two regions
each form . a columnar structure. It was found from an
FFT pattern showing the electron diffraction in those
two regions that the first region corresponded to a
rhombohedral structure and the second region
corresponded to a tetragonal structure. The ratio
between the first region 301 and the second regicn 302
estimated from the area ratio in the cross-sectional
image was about 19:1.

[0113]The cross-sectional measurement by TEM requires the
sample slicing step. Taking into account that this
step mitigates a stress in the film to change the
crystalline state, the lattice parameters in the above-
mentioned two regions were not determined from the TEM
image. However, it was confirmed that epitaxial growth
matching with the in-plane lattice parameter of the
lower electrode was observed in both the two regions.
In addition, it was confirmed that the rhombohedral
structure in the first region was (100) oriented and
the tetragonal structure in the second region was (001)
oriented. EDX measurement showed that there was no
significant difference in composition between the
compositions of the metal oxides in the first region
and the second region.

[0114] The surface of the piezoelectric thin film was scanned
with an atomic force microscope (AFM) to obtain the
image of crystal grains. A root mean square roughness
Rg corresponding to JIS Standard B0601 calculated from
a height difference in a 2,000-nm square image was 1.79
nm.

[0115] (Examples 2 to 13)

The piezoelectric thin films according to the present

invention were each formed in the same manner as in
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Example 1 except that the precurser solution, the
substrate, the number of coatings, the cfystallization
atmosphere, and fhe crystallization temperature were
changed. Table 3 shows the manufacture conditions of
each example.

[0116] In Example 13, the'crystallization was performed at
430°C in a tube furnace in which an oxygen gas was
introduced at a flow rate of 1 L/min. The oxygen gas
was not introduced via an ozone generator.

XRD measurement showed that each of the piezoelectric
thin films had a mixed crystal system of a tetragonal
structure selectively (001) oriented and a rhombohedral
structure selectively (100) oriented. The amount of
impurity phases other than a perovskite type structure
was extremely small. Further, it was confirmed from
the shift in peak position in XRD that Co was
introduced in a perovskite skeleton.

[0117] Further, evaluations-were carried out on the wvalue of

| c/a of the tetragonal structure, the thickness measured
by a contact profilometer, the composition ratio of
metallic elements measured by XRF, the existence of a
columnar structure by cross-sectional TEM observation,
and a root mean square roughness Rg measured by AFM.

[0118] The results are shown in Table 4. 1In the
"rhombohedral” column, the mark "OK" indicates that a
rhombohedral structure selectively (100) oriented was
confirmed in each sample, and the mark "NG" indicates
‘that the rhombohedral structure was not confirmed. In
the "tetragonal c/a" column, the value of c/a is filled
in the case where a tetragonal structure Selectively
(001) oriented was confirmed in each sample, otherwise
the mark "NG" is filled. In the "columnar structure”
column, the mark "OK" indicates that one part of the
rhombohedral structure and the tetragonal structure
formed a columnar structure in the cross-sectional

image by TEM. The composition ratio of metals shows a
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value when the total molar amount of Fe, Al, and Co was
normalized to 1.

[0119] (Comparative Examples 1 to 11)

The precursor solutions of Manufacture Examples 1, 3, 5,
and 10 to 15 shown in Table 1 and the substrates A and
B shown in Table 2 were used to form metal oxide thin
films for comparison similarly to Example 1. The
crystallization atmosphere and the crystallization
temperature were changed as appropriate as described in
Table 1.

[0120]XRD measurement showed that each of the metal oxide
thin films of Comparative Example 1 and 2 was a
perovskite type metal oxide which had a rhombohedral
structure selectively (100) oriented but had no
'tetragonal structure.

[0121]Each of the metal oxide thin films of Comparative
Examples 3 and 4 was a perovskite typé structure metal
oxide which had a tetragonal structure selectively
(001) oriented but had no rhombohedral structure. 1In
the sample of Comparative Examplé 4, impurity phases of
non-perovskite type crystal were mixed.

[0122]The results of XRD measurement of Comparative Examples
5 and 6 showed that the amount of impurity phases was
so large that it could no longer be deemed that a
perovskite crystal structure wasvdominant. No such
peak shift that Co was introduced into a perovskite
skeleton was observed. '

[0123]Comparative Examples 7 and 8 provide a metal oxide thin
film produced by using the substrate D, in which the
in-plane lattice parameter was 0.390 nm in the surface.
Each of the thin films was a perovskite type metal
oxide which had a rhombohedral structure selectively
(100) oriented but had no tetragonal structure. '

[0124] Comparative example 9 provides a film obtained by the

' crystallization at 430°C under an ordinary air

atmosphere, and Comparative Example 10 provides a film
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" obtained by the crystallization at 430°C under an
excess nitrogen atmosphere. XRD measurement showed
that an impurity phase of non-perovskite type crystal
was a main phase, and it was difficult to analyze a
peak resulting from a perovskite type structure.

[0125]Comparative Example 11 provides a film obtained by the
crystallization-at 550°C under an excess oxygen
atmosphere containing an ozone component. XRD
measurement showed that the film had a rhombohedral
structure selectively (100) oriented but had a large
amount of impurity phases of non-perovskite type
crystal.

[0126]0f the above Comparative Examples, the films of
Comparative Examples 1 to 4, 7, 8, and 11, whose main
phase was estimated to be a perovskite type metal oxide,
was evaluated for structure and composition similarly

to Examples 1 to 13. The results are shown in Table 4.
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[0129] (Manufacture of Elements from Examples 1 to 5, 7, and
13)
A platinum electrode of 120 um in diameter was provided
on each surface of the piezoelectric thin films of
Examples 1 to 5, 7, and 13 by a sputtering film-forming
method, thereby producing the piezoelectric element
according to the present invention.
[0130] (Manufacture of Element of Example 12)
A pair of platinum electrodes were provided at the ends
of the surface of the piezoelectric thin film of
Example 12 by a sputtering film-forming method, thereby
producing the piezoelectric element as shown in Fig.v6
according to the present invention. The references in
Fig. 6 are the same as those in Figs. 1 and 2B. Each
of the electrodes was patterned into a rectangular
electrode in 0.25 mm by 1.5 mm, and the distance
between the electrodes was 5 mm.
[0131] (Manufacture of Elements from Comparative Examples 2, 3,
.7, and 8) _
A platinum electrode of 120 pm in diameter was provided
on each surface of the metal oxide thin films of
Examples 2, 3, 7, and 8 by a sputtering film-forming
method, thereby producing the element for comparison.
[0132] (Evaluation by Electric Measurement)
Electric measurement was carried out on the
piezoelectric elements of Examples 1 to 5, 7, and 13
and the elements of Comparative Examples 2, 3, 7, and 8.
[0133]1Each of the elements was measured for values- '
representing the characteristics of a piezoelectric
element at room temperature (25°C), for example, a leak
current, P-E hysteresis, and a piezoelectric constant.
The measurement results of the P-E hysteresis and the
piezoelectric constant are shown in Table 5.
[0134]The leak current was determined by measuring leak
currents in such a range that an applied voltage per

thickness of a thin film sandwiched between electrodes
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was *2,000 kV/cm, and recording the maximum leak
current. All of the piezoelectric elements of Examples
1 to 5, 7, and 13 and the elements of Comparative
Examples 2, 3, 7, and 8 exhibited good insulation
property with the maximum leak current of 10 mA/cm® or
less.

[0135]The P-E hysteresis measurement was carried out for
determining whether or not a target element had
ferroelectricity and insulation property at room
temperature. A material with ferroelectricity has
piezoelectricity. Specifically, the piezoelectric
element according to the present invention or a
comparative element was applied with an external
electric field having a maximum value of 700 kV/cm
while changing the phase to positive and negative, and
the hysteresis of spontanecus polarization at that time
was observed. The mark "OK" in Table 5 indicates that
a hysteresis loop peculiar to a ferroelectric, in which
the spontaneous polarization is reversed, was observed.
The mark "NG" indicates that no ferroelectric loop was
observed because of poor insulation property or that
the insulation property was good but no reversal of the
spontaneous polarization was observed as in the case of
paraelectrics.

[0136] The piezoelectric constant was determined by room-
temperature piezoelectric constant (ds; constant)
measurement with an atomic force microscope (AFM) as a
displacement detector. 1In other words} the AFM was
used to observe the strain of the piezoelectric
material in such a range that an applied voltage per
thickness of a thin film sandwiched between electrodes
was 11500 kV/cm. In general, the strain curve to be
obtained is a closed, butterfly curve. The slope of
the curve was approximated by a straight line to
calculate the piezoelectric constants shown in Table 5.

This technique is a well-known calculating method in
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the art. The mark "NG" indicates that a piezoelectric
constant could not be calculated because of low
piezoelectricity of the element.

[0137]Table 5

Ferroelectricity Piezoelectric
constant d33
(pm/V)

‘Example 1 OK 80
Example 2 - OK 95
Example 3 OK 115
Example 4 OK 85
Example 5 OK 80
Example 7 OK 95
Example 11 OK 75
Example 13 OK 90
Comparative Example 2 OK - 30
Comparative Example 3 NG NG
Comparative Example 7 OK 45
Comparative Example 8 OK 50

[0138]1From Table 5, each of the piezoelectric elements
according to the present invention exhibits
ferroelectricity and piezoelectricity in the room-
temperature region. The elements of Comparative
Examples 2, 7, and 8 also exhibited ferroelectricity
and piezoelectricity, but the element with only a
tetragonal structure of Comparative EXample 3 had poor
ferroelectricity and poor piezoelectricity. Further,
in Comparative Examples 2, 7, and 8 with only a
rhombohedral structure, the piezoelectric constants
gradually increased with the increase in Co content,
but in the piezoelectric element according to the
present invention, the piezoelectric constant had a
tendency to abruptly increase because of the effect of
the mixture with a tetragonal structure.

[0139]Note that, the mahufacturing method of Comparative
Example 1 is similar to the manufacturing method for a
BFO thin film described in "Science", 2009, vol. 326,
pp. 977 to 980, but the existence of a pseudo-

tetragonal structure was not observed.
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When the piezoelectric element of Example 12 was
applied with an alternating voltage of %10 V between a
pair of electrodes, it was confirmed that a oscillating
wave was generated in the surface of the piezoelectric
thin film exposed between the electrodes.

[0140] (Magnetization Measurement on Piezoelectric Thin Films
of Example 5 and Comparative Example 1)

Magnetization measurement was carried out on the ,
piezoelectric thin films of Example 5 and Comparative
Example 1. A high-resolution SQUID (superconducting
guantum interference device) magnetometer for
magnetization measurement and analysis was used with
two levels of measurement temperature, room temperature
(300 K) and lew temperature (20 K). The measurement
results are illustrated in FIG. 5.

[0141]When measuring the magnetization of the piezoelectric
thin film of Example 5 applied with an external
magnetic field of 15 kOe (kiloocersteds), a
ferromagnetic behavior was observed even at the room
temperature. At the low temperature, the ferromagnetic
behavior was more obvious and remanent magnetization
was obserﬁed without an external magnetic field.
Therefore, it was revealed that the piezoelectric thin
film of Example 5 was a multiferroic material having
ferromagnetism in addition to the above—mentioned
ferroelectricity. '

[0142]10n the other hand, the metal oxide thin film of
Comparative Example 1, which was a BiFeO3; thin film
having multiferroic property, did not exhibit as much
of a ferromagnetic behavior as in Example 5 in the low-
temperature measurement . Although not illustrated, no
magnetization behavior was observed also in the room-
temperature measurement .

Note that, FIG. 5 illustrates the results of in-plane
magnetization measurement on the thin films of Example

5 and Comparative Example 1, but a similar
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magnetization behavior and a comparable level of
magnetization were observed in interplanar measurement
as well. : _
[0143] (Liquid Discharge Head and Ultrasonic Motor of Example
3)
Using the same piezoelectric thin film as iﬁ Example 3,
a liquid discharge head and an ultrasonic motor
illustrated in FIGS. 2A and 2B and 3A and 3B,
respectively, were produced. In the liquid discharge
head, the discharge of ink following an input
electrical signal was confirmed. In the ultrasonic
motor, the rotational behavior of a motor according to
an applied alternating voltage was confirmed.
[0144]According to the present invention, the piezoelectric
thin film having high piezoelectricity can be provided.
Further} the present invention can provide the
piezoelectric element including the above-mentioned
piezoelectric thin film, the manufacturing method for
the piezoelectric element, the liquid discharge head,
and the ultrasonic motor.
[0145]The piezoelectric thin film according to the present
invention is also applicable to MEMS technology and can
“be used for appliances using many ferroelectric
materials andbpiezoelectric thin films, such as a
“ferroelectric memory, a ferroelectric sensor, and a
piezoelectric transducer, without difficulty.
[01l46]While the present invention has been described with
reference to exemplary embodiments, it is to be
understood that the invention is not limited to the
disclosed exemplary embodiments. The scope of the
following claims is to be accorded the broadest
interpretation so as to encompass all such
_ modifications and equivalent structures and functions.
[0147]This application claims the benefit of Japanese Patent
Application No. 2010-045907, filed March 2, 2010, which

is hereby incorporated by reference herein in its



WO 2011/108732 PCT/JP2011/055153
47

entirety.
_ Reference Signs List
[0148]1 Substrate

2, 16 ~ Lower electrode
3 Piezoelectric thin film
4, 18 Upper electrode
6 First electrode
7 Piezoelectric thin film

8 Second electrode

10, 22, 63 Piezoelectric element

11 Discharge port
24 Transducer

61 | Transducer

62 Rotor

301 First region

302 . Second region
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CLAIMS
A piezoelectric thin film, comprising a perovskite type
metal oxide,
wherein the perovskite type metal oxide has a crystal
system having at least a rhombohedral structure and a
tetragonal structure, and |
wherein a ratio between an a-axis lattice parameter and
a c-axis lattice parameter of the tetragonal structure
satisfies 1.15%c/a<1.30.
The piezbelectric thin film according to claim 1,
wherein the perovskite type metal oxide contains a
metal oxide represented by the following general

formula (1):

’BiX(MLwCoy)O3 General formula (1)

where M represents at least one kind of metal selected
from Fe and Al, and x and y satisfy 0.955x<£1.25 and
0.05<y<0.15.

The pieioelectric thin film according to claim 2,
wherein the metal M in the general formula (1) is Fe.
The piezoelectric thin film according to claim 1,
wherein the tetragonal structure of the piezoelectric
thin film is (001) oriented, and |
wherein the rhombohedral structure of the piezoelectric
thin film is (100) oriented. v

The piezoelectric thin film according to claim 1,
wherein at least one part of the tetragonal structure
and the rhombohedral structure of the piezocelectric
thin film forms a columnar structure.

The piezoelectric thin film according to claim 1,
wherein the piezoelectric thin film has a thickness of
50 nm or more to 10 um or less. |
The piezoelectric thin film according to claim 2,
wherein a root mean square roughness Rq of a surface of
the piezoelectric thin film and'y in the general '
formula (1) satisfy a relationship of the following

general formula (2):
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O0<Rg<25y+2 General Formula (2).

The piezoelectric thin film accerding to claim 1,
wherein the piezoelectric thin film is provided on a
substrate,

wherein the substrate comprises a (100) oriented
single-crystal substrate, and

wherein an in—plene lattice parameter of a unit cell of
the single-crystal substrate is 0.360 nm or more to
0.385 nm or less in a surface of the substrate.

A piezoelectric element, comprising on a substrate:
the piezoelectric thin film accofding to claim 1; and
a pair of electrodes provided in contact with the
piezoelectric thin film. '

The piezoelectric element according to claim 9,
wherein the substrate comprises a (100) oriented
single-crystal substrate, and -

wherein an in-plane lattice parameter of a unit cell of
the single—crystél substrate is 0.360 nm or more to
0.385 nm or less in a surface of the single—cfystal
substrate.

The piezoelectric element according to claim 10,
wherein the substrate eomprises at least a LaAlOj3
single crystal.

The piezoelectric element according to claim 9, wherein
at ieast one of the pair of electrodes comprises a
perovskite type metal oxide represented by one of
M1RuO3, where M1 represents at least one kind selected
from the group consisting of Sr, Ba, and Ca, and Srq-
)M2,C003, where M2 represents at least one kind
selected from the group consisting of La, Pr, Sm, and
Nd and z satisfies 0<z<1.

The piezoelectric element according to claim 12,
wherein one of the pair of electrodes is provided in
contact with both of the piezoelectric thin film and
the substrate, and comprises a perovskite type metal

oxide represented by Sr(i-;)La,Co0O3; where z satisfies
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[15]

[16]

(17]

50

0<z<1.

A manufacturing method for a piezoelectric element
comprising, on a substrate, a piezoelectric thin film
and a pair of electrodes provided in contact with the
pilezoelectric thin film,

the manufacturing method comprising:

forming a first electrode on the substrate,

the substrate comprising a single-crystal substrate
selectively (100) oriented, in which an in-plane
lattice parameter of a unit cell of the single-crystal
substrate is 0.360 nm or more to 0.385 nm or less in a
surface of the single-crystal substrate;

forming the piezoelectric thin film on the first
electrode; and

forming a second electrode on the piezoelectric thin
£ilm, | |

wherein the forming the piezoelectric thin film
includes applying a precursor  solution of an
organometallic compound to the single-crystal substrate,
followed by drying, and heating the single-crystal
substrate at 430°C or lower under an excess oxygen
atmosphere, thereby obtaining a thin film formed of a
crystallized metal oxide.

The manufacturing method for a piezoelectric element
according to claim 14, wherein the formation of the
piezoelectric thin film is based on a chemical solution
deposition method. ‘

The manufacturing method for a piezoelectric element
according to claim 15, wherein the chemical solution
deposition method is performed by multi-layer coating
and a coating thickness per layer is 8 nm or more to 30
nm or less.

The manufacturing method for a piezoelectric element
according to claim 14, wherein the excess oxygen
atmosphere contains an ozone component.

The manufacturing method for a piezoelectric element
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(19]

[20]
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according to claim 14, wherein the first electrode
comprises Sr(i-; La,Co0O3; where z satisfies 0£z<1, and is
formed by a pulsed laser deposition method.

A liquid discharge head, comprising the piezoelectric
element according to claim 9.

An ultrasonic motor, comprising the piezoelectric

element according to claim 9.
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