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Title of Invention

THIN FILM PIEZOELECTRIC DEVICE, PIEZOELECTRIC ACTUATOR,
PIEZOELECTRIC SENSOR, HARD DISK DRIVE AND INK JET PRINTER
DEVICE

Background of Invention

Technical Field

(00011

The present invention relates to a thin film
priezoelectric device using a thin film piezoelectric
material; a piezoelectric actuator and a piezoelectric
sensor that include the thin film piezoelectric devices; and
a hard disk drive and an ink jet printer device that include
the piezoelectric actuators.

Background Art

[0002]

When piezoelectric thin films are formed, crystallinity
of films is controlled for achieving good piezoelectric
characteristics. In order to realize high crystallinity,
piezoelectric thin films are generally epitaxially grown on
a single crystal substrate.

[0003]

General methods for producing piezoelectric thin films
include dry methods such as an ion plating method, a
sputtering method, an electron beam evaporation method, and
an MOCVD method (metal-organic chemical vapor deposition

method), and wet methods such as a sol-gel method and an MOD
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method (metal-organic decomposition method).
[0004]

Patent Literature 1 disclosesg an underlaver of a
piezoelectric thin f£ilm, the underlayer being formed by a
sputtering method. The c¢-axis orientation of the
piezoelectric thin film ig enhanced by using the underlayer
having a smaller a-axis lattice constant than that of the
pieroelectric thin film, resulting in enhancement of the
piezoelectric characteristics of the pilezoelectric thin film.
[0005]

Patent Literature 2 discloses an alkali niobate-based
piezoelectric thin f£ilm composed of crystal grains the
majority of which have a columnar structure having a longer
length in the thicknessg direction than that in the planar
direction of a substrate and which have an average crystal
grain diameter of 0.1 um or more and 1 um or less in the
planar direction of the substrate in order to realize a high
piezoelectric constant,

[0006]

Patent Literature 3 discloses that a dielectric thin
film is formed by an MOCVD method and then annealed in an
atmosphere of oxidizing gas containing ozone to decrease
defects in a network structure of the dielectric thin film,
and consequently, a leakage current ilg decreased.

[Patent Literature]

[0007]
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[PTL 1] Japanese Unexamined Patent Application
Publication No. 11-026296

[PTL 2] Japanese Unexamined Patent Application
Publication No. 2008-159807

[PTL 3] Japanese Unexamined Patent Application
Publication No. 10-182300

Summary of Ianvention

[0008]

As described above, in order to reallze practical
piezoelectric characteristics of an alkali niobate-based
piezoelectric thin film, the average crystal grain diameter
is reguired to be contrcolled in a proper range.

[0009]

However, with a larger crystal grain diameter, when
oxygen deficiencies occur in grain boundaries formed in the
thickness direction (perpendicular to an electrode film),
the grain boundaries gerve as current paths, increasing the
risk of increasing a leakage current between electrode films.
Fig. 2A is a schematic view illustrating a section of an
alkali niobate-based piezoelectric thin film in which a
leakage current 1s increased by an average crystal grain
diameter larger than a proper range, and Fig. 2B illustrates
an actually observed image.

A thin film piezoelectric device shown in Figs. 22 and
2B includes a substrate 101, a lower electrode 102,

piezoelectric thin f£ilm 103 and upper electrode 104, and
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grains of the piezoelectric thin film 103 are separated by
grain boundaries 106.
[0C10]

This problem is a matter of great concern for
manufacture of a thin film piezoelectric device and
reliability thereof. As described above, a generally used
countermeasure 1is to anneal a plezoelectric thin film after
deposition thereof, but even when a dielectric thin film ig
formed by the sputtering method and then annealed, some
extent of effect is obtained, but it is difficult to
eliminate oxygen deficiencies in all grain boundaries in the
film. Therefore, annealing after film formation is not a
satisfactory countermeasure for decreasing a leakage current
between electrode films.

(0011]

The present invention has been achieved in
consideration of the problem and is aimed at making it
possible to enhance the reliability of a thin film
piezoelectric device by decreasing a leakage current between
electrode films without deterioration in piezoelectric
characteristics of a potasgium sodium niobate-based
piezoelectric thin film (hereinafter referred to as a "XNN
thin £ilm"),

[0012]
A thin film piezoelectric device according to the

present invention includes a potassium gsodium nicbate-based
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piezoelectric thin film (KNN thin film) which has an average
crystal grain diameter of 60 nm or more 90 nm or less, and a
pair of electrode layers configured to hold the
piezoelectric thin film therebetween. When the KNN thin

film formed by crystal growth has an average crystal grain
diameter within this range, a leakage current between
electrode films formed on and below the piezoelectric thin
film in the thin film piezoelectric device can be decreased.
The potassium sodium nilobate-based piezoelectric thin film
refers to a thin £ilm having a composition represented by
the basic chemical formula (NaxKi-x)NbO: (0 < x 1) and, if
required, containing various additives at the A sgsite where
an alkali metal is present and the B site where Nb is
present.

[0013]

Here, the average crystal grain diameter according to
the present invention is defined. Specifically, the average
crystal grain diameter is calculated by image analysis of an
image obtained by observing a surface of the piezoelectric
thin film with a scanning electron microscope (hereinafter
referred to as "SEM") within a field of view at an image
magnification of 5000 times. The diameter of each crystal
grain is determined by approximating the shape as a circular
shape. The average of the approximate crystal grain
diameters is considered as the average crystal grain

diameter (refer to Fig. 4).
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[0014]

Further, the piezoelectric thin £ilm accorxding to the
present invention preferably has a structure in which a
section in a direction perpendicular to the electrode films
contains a portion where a plurality of grains are present
in the thickness direction of the piezoelectric thin film,
and a ratio of total sectional area of the ¢grains
constituting the portion where the plurality of grains are
present is 50% or more of the whole sectional area of the
piezoelectric thin film.

[0015]

Here, the section is a surface obtained by cutting,
with a machine or focused ion beam (hereinafter referred to
as "FIB"), a laminate including the piezoelectric thin film
in the thickness direction of the piezoelectric thin £ilm,
and a broken-out surface thereof is observed with SEM or a
transmission electron microscope (hereinafter referred to as
“TEM") at an ilmage magnification of 10000 times. The
expression "a portion where a plurality of grains are
present in the thickness direction of the piezoelectric thin
film" represents a portion where at least two particles are
deposited in the thickness direction as shown in Figs. 3A
and 3B, In addition, "the total sectional area of the
grains constituting the portion where a plurality of grains
are present" represents a total of sectional areas of grains

A to V shown in Fig. 3A or sectional areas of grains A to I
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shown in Fig. 3B. Fig. 3C shows an actual TEM image.

A thin film piezocelectric device according to the
present invention shown in Figs. 3A to 3C includes a
substrate 201, a lower electrode 202, piezoelectric thin
film 203 and upper electrode 204, and grains of the
piezoelectric thin film 203 are separated by grain
boundaries 206.

[0016]

The piezoelectric thin film of the present invention
preferably containg Mn {manganese}. When the thin film
contains Mn, a leakage current can be decreased, and high
piezoelectric characteristic ~d31l can be achieved.

(0017}

In addition, the piezoelectric thin film of the present
invention preferably contains at least three elements of Li
(lithium), Sr (strontium), Ba (barium), Zr (zirconium), and
Ta (tantalum). When the thin film contains these elements,
a leakage current can be decreased, and high piezocelectric
characterigtic -d31 can be achieved,

[C018]

According to the present invention, the average crystal
grain diameter of crystal grains which constitute a
potassium sodium niobate-based piezoelectric thin film is
adjusted in a predetermined range, and thus both the two
important characteristics for a thin film piezoelectric

device, i.e., improved piezoelectric characteristics and
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decreased leakage current between electrode films, can be
satisfied.

A pilezoelectric actuator according to the present
invention incliudes the thin film pilezcelectric device with
increased piezoelectric properties and reduced leakage
current and can improve the deformation characteristics, and
a plezoelectric sensor according to the present invention
includes the thin film piezoelectric device with increased
piezoelectric properties and reduced leakage current and can
improve the detecting sensitivity. Therefore, a high
performance hard disk drive and ink jet printer device can
be provided.

Brief Description of Drawings

[0019]

[Fig. 11 Fig. 1 1s a drawing of a configuration of a
thin £ilm piezoelectric device according to the present
invention.

[Fig. 2A] Fig. 2A is a schematic drawing of a sectional
gtructure of a pieéoeiectric thin film having high
crystallinity.

[Fig. 2B] Fig. 2B is an image of a transmission
electron microscope (TEM) of the sectional structure.
[Figs. 3A and 3B] Figs. 3A and 3B are each a schematic
drawing of a sectional structure of a potassium sodium
niobate-based piezoelectric thin fiilm according to the

present invention.
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[Fig. 3C] Fig. 3C is an image of a transmission

electron microscope (TEM) of the sectional structure.

{[Fig. 4] Fig. 4 is a drawing illustrating the

definition of an average crystal grain diameter according to
the present invention.

[Figs. 5A to 5B] Figs. 5A and 5B are structural diagrams of

piezoelectric actuators according to the present invention.

[Figs. 6A to 6D] Figs. 6A to 6D are structural diagrams of
piezoelectric sensors according to the present invention.
[Fig. 7] Fig. 7 1s a structural diagram of a hard disc
drive according to the present invention.

[Fig. 8] Fig. 8 is a structural diagram of an ink jet

printer device according to the present invention.

Descripticn of Embodiments

[0020]

A preferred embodiment of the present invention is
described in detail below with reference to the drawings.
[60211]

Fig., 1 illustrates a configuration of a thin film
piezoelectric device 10 according to an embodiment of the
present invention,

[0022]

A substrate 1 is composed of single crystal silicon,
sapphire, magnesium oxide, or the like, and single crystal
silicon is particularly preferred from the viewpoint of cost

and handleabllity in a process. The thickness of the
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substrate 1 is generally 10 to 1000 pum.
{00231

A lower electrode film 2 is formed on the substrate 1.
As a material, Pt {(platinum) and Rh (rhodium) are preferred.
The forming method is a vapor deposition method or a
sputtering method. The thickness is preferably 50 to 1000
nm.

[0024]

A piezoelectric thin film 3 is formed on the lower
electrode film 2. The piezoelectric thin film 3 is a
potassium sodium niobate-based piezoelectric thin film
having an average crystal grain diameter of 60 nm or more
and 290 nm or less.

[00251]

With an average crystal grain diameter of less than 60
nm, the piezoelectric characteristic -d31 is decreased to be
lower than a value satisfactory for practical use of a thin
film piezocelectric device, while with an average crystal
grain diameter exceeding 90 nm, a leakage current between
electrode films is increased to be higher than an upper
limit for practical use of a thin film piezoelectric device.
A smaller average crystal grain diameter enables deposition
of a plurality of crystal grains in the thickness of the
piezoelectric thin film 3. This is schematically shown in
Figs. 3A and 3B, in which grain boundaries of grains are

complicated between electrode films, increasing the total
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length of the grain boundaries between the electrode films,
[0626]

A section of the piezoelectric thin film 3 in a
direction perpendicular to the electrode films containg a
portion where a plurality of graing are present in the
thickness direction of the piezoelectric thin film 3, and a
ratio of total sectional area of the grains constituting the
portion where the plurality of grains are present is
preferably 50% or more, more preferably 70% or more, of a
total sectional area of the pilezoelectric thin film 3. When
the ratio of total sectional area of the portion where the
piurality of grains are present in the thickness direction
of the piezoelectric thin film 3 to the total sectional area
of the film is within the above-described range, grain
boundaries between the electrode filme are complicated to
increase the length of the grain boundaries, thereby
decreasing a leakage current between the electrode films.
[0027]

The piezoelectric thin film 3 preferably contains Mn
{manganese). In this case, the leakage current of the thin
film piezoelectric device 10 can be decreased, and higher
piezoelectric characteristic -d31 can be achieved.

A technology to improve a leakage current characteristic by
reducing the hole density and oxygen vacancies through
addition of Mn {(manganese) to a XNN thin film is known.

[0028]
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The piezoelectric thin film 3 preferably contains at
least three elements of Li (lithium), Sr (strontium), Ba
(barium), Zr (zirconium), and Ta {tantalum}. When the thin
film 3 contains these elements, the leakage current can be
decreaged, and higher piezoelectric characteristic -d31 can
be achieved.

The piezoelectric thin film 3 includes K{potassium) and
Na (sodium) which are easy to evaporate in deposition
processes as main components, and the addition of above
elements stabilizes the composition of alkall metals in the
piezoelectric thin film. So, we can obtain the composition
of the piezoelectric thin f£ilm on-target.

Moreover, addition of the above elements tends not to
cause a depolarization in piezoelectric thin film in
processes under high temperature, and the reliability of the
thin film piezoelectric device can be improved.

[06029]

The thickness of the piezoelectric thin film 3 is not
particularly limited and, for example, can be about 0.5 um
to 10 um.

[0030]

Next, an upper electrode film 4 is formed on the
piezoelectric thin film 3. The material is preferably Pt or
Rh which is the same as the lower electrode film 2. The
thickness is preferably 50 nm to 1000 nm.

[0031]



WO 2014/045121 PCT/IB2013/002479
13

Then, a laminate including the pilezoelectric thin film
3 is patterned by photolithography and dry etching or wet
etching, and finally the substrate 1 is cut to produce the
thin film piezoelectric device 10. The substrate 1 may be
removed from the thin film piezoelectric device 10,
producing a thin film piezoelectric thin film including only
the laminate. In addition, after the laminate is patterned,
a protective £ilm may be formed using polyimide or the like.
[0032]

A method for evaluating the piezoelectric thin film 3
according to the embodiment of the present invention is as
follows.

{1} Calculation of average crvstal grain diameter:

A surface of the piezoelectric thin film 3 after

formation is observed with a scanning electron microscope
(hereinafter referred to as "SEM") within a field of view at
an image magnification of 5000 times, followed by image
analysis of the resultant image. The diameter of each
crystal grain is determined by approximating the shape as a
circular shape. The average of the approximate crystal
grain diameterg is considered as the average crystal grain
diameter (refer to Fig. 4).

(2) Calculation of ratic of area in which a plurality

of grains are present in the thickness direction of the
plezoelectric thin film 3;

After the upper electrode film 4 is formed on the
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piezoelectric thin film 3, the piezoelectric thin film 3 is
cut in the thickness direction of the piezoelectric thin
film 3 with a machine or focused ion beam (hereinafter
referred to as "FIB'), and & cut surface ig observed with
SEM or a transmission electron microscope (hereinafter
referred to as "TEM") at an image magnification of 10000
times., The total sectional area of crystal grains in the
portion where the plurality of grains are present in the
thickness direction of the piezoelectric thin film 3 is
determined, and the total sectional area is divided by the
total area of the section within the observation range
(refer to Figs. 34 and 3B).

(3) Measurement of leakage current density between

electrode films:

The substrate 1 is cub into a size of 5 mm X 20 mm to
produce the thin film piezoelectric device 10, which is then
measured by applying DC =20 V between the upper and lower
electrode films 2 and 4 thereof. A ferroelectric evaluation
system TF-1000 (manufactured by aixACCT Corporation) is usged
as an evaluation apparatus. The voltage application time is
2 seconds.

(4) Measurement of piezoelectric constant -d31:

Voltages of 3 Vp-p and 20 Vpe-p at 700 Hz are applied

between the upper and lower electrode films 2 and 4 of the
thin film piezoelectric device 10, and a displacement at the

tip of the thin film piezoelectric device 10 is measured
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with a laser Doppler vibrometer and an oscilloscope.
The piezoelectric constant -d31 can be determined by

calculation according to the following expression (1):

s F Expression (1)

hs: thickness of Si substrate [400 pm], Siu1,p: elastic
compliance of KNN thin film [1/104 GPal, Sii.s: elastic
compliance of Si substrate [1/168 GPal, L: length of drive
portion [13.5 mm}, §: displacement, V: applied voltage
(Erbodiment 1)

[0033]

A lower electrode film 2 is formed by crystal growth on
a substrate 1 composed of single crystal silicon to form an
underlayer of a piezoelectric thin film 3 (KNN thin film).
The lower electrode film 2 is a Pt film and has a thickness
of 50 to 1000 nm. The formation method is a sputtering
method, and the film is formed under heating of the
substrate 1 at 5007C.

[0034]

Then, the piezoelectric thin film 3 (XNN thin film) is
formed using a (K, Na)NbOs sputtering target. The formation
method is a sputtering method, and like the lower electrode
film 2, the piezoelectric thin film 3 is formed under a
condition where the substrate 1 is at a high temperature.

[0035]
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The substrate temperature is set to 520°C to 460°C. Ata
substrate temperature of 520°C or less, crystal growth is
inhibited, resulting in a decrease in average crystal grain
diameter of the piezoelectric thin £ilm 3. At a set
temperature of 460°C or more, the average crystal grain
diameter of the pilezoelectric thin film 3 can be prevented
from being excessively decreased, and deterioration in the
piezoelectric constant -d31 can be prevented.

[0036]

As noted above, smaller average crystal grain diameter
enables deposition of a plurality of crystal grains in the
thickness of the piezoelectric thin £ilm 3. This is
schematically shown in Figs. 3A and 3B, in which grain
boundaries of grains are complicated between electrode films,
increasing the total length of the grain boundaries between
the electrode films.

[0037]

The inventors of the pregent invention suppose the
following formation mechanism of a leakage path. A main
cause for the leakage path lies in oxygen deficiencies in
grain boundaries. The oxygen deficiencies are partially
produced by causes, such as heat history, an oxygen partial
pressure during £ilm deposition, film thickness, amounts of
additives, etc., not uniformly distributed in all grain
boundaries. As the total length of grain boundaries

increases, the ratio of positions where oxygen deficiencies
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are pregent to the total length of grain boundaries
decreases, resulting in a decrease in leakage path.
Assuming that the incidence rate of a leakage path due to
one grain boundary is A%, and the number of crystal grains
deposited in the thickness direction is N, the risk of
causing a continuous leakage path by the crystal grains is
Ax%. On the other hand, as shown in Fig. 2A, with higher
crystallinity, the number of crystal grains deposited
between the electrode films is 1, and thus the rigk of
causing a leakage path due to grain boundaries ig A%.
Because it is essential that A > A", deposition of a
plurality of crystal grains in the thickness direction has
the effect of decreasing a leakage current between the
electrode films.

[(0038]

However, as described above, the piezoelectric
characteristic -d31l is decreased by excessively decreasing
the average crystal grain diameter. Therefore, it is
necessary to realize a decrease in leakage current while
maintaining piezoelectric characteristics reguired for the
thin f£ilm piezocelectric device 10 by controlling the average
crystal grain diameter in an appropriate range.

[0039]

Next, the average crystal grain diameter in a surface

of the piezoelectric thin film 3 (KNN thin film) ig measured

by the above~described method.
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[0040]

Then, an upper electrode film 4 is formed on the
piezoelectric thin film 3 by the sputtering method. Like
the lower electrode film 2, the material is preferably a Pt
film, The thickness is 50 to 1000 nm.

[0041]

Next, a laminate including the piezoelectric thin £ilm
3 is patterned by photolithography and dry etching or wet
etching, and finally the substrate 1 is cut into a size of 5
mm X 20 mm, producing a plurality of thin film
plezoelectric devices 10.

[0042]

One of the resultant thin film piezoelectric devices 10
igs cut, and a ratio of an area where a plurality of grains
is present in a section is determined by the above-described
method. In addition, the leakage current density between
the electrode films and piezoelectric constant -~d31l are
measured using ancther one of the thin film piezoelectric
devices 10. From a practical viewpoint, the thin film
piezcelectric device 10 is required to have a leakage
current density of_l X 10 A/cm® or less, and -d31 of 70
pm/V or more,

{(Embodiment 2)
[0043]
A sputtering target containing (K, Na)Nb0Oi: and Mn added

as an additive in a range of 0.1 to 3.0 atomic % ig used
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instead of the (K, Na)NbOs: sputtering target used in
Embodiment 1. A Mn adding amount of 3.0 atomic % or less
tends to suppress a decrease in -d31 of the piezoelectric
thin film 3 (KXNN thin film), and a Mn adding amount of 0.1
atomic % or more tends to easily achieve the effect of
decreasing the leakage current between the electrode films.
[0044]

The substrate temperature is set to 520°C to 480°C. Ata
substrate temperature of 520°C or less, crystal growth is
inhibited, resulting in a decrease in average crystal grain
diameter of the piezoelectric thin film 3. At a set
temperature of 480°C or more, the average crystal grain
diameter of the piezoelectric thin film 3 can be prevented
from being excessively decreased, and deterioration in the
piezoelectric constant ~d31l can be prevented. The
conditions other than the sputtering target and the
substrate set temperature are the same as in Embodiment 1.
(Embodiment 3)

[0045]

A sputtering target further containing at least three
additives selected from Li, Sr, Ba, Zr, Ta and added as
additives is used instead of the sputtering target (X,
Na)Nb03 used in Embodiment 1. The ranges of amounts of the
elements added are Li: 0.1 to 3.0 atomic %, Sr: 0.5 to 6.0
atomic %, Ba: (.05 to 0.3 atomic %, Zr: 0.5 to 6.0 atomic %,

and Ta: 0.01 to 15 atomic %. By setting the upper limit of
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the amount of each of the elements added to the above-
described value, deterioration in the piezoelectric constant
-d31 tends to be prevented. By setting the lower limit of
the amount of each of the elements added to the above-
described value, the piezoelectric constant -d31 tends to be
improved. Additionally, Mn may be added in the same range as
in Embodiment 2,
[0046]

The substrate temperature is set to 520°C to 470°C. At
& substrate temperature of 520°C or less, crystal growth is
inhibited, resulting in a decrease in average crystal grain
diameter of the piezoelectric thin film 3 (KNN thin film).
At a set temperature of 470°C or more, the average crystal
grain diameter of the piezoelectric thin film 3 can be
prevented from belng excessively decreased, and
deterioration in the piezoelectric constant -d31 can be
prevented. The conditions other than the sputtering target
and the substrate set temperature are the same as in

Embodiment 1.

[0047] (Piezoelectric actuator)

Fig. BA is a structural diagram of a head assembly
mounted on a hard disk drive as an example of piezoelectric
actuators including these piezoelectric elements. As shown
in this drawing, a head assembly 200 includes a base plate 9,

a load beam 11, a flexure 17, first and second piezoelectric
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elements 13 gerving ag driver elements, and a slider 19
provided with a head element 19%a, as main constituents
thereof.

[0048]

In this regard, the load beam 11 includes a base end
portion 1llb fixed to the base plate 9 by beam welding or the
like, first and second plate spring portions 1llc and 1id
extending from this base end portion 11b while tapering, an
opening portion lle disposed between the first and second
plate spring portions 1lc and 11d, and a beam main portion
11f following the first and second plate spring portions llc
and 11d and extending linearly while tapering.

[0049]

The first and second piezoelectric elements 13 are
disposed on a wiring flexible substrate 15 which is part of
the flexure 17, while keeping a predetermined distance from
each other. The slider 19 is fixed to an end portion of the
flexure 17 and is rotated in accordance with expansion and
contraction of the first and second piezoelectric elements
13.

[0050]

The first and second piezoelectric elements 13 are
formed from a filrst electrode lavyer, a second electrode
layer, and a piezoelectric layer sandwiched between the

first and second electrode layers. High voltage resistance
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and a sufficient displacement can be obtained by using the
piezoelectric layer exhibiting a small leakage current and a
large displacement, according to the present invention, as
this piezoelectric laver.

[0051]

Fig. 5B is a configuration diagram of a pilezoelectric
actuator of an ink-jet printer head, as another example of
the piezoelectric actuator including the above-described
piezoelectric element.

[0052]

A pilezocelectric actuator 300 is formed by stacking an
insulating layer 23, a lower electrode laver 24, a
piezoelectric layer 25, and an upper electrode layver 26 on a
substrate 20.

[00531

In the case where a predetermined discharge signal is
not supplied and a voltage is not applied between the lower
electrode laver Z4 and the upper electrode layer 26,
deformation does not occur in the piezoelectric layer 25. A
pressure change doesg not occur in a pressure chamber 21
provided with a pilezoelectric element supplied with no
discharge signal, and an ink droplet is not discharged from
a nozzle 27 thereof.

[0054]

On the other hand, in the case where a predetermined
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discharge signal is supplied and a certain voltage 1s
applied between the lower electrode layer 24 and the upper
electrode layer 26, deformation occurs in the piezoelectric
layer 25. The insulating film 23 is bent to a great extent
in a pressure chamber 21 provided with the pilezoelectric
element supplied with a discharge signal. Consequently, the
pressure in the pressure chamber 21 increases
instantaneously, and an ink droplet is discharged from the
nozzie 27.

[0055]

Here, high voltage resistance and a sufficient
digplacement can be obtailned by using the piezoelectric
layer exhibiting a small leakage current and a large
displacement, according to the present invention, as the
piezoelectric layer.

[00561 (Piezoelectric sensor)

Fig. 6A ig a structural diagram (plan view) of a gyro
sensor as an example of a piezoelectric sensor including the
above-described piezoelectric element, Fig. 6B is a
sectional view of the section taken along a line A-A shown
in Fig. 6A,

[0057]

A gvro sensor 400 is a tuning folk vibrator type

angular velocity detecting element provided with a base

portion 110 and two arms 120 and 130 connected to one
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surface of the base porticon 110. This gyro sensor 400 is
obtained by micromachining the piezocelectric layer 30, the
upper electrode layver 31, and the lower electrode layer 32
constituting the above~described piezoelectric element to
correspond with the shape of the tuning folk vibrator. The
individual portionsg (base portion 110 and arms 120 and 130)
are integrally formed by the piezoelectric element.

[0058]

Each of drive electrode lavers 3la and 31b and
detection electrode layer 31d is disposed on a first
principal surface of one arm 120. Likewise, each of drive
electrode layers 3la and 31lb and detection electrode layer
3lc is disposed on a first principal surface of the other
arm 130. Each of these electrode layers 3la, 31b, 3lc, and
31d is obtained by etching the upper electrode layer 31 into
a predetermined electrode shape.

[0059]

Meanwhile, the lower electrode layer 32 disposed all
over second principal surfaces (principal surface on the
back side of the first principal surface) of the base
portion 110 and the arms 120 and 130 functions as a ground
electrode of the gyro sensor 400.

[0060]
Here, the longitudinal direction of each of the arms

120 and 130 is specified to be a Z direction, and a plane
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including the principal surfaces of the two arms 120 and 130
ig specified to be an XZ plane, so that an XYZ rectangular
coordinate system is defined.

[0061]

When a drive signal is supplied to the drive electrode
layers 3la and 31b, the two arms 120 and 130 are excited in
an in-plane vibration mode. The in-plane vibration mode
refers to a vibration mode in which the two arms 120 and 130
are excited in a direction parallel to the principal
surfaces of the two arms 120 and 130. For example, when one
arm 120 1s excited in a -X direction at a velocity V1, the
other arm 130 is excited in a +X direction at a velocity V2.
[0062]

In the case where rotation at an angular velocity o is
added to the gyro sensor 400 under this state while the axis
of rotation is specified to be the Z axis, the Coriolis
force is applied to each of the two arms 120 and 130 in a
direction orthogonal to the direction of the velocity, and
excitation occurs in an out~of-plane vibration mode. The
out-of-plane vibration mode refers to a vibration mode in
which the two arms 120 and 130 are excited in a direction
orthogonal to the principal surfaces of the two arms 120 and
130. For example, when the Corilolis force Fl applied to one
arm 120 is in a -Y direction, a Coriolis force F2 applied to

the other arm 130 is in a +Y direction.
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[0063]

The magnitudes of the Coriolis forces Fl and F2 are
proportionate to the angular velocity ® and, therefore, the
angular velocility © can be determined by converting
mechanical strains of the arms 120 and 130 due to the
Coriolis forces Fl and F2 to electric signals (detection
signals) by the piezoelectric layer 30 and taking them from
the detection electrode layvers 3lc and 31d.

[0064]

High voltage resistance and sufficient detection
sensitivity can be obtained by using the piezoelectric laver
exhibiting a small leakage current and a large displacement,
according to the present invention, as this piezoelectric
laver.

[0065]

Fig. 6C is a configuration diagram of a pressure sensor
as a second example of the piezoelectric sensor including
the above-described piezoelectric element.

[0066]

A pregsure senscr 500 has a cavity 45 to respond to
application o0f a pressure and, in addition, is formed from a
support member 44 to support a plezoelectric element 40, a
current amplifier 46, and a voltage measuring instrument 47.
The piezoelectric element 40 includes a common electrode

layer 41, a piezoelectric layer 42, and an individual
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electrode laver 43, which are stacked in that order on the
support member 44, Here, when an external force is applied,
the piezoelectric element 40 is bent and the voltage is
detected by the voltage measuring ingtrument 47.

[0067]

High voltage resistance and sufficient detection
sensitivity can be obtained by using the piezoelectric layer
exhibiting a small leakage current and a large displacement,
according to the present invention, as this piezoelectric
layer, [0068]

Fig. 6D is a configuration diagram of a pulse wave
sensor as a third example of the piezoelectric sensor
including the above-described plezoelectric element.

[0069]

A pulse wave gensgor 600 is configured to be eguipped
with a transmitting pilezoelectric element and a receiving
piezoelectric element on a substrate 51. Here, in the
transmitting piezoelectric element, electrode layers 54a and
55a are disposed on the two surfaces of the transmitting
plezoelectric laver 52 in the thickness direction, and in
the receiving piezoelectric element, electrode layers 54b
and 55b are alsc disposed on the two surfaces of the
receiving piezoelectric layer 53 in the thickness directiomn.
In addition, electrodes 56 and upper surface electrodes 57

are disposed on the substrate 51, where the electrode layvers
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54 and 55b are electrically connected to the upper surface
electrodes 57, respectively, by wirings.
[0070]

In order to detect pulses of a living body, initially,
the substrate back surface (gurface not equipped with the
pilezoelectric element}) of the pulse wave sensor 600 is
brought into contact with the living body. Then, when
pulges are detected, a gpecific drive voltage signal is
output to both the electrode layers 5da and 55a of the
transmitting pilezoelectric element. The transmitting
piezoelectric element is excited in accordance with the
drive voltage signal input into both the electrode lavers
54a and 55a, so0 as to generate an ultrasonilic wave and
transmit the ultrasonic wave into the living body. The
ultrasonic wave transmitted into the living body is
reflected by a bloodstream and ig received by the receiving
piezoelectric element. The receiving piezoelectric element
converts the received ultrasonic wave to a voltage signal
and outputs from both the electrode layers 54b and 55b.
[0071]

High voltage registance and sufficient detection
sensitivity can be obtained by using the piezoelectric laver
exhibiting a small leakage current and a large displacement,
according to the present invention, as both the

plezoelectric layers.
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[0072] (Hard disk drive)

Fig. 7 is a configuration diagram of a hard disk drive
equipped with the head assembly shown in Fig. 5A.
[0073]

A hard disk drive 700 is provided with a hard disc 61
serving as a recording medium and a head stack assembly 62
to record the magnetic information thereto and regenerate in
a cabinet 60. The hard disk 61 is rotated by a motor,
although not shown in the drawing.

[0074)]

In the head stack assembly 62, a plurality of
assemblies formed from an actuator arm 64 supported by a
voice coil motor 63 in such a way as to rotate freely around
a spindle and a head assembly 65 connected to thig actuator
arm 64 are stacked in the depth direction in the drawing.
The head slider 19 is attached to an end portion of the head
assembly 65 in such a way as to opposite to the hard disk 61
(refer to Fig. 5A).

[0075]

As for the head assembly 65, a form in which the head
element 19%a (refer to Fig. 5A) is fluctuated in two steps is
adopted. Relatively large movements of the head element 19a
are controlled by whole drive of the head assembly 65 and
the actuator arm 64 on the basis of the voice coll motor 63,

and fine movements are controlled by drive of the head
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slider 19 by the end portion of the head assembly 65.
[0076]

High voltage registance and sufficient accessibility
can be obtained by using the piezoelectric layer exhibiting
a small leakage current and a large displacement, according
to the present invention, as the piezoelectric layer in this
piezoelectric element used for this head assembly 65.

[0077] (Ink jet printer device)

Fig. 8 is a configuration diagram of an ink-jet printer
device equipped with the ink-jet printer head shown in Fig.
5B.

[0078]

An ink-jet printer device 800 is configured to
primarily include an ink-jet printer head 70, a main body 71,
a tray 72, and a head drive mechanism 73.

[0079]

The ink-jet printer device 800 is provided with ink
cartridges of four colors of yvellow, magenta, cyan, and
black in total and is configured to be able to perform full
color printing., In addition, this ink-jet printer device
800 is provided with an exclusive controller board and the
like in the inside, and the ink discharge timing of the ink-
jet printer head 70 and scanning of the head drive mechanism
73 are controlled. Meanwhile, the main body 71 is provided

with the tray 72 on the back and is provided with an
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automatic sheet feeder (automatic continuous sheet feeding
mechanism) 76 in the ingide, so as to automatically send
recording paper 75 and deliver the recording paper 75 from a
front-mounted delivery port 74.

[0080]

An ink-jet printer device having high voltage
resistance and high safety can be provided by using the
piezoelectric layer exhibiting a small leakage current and a
large displacement, according to the present invention, as
this piezoelectric layer in the pilezoelectric element used
for the piezoelectric actuator of this ink-jet printer head

70.

Examples
[0081]

The present invention is described in further detail
below based on examples and comparative examples, but the
present invention is not limited to these examples.
(Example 1)

[0082]

A lower electrode film 2 was formed by crystal growth
on a substrate 1 of single crystal Si to form an underlayer
of a XNN thin £ilm serving as a piezoelectric thin film 3.
The lower electrode film 2 included a Pt film and had a
thickness of 200 nm. The lower electrode film 2 was formed
by the sputtering method under a condition in which the

substrate was at 500°C.
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[0083]

Then, the KNN thin film was deposited using a (K,
Na)NbQ: sputtering target. The KNN £ilm was formed by the
sputtering method under a condition in which the substrate
was at 520°C. The thickness of the KNN film was 2.0 um.
[0084]

In crder to evaluate the average crystal grain diameter
of the piezoelectric thin film 3, a surface of the
plezoelectric thin film 3 was observed with SEM. A SEM
image of the film surface was taken at an cbservation
magnification of 5000 times, followed by image analysis.
The diameter of each of the crystal graing was determined by
approximating the ghape as a circular shape. The average of
the approximate diameters of the crystal grains was
considered as the average crystal grain diameter. In this
example, the average crystal grain diameter was 20 nm.
[0085]

Next, Pt was deposited to form an upper electrode £ilm
4. The same sputtering method as for the lower electrode
film 2 was used as a formation method, but the substrate
temperature was 200°C. The thickness of the film wag 200 nm.
[0086]

Next, a laminate including the piezoelectric thin film
3 was patterned by photolithography and dry etching or wet
etching, and further the substrate was cut into a size of 5

mm X 20 mm, producing a plurality of thin film
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piezoelectric devices 10,
100871

The ratio of an area where a plurality of graing were
present in the thickness direction of the piezoelectric thin
film 3 was determined. In order to observe a section of the
piezoelectric thin film 3, a portion of the thin film
piezoelectric device 10 was cut in the thickness direction
using FIB to form a cut surface. The cut surface was
observed with TEM at an observation magnification of 10000
times to form a sectional image. Then, the total of areas
of crystal grains in a portion where a plurality of grains
were present in the thickness direction of the piezoelectric
thin film 3 was determined and divided by the total area of
the section within the observation range to calculate the
ratio of an area where a plurality of grains were present in
the thickness direction. The obtained ratio was 42%.

[0088]

In addition, the pilezoelectric characteristic -d31 of
another thin film pilezocelectric device 10 was evaluated.
Voltages of 3 Vp-p and 20 Vpp at 700 Hz were applied between
the upper and lower electrode films of the thin film
piezoelectric device 10, and a displacement at the tip of
the thin film piezoelectric device 10 was measured with a
laser Doppler vibrometer and an oscilloscope.

The piezoelectric constant -d31 was determined by

calculation according to the following expression (1):
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Expression (1)

hs: thickness of Si substrate [400 um], Sii,p: elastic
compliance of KNN thin film [1/104 GPal], Si1.s: elastic
compliance of Si substrate [1/168 GPal], L: length of drive
portion [13.5 mm], ¢ : displacement, V: applied voltage

The piezoelectric constant -d31 was 89 (pm/V) at 3 Ve-p
and 89 (pm/V) at 20 Vp-p.

00891

Table 1 shows the substrate temperature during
deposition of the piezocelectric thin film 3, the film
thickness, the average crystal grain diameter, the area
ratic of deposited grains in the section to the total
gsectional area, the leakage current density, and the
piezoelectric constant -d31 in Example 1.

(Examples 2 to 7 and Comparative Examples 1 to 3)
[0090]

A thin film piezoelectric device 10 was manufactured
and evaluated with respect to the characteristics thereof in
the same manner as in Example 1 except that the
plezoelectric thin film 3 was formed at a substrate
temperature shown in Table 1. The manufacture conditions
and evaluation results are shown in Table 1.

(Examples 8 to 12 and Comparative Examples 4 and 5)

[0091]
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A (K, Na)NbkO: sputtering target containing 0.4 atomic %
of Mn was used for forming the pilezoelectric thin film 3,
and the plezoelectric thin film 3 was formed at a substrate
temperature shown in Table 1. Under the same other
conditions as in Example 1, a thin film piezoelectric device
10 was manufactured, and the characteristics thereof were
evaluated., The manufacture conditions and evaluation
results are ghown in Table 1.

(Examples 13 to 16 and Comparative Examples 6 and 7)
[0092]

A (K, Na)NbOs sputtering target containing 1.5 atomic %
of Li, 0.1 atomic % of Ba, and 4 atomic % of Ta was used for
forming the piezoelectric thin film 3, and the piezoelectric
thin film 3 was formed at a substrate temperature shown in
Table 1. Under the same other conditions as in Example 1, a
thin film piezoelectric device 10 was manufactured, and the
characteristics thereof were evaluated. The manufacture
conditions and evaluation results are shown in Table 1.
(Examples 17 to 20 and Comparative Examples 8 and 9)

[0093]

A (K, Na)NbO: sputtering target containing 0.4 atomic %
of Mn, 1.5 atomic % of Li, 0.1 atomic % of Ba, and 4
atomic % of Ta was used for forming the piezoelectric thin
fiilm 3, and the piezoelectric thin film 3 was formed at a
substrate temperature shown in Table 1. Under the same

other conditions as in Example 1, a thin film piezoelectric
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device 10 was manufactured, and the characteristics thereof
were evaluated. The manufacture conditions and evaluation
results are shown in Table 1.

(Examples 21 to 24 and Comparative Examples 10 and 11)
[0094]

A (K, Na)Nb0s sputtering target containing 0.4 atomic %
of Mn, 1.5 atomic % of Li, 3.0 atomic % of Sr, 0.1 atomic %
of Ba, 3.0 atomic % of Zr, and 4 atomic % of Ta was used for
forming the piezoelectric thin film 3, and the piezoelectric
thin film 3 was formed at a substrate temperature shown in
Table 1. Under the same other conditions as in Example 1, a
thin film piezoelectric device 10 was manufactured, and the
characteristics thereof were evaluated. The manufacture
conditions and evaluation results are shown in Table 1.
[0095]

It was confirmed that the thin film pilezoelectric
devices 10 of Examples 1 to 24 each including the KNN thin
film having an average crystal grain diameter of 60 nm or
more and 90 nm or lesg and the pair of electrode films
formed to hold the KNN thin film therebetween have larger
piezoelectric constants -d31 at 20 Ve-p than in Comparative
Examples 1 to 11 having an average crystal grain diameter
out of the range. This is realized by providing the thin
film piezoelectric devices 10 of Examples 1 to 24 with both
the characteristic of a leakage current density of 1.0 X 10-

‘A/cm? or less, which is the minimum required for practical
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application, and the piezoelectric characteristics which can
be secured by controlling the average crystal grain diameter
to 60 nm or more and 90 nm or less. In Comparative Example

1 having & larger pilezoelectric constant -d31 at 3 Vp-p, the
piezoelectric constant -d31 at 20 Vp-p is low because the
piezoelectric constant -d31 cannot be normally measured at
20 Vp-p due to a high leakage current density.

[0096]

It was also confirmed that the thin film piezoelectric
devices 10 of Examples 2 to 24 each including the XKNN thin
film having an average crystal grain diameter of 60 nm or
more and 90 nm or less and having a deposited grain area
ratio of 50% or more in the section exhibit lower leakage
current densitiegs than that of the thin film piezcelectric
device 10 of Example 1 including the KNN thin f£ilm having an
average crystal grain diameter of 60 nm or more and 90 nm or
less but having a deposited grain area ratio of 50% or less
in the section.

[0097]

Comparing the leakage current densities of the thin
film piezcelectric devices 10 of Examples 8 to 12 each
including the KNN thin film having an average crystal grain
diameter of 60 nm or more and 90 nm or less and containing
Mn with the leakage current densities of the thin film
plezoelectric devices 10 of Examples 1 to 7 each including

the KNN thin film having substantially the same average
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crystal grain diameter (%5%) as in Examples 8 to 12 but not
containing Mn, it was confirmed that the thin film
piezoelectric devices 10 of Examples 8 to 12 have lower
leakage current densities.

[0098]

It was further confirmed that the thin f£ilm
piezoelectric devices 10 of Examples 13 to 16 each including
the KNN thin film having an average crystal grain diameter
of 60 nm or more and 290 nm or less and containing three
elements selected from Li, Ba, Ta, Sr, and Zr exhibit higher
piezoelectric constants -d31 than those of the thin film
piezoelectric devices 10 of Examples 1 to 12 not containing
these elements. In the cases other three elements were
selected, almost the same results were obtalned.

[0099]

It was further confirmed that the thin film
pliezoelectric devices 10 of Examples 17 to 20 each including
the KNN thin film having an average cryvstal grain diameter
of 60 nm or more and 90 nm or less and containing Mn, Li, Ba,
and Ta exhibit lower leakage current densities than those of
the thin film piezoelectric devices 10 of Examples 13 to 16
each including the KNN thin film containing only Li, Ba, and
Ta but not Mn (comparison between the KNN thin films having
substantiaily the same average crvstal gralin diameter (=
5%)). In addition, it was confirmed that Examples 17 to 20

have higher piezoelectric constants -d31.
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[01001

It was further confirmed that the thin film
piezoelectric devices 10 of Examples 21 to 24 each including
the KNN thin film having an average crystal grain diameter
of 60 nm or more and 90 nm or less and containing Mn, Li, Ba,
Ta, Sr, and Zr exhibit higher piezoelectric constants -d31
than those of the thin film piezoelectric devices 10 of
Examples 17 to 20 each including the XNN thin film having an
average crystal grain diameter of 60 nm or more and 90 nm or
less and containing Mn, Li, Ba, and Ta.

A piezoelectric actuator according to the present
invention inciudes the thin film piezoelectric device with
increased coercive electric field and can improve the
deformation characteristics, and a piezcelectric sensor
according to the present invention includes the thin fiim
plezoelectric device with increased coercive electric field
and can improve the detecting sensitivity. Therefore, a
high performance hard disk drive and ink jet printer device
can be provided.

[Table 1]
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CLAIMS
[Claim 1]

A thin film piezoelectric device comprising a potassium
sodium niobate-based piezoelectric thin f£ilm which has an
average crystal grain diameter of 60 nm or more and 90 nm or
less, and a pair of electrode films configured to hold the
piezoelectric thin film therebetween.

[Claim 2]

The thin f£ilm pilezoelectric device according to Claim 1,
wherein a sectional structure of the piezoelectric thin film
in a direction perpendicular to the electrode films contains
a portion where a plurality of grains are present in the
thickness direction of the piezocelectric thin fiim, and a
ratio of total sectional area of grains constituting the
portion where the plurality of grains are present is 50% or
more of a total sectional area of the plezoelectric thin
film.

[Claim 3]

The thin film piezoelectric device according to Claim 1,
wherein the piezoelectric thin film contains Mn (manganese).
[Claim 4]

The thin film piezoelectric device according to Claim 1,
wherein the piezoelectric thin film contains at least three
elements selected from Li (lithium), Sr (strontium), Ba
(barium), Zr (zirconium), and Ta (tantalum).

[Claim 5]
A plezoelectric actuator comprising the thin film

piezoelectric device according to Claim 1.



WO 2014/045121 PCT/IB2013/002479
42
[Claim 6]
A piezoelectric sensor comprising the thin film
piezoelectric device according to Claim 1.
[Claim 7]
A hard disk drive comprising the piezoelectric actuator
according to Claim 5,
[Claim 8]
An ink jet printer device comprising the piezoelectric

actuator according to Claim 5.
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