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PIEZOELECTRIC SUBSTRATE, PIEZOELECTRIC 
ELEMENT, LIQUID DISCHARGE HEAD AND 

LIQUID DISCHARGE APPARATUS 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to a piezoelectric 
substrate, a piezoelectric element and a liquid discharge 
head to be used for a liquid discharge apparatus and also to 
methods of manufacturing the same. More particularly, the 
present invention relates to a high density piezoelectric 
element having a large area and a liquid discharge head 
using such an element. 

[0003] 2. Description of the Related Art 

[0004] There is an increasing demand for long printing 
heads to be used in ink jet printers in order to improve the 
resolution and the printing speed of such printers. For this 
reason, there is a demand for micronized multi-nozzle head 
structures. Then, piezoelectric elements for discharging liq 
uid are required to be doWnsized in order to micronize liquid 
discharge heads. Then, piezoelectric substrates shoWing a 
high piezoelectric constant are required in order not to 
reduce the drive poWer if liquid discharge heads are micron 
ized. Thus, there is a demand for highly crystalline piezo 
electric ?lms as piezoelectric substrates. Such piezoelectric 
?lms are required to shoW a controlled crystallinity so as to 
contain highly oriented crystals. For a piezoelectric ?lm to 
be a highly oriented crystal, it is preferable that the directly 
underlying layer is highly crystalline and the piezoelectric 
?lm and the directly underlying layer make a good combi 
nation in terms of lattice matching at the time of manufac 
turing the piezoelectric ?lm. 

[0005] Additionally, the piezoelectric ?lm and the directly 
underlying layer are apt to give rise to a phenomenon of ?lm 
exfoliation When stress is applied to the interface if the 
piezoelectric ?lm is made thin. Therefore, the directly under 
lying layer is required to be highly adhesive relative to the 
piezoelectric ?lm in order to suppress such ?lm exfoliation. 

[0006] Conventionally, paste of poWdery PbO, ZrO2 and 
TiO2 is molded to form green sheets, Which are then sintered 
to produce a PZT type piezoelectric material for piezoelec 
tric ?lms to be used for piezoelectric elements as described 
in Japanese Patent Application Laid-open No. S62-2l3399. 

[0007] HoWever, it is di?icult to produce PZT type oxide 
?lms With a thickness of not greater than 10 pm by means 
of the method disclosed in Japanese Patent Application 
Laid-open No. S62-2l3399. Additionally, since such green 
sheets are sintered at a temperature level not loWer than 
l,000° C., there arises a problem that the piezoelectric ?lms 
shrink to 70% of the original size. Then, it is dif?cult to align 
a piezoelectric ?lm and a structure such as an ink chamber 
With an accuracy level of several microns. Thus, no satis 
factory micro piezoelectric elements have been available to 
date. 

[0008] Furthermore, the in?uence of the crystal grain 
boundaries becomes unnegligible as ceramic piezoelectric 
?lms formed by sintering green sheets shoW a reduced 
thickness to consequently make it impossible to realize good 
piezoelectric characteristics. As a result, there arises a prob 
lem of being unable to obtain piezoelectric characteristics 
that are satisfactory for causing a piezoelectric ?lm to 
operate for discharging recording liquid if the piezoelectric 
?lm is prepared by sintering a green sheet to a thickness not 
greater than 10 um. 
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[0009] Known methods for preparing piezoelectric ?lms 
include sputtering methods, CVD methods, MBE methods 
and sol-gel methods in addition to the above cited method. 
As a matter of fact, it is possible to produce a thin oxide ?lm 
With a ?lm thickness of not greater than 10 pm by means of 
any of such methods. HoWever, since the piezoelectric ?lm 
prepared by means of any of such methods shoWs a high 
density to by turn give rise to very large in-plane stress and 
make the piezoelectric ?lm poorly adhesive to the underly 
ing layer, Which is a loWer electrode. For the piezoelectric 
elements of an ink jet head to Withstand the stress produced 
When they are driven repeatedly, it is necessary that the 
piezoelectric ?lm is highly adhesive to the underlying layer 
of a loWer electrode. HoWever, a piezoelectric ?lm prepared 
by any of the above-cited methods cannot be feasibly used 
as piezoelectric element for ink jet recording. 

[0010] Additionally, if the piezoelectric characteristics of 
a piezoelectric material ?uctuate due to temperature change, 
the temperature of the operation environment needs to be 
held to a constant level, although the temperature require 
ment may vary depending on the type of piezoelectric 
material. In other Words, a piezoelectric material that is 
loWly temperature-dependent and shoWs excellent piezo 
electric characteristics When used as piezoelectric element 
has not been found to date. 

SUMMARY OF THE INVENTION 

[0011] In vieW of the above identi?ed circumstances, it is 
therefore an object of the present invention to provide a 
piezoelectric substrate that shoWs a controlled crystallinity 
and an enhanced level of orientation to realize excellent 
piezoelectric characteristics and produces an enhanced level 
of adhesiveness betWeen the piezoelectric substrate and an 
electrode to make itself highly durable and capable of 
suppressing any possible ?lm exfoliation as Well as a 
piezoelectric element, a liquid discharge head and a liquid 
discharge apparatus realized by using such a piezoelectric 
substrate. 

[0012] Another object of the present invention is to pro 
vide a piezoelectric substrate Whose piezoelectric character 
istics do not degrade by the temperature change in the 
operation environment as Well as a piezoelectric element, a 
liquid discharge head and a liquid discharge apparatus 
realized by using such a piezoelectric substrate. 

[0013] Still another object of the present invention is to 
provide a method of manufacturing a piezoelectric substrate 
that utilizes micro-processing techniques available in the 
?eld of semiconductor processes and a highly reliable liquid 
discharge head having densely arranged discharge ports 
prepared by means of such a method. 

[0014] According to the present invention, the above 
objects and other objects of the invention are achieved by 
providing a piezoelectric substrate of a perovskite-type 
oxide expressed by a general formula of ABO3 having a 
laminate structure of a single crystal structure or a uniaxial 
crystal structure expressed by (Pb l_Xl\/L()xm(ZryTl_y)O3 
(Where M represents an element selected from La, Ca, Ba, 
Sr, Bi, Sb and W), the laminate structure having a layered 
?rst crystal phase having a crystal structure selected from 
the tetragonal structure, the rhombohedral structure, the 
pseudocubic structure and the monoclinic structure, a lay 
ered second crystal phase having a crystal structure selected 
from the tetragonal structure, the rhombohedral structure, 
the pseudocubic structure and the monoclinic structure but 
different from the crystal structure of said ?rst crystal phase 
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and a boundary layer arranged between said ?rst crystal 
phase and said second crystal phase With a crystal structure 
gradually changing in a Width direction of layer. 

[0015] According to the present invention, there are also 
provided a piezoelectric element comprising a piezoelectric 
substrate as de?ned above and a pair of electrode, a liquid 
discharge head comprising such a piezoelectric element and 
a liquid discharge apparatus comprising such a head. 

[0016] Thus, a piezoelectric substrate according to the 
present invention is highly durable and capable of suppress 
ing any possible ?lm exfoliation and produces an enhanced 
level of adhesiveness betWeen the piezoelectric substrate 
and an underlying layer, shoWing a controlled crystallinity 
and an enhanced level of orientation to realize excellent 
piezoelectric characteristics. Additionally, a piezoelectric 
substrate according to the invention shoWs piezoelectric 
characteristics that do not degrade by the temperature 
change in the operation environment. Thus, a piezoelectric 
substrate according to the present invention shoWs excellent 
piezoelectric characteristics When it is used in a high density 
piezoelectric element and a liquid discharge head. 

[0017] A method of manufacturing a piezoelectric sub 
strate can manufacture a highly reliable piezoelectric sub 
strate by utilizing micro-processing techniques available in 
the ?eld of semiconductor processes that leads to a method 
of manufacturing a high density piezoelectric element and a 
method of manufacturing a highly reliable liquid discharge 
head. 

[0018] Further features of the present invention Will 
become apparent from the folloWing description of exem 
plary embodiments With reference to the attached draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] FIG. 1 is a schematic illustration of an embodiment 
of piezoelectric substrate according to the invention, shoW 
ing the laminate structure thereof. 

[0020] FIG. 2 is a schematic illustration of another 
embodiment of piezoelectric substrate according to the 
invention, shoWing the laminate structure thereof. 

[0021] FIG. 3 is a schematic cross sectional perspective 
vieW of an embodiment of liquid discharge head according 
to the invention. 

[0022] FIG. 4 is a schematic perspective vieW of an 
embodiment of liquid discharge apparatus according to the 
invention. 

[0023] FIG. 5 is a schematic illustration of the relationship 
betWeen a target and a shutter of a sputtering apparatus that 
can be used for manufacturing an embodiment of piezoelec 
tric substrate according to the invention. 

[0024] FIG. 6 is a schematic illustration of the relationship 
betWeen a target and a shutter of a sputtering apparatus that 
can be used for manufacturing an embodiment of piezoelec 
tric substrate according to the invention. 

DESCRIPTION OF THE EMBODIMENTS 

[0025] A piezoelectric substrate according to the present 
invention has a single crystal structure or a uniaxial crystal 
structure of a perovskite-type oxide expressed by a general 
formula of ABO3. The piezoelectric substrate has a laminate 
structure having a plurality of layered crystal phases, each 
including a crystal structure selected from the tetragonal 
structure, the rhombohedral structure, the pseudocubic 
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structure and the monoclinic structure. The crystal phase is 
expressed by (Pb l_XMX)xm(ZryTl_y)O3 (Where M represents 
an element selected from La, Ca, Ba, Sr, Bi, Sb and W). A 
piezoelectric substrate according to the present invention is 
additionally characterized in that it additionally comprises a 
crystal phase (boundary layer) arranged betWeen different 
crystal phases With a crystal structure gradually changing in 
the direction of elevation. Each of the crystal phases is 
obtained typically by epitaxial groWth and has a laminate 
structure, although it shoWs a single crystal structure or a 
uniaxial crystal structure as a Whole. 

[0026] FIG. 1 schematically illustrates exemplary bound 
ary layers 211, 222 having a crystal structure that changes 
gradually in the direction of elevation, each being arranged 
betWeen a ?rst crystal phase 21 and a second crystal phase 
22 having predetermined respective crystal structures. 

[0027] For example, for the purpose of the present inven 
tion, a crystal phase (boundary layer) as described beloW 
may be arranged betWeen a ?rst crystal phase 21 of the 
tetragonal structure having a single crystal structure and a 
second crystal phase 22 of the rhombohedral structure 
having a single crystal structure. In other Words, a crystal 
phase 211 is arranged betWeen a ?rst crystal phase 21 and a 
second crystal phase 22 so as to gradually change its crystal 
structure from the tetragonal structure to the rhombohedral 
structure from the side of the crystal phase 21 toWard the 
crystal phase 22. Additionally, a crystal phase 221 is 
arranged betWeen a second crystal phase 22 and a ?rst 
crystal phase 21 so as to gradually change its crystal 
structure from the rhombohedral structure to the tetragonal 
structure from the side of the crystal phase 22 toWard the 
crystal phase 21. Such an arrangement can uniformly dis 
perse and absorb strain from biased directions and hence can 
suppress exfoliation of ?lm if the ?lm thickness of the order 
of microns that is apt to give rise to exfoliation. In other 
Words, it is possible to obtain a piezoelectric substrate that 
realizes a strong adhesion betWeen the piezoelectric ?lm and 
the electrodes and makes itself highly durable and capable of 
suppressing any possible ?lm exfoliation. Thus, it is possible 
to alleviate the stress applied to each of the crystal phase 
layers of the piezoelectric substrate and hence improve the 
durability of the piezoelectric substrate. 

[0028] When a speci?c phase is damaged in a piezoelec 
tric substrate to give rise to ?ne cracks or the like, the cracks 
can spread if the piezoelectric substrate has a single crystal 
phase layer. HoWever, With the arrangement of this embodi 
ment, a plurality of crystal phase layers having respective 
Young’s moduli that are different from each other are laid 
one on the other to form a multilayer structure and hence the 
cracks produced in a layer having a large Young’s modulus 
can hardly spread into layers having a large Young’s modu 
lus located beyond a layer having a small Young’s modulus. 
In short, cracks can hardly spread and hence the piezoelec 
tric substrate shoWs a high durability as a Whole. Addition 
ally, With the arrangement of this embodiment, the crystal 
phases having different compositions can disperse and 
absorb the stresses applied to the ?lms themselves in the 
phase changes that arise as the ?lms are cooled from the ?lm 
forming temperature to the room temperature in the ?lm 
forming process. Still additionally, a speci?c crystal phase 
absorbs strain in each speci?c temperature range so that the 
piezoelectric substrate shoWs excellent piezoelectric char 
acteristics over a Wide temperature range as a Whole. 

[0029] In the laminate structure of this embodiment of 
piezoelectric substrate, at least tWo of the layers of the 
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crystal phases preferably have different respective thick 
nesses. For example, as shown in FIG. 2, the piezoelectric 
substrate may have crystal phase 31 having ?lm thickness 
T1, crystal phase 32 having ?lm thickness T2 and crystal 
phase 33 having ?lm thickness T3, Where T1, T2 and T3 differ 
from each other. Boundary layers (311, 321, 331) are 
arranged to separate the crystal phases from each other. The 
boundary layers gradually change their respective crystal 
structures as described above by referring to FIG. 1. The 
expression of ?lm thickness T1, T2 and T3 as used herein 
refers to the distance from the center of a boundary layer to 
the center of the next boundary layer. For the purpose of the 
present invention, in a pieZoelectric substrate having a 
laminate structure, the layer of the crystal phase that is most 
suitable for the operating conditions of the pieZoelectric 
substrate preferably has a suf?ciently large ?lm thickness. 
Then, the stress applied to the pieZoelectric substrate can be 
alleviated by the layers of the other crystal phases. In a 
pieZoelectric substrate Where the layers of the crystal phases 
have different ?lm thicknesses, the thicknesses of the crystal 
phases may be determined according to the operating con 
ditions to make the pieZoelectric substrate adapted to the 
operating conditions. While each of the boundary layers 
preferably gradually changes its structure, it may be a mixed 
phase of the crystal phases that are separated by the bound 
ary layer and held in contact With it. 

[0030] A pieZoelectric substrate having such a laminate 
structure has crystal phases of tWo or more than tWo different 
types of crystal structure selected from the tetragonal struc 
ture, the rhombohedral structure, the pseudocubic structure 
and the monoclinic structure. Each of the crystal phases is 
expressed by (Pbl_XMX)Xm(ZryT1_y)O3 (Where M represents 
an element selected from La, Ca, Ba, Sr, Bi, Sb and W). 
Preferably, the above formula preferably satis?es the 
requirement of 0.45 §y<l. Still preferably, the above for 
mula preferably satis?es the requirements of 0§x§0.l0 and 
Oéxmé 1.3. It is advantageously possible to form boundary 
layers as mixed phases When the above requirements are 
satis?ed. 

[0031] Each of the crystal phases of the laminate structure 
of this embodiment of pieZoelectric boy preferably has a 
?lm thickness of not less than 1 nm and not more than 1,000 
nm. It is possible to provide the pieZoelectric substrate With 
satisfactory pieZoelectric characteristics When the ?lm thick 
ness is not less than 1 nm and suppress the exfoliation that 
arises due to the applied in-plane stress of the laminate 
structure When the ?lm thickness is not more thickness 1,000 
nm. 

[0032] [Piezoelectric Element] 
[0033] A pieZoelectric element according to the invention 
can be embodied Without particular limitations so long as it 
comprises a pieZoelectric substrate according to the inven 
tion as described above by referring to the preferred embodi 
ment and a pair of electrodes arranged in contact With the 
pieZoelectric substrate. FIG. 3 schematically illustrates an 
embodiment of pieZoelectric element. Referring to FIG. 3, 
the pieZoelectric element 51 has a laminate structure formed 
by sequentially laying a base member 41, a vibration plate 
3, a buffer layer 43, a loWer electrode 44, a pieZoelectric 
substrate 45 and an upper electrode 46. 

[0034] The base member of the pieZoelectric element of 
this embodiment is preferably made of a crystalline material, 
Which is preferably Si. Speci?c examples of materials con 
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taining Si include SOI having an SiO2 ?lm formed on Si. 
The base member typically has a thickness betWeen 100 and 
1,000 pm. 

[0035] The diaphragm is arranged to transmit the displace 
ment of the pieZoelectric substrate. Preferably, the vibration 
plate shoWs an enhanced degree of lattice matching relative 
to the base member and a large Young’s modulus so as to 
operate satisfactorily. When the base member is made of 
silicon oxide, the vibration plate is preferably made of 
stabiliZed Zirconia. When the base member is made of SOI, 
the SiO2 layer formed on Si single crystal layer may be used 
as vibration plate. The vibration plate typically has a thick 
ness of2 to 10 pm. 

[0036] The buffer layer is provided to take the role of 
enhancing the lattice matching betWeen the crystal lattice 
constant of the base member and that of the pieZoelectric 
substrate so that it may be omitted When the lattice matching 
betWeen the base member and the pieZoelectric substrate is 
satisfactory. The buffer layer may have a laminate structure 
formed by laying a plurality of layers so as to operate 
satisfactorily. The buffer layer is preferably made of a 
material that shoWs a good crystal lattice matching charac 
teristic relative to the directly underlying vibration plate. 
Examples of materials that can be used for the buffer layer 
include stabiliZed Zirconia YSZ (Y 2O3iZrO2) and CeO2 
When the base member is made of silicon. 

[0037] The loWer electrode may be arranged directly on 
the buffer layer 43 or betWeen the vibration plate 42 and the 
buffer layer 43. If the buffer layer is omitted, the loWer 
electrode may also operate as buffer layer. If such is the case, 
an adhesion layer may be arranged betWeen the loWer 
electrode and the vibration plate in order to improve the 
adhesion betWeen them. The loWer electrode is preferably 
made of a metal of the platinum group or an electrically 
conductive material formed by using oxide of such a metal. 
Speci?c examples of materials that can be used for the loWer 
electrode include metals of the platinum group such as Ru, 
Rh, Pd, Os, Ir and Pt and electrically conductive oxides of 
such metals such as SrRuO3, BaPbO3 and RuO3. Examples 
of materials that can be used for the adhesion layer include 
metals such as Ti, Cr, Ir and oxides thereof such as TiO2 and 
lrO2. 
[0038] Since the loWer electrode 44 in?uences the orien 
tated crystal bearing of the pieZoelectric substrate that is 
arranged thereon, it is preferable that the priority oriented 
crystal bearing of the substrate surface of the loWer electrode 
is (010), (101), (110) or (111). When the priority oriented 
crystal bearing of the substrate surface of the loWer electrode 
is (010), (101), (110) or (111), the pieZoelectric substrate 45 
that is laid on the loWer electrode 44 is oriented With a 
priority oriented crystal bearing of (100), (001), (010), 
(101), (110) or (111). The priority oriented crystal bearing of 
the substrate surface of the loWer electrode is preferably 
(001) or (111) because the priority oriented crystal bearing 
of (001) or (111) is particularly advantageous for the pieZo 
electric characteristics of the pieZoelectric substrate 45. 

[0039] The crystal orientation ratio of the metal thin ?lm 
or the thin ?lm of the electrically conductive oxide material 
of the loWer electrode is preferably not less than 70%. The 
crystal orientation ratio refers to the ratio relative to the peak 
intensity of the ?lm as observed by means of a 0-20 
measurement of XRD Qi-ray diffraction). The loWer elec 
trode shoWs good electric characteristics When the crystal 
orientation ratio of the metal electrode thin ?lm is not less 
than 70% so that the pieZoelectric substrate 45 arranged 
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thereon shows an excellent crystallinity. Preferably, the 
crystal orientation ratio of the metal thin ?lm or the elec 
trically conductive oxide material of the loWer electrode is 
not less than 85%. The ?lm thickness of the loWer electrode 
is preferably betWeen 100 nm and 1,000 nm and that of the 
adhesion layer is preferably betWeen 5 nm and 300 nm, more 
preferably betWeen 10 nm and 70 nm. 

[0040] The above-described embodiment of piezoelectric 
substrate is used in this embodiment of piezoelectric ele 
ment. The ?lm thickness of the piezoelectric substrate is 
preferably not less than 100 nm and not more than 10 pm, 
more preferably not less than 500 nm and not more than 8 
pm. When the piezoelectric element is used in a liquid 
discharge head, it is highly durable relative to the stress that 
may arise When it is driven repeatedly if the ?lm thickness 
of the piezoelectric substrate is not less than 100 nm. The 
piezoelectric element can suppress the phenomenon of ?lm 
exfoliation if the ?lm thickness of the piezoelectric substrate 
is not more than 10 pm. 

[0041] The upper electrode 46 is arranged directly on the 
piezoelectric substrate 45 and electrically charges the piezo 
electric substrate With the loWer electrode. An adhesion layer 
made of a material similar to that of the adhesion layer 
arranged betWeen the loWer electrode and the vibration plate 
may also be arranged betWeen the upper electrode and the 
piezoelectric substrate. The materials that can be used for the 
loWer electrode can also be used for the upper electrode 46. 

[0042] This embodiment of piezoelectric element may 
have a layer arrangement selected from those listed beloW. 
Each exemplary layer arrangement includes upper electrode 
46 // piezoelectric substrate 45 // loWer electrode 44 // 
vibration plate 42 and each laminate structure is expressed 
by using /. 

[0043] [Liquid Discharge Head] 
[0044] A liquid discharge head according to the invention 
can be embodied Without particular limitations so long as it 
comprises discharge ports, separate liquid chambers com 
municating respectively With the discharge ports, piezoelec 
tric elements arranged to correspond to the respective sepa 
rate liquid chambers and vibration plates arranged 
respectively betWeen the separate liquid chambers and the 
piezoelectric elements. FIG. 3 is a schematic cross sectional 
perspective vieW of an embodiment of liquid discharge head, 
Which is an ink jet head. The ink jet head comprises a base 
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member 41 and a plurality of pressure chambers 61 that are 
separate liquid chambers arranged in parallel With the base 
member. Each of the pressure chambers is provided With a 
liquid discharge port (discharge port) 53 and a piezoelectric 
element 51 along With a vibration plate 42 arranged betWeen 
the pressure chamber and the piezoelectric element. The 
liquid discharge ports 53 of the ink jet head are disposed at 
predetermined regular intervals on a nozzle plate 52 
arranged under the base member 41, although they may 
alternatively be disposed at a lateral surface side. 

[0045] The piezoelectric elements 51 are typically 
arranged on the top surface of the base member 41 at 
respective positions that correspond to the pressure cham 
bers 61. Each of the piezoelectric elements 51 is typically a 
laminate comprising a buffer layer 43, a loWer electrode 44, 
a piezoelectric substrate 45 Which is a piezoelectric thin ?lm, 
and an upper electrode 46 that are laid sequentially one on 
the other in the above described order. 

[0046] The embodiment of liquid discharge head of FIG. 
3 is adapted to discharge liquid in the form of liquid droplets 
from each of the separate liquid chambers by means of the 
volume change produced in the liquid chamber by the 
vibration plate to Which the displacement of the correspond 
ing piezoelectric substrate is transmitted. 

[0047] This embodiment of liquid discharge head can ?nd 
applications not only in ink jet heads but also in liquid 
discharge sections of apparatus that are adapted to discharge 
liquid of various types. 

[0048] In the liquid discharge head of the above described 
embodiment, the performances of the piezoelectric elements 
do not shoW remarkable variances because each of the 
piezoelectric elements comprises a vibration plate, a buffer 
layer, a loWer electrode, a piezoelectric substrate and an 
upper electrode With their respective crystal orientation 
bearings aligned With each other. Thus, it is possible to 
realize a high adhesion device. Additionally, it is possible to 
achieve satisfactory piezoelectric characteristics and 
mechanical characteristics if the liquid discharge head is 
doWnsized. Additionally, the durability of the piezoelectric 
elements is improved to provide the liquid discharge head 
With excellent durability When the piezoelectric substrates 
are formed by using highly oriented crystal. 

[0049] [Liquid Discharge Apparatus] 

[0050] An embodiment of liquid discharge apparatus com 
prises the above-described embodiment of liquid discharge 
head. 

[0051] This embodiment of liquid discharge apparatus 
may be used as an ink jet recording apparatus. FIG. 4 is a 
schematic perspective vieW of an embodiment of liquid 
discharge apparatus according to the invention, Which is an 
ink jet recording apparatus 81 having an operation mecha 
nism section. Referring to FIG. 4, the ink jet recording 
apparatus comprises an automatic feed section 97 for auto 
matically feeding sheets of recording paper, or recording 
mediums, into the apparatus main substrate 96 along With a 
transfer section 99 for leading each sheet of recording paper 
fed from the automatic feed section 97 to a predetermined 
recording position and then from the recording position 
further to a delivery port 98, a recording section 91 for 
recording data on the sheet of recording paper transferred to 
the recording position and a recovery section 90 for execut 
ing a recovery process on the recording section 91. The 
recording section 91 is equipped With a carriage 92 that 
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contains a liquid discharge head of this embodiment and 
drives it to move back and forth on a rail. 

[0052] In the ink jet recording apparatus having the above 
described con?guration, the carriage 92 is driven to move on 
the rail according to electric signals transmitted from a 
computer and any of the piezoelectric substrates is displaced 
as a drive voltage is applied to the electrodes betWeen Which 
the piezoelectric substrate is sandWiched. Then, the corre 
sponding pressure chamber is pressurized by the displace 
ment of the piezoelectric substrate by Way of the corre 
sponding vibration plate so as to discharge ink from the 
discharge port for printing. 

[0053] This embodiment of liquid discharge apparatus can 
uniformly discharge liquid droplets at high speed. Addition 
ally, it is possible to doWnsize the apparatus. 

[0054] While the embodiment is described above as a 
printer, the above-described embodiment of liquid discharge 
apparatus ?nds applications as ink jet recording apparatus of 
a fax machine, a composite machine or a copying machine 
and also as industrial liquid discharge apparatus. 

[0055] [Method of Manufacturing Piezoelectric Substrate] 

[0056] Apiezoelectric substrate as shoWn in FIG. 1 can be 
manufactured by means of a ?lm forming method of laying 
crystal phases having respective crystal structures that are 
different from each other one on the other and selecting 
piezoelectric materials that make each of the crystal phase 
shoW the tetragonal structure, the rhombohedral structure, 
the pseudocubic structure or the monoclinic structure. Pref 
erably, each of the crystal phases is made to groW by 
sputtering. The crystal phases can be made to groW sputter 
ing by Way of a step of arranging a target on Which a 
plurality of different piezoelectric materials are arranged in 
different regions and a step of sputtering, shifting the sput 
tering area on said target. A technique of using a chamber 
Where a base member for a piezoelectric substrate and a 
target of oxides expressed by the above formula of (Pblr 
XMX)Xm(ZryT1_y)O3 that are to be used as piezoelectric mate 
rials for forming the crystal phases are arranged vis-a-vis 
may be employed for the sputtering. After producing a high 
degree of vacuum in the chamber, a voltage is applied 
betWeen the base member and the target to produce a gloW 
discharge and ionizes gas such as argon gas introduced into 
the chamber. Then, ions are accelerated in a strong electric 
?eld to hit the target and the crystal phases are made to groW 
on the base member by means of the elements jumping out 
from the target. Particularly, When manufacturing a piezo 
electric substrate by periodically repeating the process of 
laying different crystal phases, a target Where tWo different 
piezoelectric materials of compositions 1 and 2 (targets 
57,39) for forming different crystal phases are arranged as 
shoWn in FIG. 5 may advantageously be used. Referring to 
FIG. 5, the aperture of shutter 5 is arranged vis-a-vis the 
region of the corresponding piezoelectric material on the 
target 53. Then, only the region of the piezoelectric material 
to be used is sputtered by Way of the aperture for a 
predetermined period of time to cause the corresponding 
element to jump out and form a ?lm on the substrate. 
Subsequently, the shutter is moved sloWly until the aperture 
comes vis-a-vis the region of the other piezoelectric material 
of the other composition for forming the next crystal phase 
and the region is sputtered. By repeating the above described 
process, it is possible to obtain a piezoelectric substrate 
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having a laminate structure Where tWo different composi 
tions, or the crystal phases of tWo different types having 
different crystal structures, and boundary layers separating 
the crystal phases are laid one on the other. In FIG. 5, 
reference numeral 55 denotes the aperture section. When 
manufacturing a piezoelectric substrate having a laminate 
structure Where crystal phases of three different types are 
periodically laid one on the other, three different piezoelec 
tric materials of compositions 1, 2 and 3 (targets 61, 63, 65) 
for forming different crystal phases are arranged in respec 
tive regions on a target that are formed by dividing the 
overall target region into three. Then, it is possible to obtain 
a piezoelectric substrate having a laminate structure Where 
three different compositions 1, 2 and 3, or the crystal phases 
of three different types having different crystal structures, 
and boundary layers separating the crystal phases are laid 
one on the other by sequentially and periodically placing the 
aperture of the shutter vis-a-vis the regions of the piezo 
electric materials and sputtering them. In FIG. 6, reference 
numeral 69 denotes the target and reference numeral 71 
denotes the aperture section. 

[0057] The oxides expressed by the above formula of 
(PblrxMx)xm(ZryTl_y)O3 that are to be used on the target can 
be obtained by sintering or by means of a poWder method of 
using poWers prepared to respectively shoW desired com 
positions. 

[0058] A layer having a crystal phase Where the crystal 
structure gradually changes in the direction of elevation that 
is to be arranged betWeen tWo layers of crystal phases having 
predetermined respective crystal structures is manufactured 
by regulating the moving speed of the shutter Whose aper 
ture is sequentially placed vis-a-vis the regions Where dif 
ferent piezoelectric materials are arranged. It is possible to 
prepare a crystal phase Whose crystal structure gradually 
changes by regulating the moving speed of the aperture of 
the shutter so as to form a ?lm corresponding to the crystal 
structure that gradually changes in the direction of elevation 
of the piezoelectric substrate. 

[0059] In this Way, it is possible to obtain a piezoelectric 
substrate shoWing excellent piezoelectric characteristics 
When the piezoelectric substrate has a laminate structure of 
a plurality of layers but shoWs a single crystal structure or a 
uniaxial structure as a Whole. Such a piezoelectric substrate 
can be obtained by forming the phases by epitaxial groWth 
by means of the above-described technique. 

[0060] [Method of Manufacturing Piezoelectric Element] 

[0061] An appropriate thin ?lm forming technique may be 
used for a method of manufacturing a piezoelectric element 
of this embodiment. Thin ?lm forming techniques that can 
be used for forming a vibration plate 42 in the process of 
manufacturing a piezoelectric element according to the 
present invention include sputtering, CVD, laser abrasion 
and MBE. Particularly, the use of sputtering is advantageous 
because it is possible to produce an epitaxially groWn oxide 
thin ?lm on a base member 41 by suf?ciently heating the 
?lm forming substrate in a heating process. 

[0062] Thin ?lm forming techniques that can be used for 
preparing a loWer electrode 44 and an upper electrode to be 
laid on a base member 41 in the course of manufacturing a 
piezoelectric element include sputtering, CVD, PLD, Sol 
Gel, MBE and hydrothermal synthesis. With any of these 
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techniques, it is possible to form a ?lm of an electrode 
material, orienting the electrode material in a speci?c direc 
tion. 

[0063] Techniques that can be used for forming a ?lm of 
a piezoelectric substrate 45 and growing the crystal of the 
?lm on a loWer substrate 44 include sputtering, CVD, 
Sol-Gel, MBE and hydrothermal synthesis. 

[0064] Techniques that can be used for forming a thin ?lm 
of an upper electrode 46 on a pieZoelectric substrate 45 
include vapor phase techniques such as sputtering and 
evaporation coating, application techniques such as screen 
printing and liquid phase techniques such as plating. 

[0065] Techniques similar to those that can be used for 
preparing an electrode may also be used for preparing a 
buffer layer for a pieZoelectric element according to the 
present invention. 

[0066] [Method of Manufacturing Liquid Discharge 
Head] 
[0067] An appropriate thin ?lm forming technique may be 
used for a method of manufacturing a liquid discharge head 
of this embodiment according to the present invention. 
When manufacturing a liquid discharge head of this embodi 
ment, either a process of arranging separate liquid chambers 
(pressure chambers) 61 on the base member 41 of pieZo 
electric elements according to the present invention or a 
process of arranging separate liquid chambers that are 
separated from the base member and bonding them to 
pieZoelectric elements. 

[0068] With the former process, pieZoelectric elements are 
formed by the above-described method and the base member 
41 is partly removed at regular intervals to produce recesses 
for forming a plurality of separate liquid chambers. The 
recesses can be formed by Wet etching that utiliZes aniso 
tropic etching or by dry etching such as ICP, LIGA process 
or bosch process. The pressure chambers may have an 
appropriate lateral pro?le selected from rectangular, circular, 
elliptic, etc. In the case of a side shooter, the pressure 
chambers may have a constricted pro?le having a tapered 
section directed toWard the liquid discharge port. Then, a 
noZZle plate 52 Where discharge ports 53 are bored is bonded 
to the base member Where recesses are formed for pressure 
chambers 61. Alternatively, a noZZle plate Where discharge 
ports 53 and recesses are formed may be bonded to the base 
member to prepare a liquid discharge head. The material of 
the noZZle plate may be same as or different from that of the 
base member to Which the noZZle plate is to be bonded. 
Materials that can be used for the noZZle plate include SUS 
and Ni. Preferably, the material of the noZZle plate shoWs a 
thermal expansion coef?cient that differs from the thermal 
expansion coef?cient of the base member to Which the 
noZZle plate is to be bonded by lE_°/C° to lE_8/C°. The 
discharge ports may be bored through the noZZle plate by 
means of etching, machining, and laser processing. 

[0069] The base member 41 and the noZZle plate 52 may 
be bonded by means of an organic adhesive agent, although 
they are preferably bonded by metallic bonding, using an 
inorganic material. Materials that can be used for metallic 
bonding include In, Au, Cu, Ni, Pb, Ti and Cr. Any of these 
metals can bond the base member and the noZZle plate at loW 
temperature not higher than 250° C. and the thermal expan 
sion coef?cient thereof shoWs a small difference from the 
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thermal expansion coe?icient of the base member so that it 
can avoid the problem of Warping if the liquid discharge 
head is made long and hence suppress damages to the 
pieZoelectric substrates if such damages arises. 

[0070] A liquid discharge head comprising pieZoelectric 
elements and hence pieZoelectric substrates according to the 
present invention Will be described further beloW by Way of 
examples. The technical scope of the pieZoelectric sub 
strates, pieZoelectric elements and liquid discharge head 
using the pieZoelectric elements is by no means limited to 
the examples described beloW. 

[0071] Specimens of liquid discharge head according to 
the present invention Were prepared as described beloW. 

EXAMPLE 1 

[0072] Firstly, a vibration plate Was prepared by forming 
a ?lm of stabiliZed Zirconia YSZ (Y 2O3iZrO2) on an open 
section of an Si substrate by means of a sputtering system 
(L-2l0-FH (available from ANELVA)). In this process, the 
Si substrate Was heated to 800° C. and Ar and 02 Were used 
as gas to be ioniZed. Electric poWer of 100 W Was applied 
betWeen the Si substrate and the target and the internal 
pressure of the system Was held to 1.0 Pa. As a result, a 200 
nm thick uniaxial vibration plate Was obtained. 

[0073] Then, a process same as that of preparing the 
vibration plate Was used to prepare a loWer electrode. In this 
process, Pt Was used as target and the substrate Was heated 
to 600° C., While Ar Was used as gas to be ioniZed. Electric 
poWer of 100 W Was applied betWeen the vibration plate and 
the target and the internal pressure of the system Was held to 
0.5 Pa. As a result, a 400 nm thick highly uniaxial Pt ?lm 
Was obtained. 

[0074] Subsequently, ?lms of tWo different oxides having 
respective target compositions (l) and (2) as listed beloW 
Were formed on the substrate by means of the above 
described sputtering system, placing the aperture of the 
shutter vis-a-vis one of the composition regions of the target, 
holding it for a predetermined time period, then sliding the 
aperture of the shutter to place it vis-a-vis the other com 
position region of the target and holding it for a predeter 
mined time period. This process Was repeated to form 20 
layers of each of the tWo different compositions, or the 
crystal phases, in an alternate manner, the crystal phases 
being separated by boundary layers having a crystal struc 
ture that changes gradually. A pieZoelectric substrate Was 
obtained as a result. In this process, the substrate Was heated 
to 650° C., While Ar and 02 Were used as gas to be ioniZed. 
Electric poWer of 100 W Was applied betWeen the electrode 
and the target and the internal pressure of the system Was 
held to 0.5 Pa. The sputtering time Was 8 minutes for both 
the target composition (1) and the target composition (2) and 
2 minutes Were spent to form a boundary layer, While 
moving the aperture of the shutter from one of the compo 
sitions to the other. As a result, a pieZoelectric substrate 
having a ?lm thickness of 300 nm and comprising layers of 
the tetragonal structure and the rhombohedral structure and 
boundary layers that Were mixed layers of the tWo structures 
Was obtained, as shoWn in FIG. 1. 

[0075] Target Compositions 
(Pb1,XMX)Xm(ZryTi1,y)O3, Where x=0, y=0.45 (l) 

(Pb1,XMX)Xm(ZryTi1,y)O3, Where x=0, y=0.55 (2) 
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[0076] Subsequently, an upper electrode Was prepared by 
Way of a process similar to that of preparing the loWer 
electrode. 

[0077] Then, the Si substrate Was subjected to a dry 
etching process by means of ICP from the surface opposite 
to the surface Where the vibration plate 42 Was arranged to 
remove a central part and produce a recess. At this time, the 
temperature of the substrate Was held to 200 C. and gases of 
SF6 and C4138 Were used, While the high frequency coil Was 
operated by RF induction With 1,800 W and the internal 
pressure of the system Was held to 4.0 Pa. A noZZle plate 
made of Si and provided With a liquid discharge port 53 Was 
bonded to the Si substrate Where a recess had been formed 
by means of an Si-Si bonding process. In this Way, a liquid 
discharge head comprising a pieZoelectric element With a 
5,000 um long and 100 um Wide vibration plate Was pre 
pared. 
[0078] The pieZoelectric element and the liquid discharge 
head that Were obtained in Example 1 Were tested to observe 
the displacement of the pieZoelectric element, the quantity of 
discharged liquid droplets and the speed of discharge of 
liquid droplets When the applied voltage Was 20 V and the 
frequency Was 10 kHZ. Tables 1 and 2 summarily shoW the 
obtained results. 

EXAMPLE 2 

[0079] A liquid discharge head Was prepared by folloWing 
the process of Examples 1 and 2 except that the target 
compositions as listed beloW Were used for preparing the 
pieZoelectric substrate and a target as illustrated in FIG. 6 
Was used. As shoWn in FIG. 6, the target compositions (1) 
through (3) Were arranged in the respective target regions 
formed by dividing the target by three as materials of the 
pieZoelectric substrate. The sputtering time Was 15 minutes, 
13 minutes and 11 minutes for the three regions of the 
different compositions and 4 minutes Were spent to form a 
boundary layer, While moving the aperture of the shutter 
from one of the compositions to the other. As a result, a 
pieZoelectric substrate comprising 20 layers of the tetragonal 
structure and 20 layers of the rhombohedral structure and 20 
MPB layers that Were mixed layers of the tWo structures Was 
obtained. Thus, it is possible to form a pieZoelectric boy 
having different ?lm thicknesses for layers of different 
crystal phases as shoWn in FIG. 2 by differentiating the ?lm 
forming time for the crystal phases. 

[0080] Target Compositions 

[0081] The pieZoelectric element and the liquid discharge 
head that Were obtained in Example 2 Were tested to observe 
the displacement of the pieZoelectric element, the quantity of 
discharged liquid droplets and the speed of discharge of 
liquid droplets as in Example 1. Tables 1 and 2 summarily 
shoW the obtained results. 

EXAMPLE 3 

[0082] A liquid discharge head Was prepared by folloWing 
the process of Examples 1 and 2 except that the target 
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compositions (1) through (4) as listed beloW Were used for 
preparing the pieZoelectric substrate and a target Where the 
materials of the pieZoelectric substrate Were arranged in the 
respective target regions formed by dividing the target by 
four. The sputtering time Was 24 minutes, 24 minutes, 24 
minutes, 30 minutes, 24 minutes and 36 minutes for the 
regions of the different compositions and 6 minutes Were 
spent to form a boundary layer, While moving the aperture 
of the shutter from one of the compositions to the other. As 
a result, a pieZoelectric substrate comprising 10 layers of 
each of the six structures including the tetragonal structure, 
the rhombohedral structure, the tetragonal structure, the 
pseudocubic structure, the tetragonal structure and the 
monoclinic structure Was obtained. Thus, it is possible to 
form a pieZoelectric substrate having desired ?lm thick 
nesses for respective layers of a plurality of crystal phases by 
differentiating the quota regions on the target and the sput 
tering time. 

[0083] Target Compositions 

y=0.52, xm=l.l5 (6) 

[0084] It may be safe to assume that (2), (4) and (6) 
respectively took the form of the rhombohedral structure, 
that of pseudocubic structure and that of the monoclinic 
structure because the ?lm forming time Was 8 minutes, 10 
minutes and 12 minutes for (2), (4) and (6) Where the 
quantity of Zr Was 0.52 and the stress applied to the ?lm Was 
differentiated. 

[0085] The pieZoelectric element and the liquid discharge 
head that Were obtained in Example 3 Were tested to observe 
the displacement of the pieZoelectric element, the quantity of 
discharged liquid droplets and the speed of discharge of 
liquid droplets as in Examples 1 and 2. Tables 1 and 2 
summarily shoW the obtained results. 

COMPARATIVE EXAMPLE 1 

[0086] A liquid discharge head Was prepared by folloWing 
the process of Examples 1, 2 and 3 except that the values of 
x=0 and y=0.50 and a sintered substrate Were used for the 
target composition of (Pb1_Xl\/L()(ZryTi l_y)O3M for preparing 
the pieZoelectric substrate of the example and the substrate 
Was heated to 6000 C. As a result, a polycrystalline pieZo 
electric substrate Where the crystal phases of the tetragonal 
structure and the rhombohedral structure coexist as mixture 
Was obtained. 

[0087] The pieZoelectric element and the liquid discharge 
head that Were obtained in Comparative Example 1 Were 
tested to observe the displacement of the pieZoelectric 
element, the quantity of discharged liquid droplets and the 
speed of discharge of liquid droplets as in Examples 1, 2 and 
3. 
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[0088] The displacement of the piezoelectric element of 
Example 1 Was 0.40 nm, that of the piezoelectric element of 
Example 2 Was 0.55 nm and that of the piezoelectric element 
of Example 3 Was 0.54 nm, Whereas the displacement of the 
piezoelectric element of Comparative Example 1 that com 
prised only a mixed layer of the tetragonal structure and the 
rhombohedral structure Was 0.35 nm. 

[0089] The quantity of discharged liquid droplets of the 
liquid discharge head Was 17 pl and the discharge speed Was 
14 m/sec in Example 1 When a voltage of 20 V Was applied 
to the liquid discharge head (10 kHz). The quantity of 
discharged liquid droplets of the liquid discharge head Was 
19 pl and the discharge speed Was 16 m/sec in Example 2 
When a voltage of 20 V Was applied to the liquid discharge 
head (10 kHz). The quantity of discharged liquid droplets of 
the liquid discharge head Was 19 pl and the discharge speed 
Was 15 m/sec in Example 3 When a voltage of 20 V Was 
applied to the liquid discharge head (10 kHz). On the other 
hand, the quantity of discharged liquid droplets of the liquid 
discharge head Was 16 pl and the discharge speed Was 13 
m/ sec in Comparative Example 1. Apparently, both the 
quantity of discharged liquid droplets and the discharge 
speed of the liquid discharge head of Comparative Example 
1 Were inferior relative to those of Examples 1 through 3. 

[0090] The liquid discharge heads Were subjected to a 
durability test. The liquid discharge heads of Examples 1 
through 3 did not give rise to any nozzle incapable of 
discharging liquid after 109 operations. On the other hand, 
the liquid discharge head of Comparative Example 1 pro 
duced ?lm exfoliation and a nozzle incapable of discharging 
liquid any more after 106 to 107 operations. Thus, according 
to the present invention, it is possible to provide a piezo 
electric element that is highly durable and practically free 
from ?lm exfoliation. 

[0091] While the present invention has been described 
With reference to exemplary embodiments, it is to be under 
stood 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 encom 
pass all such modi?cations and equivalent structures and 
functions. 

[0092] This application claims the bene?t of Japanese 
Patent Application No. 2005-241378, ?led Aug. 23, 2005, 
Which is hereby incorporated by reference herein in its 
entirety. 
What is claimed is: 

1. A piezoelectric substrate of a perovskite-type oxide 
expressed by a general formula of ABO3 having a laminate 
structure of a single crystal structure or a uniaxial crystal 
structure expressed by (Pbl_xMx)xm(ZryTil_y)O3 (Where M 
represents an element selected from La, Ca, Ba, Sr, Bi, Sb 
and W), the laminate structure having: 

a layered ?rst crystal phase having a crystal structure 
selected from a tetragonal structure, a rhombohedral 
structure, a pseudocubic structure and a monoclinic 

structure; 

a layered second crystal phase having a crystal structure 
selected from the tetragonal structure, the rhombohe 
dral structure, the pseudocubic structure and the mono 
clinic structure but different from the crystal structure 
of said ?rst crystal phase; and 
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a boundary layer arranged betWeen said ?rst crystal phase 
and said second crystal phase With a crystal structure 
gradually changing in a Width direction of layer. 

2. The piezoelectric substrate according to claim 1, 
Wherein 

the requirement of 0.45 éyél is satis?ed. 
3. A piezoelectric element comprising a piezoelectric 

substrate and a pair of electrodes; 

said piezoelectric substrate being a perovskite-type oxide 
expressed by a general formula of ABO3 having a 
laminate structure of a single crystal structure or a 
uniaxial crystal structure expressed by (Pblr 
XMX)Xm(ZryTi1_y)O3 (Where M represents an element 
selected from La, Ca, Ba, Sr, Bi, Sb and W), the 
laminate structure having: 

a layered ?rst crystal phase having a crystal structure 
selected from a tetragonal structure, a rhombohedral 
structure, a pseudocubic structure and a monoclinic 
structure; 

a layered second crystal phase having a crystal structure 
selected from the tetragonal structure, the rhombohe 
dral structure, the pseudocubic structure and the mono 
clinic structure but different from the crystal structure 
of said ?rst crystal phase; and 

a boundary layer arranged betWeen said ?rst crystal phase 
and said second crystal phase With a crystal structure 
gradually changing in a Width direction of layer. 

4. A liquid discharge head comprising separate liquid 
chambers communicating to respective discharge ports and 
piezoelectric elements arranged respectively in the separate 
liquid chambers and having a piezoelectric substrate and a 
pair of electrodes and the head discharging liquid in the 
separate liquid chambers from the respective discharge 
ports; 

said piezoelectric substrate being a perovskite-type oxide 
expressed by a general formula of ABO3 having a 
laminate structure of a single crystal structure or a 
uniaxial crystal structure expressed by (Pblr 
XMX)Xm(ZryTi1_y)O3 (Where M represents an element 
selected from La, Ca, Ba, Sr, Bi, Sb and W), the 
laminate structure having: 

a layered ?rst crystal phase having a crystal structure 
selected from a tetragonal structure, a rhombohedral 
structure, a pseudocubic structure and a monoclinic 

structure; 

a layered second crystal phase having a crystal structure 
selected from the tetragonal structure, the rhombohe 
dral structure, the pseudocubic structure and the mono 
clinic structure but different from the crystal structure 
of said ?rst crystal phase; and 

a boundary layer arranged betWeen said ?rst crystal phase 
and said second crystal phase With a crystal structure 
gradually changing in a Width direction of layer. 

5. A liquid discharge apparatus having a liquid discharge 
head for discharging liquid, comprising: 

each of the piezoelectric elements for generating energy 
of liquid discharge having a piezoelectric substrate and 
a pair of electrodes; 



US 2007/0046153 A1 

said piezoelectric substrate being a perovskite-type oxide 
expressed by a general formula of ABO3 having a 
laminate structure of a single crystal structure or a 
uniaxial crystal structure expressed by (Pblr 
XMX)Xm(ZryTi1_y)O3 (Where M represents an element 
selected from La, Ca, Ba, Sr, Bi, Sb and W), the 
laminate structure having: 

a layered ?rst crystal phase having a crystal structure 
selected from a tetragonal structure, a rhombohedral 
structure, a pseudocubic structure and a monoclinic 
structure; 
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a layered second crystal phase having a crystal structure 
selected from the tetragonal structure, the rhombohe 
dral structure, the pseudocubic structure and the mono 
clinic structure but di?cerent from the crystal structure 
of said ?rst crystal phase; and 

a boundary layer arranged betWeen said ?rst crystal phase 
and said second crystal phase With a crystal structure 
gradually changing in a Width direction of layer. 


