2 5 AUG 2005 DOVAI N CONTROLLED PI EZOELECTRI C' SI NGLE CRYSTAL AND FABRI CATI ON
METHOD THEREFOR BACKGROUND OF THE I NVENTION 1. FIELD OF THE | NVENTI ON The
present invention relates to a piezoelectric single crystal 1d_a
fabrication method therefor. Mire particularly, the invention A6 o o
pi ezoel ectric single crystal which is developed paying attention to an

el ectronmechani cal coupling factor in a direction perpendicular to the

pol ari zation direction, i.e., a lateral vibration node, and domain control

[ Lhat dlegelt A and 8o A S a0 JPLOGE, LISLARAL, oG DESORBTLEN OF THE

Japanese Patent Lai d-Open No. 38963/1994 di scloses an ultrasonic probe
using a piezoelectric materi al Mo SBERFFOR solid solution single
crystal of lead zinc niobate-lead titanate. This technique provides a
probe with a high sensitivity by using that single crystal of such a
pi ezoelectric material which has an el ectronmechanical coupling factor

(k33) ofgAtkdrpiimyoom Bgli negdnoroparal lel to the polarization direction.
Wil e the el ectronechanical coupling factors in the direction parallel to

the pol arqjz Qﬁ§5§ﬂ"ﬁ%‘ \ezoel ectric single crystals have been
st udi ed é%dqtggﬁegg 1 tE%%g usages have been developed
conventionally, .the chargcterls ics in.a direction endj cular .to the
pol ari zati on diT¥cPrERCRAVERVABELDRSFIANRT &8¢ §etic % TsEn 1R Ent or s

paid attention to the facts that a piezoelectric single crystal is adapted
to nul ti ferydigsl and a fabrication method therefor. More particularly,

the invention relates to a piezoelectric single crystal which
is developed paying attention to an electromechanical coupling
factor in a direction perpeediculaf to the polarization
direction, i.e., a lateral vibration mode, and domain control
in that direction, and a faﬁrication method therefor.
2. DESCRIPTION OF THE RELATED ART

With regard to a piezoelectric single crystal. for
example, Japanese Patent Laid-Open No. 38963/1994 discloses an
‘ultrasonic probe using a piezoelectric material comprised of
a so0lid solution single crystal of lead zinc niobate-lead
titanate. This technique provides a probe with a high
sensitivity by using that single cfystal of such a piezoelectric
material which has an electromechanical coupling factor (k,,)
of 80 to 85% in a direction parallel to the polarization
direction. While the electromechanical coupling factors in
the direction parallel to the polarization direction of

piezoelectric single crystals have been studied and various



usages for the el ectromechanical coupling factor (k33) in a direction
parallel to the polarization direction (longitudinal vibration node) of
the piezoelectric single crystal has a value equal to or greater than 80%
the el ectronechanical coupling factor (k31) in a direction perdé&ndug Q0ar
to the polarization direction ( lateral (=length extensional) vibration
node) is, for exanple, 49%to 62% lower than the el ectronmechanica
coupling factor k" in the direction parallel to the polarization direction
(longitudinal vibration node), as described in pp. 239 in | EEE Proc.

MEDI CAL | W@ NGhagedb¢dndeyednpedt derverdocanmints, thadhdractdmstics

el ectronechani cal coupling factor k" takes a value that varies from one

docunent 1im® aadDtdet iod peepehdiculanstd enstpuli£51 0t idiedphesenendaved he
‘inventors discovered that it would be possible to fabricate a

pi ezoel ecidi o Sd DU Laa Ly Sy . and their devices which would effectively use
the electronmechanical coupling factor k31 in case where the

el ect romechani ¢al_ coupl i factor k33inthe directiop parallel to the

ol ar | 3¢t on i it A oG TGRS DOTDr FF6h ERBRcTo VEAe ke etor
greater than 80%_a piezoelectric constant d33 was 2 2 5 AU G 2005 equal to
or great e RIAPBRFIFEIN, S iHe | FotstiHe difarid@R te & dip MG FAEEOMSKk31 was
equal to or greater than 70% and a piezoelectric constant -d31 was equal
to or gresages Har 1200 e YN quishanddaig coupdgatd vi@otralrud kpy) def iani ti on),
and woul d be possible to fabricate a piezoelectric single crystal and
their delimastidi phranukd tiseht e Madive tdfork33ravt orf(flictigintdaindde to
generation of no spurious (undesired vibration) or the like in the band of

usage of JiitatiaiiifokB ) S NS &7 kS MBS £Q4aAlg1 ot OrPEt 4T BakEs viahar 80%
d33 was equal to or greater than 800 pC N, k3I was equal to or snaller

than 3096éHHLI(¥%1oWa§rgg¥§E than 80%, the electromechanical coupling

factor (k,;;) in a direction perpendicular to the polarization
direction ( lateral (=length extensional) vibration mode) is,
for example, 49% to 62%, lower than the electromechanical
coupling factor k,;; in the direction parallel to the polarization
direction (longitudinal vibration mode), as described in pp.
239 in IEEE Proc. MEDICAL IMAGING 3664 (1999) and other
documents, and that the electromechanical coupling factor k,,
takes a value that varies from one document to another. Through
intensive studies on the phenomenon, the inventors discovered
that it would be possible to fabricate a piezoeiectric single
crystal and their devices which would effectively use the
electromechanical coupling factor k,, in case where the
electromechanical coupling factor k,;; in the direction parallel
tothepolarizationdirection(longitudinalvibrationmode)waé

equal to or greater than 80%, a piezoelectric constant d# was



to or smaller than 300 pC N (d31 having a negative value by definition).
Further, the inventors discovered that the cause for the piezoelectric
single crystal to have an internedi ate el ectronechani cal couplg%g P@qﬁ@r
k,, in the direction perpendicular to the polarization direction @ ateral
vibration node) and to have a variation in the factor while having a | arge
el ectronmechani cal coupling factor k,,in the direction parallel to the

pol ari zation direction (longitudinal vibration node) was that the domain

structure forned by an electric dipole associated with the direction

per pendi QAL ¢ (He IFERLLTz &N 808G PELNI. ot PEf 4CFSFIPPSRAPBFRZ 0] ectri
single crystal was fornmed by plural domains (nultiple domains), not a

si ngl e demaipi,indarfacttivat Xihevafsoldgualng opicez geleederi chenngloé enyistal s (A)
and 3 2 5 AUG 2005 (B) were obtained by controlling the domain structure.

(A) A domaigzoearicteliledopkeane! egl r wesséq@ae €4 Yot Yredt@r RBaaN1200
el ectronmechani cal coupling factor k" Z 80%in the 1ongitudinal vibration

mode and @ Ri @a0eh86E Rk Ca GRIR A e g%%uezbgg&ef’m\hrwwg&d W9udld be

electronékhanlcﬁl'coup i ng factor 1 a Ina later vi bration node, a
pi ezoel ectri ¢.const zd%é a 1200 pC N and a frequenc on§# t . fc3l (=
Frb) e 6B6R3ohrnhy Ao ok R iRt S A s SIRALE FTEETRhRY FAPATL he
| ateral vibration npde relating to k31 and a length L of the piezoelectric
single &eydcss Whighyyephdivse diteciabie ofBlAr@seaieh fdshepsilyedue
pi ezoel ectric single crystal having an el ectromechani cal coupling factor
k33 z 80%vi gerersbhef tafdhnasPur beas i (omdesdaeshdibrpiégnel ectthieclEbast ant
d33 a 800 pC N, conprising an el ectronechani cal coupling factor k31 s 30%
in a | at ehakhei basdion vide: of ahditr eslueripergndinienk,, was equal

to or greater than 80%, d,, was equal to or greater than 800

pC/N, k,;, was equal to or smaller than 30% and -d,, was equal

to or smaller than 300 pC/N (d,, having a negative value by

definition).

Further, the inventors discovered that the cause for the
piezoelectric single crystal to have an intermediate
electromechanical coupling factor k,; in the direction
perpendicular to the polarization direction (lateral vibration
mode)} and to have a variation in the factor while having a large
electromechanical coupling factor k,, in the direction parallel
to the polarization direction (longitudinal vibration mode) was
that the domain structure formed by an electric dipole
associated with the direction perpendicular to the polarization
direction of a polarized piezoelectric single crystal was

formed by plural domains (multiple domains), not a single domain,

and that the following piezoelectric single crystals (A) and



to the polarization direction, a piezoelectric constant -d31 s 300 pC/ N
and a frequency constant fc31l (= frL) z 800 Hzmwhich 1is a product of a
resonance frequency fr in the lateral vibration node relating toébﬁéwﬁpd a
| ength L of the piezoelectric single crystal in a vibration didre -~ The
inventors also found that the conditions for controlling the domain
structure were rearranged based on the value of a frequency constant fc3l
(= frL) , which is a product of the resonance frequency fr in the latera
vibration node 4 ,2 5 AUG 2005 relating to k" and the length L of the

bi ez0el eqie)i Ge3kngheaifEShY obAcERE1 bl AhEoRflREACLE AL The | nvent i on

aims at providing such a pi ectric ~single crystal and a fabrication
nmet hod therefor, .S RY OF THE | | ON According to the first aspect of
the invention, (Phere ¥"a4? OWI&?%%%%%%??H*%QSW ecrre"c'sttrﬁia"c single
crystal having an el ectronmechani cal coupling factor k" a 80%in a

| ongi t udihaaingi Bnaeilentronechndigapi eevpléongr Eactonskant 0% in80BepC/ N,
conprising an el ectronechani cal coupling factor k,I z 70%in a |ateral

vi br at i olomgdéndanpilezablrettioncmodastndt a- fdiezael260rp€l dbfdtanhad,;a
negative value by definition) and a frequency constant fc" (= frL) s 650

Hzm whi cB &0 3cN0AYShpr 051 Ry TH5aNaREohEBAHRIEK 1 Eoufh 4 1P sladkerak
vibration nodé relating to kK" and a length L of the pieZoelectric single

crystal i 4 pralian di s getion, Leror ding Lot he seeand aspectyof 1 he
i nvention, ére 1S prOV|ae a domaln conmtro edaplezoelectrlc singl e
crystal havings?n el ectronechani cal coupling factar k" a 80%in

. a
| ongi t udPred © & PhY Ht 3h AnbtRIFRCE GOPE2G8Itettni (& Eoitst arft> Yyft= ™ which

is a product of a resonance frequency fr in the lateral vibi‘éfion
mode relating to k,;, and a length L of the piezoelectric single
crystal in a vibration direction.

(B) A domain controlled piezoelectric single crystal
having an electromechanical coupling.factor k;; =z 80% in a
longitudinal vibration mode and a piezoelectric constant 4.,
=z 800 pC/N, comprising an electromechanical coupling factor k.,
< 30% in a lateral vibration mode in a direction perpendicular
to the polarization direction, a piezoelectric constant -d4;;
< 300 pC/N and a frequency constant fc,, (= £fr'L) =2 800 Hz'm which
is aproduct of a resonénce frequency £fr in the lateral vibration
mode relating to k,, and a length L of the piezoelectric single
crystal in a vibration diiection.

The inventors also found that the conditions for
controlling the domain structure were rearranged based on the
value of a frequency constant fc,, (= fr'.), which is a product

of the resonance frequency fr in the lateral vibration mode



z 800 pC/' N, conprising an el ectromechani cal coupling factor k,I s 30%in a
| ateral vibration node, a piezoelectric constant -d,l s 300 pCN (d,, has
a negative value by definition) and a 5 2 5 AUG 2005 frequency nibgth
fc3l (= frL) a 800 Hzm which is a product of a resonance frequ

the lateral vibration node relating to k31 and a length L of the

pi ezoel ectric single crystal in a vibration direction. The | engthw se
direction of, for exanple, a rod-like piezoelectric single crystal with an
aspect ratio of 3 or greater is the polarization direction and the

vi br ati orralattilng tdi rectdrgh ey dldrdth 4. tafe Y @liezatdl@rtdilicestingae
(longitudinal vibration) when a voltage is applied in the polarization

di rect i orcmgidt dihe refifhec iveman tafonc @ivescaiion .bet ween el ectrical and
mechani cal energy are respectively expressed by the el ectronechani cal

coupling fact oippl33hR ch@Rght H.ddn@alatVbQB@E'dQHg gﬁ@ﬁ anglwseﬂégrpflcectr' c

constant d33. The greater those values are, "the |gher the efficiency is.

Those values are al Q deflne |ezoele ri.c.single crystals with other
shapes, sclaélte ndh& % %Igc alHefe é e% f% &°Fod-1i ke one. The

|nvent|on pertalns to a domain controlled pi ezoel ectric single crystal
devel oped paying attention to the el ectronechani cal coupling factor k31 in
the direction perpendicular to the polarization direction (lateral
vi br at i oPUMYAR)Y., OFt THE JOYENDIION 0 use the followng materials as the
pi ezoel ectric single crystal material according to the first aspect of t he
i nvention or thecsedand aspeni faksthespaverif ahe {AyeAtsoh| ctizaleutison whi ch
is conprised of X-Pb (A1, 6 2 5 AUG 2005

provided a domain controlled piezoelectric single crystal

having an electromechanical coupling factor k,; = 80% in a

longitudinal vibration mode and a piezoelectric constant d,,

= 800 pC/N, comprising an electromechanical coupling factor k,;

> 70% in a lateral vibration mode, a piezoelectric constant -4,

= 1200 pC/N (d,, has a negative value by definition) and a

frequency constant fc,;, (= fr-L) = 650 Hz'm which is a product

of a resonance frequency fr in the lateral vibration mode

relatingto}glandalengthIJofthepiezoelectricsinglecrystal

in a vibration direction.

According to the second aspect of the invention, there

is provided a domain controlled piezoelectric single crystal

having an electromechanical coupling factor k;; =2 80% in a

longitudinal wvibration mode and a piezoelectric constant d,,

= 800 pC/N, comprising an electromechanical coupling factor k,,

< 30% in a lateral vibration mode, a piezoelectric constant -4,

< 300 pC/N (d,, has a negative value by definition) and a




A2, .. ., Bl, B" ...)0, + (1-X)PbTiOQ (0 < X < 1) where Al, Az, ... are one
or plural elenents selected froma group of Zn, My, N, Lu, In and Sc and
Bl, B21... are one or plural elenments selected froma group of hg, ga@ Mo
and W and in which a sum CO of valencies of elenents in paren? ég 3 a

chem cal formula Pb(Al1"lI4l, a2 bl b2 Azxz Blzl ~Blzz . . . )O satisfies
charges of w=alYl + a2¥2 + ... blZl1 + b2'Z2 + ... = 4+ where al, a"

are valencies of Al' A21 , bl, b2, ... are valencies of Bl, B2, ... and
Zl, Z2, ... are conposition ratios in the chemcal forrmula. (b) The

mat er i al fajguaddedcunshadt 5fq@pni+ €% by reass Hzaf wiriehor st wopodddst and Cr.
The best known materials are piezoelectric single crystal naterials

conpri sedrob sekbdanekurirententy! eadizi BEeniabatel PhpAadidh2isagd O or | ead
magnesi um ni obate Pb(Mj1"Nb2")O and |ead titanate PbTiCB (the fornmer

conbi nat d R r g e T or
"PIWNT") . kgggkﬁgﬁq%afﬁg ar%hhégﬁgﬁgogf Bﬁgggfﬁﬁgt%% Qacr %%%?bed

domai n controbLE |gzo eCtEEC single crystals. The flrst one is a
pi ezoel etPr fcVaPREIS 8ry§fﬁ? $Abricating method of fabricating a domain
controlled piezoelectric single crystal, conprising a step of applylng a
DC el ectric fi &Rl dengbwis %EﬁQEEWP\MﬁwnﬁQﬁ et eunt ofodwblkhours in a
tenperature range of 20C to 200C as polarization conditions in a thickness
di recti opiekoehecprécoelingliei cryshglew¥t? &n AU @O05retistaf drom step of
cooling while applying an electric field (field applied cooling). Wile
this net jodaperfns rehef podarposaLbd ali o adanehe vmm&tmid ed the
pi ezoel ectric single crystal device such as
direction parallel to the polarization direction (longitudinal
vibration).when a voltage is applied in the polarization
direction and the efficiency of conversion between electrical
and mechanical energy are respectively expressed by the
electromechanical coupling factor k,, in longitudinal vibration
mode and the piezoelectric constant d,,. The greater those
values are, the higher the efficiency is. Those values are also
defined for piezoelectric single crystals with other shapes,
such as a plate and a disc shape, besides the rod-1like one. The
invention pertains to a domain controlled piezoelectric single
crystal developed paying attention to the electromechanical
coupling factor k,;; in the direction perpendicular to the
polarization direction (lateral vibration mode).
It is possible to use the following materials as the
piezoelectric single crystal material according to the first

aspect of the invention or the second aspect of the invention.

(a) A solid solution which is comprised of X-Pb (A,,



actuators, sensors and transducers, it is effective to enploy a
pi ezoel ectric single crystal device such as actuators, sensors and
transducers fabricating method which, prior to the final poIaEtgaHion
step, additionally conprises a step of applying an electric fi Pl G 2085
direction perpendicular to the polarization direction of a piezoelectric
"single crystal and a step of controlling a direction of a ferroelectric
dormain perpendicular to the polarization direction. The types of electric
fields to be applied in the direction perpendicular to the polarization
di rectiom,,ncl udes,steady .ehoct+ i ¢ -Ki) ebls0, (5Uck ag Jawherelxgtajc.field, a
pul se electric field and an AC electric field, and an attenuating electric
field Thereoakeordifidenent cREARS sEPO &d AAnf A gL b\ IRt BRSING egi0f the
electric fields, the application tines, tenperatures and so forth
dependi ng on.t he ar a istics of _each piezoelectrjc single., crystal and
heChesi ta TR nd B AR 3 0 Ol SRR E B AT L i BBl P AN
direction perpendicular to the polarization direction. Those conditions
can be Jdéi% e 9E@UByCRNPeriTelesind By @ndasn whdcha sEmeéP eof VRdepréerd, a
uni pol ar pul se, such as a rectangul ar wave, and a bipol ar pul se, such as
an (AC) ®R HemgBt2063 peiremdilese swive ac ahepd cadedormmdeh@pb (AptHod of the
invention is characterized by heating and cooling a piezoelectric single
crystal. befere.a.step,”ofsfi"hal. pojair saatsenesf cRaflgamidk cont roly ed
pi ezoel ectric single crystal , which applies a DC electric fiel'd of 400
V/imm to 1500, V/ f.or ,a,,meximum of inate e of
20C t o 260870 ‘ver Pocte ot ig vint 15 o B o el sorris "reaFaetr i el
applied gQoling). For exanple, the fenperature rapges; for-a piezoelectric
single crys€é1 t*6 bécome’” "1 T teo 2ot L

z,, are composition ratios in the chemical formula.

(b) The material (a) added with 0.5 ppm to 1% by mass
of one or two of Mn and Cr.

The best known materials are piezoelectric single crystal
materials comprised of solid solutions of lead zinc niobate
Pb(Zn,,;Nb,,;)0; or leadlnagnesiunlniobafe'Pﬁ(MglmNbN3)03and.lead
titanate PbTiO, (the former combination is called "PZN-PT" or
"PZNT" and the latter one "PMN-PT" or "PMNT").

The following are methods of fabricating the above-
described domain controlled piezoelectric single crystals.
The first one is a piezoelectric single crystal

fabricating method of fabricating a domain controlled
piezoelectric single crystal, comprising a step of applying a
DC electric field of 400 V/mm to 1500 V/mm for a maximum of two
hours in a temperature range of 20°C to 200°C as polarization

conditions in a thickness direction of the piezoelectric single




rhonbohedral , tetragonal and cubic are determ ned in accordance wth the
conposition. Therefore, as a step (1) of heating and cooling a

pi ezoel ectric single crystal nmaterial with a tenperature of trapnsitiaon
bet ween a rhonbohedral crystal which is in a low tenperature pﬁgséu%ﬁmﬁhe
pi ezoel ectric single crystal and a tetragonal crystal which is in an
~intermedi ate tenperature phase of the piezoelectric single crystal
material in between, or a step (2) of heating and cooling the

pi ezoel ectric single crystal naterial between a Curie tenperature T(the

pi ezoel ectkist -3i BYl & SEYSIA c%aghb%hlﬁgn LMD G, QieLtthe fFiey4th the

dlsappearance of the ferroelectr|C|ty) a rhonbohedral crystal in the
| ow Bﬁ c ragonal crystal in the internedi ate
tenperat a?@ 8? g3y of heating and coollng the piezoelectric

single crystal naterlal in a tenperature range 9 2 5 AUG 2005 of a cubic
crystal which FBilg g @ﬁtP@ﬁfﬁ@%ﬁW phE3e R 1230 B OhiggReraiman the

T, or a step (4) of adequately conmbining the steps (1),(2) and (3) is
execut edcbokticowdedbpiazetépcoricapphyilagcaybadl device s$uehdasf 400 V/mmto
1500 V/nm for a maxi mum of two hours in a tenperature range of 20C to 200C

or perfoeagitigteeel i sgnybis ampRiinkgueRrel, ectris difidtivd tbSempdspi bl e to
control the aligned state of ferroel ectric domains per pendi cular to the

pol ar i zafg ngQbEQQE'tQQC E%%ﬁl‘@% g@fcgiedéﬁ&@ps?&a&@' be‘@a@oi%c electric

field 00 VVmm to 1500 r a maxi mum o ours In

tenperature range f._20C tq 200 orm p i ng an
el ectri c>Fé&Pa; & sﬁéﬁngpucﬁplyl %ﬁ e+%%€$%5§qugk rPrl?ﬁ'Fgc g

per pendi cul ar to_the pol arization direction_of a plezoelectrlc S|ngle
crystal &hB24 EPéBeraHéafll A§eBndaddsiingally comprises a step of

applying an electric field in a direction perpendicular to the
polarization direction of a piezoelectric single crystal and
a step of cbntrolling a direction of a ferroelectric domain
perpendicular to the polarization direction. The types of
electric fields to be applied in the direction perpendicular
to the polarization direction include steady elecfﬁic fields,
such as a DC electric field, a pulse electric field and an AC
electric field, and an attenuating electric field. There are
different proper conditions for the intensities of the electric
fields, the application times, temperatureé and so forth
"depending on the characteristics of each piezoelectric single
crystal and the desired value of the electromechanical coupling
factor k;, in the direction perpendicular to the polarization
direction. Those conditions can be determined by experiments,
etc. As the pulse electric field, a unipolar pulse, such as

a rectangular wave, and a bipolar pulse, such as an (AC)



the piezoelectric single crystal are used together, followed by a step of
applying a DC electric field of 400 VVirmto 1500 V/mmfor a nmaxi mum of two
hours in a tenperature range of 20C to 200C or perform ng cooling while
applying an electric field, it is possible to control the ali @fedustae of
ferroelectric domains perpendicular to the polarization direction. BRIEF
DESCRI PTION OF THE DRAWNGS Fig. 1 is an exenplary perspective view of a
crystal structure; 10 2 5 AUG 2005 Fig. 2 is a phase diagram of PZN PT
(PZNT); Fig. 3 is an explanatory di agram of application of an electric
field, Fig" 4 if a diagran1of an i gpedance curve and phase in k31 vibration
mode; Fi §F1BRPULAT GV AYY af?Bf P&nFiedance curve and phase in k31 vibration
node; Fig. 6 is a diagram of an inpedance curve and phase in k31 vibration
node; Fig. 7 iAnathiehgrarhed oh thecbRivert el s arhRpreiserised Kyl vi brati on
node; Fig. 8 is a diagram of an inpedance curve and phase in k31 vibration
node; Fibea9ing aaddtagl hmy ahole 1tk tdetsiabeéngleaaminbsfotedteep i N a

pl ane in the polarization direction (thickness direction) after

appl i cat penNsQha8Npel 86114 €1bh €A a Finadl éSnrOl D Pleidrd@igs of an
el ectromechani cal® coupling factor k31 and a frequency constant (fc31 =

(1) e Elagh A BOChBhOh S ERONGE, LLEQUEICY 10 deShol Vi on e
to 1500 V/mm for a maximum of two hours in a temperature range
of 20°C to 200°C or performs cooling while applying an electric
field (field applied cooling). For example, the temperature
ranges for a piezoelectric single crystél to beéome
rhombohedral, tetraéonal and cubic are determined in accordance
with the composition. Therefore, as a step (1) of heating and
cooling a piezoelectric single crystal material with a
temperature of transition between a rhombohedral crystal which
is in a low temperature phase of the piezoelectric single
crystal and a tetragonal crystal which is in an intermediéte
temperature phase of the piezcoelectric single crystal material
in between, or a step (2) of heating and cooling the
piezoelectric single crystal material between a Curie
temperature T, (the piezoelectric single crystal material
becomes cubic over the T, with the disappearance of the
ferroelectricity) and a rhombohedral crystal in the low
temperature phase or a tetragonal crystal in the intermediate
temperature phase, or a step (3) of heating and cooling the

piezoelectric single crystal material in a temperature range



vibration direction; Fig. 11 is an explanatory di agram of application of an
electric field; Fig. 12 is a k33 vs. d33 graph; and 11 2 5 AUG 2005 Fig. 13
is a waveform di agram of a bipolar triangular pul se. DETAI LED F’Tﬂ 6'51\1
OF THE PREFERRED EMBODI MENTS For exanple, the unit lattice of the so 8
solution single crystal of lead zinc niobate-lead titanate (PZN- PT or
PZNT) has a perovskite structure (ABO,) as exenplarily shown in Fig. 1.
Fig. 2 presents a phase diagramof PZN and PT. This diagram is picked up
from Nonmura et al. , J. Phys. (10169), or J. Kuwata et al., Ferroelectrics

(1981). As sequbic wmydithl FhidhorBohgds ali JW Nenpasa4 uSROBhaBB0sGual
pol ari zati on equi val ent to an electric bipolar in eight directions of the

ori ent at | g, S1hAm o0k ranCtystal PN gty B4 g&gg%%@%arm dgo bl g When an

el ectric S app |e in°the ryst cutting
directio % i n_such t aneo pol ari zat i # é electrlc bi pol ar
rot at es F tﬁEeBFré29 g% oft? pgs}lﬁﬁ ﬁxeBB%ﬁa %8? oWed| REt#i £t9% 2 so t hat
the spontaneous polarization directions are aligned. However, it was found
that theaRPighREng PEorleatréustieldtes #epeNdmmgtenlshe Ybme 9T adpl yi ng
the electric field, resulting in that although the el ectronechanica
coupl i ngmakaat@r ok 38wbnhoties dif et tenpPadaht €l rdwgé her poi°ar itsatbofc
direction had a value equal to or greater than 80% the electronechanical
coupl i ngof asd ©f o kBin § eddie il WRGNIOAPH2y2ng M P05-ic field, it is

possible to control the aligned state of ferroelectric domains

perpendicular to the polarization direction.

Further, before a step of applying a DC electric field

of 400 V/mm to 1500 V/mm for a maximum of two hours in a

temperature range of 20°C to 200°C or performing cooling while

applying an electric field, a step of applying an electric field

in a direction perpendicular to the polarization direction of

a piezoelectric single crystal and a step of heating and cooling

the piezoelectric single crystal are used together, followed

by a step of applying a DC electric field of 400 V/mm to 1500

V/mm for a maximum of two hours in a temperature range of 20°C

to 200°C or performing cooling while applying an electric field,

it is possible to control the aligned state of ferroelectric

domains perpendicular to the polarization direction.

BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 is an exemplary perspective view of a crystal

structure;

10



perpendi cular to the polarization direction was distributed with a
variation of 49 to 62% as described in the docunents or the like. i.e.,.
that with respect to the direction perpendicular to the polarization
direction (lateral vibration nbode), the electronechanical coupki mgG REet or
k3lwas not controlled. Wth such a value of k31, it was difficult to
prepare a device positively using k31. Also with such a value of k31, a

pi ezoel ectric single crystal positively using k33 had many responses
cal |l ed spurious generated in the longitudinal vibration (k33) node in the

direction of parallel .to th pol.ari zation direction, so that sufficient
characteristics*9co I&SnBtPEBFSiﬁéagr?ﬂeOFaE?HFETtzggNagﬂld gi ve such

results. are explained as follows. In the material of the piezoelectric

singl e crystal Fégt 8ufsohnt REppreasergctipgrginngfeappyicatiantef apts as
grown state, the domains conprised of a set of electric bipolars of the
sanme dir edeicarilcacededdr:i ous directions in the direction parallel to the _
pol ari zation direction.and the -direction perpendicular to the polarization

direction, andrdg. BO%sSHONM AgPikZoel BFtindd dohANEeRe LRgaBhHBROLAr i zed
state. Multi domains cannot be aligned in the direction parallel to the
polariza%iogfgﬂg%ygﬂ) o %Less an ordinary polarization tenperature and
applied véltage are selected and an electric fieldis applied in the

direction parallel %o,the olarization direction. Accordingly, the
el ect romechani E46 - cAubfi RPEIREDEE HUG™ G IRAG RITS AOENEBSParD zat i on

direction shows a |large value equal to or greater than 80% However, the

st at es of:t V& DAGFEoRs MOd§ it he direction perpendicular to the pol arization

direction can be controlled only under the polarization conditions in the
direction paraFligl toishe qgidgramaifi gm dimpeclangre, curge, andl phase in

k,; vibration mode;

Fig. 7 is a diagram of an impedance curve and phase in
k,;; vibration mode;

Fig. 8 is a diagram of an impedance curve and phase in
k,, vibration mode;

Fig. 9 is a diagram showing the state of a domain structure
in a plane in the polarization direction (thickness direction)
after application of an electric field:;

Fig. 10 is a graph of the values of an electromechanical
coupling factor k,;, and a frequency constant (fc,;, = fr'L) which
is the product of a resonance frequency fr in k,;, vibration mode
and the length (L) of the piezoelectric single crystal in a
vibration direction;

Fig. 11 is an explanatory diagram of application of an
electric field;

Fig. 12 is a k,;;, vs. d;; graph; and
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wi thin the adequate ranges of the polarization tenperature and the applied
vol tage. A nethod of controlling the node of polarization direction wll
now be di scussed referring to sonme exanples. Table 1 shows the dielectric
/I piezoel ectric characteristics of the single crystals in case gmenggqhg
pol ari zation conditions or the like for prior arts (sanple Nos. 1, 2 and
3), docunent values (docunent values 1 and 2) and the piezoelectric single
crystal material according to the invention are varied. The values of d33
in Table 1 were neasured by a d3, neter (Z3-3D type produced by Chugoku

KagakU|n SEIQa%H_ e %ygkg%)Wave orm %ﬁg%%% o%e §ﬂRg%egr ggﬂihg d33 vs

k33 curve shown i/ n feaSar 8men € present
inventors. k,,, d31l and fc3l were conputed fromthe frequency response of
t he inpedﬁﬂﬁﬁ“ nmeasured. Figs. 4 through 8 illustrate inpedance curves in
k31 node after individual electric fields of 250 V/mm (sanple No. 4), 500
V/ mm (sanple No. 5), 700 V/mm (sanple No. 6), 1000 V/mm (sanple No. 7) and
1600 V/mm (sanple No. 8) were applied, for ten mnutes between el ectrodes

of a pi ezoEirAQPED OESORIIPTIDN 2DFS TAEGPREFERREYS EMBOPIKRERTEN use (device
dimensions : 13 mmlong x 4 mmwde x 0.36 mmthick) with 0.91PZN + 0. 09PT

(X = 0.91 expregsed:typ1& wRkaln { %Et%éo@&?érs%‘iﬂys%ﬂ{&&gsﬁﬂ e
el ectrodes on two opp05|ng (001) faces 11 of a crystal 10 by splUttering as

shown i e resul tant, struct on_gil of
40C. The%p %railz% i OnaCHI gE nsu |act|ee%teaiﬁg%5§%ag (35525\1'\#}' i (%‘Phé H?l and
three responses re k31 vibration nodes_are. seen for 500 v7nn1(F|g

ardin
5) and 76bPVFHﬁFFF% sﬁfchefﬁug%BQﬁeﬁé e%?@PﬁﬁF%}YdﬂHﬁWh§q fiiBheldirection

perpendi cular to the polarization direction. _ _
Fig. 2 presents a phase diagram of PZN and PT. This diagram

is picked up from Nomura et al., J. Phys. (1969), or J. Kuwata
et al., Ferroelectrics (1981). As seen from Fig. 2,
rhombohedral PZNT has a spontaneous polarization equivalent to
an electric bipolar in eight directions of the orientation <111>
of a crystal when it is seen as a pseudo cubic. When an electric
field is applied in the direction <100)> (crystal cutting
direction) in such a spontaneous polarization state, the
electric bipolar rotates in the direction of applying a
polarization electric field so that the spontaneous
polarization directions are aligned.

However, it was found that the alignment took various
states depending on the mode of applying the electric field,
resulting in that although the electromechanical coupling
factor k,; in the direction parallel to the polarization
direction had a value equal to or greater than 80%, the

electromechanical coupling factor k,;, in the direction

12



(Table 1) For 1000 V/mm (Fig. 7), as apparent fromthe inpedance curve,
there is a single response, i.e., single domain in the - direction
perpendicular to the polarization direction and the k31 value fgth@gbﬁ% to
be greater than 80- and k" in the direction parallel to the pofar n
direction shows a value over 95% For 1600 VVmm (Fig. 8), dividing the
single response into two or three responses, the domain is separated again
into two or nore donains and k33 in the direction parallel to the

pol ari zation direction shows a value over 95% while the k31 value is 61%

The val ugeBpehdiechlHUEHNCHYhE AhST @it zd €5dn (Fiddddiohivids diSs@ipwdect of the
resonance frequency fr in the lateral vibration node relating to k11 of

each sanpl £,and, %t&%&%&? 2/50% &i%gr%g%é‘)&'@édcﬂb%cﬁ‘%npitﬁéo% 4 €s Y9l e

crystal 1nthe 1 ron direction was -mfor the
sanpl e . 4, 601, Hzm _for the sanple No. 5 .603 Hzm for the sanple No. 6,
595" Hom Erer e Saipi EPRG WP RAASRB0t NP RS A LERE S R LRy o
shows the state of the domain structure in a plane perpendicular to the
pol ari zak? obheli PetdTbir bfekerdigastten | Okptesraleeidinatclan aae of th&0 V/ mm
500 VVnmm 1000 V/mm and 1600 V/mm In Fig. 9, while polarization is

i nsuf fi cerexttfane@dinMaincoapdinhefaciase kquvas mdnaonsrédled00 Wi/tnm k31
beconmes |l arger due to the synergi smof the polarization conponents

rel atingsud® &3lalddes® i.$, aiciwed eqdorbéw £ Of o 19QbAFdma afkl ¥kl become
maxi mum and there are multi domains for 1600 VVmm and k31 becones

smal | er é%g%%fbéﬂf &Qﬂﬂiqgacth §o°§iEHesﬂghaEiéﬁih8nofC nmpogents rel ating

to k31. e invention, the domain |ayouts that woul d®*provi de high k"

(d33) a%%ggé%&éé%r{ékgﬁng$gw%rystal positively using k,;; had many

responses called spurious generated in the longitudinal
vibration (k,;;) mode in the direction of parallel to the
polarization direction, so that sufficient characteristics
could not obtained. The factors that would give such results
are explained as follows. In the material of the piezoelectric
singlecrystalcqtoutthhe;ﬁezoelectricsinglecrystalafter
its as grown state, the domains comprised of a set of electric
bipolars of the same direétion face various directions in the
direction parallel to the polarization direction and the
direction perpendicular to the polarization direction, and do
not show a piezoelectricity and are in an unpolarized state.
Multi domains cannot be aligned in the direction parallel
to the polarization direction unless an ordinary polarization
temperature and applied voltage are selected and an electric
field is applied in the direction parallel to the polarization

direction. Accordingly, the electromechanical coupling

13



those for 500 V/mm and 1000 V/ nm Wen the tenperature of the silicon oi
was dropped to roomtenperature while applying a DC electric field of 400
V/immto a piezoelectric single crystal wth the same setting a£g the
sanple No. 9 in the silicon oil tenperature of 200C, the el ect mBEh 2 ca
coupling factor k" in the direction parallel to th epolarization direction
(longi tudi nal vibration node) was equal to or greater than 80% and the
el ectromechani cal coupling factor k31 in the direction perpendicular to
the polarization direction (lateral vibration 16 2 5 AU G 21)05 node) was
greater tfhamoz0%,, Tine the, poakrtikiesibnmEinvestb08 bheows aFbdargbevsaupl e No.
10, a piezoelectric single crystal wwth the sanme setting was dipped into
the silieglaQito 8k fUateanthan Bos el gefet6r! itdleds 0it &DBsWHEYAS1 APP! 1 ed to
the piezoelectric single crystal for 120 mnutes. As a result, while the
el ectro hani.c I I 1nt di.r i a t he
poIarizgﬁﬁoﬁﬂ%i?%E%?gﬁ$%H%ﬁé?%ﬁ%%ﬁéﬁééﬁﬁ}a?ﬁohoﬁggggg&ggk é%gé Eég?han 95%
t he el ectromechani cal _cqu Iin% factor k31 in the direction perpendicul ar
9?36? $

to the p6PArRS&OPSHOG Roh UnEeat BR QP AES At PneoRy L iR s dostifan 30%
For the sanple No. 11, when a DC electric field of 1500 V/mm was applied
to a pi eddceetipncraraglel ctysthe phaltarizdatiodadreetiiong fof - 100minut es,

t he el ectromechani cal coupling factor k" in the direction parallel to th
epol ari zatthin the ecleiqguRr tel vaggs sidihahevpdl @t i oat Iod @ pmpes agueat @ndt han 90% |
by contrast with the el ectromechani cal coupling factor k31 in the
directi opnpeppgndiaui,aithget he pol arization direction (lateral vibration
node) being less than 30% fc,, for the sanple No. 10 and the sanple No.

11 ver e Tespechi yekyo98ds Heght A0S 109% 5 -Moad LoBeEIEaifRle 1iie resul ts have

originated from

direction will now be discussed referring to some examples.
Table 1 shows the dielectric/piezoelectric cha:acteristics of
the single crystals in case where the polarization conditions
or the like for prior arts (sample Nos. 1, 2 and 3), document
values (document values 1 and 2) and the piezoelectric single
crystal material according to the invention are wvaried. The
values of d,; in Table 1 were measured by a d,,; meter (ZJ-3D type
produced by Chugoku Kagakuin Seigaku Kenkyujyo). The]gavalues
were computed from the d,, vs k,; curve shown in Fig. 12 based
- on the measurements made by the present inventors. k,,, d,;; and
fc,, were computed from the frequency response of the impedance
measured. Figs. 4 through 8 illustrate impedance curves in k.,
mode after individual electric fields of 250 V/mm (sample No.
4), 500 V/mm (sample No. 5), 700 V/mm (sample No. 6), 1000 V/mm
(sample No. 7) and 1600 V/mm (sample No. 8) were applied, for

ten minutes between electrodes of a piezoelectric single

14



t he domain | ayout that suppress the lateral vibration. By adequately
setting the polarization conditions (applied voltage, tenperature, etc.)
this way, it is possible to control the donmain state and the val ues of k"
and k" that 17 2 5 AUG 2005 depend on the domain state. The inv th@@zﬂﬁ
not limted to this enbodinent, but it was confirmed that dielectrric

/ pi ezoel ectric characteristics simlar to those of the enbodi nent

descri bed above could be acquired by using the tenperature range, the

pol ari zation direction electric field range, the application tine range

and the appli £atJon Jrenacl é%gblkgeaﬂ?erpﬁ Oén%rzphximlgngg ol i field of

400 V/ mm maxi mum o ours 1 n.a erature range of
20C to 200C or perfo coolin | yi. ng an electrlc field.

Furt her , * W t3P F@B&P&Cﬁ‘? Y’ﬁ@hs? e%llg:FN a*iorﬂ )ﬂ T d%oc 8raligrrressed Pvof 400
V/immto 1500 V/mm for a maxi numof two hours in a tenperature range of 20C
to 200C am@Plear dufdig avolbnepaneid ey dpphjnaggahdetbectredds alind tvWa was
confirmed that the characteristics of the first aspect and second aspect of
t he i nvepdoDinmgwrod 1i)miaoeedl AlaD abgryepaati eyt Bpustepinly apphovwig a DC
electric field of 400 VVim.to 1500 V/mm for a maxi mumof two hours in a

- tenperatilf gjlAngeaRi Eifp iy 28@Cra5uPLLA LTI At ¢A01iinng M 4 &aRRhYI Nng an
electric fiel'd with a depolarization step of holding at 200C hi gher than

the Curi er re f.or ou at b
artang i (oge affﬁ%Lﬁ%lsarb%sae&%*n1fh%en??€%h%h%9tec}hﬁaa?ﬁt %(W Y the
product | of eI ctro hani cal coupling factor ction

“per pendi % 4o ?Wge' &t F23PPBACHI TERRTGH'Y Ikat éﬁlgfra*t\WBr%‘i’ oh 3h5de) , the

resonance frequency fr in k,, node and the 18
seen for 500 V/mm (Fig. 5) and 700 V/mm (Fig. 6), because there

are multi domains in the direction perpendicular to the
polarization direction.
(Table 1)

For.lOOO V/mm (Fig. 7), as apparent from the impedance
curve, there is a single response, i.e., single domain in the
direction perpendicular to the polarization direction.and the
k,, value satisfies to be greater than 80% and k,; in the direction
parallel to the polarization direction shows a value over 95%.
For 1600 V/mm (Fig. 8), dividing the single response into two
or three responses, the domain is separated again into two or
more domains and k,; in the direction parallel to the
polarization direction shows a value over 95% while the k;, value
is 61%. The value of the frequency constant fc,, (= £fr'L) which
is a product of the resonance frequency fr in the lateral
vibration mode relating to k,;, of each sample and the length

L (13 mm long) of the piezoelectric single crystal in the
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2 5 AUG 2005 length L of the piezoelectric single crystal in the vibration
direction, a domain with high k33 and high k" and a domain with high k33
and | ow k31 shown in Fig. 10 were obtained with the range of thg_val ue of
the frequency constant c¢31 r-L) on the horizontal axis in Fig. 1l 2 200
prior arts and the docunment values are also given in Fig. 10. According to
the prior arts and the docunent values, the frequency constant fc31l (=
frL) which is the product of the resonance frequency fr in k31 node and

the length. L of.the . piezoel ectri ingle crystal in the vjbratign

di rection 1763 2%k éer?ectlr?é’ V?\Fujégl ghilgnfe?% Eﬁ‘ﬁ'gg‘ecllt?%l n4s f%;ngz'ﬂl. | t
seens that, as clarified in the foregoing description of the invention,
the k31 vEPHetRarsa@®Iseduse -t RE3dHEE f Corftheolsamplehdiodi fecPpdntizm
perpendi cular to the polarization direction is insufficient. Referring now
to Tabl e 29r athdeesEmgitd oo .wi7l BnBe7Q0 véamofforamhenbeupientoi M whiFdlg.a step
of applying an electric field in the direction perpendicular to the

pol ari zat9 cshali g etdie Erafe of pPhey GRInedhy istrSidigire dny s gllamed control |ing
the direction of the ferroelectric domain structure in the direction

per pendi gyl e d @ ddaPbathe Fd 14T 18T BRredtSbaPafder ¥ppiieatiig and
cooling a piezoelectric single crystal material wth a ténperature of
t

transi ] opy bologen & £hadioRedssh G7aatakoo WA | S0dd) B DU LTRGRA. Ur ©

phase of e pi ezoel éctric sin crysta crystal” which
is in an 'Pternediate 19 2 5 AUG 2005 tenperature phase of the
pi ezoel ectMt single crystal material in between, or a step (2) of heating

and cooling the giezoelec;rfb single crystal material between a Curie
tenperature T didragr Rornvhkripalagigatapniis Linsufdhcienpdoat 4@ V/mm

and there are multi domains for 500 V/mm, k,;, becomes larger
due to the synergism of the polarization components relating
to kn.' There is a single domain for 1000 V/mm and k,, become
maximum, and there aie multi domains for 1600 V/mm, and k,;
becomes smaller due to the counteraction of the polarization
components relating to k;;. In the invention, the domain

layouts that would provide high k., (d,;) and high k,;, (d,,) were
those for 500 V/mm and 1000 V/mm. When the temperature of the
silicon o0il was dropped to room temperature while applying a
DC electric field of 400 V/mm to a piezoelectric single crystal
with the same sétting and the sample No. 9 in the silicon oil
temperature of 200°C, the electromechanical coupling factor k.,
in the direction parallel to th epolarization direction

{longitudinal vibration.mode) waé equal to or greater than 80%
and the electromechanicai coupling factor k;; in the direction

perpendicular to the polarization direction (lateral vibration
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phase or a tetragonal crystal in internediate tenperature phase, or a step
(3) of heating and cooling the piezoelectric single crystal material in a
hi gh tenperature phase equal to or higher than the T, or a step (4) of
adequatel y combining the steps (1) , (2) and (3) was carried outs Al ypyed
by a step of applying a DC electric field of 400 VVimmto 1500 V/irmfor a
maxi mum of two hours in a tenperature range of 20C to 200C or performng
cooling while applying an electric field. The nmeasurenment of d33, the
conput ati on of the k33 value, and the nmeasurenent and conputation of k31,

d31 and £684)iwad @Heart2ratBafi od Ar e EbBQser HHuisTahhe dasF6U9 thensanpl e
No. 12, before the step of applying a DC electric field of 400 VVmmto

1500 V/ npforné SEp1uibof1d Wa phedbe1bBta:it Mgy Al Wi dtaNgg: oh BQC to 200C
or performng cooling while applying an electric field, gold el ectrodes

were forned on two (010)..faces.13 of a pi.ezoel egtri ingl e _grystal of

t he samsg'ﬂﬁp%eW%W&ﬁ[%éppFﬁelﬂ 8r%r#ilc}r‘|’@dl 8t g?g %#Og‘gt 8?,8 Xj%ach wer e
opposite to each other and were perpendicular_to the (001) faces 11 in

Fig. 3 b§iephFierfhgtdsosndin YATE ¥2s 13PPhiedb | e Fie3q%teF 31000 VI mm
was applied to the resultant 20 2 5 AU G 2005 structure in the silicon oil
of 40C feingéa efnstat for 1p0Iminuees onAsAfat eesuldd ,piwdidel gberic single
crystal was renoved fromthe silicon oil bath, the gold el ectrodes were
renoved byeatremethayisal wiouel iardf got or &, pehridtediaeetfivntgwral fear med on
the two opposing (001) faces 11 shown in Fig. 3 by sputtering, the step of

appl yi ngt & the gbrstiiLr fdehdreb+4688 (Mongi i kR00y Mbran { &% mBaegxidgim of two
hours in a tenperature range of 20C to 200C indicated in the

above- Fjeéjfcééfﬁg HIPETENLy o O 1 R L QIR 420 RIS 8RPEX 10T 41
electricfreld was )
the direction perpendicular to the polarization direction
(lateral vibration mode) was less than 30%.
For the sample No. 11, when a DC electric field of 1500
V/mm was applied to a piezoeiectric single crystal with the
same setting for 10 minutes, the electromechanical coupling
factor k,, in the direction parallel to th epolarization
direcfion (longitudinal vibration mode) was greater than 90%
by contrast with the electromechanical coupling factor k,, in
the direction perpendicular to the polarization direction
(lateral vibration mode) being less than 30%. fc,; for the
sample No. 10 and the sample No. 11 were respectivély 981 Hz'm
and 1004 Hz'm. It seems that the results have originated from
the domain layout that suppress the lateral vibration.
By adequately setting the polarization conditions
(applied voltage, temperature, etc.) this way, it is possible

to control the domain state and the values of k,, and k,, that
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carried out, and then the dielectric/piezoelectric characteristics were
nmeasured. As a result, the electronechanical coupling factor k" of 97.3%
in the direction parallel to the polarization direction . (I ong t udi nal

vi bration node) and the piezoelectric constant d" of 2810 pC l\é\ﬁef\%ﬁ 2005
-obtained as shown in the sanple No. 12 in Table 2. Further, the

el ectronechani cal coupling factor k" of 85.5%in the di recti on

perpendi cular to the poI arization direction (lateral vibration node) and

th | tant d3l of -2380 p bt d. . The val f
he '1rcAUBREY EOntPRNEOTES 1o 14 LI A T Bt adleE bf"HheY Tesonance

frequency fr in the Iateral Vi bratlon node in the direction perpendicul ar
to the p&hafi 2BPPEATEPtecPRENEeYasi ARELEmMRA1TAAE the Iength L of the
device in the vibration direction was 483 Hz-m 21 2 5 AUG 2005 For the
sanpl e Ndsel&éB8trid/pndzdblebéficechdmastepisticapplnillay doDEhekecefic field
of 400 VVimto 1500 VVmmfor a nmaxinmumof two hours in a tenperature range

of 200C tRe28006diménPaid v adekieNgowil Be adtvitd 89 ehesyrive fiel d,
pi ezoel ectric single crystal s of the same shapes with that of the

af or enentaped, gl La Gy 180090 ] 0518 Skl £90c01 L £ A0fh

t enperature- |ncreaS| ng ec easi ng were repeate ree tines In a cycle
of 30 m nutes u&é I'_.)]fnﬁeracgure rar%% of 52 to 90@ d 150 t 00'Cin
the silitBHIBr I PARLRRFTHRFOF e Te&HTe PRCUFESr 3RE 58t 500 BELHRDOC i n an
.electric _oven. Thereafter, gold electrodes were fornmed on two 0Si ng
(001)  fBEBESTE SERERE [APTRIGNI B SpactarrnhieLd SfcRO8r /Ay Jngop
~electric field of 400 V/nmto 1500 V/mmto the resultant structure in the
t enper at Vyemrzowge olaxA00@ b6 2HMGUndiinatetemperature-range of 20°C
to 200°C or performing cooling while applying an electric field.
Further, with regard to the step of applying a DC electric
field of 400 V/mm to 1500 V/mm for a maximum of two hours in
- a temperature range of 20°C to 200°C or performing cooling while
applying an electric field, it was confirmed that the
characteristics of the first aspect and second aspect of the
invention were improved also by repeating the step of applying
a DC electric field of 400 V/mm to 1500 V/mm for a maximum of
two hours in a temperature range of 20°C to 200°C or performing
cooling while applying an electric field with a depolarization
step of holding at 200°C higher than the Curie temperature for
one hour in between. It was found that by arranging those
results based on the frequency constant fc,, (= fr'L), the product
of electromechanical coupling factor k,;; in the direction

perpendicular to the polarization direction (lateral

vibration mode), the resonance frequency fr in k;, mode and the
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in the above-described enbodi nent for a maxi rum of two hours or performng
cooling while applying an electric field was <carried out, and then the

di el ectric/piezoelectric characteristics were neasured. As a result, the
el ectromechani cal coupling factor k,, of 97. 5% in the directionZ 5paugips!
to the polarization direction (longitudinal vibration node) and the

pi ezoel ectric constant d,, of 2840 pC/N were obtained for the sanple No.
13. The el ectronechani cal coupling factor k,, of 85.3%in the direction
perpendi cular to the polarization direction (lateral 22 2 5 AUG 2005

vi br at i ohenstie)L @fd theePpreoodretrifcstombe amystal éh thesoip@iNomer e
obt ai ned. For the sanple No. 14, the el ectronechanical coupling factor k"
of 97. 8%linetheon| rediomainpat 8hllelgh &, f ked hobArkzadndr domechiwith

(longi tudinal vibration node) and the piezoelectric constant d* of 2880

PC/ N werg; gt t}é}i ReQ: 13"1}‘%313%66%50{'&?@‘1%’? £8hyeaUBbE IR EAGH O KBL QUn RS- 3% in
the direclion perpendicular to the polarization direction (lateral

vi bration de) and th i ezpel ectric constant d31 of -2350 pC wer e
bbt i neddt FRe! Falts ot oF PEeTither FOtt Tk cian b2l 5 LauBr fBer act or k33
of 97.4% in the direction parallel to the polarization direction

(1 ongi t UAPRLRFORF R a2¥bh I ded9ah¥- t he piezoelectric constant d33 of 2820
pC/ N were obtained. The electronmechanical coupling factor k31 of 85.6%in

the direction Themrded autarand thee dpshaentavabredigesilse giveeria
vibration node) and the piezoelectric constant d31 of -2380 pC/N were
obt ai nedFighel dr equencgiagnss atte pa3dr( arts-dnd whe d663meEfalrued he sanpl e
No. 13, was 506 Hzmfor the sanple No. 14 and was 437 Hzmfor the sanple
No. 15, fesRadduetio cbAEthAE SATPIL M) Y ciohd Alegioades yerd ormed on
resonance frequency fr in k,;, mode and the length L of the
piezoelectric single crystal in the vibration direction lies
between the values given in appended claims 1 and 2. It seems
that, as clarified in the foregoing description of the invention,
the k;, value varies because the domain control in the direction
perpendicular to the polarization direction is insufficient.
Referring now to Table 2, a description will be given of
an embodiment in which a step of applying an electric field in
the direction perpendicular to the polarization direction of
a piezoelectric single crystal and controlling the direction
of the ferroelectric domain structure in the direction
perpendicular to the polarization direction, a step (1) of
heating and cooling a piezoelectric single crystalvmaterial
with a temperature of transition between a rhombohedral crystal

which is in a low temperature phase of the piezoelectric single

crystal and a tetragonal crystal which is in an intermediate
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opposi ng (010) faces 13 perpendicular to the (001) faces 11 in Fig. 3 were
formed by sputtering as shown in Fig. 11, the piezoelectric single crystal
“was dipped in the silicon oil, and a DC electric field of 400 V/ mm was
applied while repeating tenperature increasing and decreasi ng WeBeAUG 2008
repeated three tinmes 23 2 5 AUG 2005 in a cycle of 30 mnutes in the
tenperature range of 150 to 200C. After the piezoelectric single crystal
was renoved fromthe silicon oil bath, the gold el ectrodes were renoved by
an etching solution and gold electrodes are further formed on the two
opposi ng tEOPEF aftaresprhase pdwhhe PiEzpe @ Birishaipet ¢ myyted Babpriat
applying a DC electric field of 400 VVimmto 1500 VVmm for a nmaxi mum of two
hours i nia bemperat,ube wastepof 220€ft hed@€g andpevboingngheool i ng whil e
applying an electric field was carried out, and then the

di el ectripgRb@2e@teakr k§nghar 8ei,8thst h6scWELE BERFHERDs ASrferesult, the
el ectronechani cal coupling factor k33 of 97.8%in the direction parallel

to the pqQlari i i i ' i.ngl.,.vihrati e

bi czo0l coFlPE  Boneran 55 St b i i th G R R SR ot re

el ect rorre&hani cal caupli 21%, factor k31 . of 86.0%in the direction

per pendi E4PEF o2t OB DL AP gt datet MPST Y REG BR3fAfde) and
the piezoelectric constant d31 of -2450 pC/N were obtained. The val ue of
the fregGedcytednstlawt hegtipg apd|goukingl theHpigzoplegisiconinghed t hat
t he sane advantages were obtained even if the step of applying a DC

el ectri cctyetdlohatddfidd rm a tha. ghb08mpEemat ive phawx equallofo owohihglies in a
tenperature range of 20C to 200C or perform ng cooling while applying an

el ectri ctnhhetdeaf erord Detpeqlni off bakduars1gppbinBenbagWers $hepé 100)
faces in Fig. 11 as another opposing faces perpendicular to the :
(1), (2) and (3) was carried out, followed by a step of. applying
a DC electric field of 400 V/mm to 1500 V/mm for a maximum of
two hours in a temperature range of 20°C to 200°C or performing
cooling while applying an electric field. The measurement of
d,;, the computation of the k,, value, and the measurement and
computation of k,;, d4,; and fc,; in Table 2 are similar to those
in Tabie 1.

For the sample No. 12, before the step of applying a DC
electric field of 400 V/mm to 1500 V/ﬁm for a maximum of two
hours in a temperature range of 20°C to 200°C or performing
cooling while applying an electric field, gold electrodes were
formed on two (010) faces 13 of a piezoelectric single crystal
of the same shape with that of the aforementioned single crystal,
which were opposite to each other and were perpendicular to the

(001) faces 11 in Fig. 3 by sputtering as shown in Fig. 11, a

DC electric field of 1000 V/mm was applied to the resultant
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24 2 5 AUG 2005 (001) faces in Fig. 3. For the sanple No. 17, before the
step of applying a DC electric field of 400 VVrmto 1500 VViMm for a

maxi rum of two hours in a tenperature range of 20C to 200C or perform ng
cooling while applying an electric field, gold el ectrodes were? sf aupeggson
two (010) faces 13 of a piezoelectric single crystal of the sane shape
with that of the aforenentioned single crystal, which were opposite to
each other and were perpendicular to the (001) faces 11 in Fig. 3 by
sputtering as shown in Fig. 11, a bipolar triangular electric field with a
peak val uetmfcthfe \i/mmhhearsd. 1d qoer iodd. off 800Cnser wers mpphtes fort he
resultant structure in the silicon oil of 60C for ten mnutes. Fig. 13

shows t hgolkifiGlaaridn.i apgukar tMaveieroe1éEt £ict heny ez eakeatdl asi ngl e
crystal was renoved fromthe silicon oil bath, the gold electrodes were

removed By &f G0 3 ‘é&'l%o%”@ﬁ%‘%the' %ter gggﬁ @&@cft%hggrw{aﬁé”eo' on

the two opposing (001) faces 11 shown in y sputtering, e step of

applying a DC e ectrl 400 V/ 15 for_a_maxjmum of two
nour o |8 EmogsshpR o £ Senige 8‘1"’1‘26{‘9‘?0%]@83& Rl
applying an electric field was carried out, and then the

di el ect r ifORPIes, 081 &ber t¥OCHRPAsiRgi 699L) TRGeS Ieshavay inaZig r 8sh¥t, the
el ectronmechani cal coupling factor k33 of 97.1%in the direction paraIIeI
to the pcipartiteatiingn thle rsdepi ofi apipdiyginqudiDtae lechbraciforevodE )4 Ehd/ e

pi ezoelectric 25 2 5 AUG 2005 constant d" of 2780 pC/ N were obtai ned.
Further, tichesoel et oiRc hanae fhuf 0P | twtg hbaekoin ka tefipek@t3%el Bahbe

di rection per pendi cul ar to the polarization direction (lateral vibration
of 20°C to 200°C indicated in the above-described embodiment
or performing cooling while applying an electric field was
carried out, and then the dielectric/pie;belectric
characteristics were measured.

As a result, the electromechanical coupling factor k.,
of 97.3% in the direction parallel to the polarization direction
(longitudinal vibration mode) and the piezoelectric constant
dw of 2810 pC/N were obtained as shown in the sample No. 12
in Table 2. Further, the electromechanical coupling factor k,,
of 85.5% in the direction perpendicular to the polarization
direction (lateral vibration mode) and the piezoelectric
consfant d,, of -2380 pC/N were obtained. The value of the
frequehcy constant fc,; (= fr'L) which is a product of the
resonance frequency fr in the lateral vibration mode in the

direction perpendicular to the polarization direction relating

to k;, and the length L of the device in the vibration direction

was 483 Hz'm.
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node) and the piezoelectric constant d,, of -230 pC N were obtained. The
val.ue of the frequency constant fc" (= frL) was 863 Hz-m For the sarrple
Nos. 18, 19 and 20, before the step of applying a DC electric ileld 400
V/immto 1500 VVmmfor a maxinmum of two hours in a tenperature anfés 9”5200
to 200C or performng cooling while applying an electric field,

pi ezoel ectric single crystals of the sane shapes with that of the

af orenmentioned single crystal were dipped in the silicon oil, and
tenperature increasing and decreasing were repeated three times in a cycle
of 5 minutes i ¥ ¥h&heefF@Rkur®S-addes 14R80 150 FBECTE5GhE0SEEBCOFN t he
silicon oil bath and 200 to 400C in the electric oven. Thereafter, gold

el ect r odesppigrieng feorDfeck It twicc doEdsi f (AOOLV /faceae 15 ooOhdvmm fioki g. 3 by
sputtering, a step of applying a DC electric field of 400 VVrm to 1500

Vinmm to the, St oS HdHHLIG 1D tteﬁxgeE:%‘EB%aE:%%er 6@9§0°@f1%c?%6°@ 200C

indicated in the above-descri bed enbodi mrent for a nexi mumof two hours or

per T or i g GRald i gdapl ezoe@leggwglea%gg' g&tng Gl el 435 Gaehjed out, and

then the eectrl tric c CS were rreasuréd As a
result, for th rlp 8, the ﬁl ec nechani cal 26 2.5 AUG 2005
coupl i ng BA el?'t §7‘n§9}6 i ﬁr?!ﬁEa Pr tfi Gﬁ‘reaFP@PeFow%m thadi 8Fi zati on

direction (longitudinal vibration node) and the piezoelectric constant d"
of 2760 pheNaferemgbitdoned SEulRefTYstad weretdivrahdd dile 6ddprPhg factor
k" of 18.6% in the direction perpendicular to the polarization direction
(I ateral oidi,beati tempedefuardibbeepstugadnttddarerisiamerd3epkat280 pC/ N
were obtained.. For the sanple No. 19, the el ectronechanical coupling
factor k'thafee9tiddsi intdheydileesti DM riakdldsehint hé Memperature ranges

of 50 to 90°C and 150 to 200°C in the silicon o0il and further

in the temperature range of 200 to 400°C in an electric oven.

Thereafter, gold electrodes were formed on two opposing (001)

faces 11 shown in Fig. 3 by sputtering, a step of applying a

DC electric field of 400 V/mm to 1500 V/mm to the resultant

structure in the temperature range of 20°C to 200°C indicated

in the above~described embodiment for a maximum of two hours

or performing cooling while applying an electric field was

carried out, and then the dielectric/piezoelectric

characteristics were measured. As a result, the

electromechanical coupling factor k;; of 97.5% in the direction

parallel to the polarization direction (longitudinal vibration

mode) and the piezoelectric constant 4,, of 2840 pC/N were

obtained for the sample No. 13.

The electromechanical coupling factor k,, of 85.3% in the

direction perpendicular to the polarization direction (lateral
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pol ari zation direction (longitudinal vibration node) and the piezoelectric
constant d" of 2810 pC/N were obtained. Further, the el ectronechani-cal
coupling factor k" of 17.8% in the direction perpendicul ar tg 2@ -
pol ari zation direction (lateral vibration node) and the piez & &6
constant d3lof -190 pC/ N were obtained. For the sanple No. 20, the

el ectronmechani cal coupling factor k33 of 97.2% in the direction parallel
to the polarization direction (longitudinal vibration node) and the

pi ezoel ectric constant d33 of 2790 pC N were obtained. Further, the

el ect r oneééhaacéan rig) pRg e péezkeleottrgcxognsitame dg pECt2369 pC/N
perpendi cul ar to the polarization direction (lateral vibration nobde) and
t he pi ezeekecbobtainedast adr ddk afampd20NpC/ N4yertie ebtatnedeckspiedivel y.
The frequency constant fc31 (= frrL) was 836 Hzmfor the sanple No. 18,

was 892 Egppiohgt PEcE8APLE No.97 18k and tuRs d%%c'#é’@nf Bhrbheesapp! endo. 20,
respectively. 2% 2 5 AU G’2005 For the sanp e No. 21, gold el ectrodes were

formed on [ 010 ces . endi.cul AT 001), faces 11
o g Bal g e RRRRR §HE Oy, (e L Vi og) BB, PR3 g note
crystal was dipped in the silicon oil, and a DC el ect r|c field of 400 V/ mn
was applPéﬁzﬂﬁfgﬁtFéﬁe%??ﬁﬁa?Enﬁer8?u?§80|HE(@aﬂFﬁ@ gR824Refeasi ng were
repeated three tinmes in a cycle of 5 mnutes in the tenperature range of
150 to 200C. Afkercledigopiechedlicatly counlhgbefastyer &L, w8 Y aipiadthe he gol d
el ectrodes were renoved by an etching solution and gold electrodes are
further doreetion peheenddcoipestadheldd)atbzesiod Histemmionn( Faerdl by
sputtering, the step of applying a DC electric field of 400 V/mmto 1500

VI 'mm f ory fo AEKi SH e )t #Ra thRUp SekBe Be bt EAPE AN I RAYCo P 2386 @/ 00C or

per form ng
were obtained. For the sample Nc. 15, the electromechanical
coupling factor k,, of 97.4% in the direction parallel to the
polarization direction (longitudinal vibration mode) and the
piezoelectric constant d,, of 2820 pC/N were obtained. The
electromechanical coupling factor k,, of 85.6% in the direction
perpendicular1x>thepolarizationdirection(lateralvibration
mode) and the piezoelectric constant d,;, of -2380 pC/N were
obtained. The frequency constant fe,;, (= fr'L) wa§_503 Hz'm for
the sample No. 13, was 506 Hz'm for the sample No. 14 and was
437 Hz'm for the sample No. 15, respectively.

for'the sample No. 16, gold electrodes were formed on two

opposing (010) faces 13 perpendicular to the (001) faces 11 in
Fig. 3 were formed by sputtering as shown in Fig. 11, the
piezoelectric single crystal was dipped in the silicon oil, and

a DC electric field of 400 V/mm was applied while repeating

temperature increasing and decreasing were repeated three times
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cooling while applying an electric field was carried out, and then the
dielectric/piezoelectric characteristics were neasured. As a result, the
el ectromechani cal coupling factor k33 of 97.7%in the direction parallel
to the polarization direction (longitudinal vibration node) ahg AlbE 2005
pi ezoel ectric constant d33 of 2850 pC/ N were obtained. Further, the

el ectronmechani cal coupling factor k31 of 17.6%in the direction

per pendi cular to the polarization direction (lateral vibration node) and
t he piezoelectric constant d31 of -150 pC/N were obtained. The val ue of

the 11 eyaney comsianly 4631 do=s b ¥aa, 924, Bem. 2 2.5 LG 2005cAs the

nmet hod of controlling I ghe 0 erroe iC domai ns

per pendi gul ar the polarization . directio y applyin n_.electyic field
o Phe afPaBE: bRe' BEpBaRarEhrhr to RS S ERySa o SHTPeeR shoBot BFe t he
step of final polarization of the domain controlled piezoelectric single
crystal , Si1igon oxhpadhep st 98pBISAet OIS weEetFe O ePY atoetadd Y/ nm t o
1500 V/mm for a maxi numof two hours in a tenperature range of 20C to 200C
or perfosnmlngioookndggehdl eleappbiengaar €uethercfbdbrmeéd, ohhetheethwod of
controlling the aligned state of ferroelectric domains perpendicular to

the pol 8ppsatingn( 61 PEHAY by dradwiryiingroyt 3 B? speprddindf theattsg and
cooling a piezoelectric single crystal naterial wth a tenperature of

(transitige bghwgengaarBerboledsal ar s Ale WY nk® thN180boY hRMREE Al Ur €

phase of the piezoelectric single crystal and a tetragonal crystal which
Is in an interne%ig%e_ t%ggerature' hase_of theifiezoglgggri%)éi%g#e
crystal faf@Fiar™ ¢ B WeEES AP th e@ﬂ%ﬁ??@5ed?rﬁﬁh9 ng%and %480 fig t he
plezoeleggrhgr%ggggggcgggggggn&ﬁgigagpgﬁggggnag g?éégric field was
carried out, and then the dielectric/piezoelectric
characteristics were measured. As a result, the
electromechanical coupling factor k,, of 97.8% in the direction
parallel to the polarization direction (longitudinal vibration '
mode) and the piezoelectric constant d,; of 2870 pC/N were
obtained. Further, the electromechanical coupling factor k,,
of 86.0% in the direction perpendicular to the polarization
direction (lateral vibration mode) and the piezoelectric
constant d,; of -2450 pC/N were obtained. The value of the
frequency constant fc,;, (= f£fr'L) was 415 Hzm.
1t was confirmed that the same advantages were obtained
even if the step of applying a DC electric field of 400 V/mm
to 1500 V/mm for a maximum of two hours in a temperature range
of 20°C to 200°C or performing cooling while applying an electric

field after a DC electric field was applied between the (100)

faces in Fig. 11 as another opposing faces perpendicular to the
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tenperature T(the piezoelectric single crystal material becones cubic over
the T with the disappearance of the ferroelectricity) and a rhonbohedral
crystal in the low tenperature phase or a tetragonal crystal i
internedi ate tenperature phase, or the step (3) of heating anéqE$U i%@sthe
pi ezoel ectric single crystal material in high tenperature phase 29 2 5 AUG
2005 equal to or higher than the T., or the step (4) of adequately
conbining the steps (1), (2) and (3), and the nmethod of controlling the
aligned state of ferroelectric domains perpendicular to the polarization

directi opody) cedded Nch autg. both the step of applying an electric field in
the direction perpendicu-ar to the polarization direction of the

pi ezoel ectric gi,nghe ?&@' gnd 15 he, s8R, qf gg%bngfﬁggpgg éns C the

single crystal pi ezoel'ectiic device are execute

crystal ro | t he rad coalin rocess at the tlne of

gr owi ng "Eﬂee j@’sté Cjéj(rj@ (yg/ ﬁn}éoob‘éélg‘a g T 1@ PR s EYRs
confirmed, those nethods mere effective to nore easily control the domain
st ruct urkeours tire a diemptiadmperpargl ofl #0°Cotbh@0pd aoT Zped Hormlingcti on in
the step of final polarization of a domain controlled piezoelectric

si ngl e croslialg wbilkadpp tathggrt beedomie nEicdd ; glollédde 1 ¢ ezodd €eiedec Si ngl e
crystal and to inprove the dielectric/piezoelectric characteristics as

nent i onegbrd B8 tHOr @ NG aARSCHBPEE ANpeEzbReetiist SlyBeEaREtaspect s of
the invention. As the domain controlled plezoelectrlc S|ngle crystal

accor di nge %ﬂ%ts%?ne' %ﬂ% L9RLNAS, £ BE FROYEs &S’eég sac'?ﬂ the

met hod" of ricati he sanme conprises t ove- rlbe steps, it is

possi bl ewl'Elo f%gg‘ecgﬁgo alpe %%Og.lagﬁtortlher and were perpendicular to the

(001) faces 11 in Fig. 3 by sputtering as shown in fig. 11, a
bipolar triangular electric field with a peak value of 500 V/mm
and a period of 800 msec was applied to the resultant structure
in the silicon 0il of 60°C for ten minutes. Fig. 13 shows the
bipolar triangular waveform. After the piezoelectric single
crystal Was removed from the silicon oil bath, the gold
electrodes were removed bf an etching solution and gold
electrodes are further formed on the two‘opposing (001) faces
11 shown in Fig. 3'by sputtering, the step of applying a DC
electric field of 400 V/mm to 1500 V/mm for a maximum of two
hours in a temperature range of 20°C to 200°C or performing
cooling while applying an electric field was carried out, and
then the dielectric/piezoelectric characteristics were
measured. .As a result, the electromechanical coupling factor
k,; of 97.1% in the direction parallel to the polarization

direction (longitudinal vibration mode) and the piezoelectric

25



singl e crystal
coupling factor

whi ch effectively uses the el ectromechanical 30 2 5 AUG 2005
k" in case where the el ectronechanical coupling factor k33

in the direction parallel to the polarization direction (longi ?zgj:fqn I
0 200

vi brati on node)

is equal to or greater than 80% a piezoelectr

d33 is equal to or greater than 800 pC/ N, the el ectronechanical coupling
factor k31 is equal to or greater than 70% and a pi ezoel ectric constant

-d31 is equal

to or greater than 1200 pC/ N (d31 having a negative val ue by

definition); and it is Bossible to use the value of k33 nore efficiently

due to gefefe@Pbndof %ho

$BOrPe(l YeRdesPteémedi b tHRr -orfehe 1ike in the

band of usage of that value in case where k33 is equal to or greater than
80% d33elsctreméchanbealrmaipdringhfincB0D pColfl, 1&331% iin ehealidertgrorsmal | er

than 30% and -

d31 is equal to or smaller than 300 pC/ N (d31 having a

negat i vepaapeied Dyu et it thopbla?izat3 oAUE 2006ion C10t6ral divratGon rrrr NN
oc . Oconro~ EEEEEEE '5(O mE Coo0o 'mro' ronm FO

mode) and the piezoelectric constant d,, of -230 pC/N were

obtained. The value of the frequency constant fc,, (= £r'L) was

863 Hz'm.

"For the sample Nos. 18, 19 and 20, before the step of

applying a DC electric field of 400 V/mm to 1500 V/mm for a

maximum of two hours in a temperature range of 20°C to 200°C

or performing cooling while applying an electric field,

piezoelectric single crystals of the same shapes with that of

the aforementioned single crystal were dipped in the silicon

0il, and temperature increasing and decreasing were repeated

three times in a cycle of 5 minutes in the temperature ranges

of 50 to 90°C, 150 to 200°C in the silicon oil bath and 200 to

400°C 'in the electric oven. Thereafter, gold electrodes were

formed on two opposing (001) faces 11.shown in Fig. 3 by

sputtering, a step of applying a DC electric field of 400 V/mm

to 1500 V/mm to the resultant structure in the temperature range

of 20°C

to 200°C indicated in the above-described embodiment

for a maximum of two hours or performing cooling while applying

an'electric field was carried out, and then the

dielectric/piezoelectric characteristics were measured.

As a result, for the sample No. 18, the electromechanical
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coupling factor k;; of 97.0% in the direction parallel to the
polarization direction (longitudinal vibration mode) and the
piezoelectricbonstantCg3of2760pC/Nwereobtained. Further,
the electromechanical coupling factor k,, of 18.6% in the
direction perpendicular to the polarization direction (lateral
vibration mode) and the piezoelectric constant dn‘of -260 pC/N
were obtained. For the sample No. 19, the electromechénical
coupling factor kw;of797.3%_in the diregtion parallel to the
polarization direction (longitudinal vibration mode) and the
piezoelectric constant d,, of 2810 pC/N were obtained. Further,
the electromechanical coupling factor k,;,; of 17.8% in the
direction perpendicular to the polarization direction (lateral
vibration mode) and the piezoelectric constant d4,, of -190 pC/N
were obtained.

For the sample No. 20, the electromechanical coupling
factor k,;; of 97.2% in the direction parallel to the polarization
direction (longitudinal vibration.mode) and the piezoelectric
constant 4,; of 2790 pC/N wére obtained. Further, the
electromechanical coupling factor k;, of 18.2% in the direction
perpendicular to the polarization direction (lateral vibration
mode) and the piezoelectric constént d,, of -220 pC/N were
6btained.respectively. The frequency constant fc,; (= £r'LL) was
836 Hz'm for the sample No. 18, was 892 Hz'm for the sample No.

19 and was 847 Hz'm for the sample No. 20, respectively.
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For the sample No. 21, gold electrodes were formed on two
opposing (010) faces 13 perpendicular to the (001) faces 11 in
Fig. 3aby sputtering as shown in Fig. 11, the piezoelectric
single crystal was dipped in the silicon 0il, and a DC electric
field of 400 V/mm was applied while repeating temperature
increasing and decreasing were repeated three times in a cycle
of 5 minutes in the temperature range of 150 to 200°C. After
the piezoelectric single crystal wds removed, the gold
electrodes were removed by an etching solution and gold
electrodes.are further formed on the two opposing (001) faces
11 shown in Fig. 3 by sputtering, the step of applying a DC
electric field of 400 V/mm to 1500 V/mm for a maximum of two
hours in a temperature range of 20°C to 200°C or performing
cooling while applying an electric field was carried out, and
then the dieleétric/piezoelectric characteristics were
measured. As a result, the electromechanical coupling factor
k;; of 97.7% in the direction parallel to the polarization
direction (longitudinal vibration mode) and the piezoelectric
constant d,; of 2850 pC/N were obtained. Further, the
electromechanical coupling factor k;, of 17.6% in the direction
perpendicular to the polarization direction (lateral vibration
mode) and the piezoelectric constant d,, of -150 pC/N were
obtained. The value of the frequency constant fc,, (= £fr'L) was

924 Hzm.
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As the method of controlling the aligned state of
ferroeléctriq domains pe:pendicular to the polarization
direction by applying an electric field in the direction
perpendiculaf to the polarization direction before the step of
final polarization of the domain controlled piezoelectric
single crystal, i.é., the step of applying a DC electric field
of 400 V/mm to 1500 V/mm for a maximum of two hours in a
temperature range of 20°C to 200°C or performing cooling while
applying an electric field, the method of controlling the
aligned state of ferroelectric domains perpendicular to the
polarization direction by carrying out the step (1) of heating
and cooling a piezoelectric single crystal material with a
temperature of transition between a rhombohedral crystal which
is in a low temperature phase of the piezoelectric single
crystal and a tetragonal crystal which is in an intermediate
temperature phase of the piezoelectric single crystal material
in between, or the step (2) of heating and cooling the
piezoelectric single crystal material between a Curie
temperature T_ (the piezoelectric single crystal material
becomes cubic over the T, with the disappearance of the
ferroelectricity) and a rhombohedral crystal-in the low
temperature phase or a tetragonal crystal in the intermediate
temperature phase, or the step (3) of heating and cooling the

piezoelectric single crystalmaterial in high temperature phase
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equal to or higher than the T,, or the step (4) of adequately
combining the steps (1), (2) and (3), and the method of
controlling the aligned state of ferroelectric domains
perpendicular to the polarization direction by carrying out -
both the step of applying an electric field in the direction
perpendicular to the polarization direction of the
piezoelectricsinglecrystalandthestepcﬁfheatingandcooling
the single crystal-piezoelectric device are executed, multi
domains in the crystal to be produced in the gradual cooling
process at the time of growing the crystal are controlled more
based on human efforts. As confirmed, those methods were
effective to more easily control the domain structure in the
direction perpendicular to the polarization direction in the
step of final polarization of a domain controlled piezoelectric
single crystal for:fébricating the domain controlled
piezoelectric single crystal and to improve the
dielectric/piezoelectric characteristics as mentioned in the
foregoing description of the first and second aspects of the
invention.

As the domain controlled piezoelectric single crystal
according to the invention has the above-described structure
and the method of fabricating the same comprises the above-
described steps, it is possible to fabricate a piezoelectric

single crystal which effecti&ely uses the electromechanical
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coupling factor k;; in case where the electromechanical coupling
factor k;; in the direction parallel to the polarization

direction (longitudinal vibration mode) is equal to or greater
than 80%, a piezoelectric constant 4,; is equal to or greater
than800pC/N,theelectromechanicalcouplingfactor}glisequal
to or greater than 70% and a piezoelectric constant -d,;, is equal
to or greater than 1200 pC/N (4d,, having a negative value by
definition), and it is possible to use the value of k,, more
efficiently due to generation of no spurious (undesired

vibration) or the like in the band of usage of that value in
case whére k,; is eqﬁal to or greater than 80%, d,; is equal to
or greater than 800 pC/N, k,; is equal to or smaller than 30%
and -d,; is equal to or smaller than 300 pC/N (da-1 having a negative

value by definition).
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0 z aNMd' LUCONNO)O N E Co 33 2 5 AUG 2005 What is clained is: 1. A domain
control |l ed piezoelectric single crystal having an el ectronechani cal
coupling factor k33>800 in a longitudinal vibration node in the dAl{%@tﬂé)
parallel to a polarization direction and a piezoelectric constéant 800
pC/' N, conprising, an el ectromechanical coupling factor k31> 70%in a

| ateral vibration node in a direction perpendicular to said polarization
direction, a piezoelectric constant -d31?1200 pC N and a frequency const ant
fc31l (=fwhdt <s660atkm@ Wi ch is a product of a resonance frequency fr in
said lateral vibration node in said direction perpendicular to said

pol arization direction relating to k31 and a length L of said

pi ezoel ettric 8i ngheigr yshatolilrda phiebbatéamnricdisiegle orry2tallhiadiongian

controllef i ezoel ectri C,. Si rlq‘le CLYS st al gé)ordin 1geln sai d

pi ezoel eSTFi ¢ BT RgTE B ySeH Rt 7T A iFe =811 R&r olnoeng&% ?o?éflov‘\ﬁlng meterial s

(a) and e ;(xa) tl@e S@ixted:t&@huﬁpbﬁﬁllm ctoi &5 gonprizsedonf aXr&ricAl,and2.a . .,
B1, B2, 1- X) PbTi CB(O<X<I8) where Al, A2, ... are one or plural
el ement sPEA% FE Tk GRPAtPodp 1t 2Py, QP19 n and Sc and Bl, B2,

are one or plural elenents selected froma group of Nb, Ta, Mo and W

and in which a sum Waof val encies
an electromechanical coupling factor k31 =70% in a lateral

vibration mode in a direction perpendicular to said polarization

direction,
a piezoelectric constant -ds;;=1200 pC/N

and a frequency constant fcs; (=frelL) =650 Hzem which is a product
of a resonance frequency fr in said lateral vibration mode in said
direction perpendicular to said polarization direction relating to
k3; and a length L of said piezoelectric single crystal in a vibration

direction.

2. The domain controlled piezoelectric single crystal according
to claim 1, wherein said piezoelectric single crystal material is

either one of following materials (a) and (b):

(a) a solid solution which is comprised of X-Pb (A;, Az, ..., Bi,
By, ...) O3+t (1-X)PbTiO;(0<X<1) where A;, A,, ... are one or
plural elements selected from a group of Zn, Mg, Ni, Lu, In and

Sc and B;, By, ... are one or plural elements selected from a
group of Nb, Ta, Mo and W, and in which a sum W of valencies

of elements in parentheses in a chemical formula Pb (A;y12,

Bov®? , Bin™ Biz™, ...) O3 satisfies charges of W =a;*Yi+a,*Y,
+ ... bi*Z;+ byeZ;+ ... =44 where a;, a, ... are valencies of
Ay, By, ... by, by, ... are valencies of By, B, ... and Z;, Zp,

are composition ratios in said chemical formula, and
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of elenments in parentheses in a chemcal formula Pb(Allal, A2Y2a2 B121b

B1z2b2 , . . .) 03 satisfies charges of W=alYl+a2Y2 + . . . DblZl+ b2Z2+ .
. =4+ where al, a2, ... are valencies of Al, A2, . .. bl, b2,25.mﬂ;g@f
val encies of Bl1, B2, . . . and Z1, Z2, ... are conposition rati’os In d

chem cal fornula, and 34 2 5 AUG 2005 (b) said material (a) added with 0.5
ppmto 1% by nass of one or two of Mh and Cr. 3. A domain controlled

pi ezoel ectric single crystal having an el ectronechanical coupling factor
k33>- 80% i tb)a shoaghdtiediinal (ayvidhdati enthmide ppmtde di r egt imaspavdl |leteto a
pol ari zatiopn, diregtion ~and a piezoelectric constant d337800 pC N,
conprising, an el ectronmechani cal coupling factor k33<300 in a | ateral
vibration node in a direction perpendicular to said polarization

direction, a phezEehegt G FONAN; < 4315300 PENARd & Lregugney, £onst ant
fc3l (=frL) >>800 Hzm which is a product of a resonancé frequency fr in
sai d | at etaf¢tnpmgchaniginlnpdeubhimni Facipreckizen Pekpendi cal atony tedingal
pplarlzaEkﬁqgéyogeﬁ.&é”kﬂf%k%th@geéélonkéér%¥¥%la hegg%£h4119%t§%%f%i ection
pi ezoel ectric single crystal in a vibration d'réction. 4. e domaln
control | eddp eZeebebiatiré escogitentr y&t &I80AcOMNdi ngmptiziglbai m 3, wherein said
pi ezoel ectric single crystal material is either one of followng materials
(a) and (b): (a) a solid solution which is conprised of XPb (Al, A2, ... ,
Bl, B2,...) 83+(EleX}RmkcB3a0sX<| ovbeiey AfachA?; k::<&r%e ane or lpkaral
el ements sel ected froma gro g of Zn, Nq? Ni, Lu, In and Sc and, K Bl, B21
are ShIr°opI dPsf é1“en%nlfl TSEE8t AFPPBM A Grou of 2 Mb, PYETRBTH W
and in wihicdctdosum W of val encies of elenents in parentheses in a chem cal
formul a Pb(A 1lal, A2Y2a2 B z al Bl112b2

a piezoelectric constant —-d3;; =300 pC/N

and a frequency constant fci; (=freL) =800 Hzem which is a product
of a resonance frequency fr in said lateral vibration mode in said
direction perpendicular to said polarization direction relating to
ks and a length 1 of said piezoelectric single crystal in a

vibration direction.

4. The domain controlled piezoelectric single crystal according
to claim 3, wherein said piezoelectric single crystal material is

either one of following materials (a) and (b):

(a) a solid solution which is comprised of X<Pb {(BA;, Bz, ... , By,
By, ...) O3+(1—X)PbTiO3(0<X<1l) where A;, A,, ... are one or plural
elements selected from a group of Zn, Mg, Ni, Lu, In and Sc and

B;, By, .. are one or plural elements selected from a group of Nb,
Ta, Mo and W, and in which a sum W of valencies of elements in
parentheses in a chemical formula Pb(A;y:®!, A2 , Bin®, Bz,

.) 03 satisfies charges of W =a;*Y;tar*¥, +... bi*Z;+ by*Z,+...

=4+ where a,, a;, ... are valencies of B;, B;, ... and Z1, Zo,

are composition ratios in said chemical formula, and
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...) 03 satisfies charges of W=a, Y1+a2Y2 +. . . bl-Z1+ b2Z2+. .. =4+ where
al, a2, ... are valencies of Bl1, B2, ... and Z1, Z2, ... are conposition
ratios in said chemcal forrmula, and 35 .2 5 AUG 20D5 (b) said_naterigl (a)
added with 0.5 ppmto 1% by nmass of one or two of M1 and Cr. 3@5 AUG 20

(b) said material (a) added with 0.5 ppm to 1% by mass of one or

two of Mn and Cr.
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