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FABRI CATI ON METHOD THEREFOR BACKGROUND OF THE | NVENTI ON 1. FIELD OF THE
| NVENTI ON The prese W\@M}rel ates to a piezoelectric si St aI
and a fabrication rrmmm r. Mre particularly, the mv%&ﬂlm’m
to a piezoelectric singlgoe@systal which is devel oped paying a

el ectromechani cal coupling factor in a direction perpendicul ar to*isss

pol ari zation direction , i . a - a lateral vibration node , and domai n
control in that direction, fabrication_nethod therefo
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crystal, for exanple, Japanese Patent Laid-Qpen No. 38963/1994 discl oses an
ul t rasoni c probe using a pi ezoNEEHOD cTHRREFORI conprised of a 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 piezoelectric material which has an el ectromechani cal coupling

factor (nlggtgj\%?%u»?ﬂ d® BB Fidgction parallel to the polarization

directio e el ectronechanical coupling factors in the direction
par al | el t tion of piezoelectric single crystals
have been St%&%&g (gfra]ld'f@ #Wﬁ&?c f f E usages have been devel oped
conventional ly, the characteristics in a direction perpendicular to the
pol ari zati on d|Wlt%tﬂrﬁ%énﬁéﬂtbéénr%%%'@?%ct‘-‘yétPlﬂr'h@e pEEERE FiRER or s

paid attention to the facts that a piezoelectric single drystal is adapted
to mul ti ferysusl asdge & dtoriddis ozl methodediendfvat. cHopki parfbotlarik33) in a

M

the invention relates to a piezoelectric single crystal which
is developed paying attention to an electromechanical coupling
factor in a direction perpendicular to the polarization
direction, i.e., a lateral vibration mode, and domain control
in that direction, and a fabrication 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 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 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
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direction parallel to the polarization direction (longitudinal vibration
node) of the piezoelectric single.crpstal has a value equal to or greater
than 80% the el ectronechanical coupling factor (k,l) in a direction
perpendi cular to the polarization direction ( lateral {=length extensional)
vibration node) is, for exanple) 49%to 62% | ower than the
el ectronmechani cal coupling factor k33 in the direction parallel to the
pol ari zation direction (longitudinal vibration node), as described in pp.
239 in | EEE Proc. MEDI CAL_| MAG NG 3664 (1999) and ot her docunents, and that
the el ect FSRSERBACAPCEHURTILRE CORVRITiPAREd YA TR GBAFRETCFAELESST r om
one docunent to another. Through intensive studies on the phenonenon, the
i nvent or s idi & ddvrercdd onhperpendiock bab e opdss pbllertiaatabni ditectaiqn bavel ectric
single crystal and their devices which would effectively use the
el ectr omregbanibeah seughikeagvkactor k31 in case where the el ectronechani cal
couling factor k33 in the direction parallel to the polarization

di rection(l ongi i Lhrat] ?ﬁﬂél ater .t h 0%, a
pi ezoel ectric cg#gtgg%séé? aggggtngg%ﬁg%ua cf%ﬁﬁlg%ﬁg?érggﬁ§%-§§8§pCYN,

t he el ectronechani.cal coupl.ing factor k31 was equal .to o reater than 70%
and a pi e PoBREERFIECEEHE: SPOLas FrMaLadqdal SRBDOF OgfaPEt tERAR 18960 PO N (
d31 having a negative value by definition ) , and would be possible to

f abri cat e Ugagesz deredhei elechgomechpaigplaf@ubhdng dagiteds (WhidcArwdul d use
the value of k33 nore efficiently due to generation of no spurious

(undesi r edivelgrtdonopgralle heo the poladiealtdod dofeashge (dbnghdtudiaklde 'in
case where k33 was equal to or greater than 80% d3, was equal to or

greater thabr33Q opGhdie KDF vRE e e tdfiSBRhRE dRgst 30 Hnardl vadaé was
equal to or smaller than 300 pC N (d,| having a negative val ue by

definitioRghal W' bBehrebPEr! PNENIEE S, NS WRIAL Jlddih diG G2 p1Thgt NE

pi ezoel ectric single Crystal to have an internediate
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 piezoelectric single
crystal and their devices which would effectively use the
electromechanical coupiing factor k;, in case where the
electromechanical coupling factor k,;; in the direction parallel

to the polarization direction (longitudinal vibration mode) was

eqgual to or greater than 80%, a piezoelectric constant 4d,, was
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el ectronechani cal coupling factor '’k31 in the direction perpendicular to the
pofarization direction (lateral vibration node ) and to have a variation in
the factor while having a | arge el ectronechani cal coupling factor k33 in
the direction parallel to the polarization direction(longitudinal vibration
node) was that the domain structure formed by an el ectric dipole associated
with the direction perpendicular to the polarization direction of a
pol ari zed pi ezoel ectric single crystal was fornmed by plural donains
(multiple domains ) , not a single domain, and that the foll ow ng
pi ezoel ecequal stmgbe greatert sti{ay) &l BC/Nf (B eleretmitethed dal
controlling the domain structure. {A) A domain controlled piezoelectric

si ngl e crystplil@VvEagt e 1) efas osgehant 6abr CoHpt e €184 070X38n@ 80%in the
| ongi tudi nal vibration node and a piezoelectric constant d33 z 800 pC/ N,

. : ¢ 1 e | I

Sf)g}r);!t ;5|0 Jfr‘t%%oe?itgg{p%gzoe ectaﬁf\!c %ﬁ&dﬁ%{%&%@ §§08£B%‘Jgﬁ/ﬁgﬂ%g% ﬁ(g%ﬁency
tant f = fr~L 650 Hz~m which i odyct _af

P enene b (i Ao OgR e Tl B e RO g o

of the piezoelectric single crystal in a vibration direction. (B) A donain

control | eeopsEbeltecfabElgahgla pdegoedieaiaiicngingl e | aststeeahantead r
coupling factor k33 z 80% in a |ongitudinal vibration node and a

pi ezoel ecdeviceonstiot w3l d uW3@0 thE Maluenpfi Rj,ngoaa efeittienethahueal
coupling factor k31 s 30%in a lateral vibration node in a direction

per pendi Ctb YerderdthivrPBlrand UG Ul (aakleAred PiEFELEl 6% IdC taensiidt - d31
s 300 pC/ N and a frequency constant fc31 (= fr~L) a 800 Hz~mwhich is a

product_of, & eSANGE LERYUCOEYLhsr IR 10 JALRLY! WHERLAK] Ofagobigas el ati ng

r
to k31 and a length L o e piezoelectric single crystal ™in a vibration

di rectiop, The,LOyentops, al sy foynd that the gongl tions, Lore£ontgh!ing

t he domai A~ structure were rearfangéd BAs8EGn the®"

pC/N, k,;, was equal to or smaller than 30% and -4,, 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 pilezoelectric single crystal was
formed by plural domains (multiple domains), not a single domain,

and that the following piezoelectric single crystals (&) and



value of a frequency constant fc,I (= fr~L) , which is a product of the
resonance frequency fr in the lateral vibration node 4 f f relating to
k31 and the length L of the piezoelectric single crystal in the vibration
direction. The invention ains at providing such a piezoelectric single
crystal and a fabrication nethod therefor. SUMVARY OF THE | NVENTI ON
According to the first aspect of the invention, there is provided a donmain
controll ed piezoelectric single crystal having an el ectromechani cal
coupling factor k33 a 80%in a |ongitudinal vibration node and a

pi ezoel ectB) CreONSEEiKa8 By Bh i N1 @M d Sddighian it chani cal
coupling factor k31 z 70%in a lateral vibration node, a piezoelectric

constant -d,| z 0 (. d e i I by s LNiti and a
frequency constg%f ?b?ﬁ%%lé %%EE§§12e@S%ahfﬁgﬁkﬁfgﬁciélgsgkoggngéﬁ a
resonance frequency fr in the lateral vibration node relating to k31 and a
length L RAVINE 3R SHRFEEITE A iRA e TRURYERT i FRRL QA Bhatd AP Hi Fection.
According to the second aspect of the invention, there is provided a domain
cont r ol | elopIEFydl et rYEbEIhipre Redastand P igz et &l tetka sransantt dss
coupling factor k33 a 80%in a |ongitudinal vibration node and a

pi ezoel ect 80O FONNT AUMEEE: M PEA $LEdtr REPhaAsi gl Bdullaelg ogeEHaANK. cal
coupling factor k31 s 30%in a lateral vibration node, a piezoelectric

Frequency” constant PesiIl S Ty TOE8G RS Rt eb Ay s ° 0
oonance, SHPUSE g AR ErBh e pBE LN RS et R B and 2
is a product of a resonance frequency fr in the lateral vibration
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,; = 80% in a
longitudinal vibration mode and a piezoelectric constant 4,,
2 800 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 -4,
= 300 pC/N and a frequency constant fc,, (= £r'L) 2 800 Hz'm which
is a product of a resonance frequency fr in the lateral vibration
mode relating to k,, and a length L of the piezoelectric single
crystal in a wvibration girection.
The inventors also found that the conditions for
controlling the domain structure were rearranged based on the
value of a frequency constant fc,, (= £r'L), which is a product

of the resonance frequency fr in the lateral vibration mode



in a vibration direction. The |l engthw se direction of, for exanple, a
rod-1i ke piezoelectric single crystal with an aspect ratio of 3 or greater
is the polarization direction and the vibration in the direction parall el
to the polarization direction (longitudinal vibration) when a voltage is
applied in the polarization direction and the efficiency of conversion

bet ween el ectrical and nechanical energy are respectively expressed by the
el ectronmechani cal coupling factor k33 in |ongitudinal vibration node and
the piezoelectric constant d33. The greater those values are , the higher
the effi ctelwying to Thosendatnesl @igrial SooflefhaesiéHse Déezort aptldXe si ngl e
crystals with other shapes, such as a plate and a di sc shape, besides the
rod-1ike &Ffs ahe; h Vgt i P8 Pef 421 Dfrd O foflonmai n control | ed piezoelectric
single crys aﬁ devel oped paying attention to the el ectronechani cal coupling
factor k31 in gﬂf dj rection perpendicular, to the polarizatiaqn direction
(lateral vibrattomheyion ta’i“gg Fos IR UBUhS RAZRAITE THdt%ri al s as
t he piezoelectric single crystal material according to the first aspect of
t he i nvergindlercrhietabcand ashrrication mevked i Urer¢tdr A solid sol ution

which is conprised of X Pb (A, 6 A~, . . ., Bl Bz, . . . ) 03 +(
1-X) PbTiO3 ( 0 < X< 1) where Al , A2, . . . are one or plural elenents
selected froma group of Zn, Mg, N, Lu, In and Sc and B1, B2, . . . are

one or plgumhary evesE SENeEetofrom a group of Nb, Ta, Mo and W and in
whi ch a sum co of val encies of elenents in parentheses in a chem ca

f la Pb(AlYi =~ Brz=bl = By 2 : ; isfies. ch
o7 PO Mo SEQE8Y co x5 BrzsblenBietioeme amyafl akERu e 005

, are valengie gf | enci es of Bl1l, Bz,

Al Az, ... bl, b2, .. . are v
andP VIR 3 domain aantEetied PieFos PRiTHR %ﬁ‘é?rf%a?rlf%‘i la. (b)
The material (a) added with 0.5 ppmto 1~ by nass of one or two of M and
Cr. The DREViRGoWn fheetranecharlerbzoerptingcfacherekaryst@t in a

longitudinal vibration mode and a piezoelectric constant 4,,
z 800 pC/N, comprising an electromechanical coupling factor k,,
= 70% in a lateral vibration mode, a piezoelectric constant -4,
2 1200 pC/N (d,, has a negative value by definition) and a
frequency constant fc,, (= fr'L) s 650 Hz'm which is a product
of a resonance frequency fr in the lateral vibration mode
relating to k,, and a length L of the piezoelectric single crystal
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,; = 80% in a
longitudinal vibration mode and a piezoelectric constant d,,
=z 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
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material s conmprised of solid solutions of |ead zinc niobate Pb ( Znl ~3Nb2~3
) 03 or'lead magnesi um ni obate Pb ( Myl ~3Nbz~3 ) 03 and lead titanate
PbTi 03 ( the former conbination is called "PZN-PT" or "PZNT" and the latter
one "PMN-PT" or "PMNT"). The follow ng are nethods of fabricating the above
descri bed domain controlled piezoelectric single crystals. The first one is
a piezoelectric single crystal fabricating nmethod of fabricating a domain
controll ed piezoelectric single crystal ) conprising a step of applying a
DC electric field of 400 VVmmto 1500 V/nm for a maxi numof two hours in a
t enper at Uf e 2108y ordarito £200¢-ag -0 ari §8bi RR-nCRRdhi 985a igrsaddy ckness
direction of the piezoelectric¢ single 7 crystal or a step of cooling
while ap i I i {41 | 4 |0 M | i s nmethod
per for m%?nﬂ%ﬁgéﬁgétﬁﬁ%&%%% d%frr:%rg %gé;tir%%%pp\%%g%aeﬁ% rrf\océé;i ngl e
crystal devjce such as _actuator se rs and transducers, (it is effective
Lo enpl oy 31 IS ECdn AP L LABBERLT G50 BLOTRE] SUERLGS ‘ROLGADFE " Kensor s
and transducers fabricating nethod which, prior to the final polarization
step, addi®i®drieiPyaetepritedctiatep of applying an electric field in a
direction perpendicular to the polarization direction of a piezoelectric
single crystal B kersdEpwide chitectiomepf, disroixaonplod, a frerd-delkectric
dormai n perpendicular to the polarization direction. The types of electric
fields tphezeepbdedic Nsin@ldi¢oedi LN werwesw sepadt toathe polfrdzation
direction include steady electric fields, such as a DC electric field, a
pul se el e i I ti el d : ti ectric
Flerd. Troratet 5 FpaEe s il S s o h vl el B L
electric fjelds, the_application tinmes, tepperatures and so forth depending
on”the crabEes bt el PRe Bl 1ok kB8 ROTR Lt FIRE Whrg B eR G SRo Al fooi 1 o
val ue of the el ectromechani cal coupling factor k31 in the direction
perpendidﬁ+%§aY{PThew%%Wa?iY%&?%ﬁp is dpplied 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-like 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,,



direction. Those conditions can be determ ned by experinents, etc. As the
putse electric field, a unipolar pulse, such as a rectangul ar wave, and a
bi pol ar pul se, such as an (AC) 8 triangul ar wave can be used. Anot her

met hod of the invention is characterized by heating and cooling a

pi ezoel ectric single crystal before a step of final polarization of a
domain controll ed piezoelectric single crystal , which applies a DC
electric field of 400 VVirmto 1500 V/mm for a maxi numof two hours in a
tenperature range of 20C to 200C or perforns cooling while applying an

el ectric Ajeld.(fBgl &,applipsl ool ixPorigroexaiml ) wherd apper,ature ranges
for a piezoelectric single crystal to becone rhonbohedral,tetragonal and
cubic are t ' ' C i e itian, -Thergfor as a
ctep (1 FEer BT Ry i AN St ra e B Sl o B L O 2
with a tenperature of transition between a rhonbohedral crystal which is in

a | ow t enpBr atUPEIRAEEDP: ¢ Re: pi-ezBEP ARG PE BigRE edeendis sahegted

tetragonal crystal which is in an internedi ate tenperature phase of the

pi ezoel ecfrpm asgnglhp odryist dla, Mt enddl, andligt wekoh aosum tstafpvé Re¢noieseat i ng
and cooling the piezoelectric single crystal material between a Curie

t enper at uoe étémbatpi eropheshthesesngheaceysmhatalmfernalabPoOREsS* cubi ¢ over
the T with the di sappearance of the ferroelectricity) and a rhonbohedral

crystal | mne low tsmperdure phase e delsganmloct el e,
Cubi o cry8t&T Wi hbr & FnPathigh- t eme APGFE Priade: cuuaP o 8FeRPEREr “than
the T, or o% if,e'%zf 4), otl;l'agzef]u.ea‘t'elayéecggtiierﬁicg s of B,, B,, ... and Z,,

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 lead magnesium niobate Pb(Mg,, Nb,,,)0, and 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 flabricating 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
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the steps (1),(2) and (3) is executed followed by a step of applying a DC
electric field of 400 VVmnmto 1500 V/nm for a maxi mumof 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 aligned state of
ferroelectric domai ns perpendicular to the polarization direction. Further)
before a step of applying a DC electric field of 400 V/rmto 1500 V/mn for
a maxi mum of two hours in a tenperature range of 20C to 200C or perform ng
cooling while applying an electric field, a step of applying an electric
field i n aryditteacioiron peepentlicadlaing whiile pppayinat annelddecic diedld a

pi ezoel ectric single crystal and a step of heating and cooling the

pi ezoel ectsidy Sidpi6 & H@!irp#)e_ used together, followed by a step of
applying a DC electric field of 400 VVmmto 1500 V/mm for a maxi mnum of two

hours in a te rature.ran of 20C to QC.or performng cooljng _ while
2ppl ying an ol SR R ERERA pePiate s PelREI SR TRE R i et o
ferroelectric domai ns perpendi cular to the polarization direction. BRIEF
DESCRI PTIG¢ @0 Iiged pRAAMES 5 C Bingleh aoyEhitlade Weres fatdh a8 view of a
crystal structure; 10 Fig. 2 is a phase diagramof PZN-PT (PZNT); Fig. 3
i s an ex@anattems disegrsamsofndpptansduoerof idn isl effectifeetd,erfilypy 4 is a
di agram of an i npedance curve and phase in k31 vibration node; Fig. 5is a
di agram of piesdgIedICE: GIME adkase ddvicel sddy ald avtmgdairsig. 6 is a
di agram of an i npedance curve and phase in k31 vibration node; Fig. 7 is a

di agram @eﬁbﬂé@ﬁﬁaﬂf&%ﬁwr@lﬂamﬁ%ﬂﬁ Kein¥aRtdwn JRde toilk 8 15 a

di agram of an 1 npedance curve and phase I n
final polarization step, additionally 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 controlling 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 electric 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, temperatures 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)
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k31 vibration node; Fig. 9 is a diagram show ng 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 val ues
of an el ectronechani cal coupling factor k31 and a frequency constant ( fc3l
= fr~L ) which is the product of a resonance frequency fr in k31 vibration
node 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 k33 vs. d33 graph; and 11 Fig. 13 is a waveform

di agr am of r famd Wl Alwdvd astgilse wedee. DETAI LED DESCRI PTI ON OF THE
PREFERRED ENBCDINENTS For exanple, the unit lattice of the solid solution

single crystal i I t 16,40, L2 has a

perovskite stru ure (@gfogs%%%pllgﬁ%ﬁl O\%'ﬂselé’l %‘l\éfef%' dz 2 presents

a phase di a ran1of PZN and PT. This diagramis glcked up fron1hbnura et al
377 PeRting 2agedpqring piezqehaqts kst s b oLl eI A CREFIES AT . As,

seen fromFig. 2, rhonbohedral PZNT has a spontaneous pol arization

equi val emef tHinml ddekarizabigplef a Menagn cineoiled wiezdwlagtimin ati on

<111> of a crystal when it is seen as a pseudo cubic. Wen an electric

field i s appyleddystdle ,dvhechi appXildda DCreséat rictdidgly difr #60ivmm i N such
a spontaneous pol arization state, the electric bipolar rotates in the

directi Ont@flﬁﬁpWhﬂlgfarpé’lnﬂﬂl%ﬁ.{lﬂ Q% BWEQIEs fiire! dtéﬁpgba{:ukaera%rwt aneous
pol ari zation directions are al |gned However, it was found that the

o OnTe o ol B e AR A8 T R S e ng
field (field applied cooling). For example, the temperature
ranges for a piezoelectric single crystal to become
rhombohedral, tetragonal 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 intermediate
temperature phase of the piezoelectric 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 Tc 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
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factor k33 in the direction parallel to the polarization direction had a
val ue eéqual to or greater than 80%the el ectronmechani cal coupling factor
k31 in the direction 12 per pendi cular to the polarization direction was
distributed with a variation of 49 to 62% as described in the docunents or
the like , i . a . , that with respect to the direction perpendicular to
the polarization direction (lateral vibration node), the el ectronmechani cal
coupling factor k31 was not controlled. Wth such a value of k31, it was
difficult to prepare a device positively. using k31, Also with such a val ue

of k31, afpiezoelcdddxrasi RBLCHCRYSLAl a POSIH iteaiperadivi@ khaladegaay
responses cal |l ed spurious generated in the |ongitudinal vibration (k33)

node in s j l el .t i i i i . t hat
suf fi ci e%?e%ﬂar{lggﬁée"? ??tg?’c{s)ﬁécgfm' dJ’ﬂoaf sgt%?’a?%ﬁf %%@%5%&5‘:8%2?“%@% d give
such resulJts are explained as follows . In the naterial_ of the
piezoeleEP?iEggpﬁng)cﬂgitﬁP c&?gobﬁ grecHEepi E9bLPeet, P¥ & AgPR ¢fystal
after its as grown state, the domains conprised of a set of electric

bi pol ar sapplyhagsanBCdeiectron fiaeddvafi 408 WimectpohBOPnVYhe fidreati on
parallel to the polarization direction and the direction perpendicular to

the pol apnhz@hfnod £R6t helrsaifl g0tBRbeshAovra PARGHCHLCIGICitlyy 2@pdcare in
an unpol ari zed state. Miulti domains cannot be aligned in the direction

paral | el o+ OpéReoPRIAGI d681 Q1Y HHiOH 2P 191 NS anad &8 £ D@84 A aliirzaki on
tenperature and applied voltage are sel ected and an electric field is

lied j - i i | o . | Ak i iJ.ecti .
Accor di nBP5PRS EFSRrRadAE Ay Shdted TS G5 AN GEE! Wilpns
e val ue ual .to or greater than 80%.

Fovever  PRRBeBRAFBLog! tBnEha R AE AR TARE Lr BCELEN - i

wever , f tPhERBoRAMASIPATERE GFEEERSR per pendicul ar to the

pol ari zation 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 pexspective view of a crystal

structure;
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can be controlled only under the polarization conditions in the direction

parallel to the polarization direction, i.e., only wthin the adequate
ranges of the polarization tenperature and the applied voltage. A nethod of
controlling the node of polarization direction wll now be discussed

referring to sonme exanples. Table 1 shows the dielectric/piezoelectric
characteristics of ' the single crystals in case where the polarization
conditions or the like for prior arts ( sanple Nos . 1, 2 and 3 ) (
docunent val ues ( docunent values 1 and 2 ) and the piezoelectric single

crystal material; pccordi ng did Q13- dgPeeid 0 A - SV aiize) . The val ues of d33
in Table 1 mﬁrelﬁgasuféd bf;a 5231heter ( Z23-3D tyge prgduced by Chugoku

Kagakui n Sei ga Kenkyuj yo ) .. .The k33 val ues were computed fromthe d33 vs
39 curve shod 1ar H o8 B bxnarhar bt Thainl Hen b aae ™ R osent

inventors. k31, d31 and fc31 were conputed fromthe frequency response of

the i npedtReEtTasiket?d: Figs . 4 through 8 illustrate inpedance curves in
k31 node after individual electric fields of 250 V/mm (sanple No. 4 ) , 500
V/imm ( sanple Mhig. 5 )is ar@iadiem ofsanpimpdidancé gurvd 0d \Bhasd isanpl e No
, 7 ) and 1600 V/mm ( sanple No . 8 ) were applied, for ten m nutes between

el ectrodes ofigrPtL3Rehegsric single 14 crystal plate in use ( device
dinmensions : 13 mmlong x 4 mmwi de x 0.36 nmthick) with 0.91PZN + 0. 09PT

L Ooan xpr aaspd du & ST AGLLRACE O8) 1 REERGRED YT O AT 4

el ectrodes on t opposI ng aces a crysta y spuf%ering
as shown in Fig. ?.and dégping the resultant structure in a silicon oil of
40C. The]E%I%} 2Ar19R 1e%Fhsufficient in case of 250 Vimm (Fig. 4) , and
tree responses regarding k31 vibrati on npdes are seen for 500 V/mm (Fig. 5)
and 700 V/ nm (FiE- & roéciisgremeré aPeimpPERNaABnERFEE | #nE RI2FS i on
perpendi cul ar to the polarization direction. (Table 1) For 1000 V/mm {Fi g.
7), as apparehbratibonthedenpedance

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

11
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P

curve, there is a single response, i.e. , single domain in the direction
perpendi cul ar to the polarization direction and the k31 value satisfies to
be greater than 80~ and k33 in the direction parallel to the polarization
direction shows a val ue over 95~ . For 1600 VVim ( Fig . 8 ) , dividing the
single response into two or three responses ( the domain is separated again
into two or nore domains 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 ue of the frequency constant fc31 (= fr~L) which is a product of the

resonance freq:ﬁ%y i3 id d headat Sl add bFa 1 90 gl d Bl dikadd of

each sanple an e length L (13 mm | ong) of the piezoelectric single

crystal in_the 15 vibration direction was 741 Hz mfor the sanple No. 4,
601 Hz m¥r The sanple No. 5, 603 Hz mfor the sanple No. 6, 522 Hz mfor
the sanple No. 7 and 700 Hz mfor the sanple No. 8. Fig. 9 shows the state
of the domain structure in a plane perpendicular to the polarization
direction after application of electric fields of 250 V/nm 500 V/m) 1000
V/ mm and DEDAIMEPMPESCRIPTIQN GF TiE | BREOERRED aEMBODIMENTSUf fici ent for 250
V/mm and there are nulti domains for 500 VVmm k31 becones |arger due to

the synergi sm ofof Bappliar,i @ad LAR tQUPOIRNLE iR 3bL DG A utdbn degEei s a
single domain for 1000 V/nm and k31 become nmaxi num and there are nulti

domai ns f8{-%§-999 of HHLd%%&ﬁlPBﬁigﬂﬁgaﬁgilﬂéfagé’?Ptzﬂ-b’ieof(?%‘xﬁrﬁ&éi on of

the pol arizati on conponents relating to n the 1 nvention, the domain

| ayout s that woul.d. provide high ds3, a high k31 (.d31. re those
for 500 ViRt SR B G Wt dATEne ForpieRip e B SRR AR RS of Cwac
dropped to roomtenperature while applying a DC electric field of 400 V/mm
to a pi ezZob¥ect rPECSEMLT & ARATQIAGITHN 1F AR andk FThg ThySt R85/l e No .

9 in the silicon oil tenperature of 200C, the el ectronechani cal coupling
fact or k38sipickrd dip dxrpmoNoparald¢telalt.o Yh BhwFar{ ¥ bn ofi Fecknoata

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 fileld 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 egual to or greater than 80%, the

electromechanical coupling factor k;, in the direction

12



( longitudinal vibration node ) was equal to or greater than 80% and the

el ectronechani cal coupling factor k31 in the direction perpendicular to the
pol ari zation direction (lateral vibration 16 node) was greater than 70~.
The fc,l at this tine was 609 Hz m For the sanple No . 10 , a

pi ezoel ectric single crystal with the sane setting was dipped into the
silicon oil of 60C, and a DC electric field of 400 VVmm was applied to the
pi ezoel ectric single crystal for 120 mnutes. As a result) while the

el ectromechani cal coupling factor k33 in the direction parallel to the

pol ar i zable@p i @alii=aN to! @Rgl bedarakatibhaliorcrade) was akeatebutlan 95%
the el ectronechani cal coupling factor k31 in the direction perpendicular to

t he pol agj;zat | i i Q l,at er vj brati d e 0% For

t he sanpf"'léztﬁohgpi%é%%ﬁﬁgak %& é?e%ﬁiacsb el 8 1%0’1{%?%%%“3&&%&)?% to a
piezoelectric,single crystal with the sane setting for 10 m nutes, the

el ect r onE@fahtEet TcGupl THAF Fathdeseset hoihe & Fectiom PEEPRRAdC L8 Tt h
epol ari zation direction (longitudinal vibration node) was greater than 90~
by cont r &st tiet polisaiglagdomodéciegtioal (dafpriadg viikocaddor3moide )t h&hdi recti on
perpendi cular to the polarization direction (lateral vibration node) being

| ess t hae13@%riomdbHa0ri daiecsappleg MactokOk andhd RetseditoNed. 1Hivar e
respectively 981 Hz mand 1004 Hz m It seens that the results have

or i gi nat e @My AYRID, | a%0ulad RAle SURPIESS (IR JalelRlaediieat i on. By
adequately setting the polarization conditions ( "applied voltage ,

and the Varasavstn bt st et ISk R St R et ate. The

invention.is nqQt limted tqQ this enhodi nent,, hut it was cqQnfjrnmed that

di ol et 1 PAFFCEAGAERNT FOnGe SEHEPL: PO R g ehdee T 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
single crystal cut out of the piezoelectric single crystal after
its as grown state, the domains comprised of a set of electric
bipolars of the same direction 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



t he enbodi nent descri bed above could be acquired by using the tenperature
range, the polarization direction electric field range, the application
time range and the application nmethod for the step of applying a DC
electric field of 400 VVirmto 1500 VVmm for a maxi numof two hours in a

t enper at urerange of 20C to 200C or perform ng cooling while applying an
electric field. Further, with regard to the step of applying a DC electric
field of 400 VVimmto 1500 V/nm for a maxi numof two hours in a tenperature
range of 20C to 200C or performng cooling while applying an electric
field, itradsoxanfi inethd hpdldiez ohiscdaréstias sHovwden fidisde asrand and
second aspect of the invention were inproved al so by repeating the step of

appl ying & dd3 ebeft pieatbehd2f PO WdWByed 1EA0 oWl OF tﬁerz?fcf&lnagm{va]of two

hours in a tenperatire range of 20C to 200C or perform ng coo ile
applying an.electric field with.a depolarization step of holding at 200C
o bhor "o rh e Saneer i BerrenrdcPIRoRe Bt SPHEHERaEher i tng
that by arranging those results based on the frequency constant fc31 (=
fr~L) , t4R? peoeeRtretled alyonedeatineaPotBtipFRrAaGOR KAV PPS Antthe
direction perpendicular to the polarization direction (lateral vibration

node) , tdixrecsiommardllegudrcyher pphak3tatide dhadechiodd i.¢engithiy of the
pi ezoel ectric single crystal in the vibration direction, a domain with high

k33 and Riothi3tnndaaqdeeBirhiddd ot efe v G d 1AWk 8dmploWAuLeeadd g - 10
were obtained with the range of the value of the frequency constant fc31 (

=fr~L ) gt L b 298t @xis in Fig.1O The prior arts and the document
val ues are aI{%pg?ven ?n g . 10 . According to the prior arts and the

docunent val ues, ,_ the freguenc nst ant, fc;|l = r~L%. ichis the
product of theSAr erg%tt‘rk’a?é:eo r%%ﬁ%rnoé&' j\‘Snrg &nh?ﬂOdn%a‘)ef nodl b lez\%lcelnogrfh L of the
pi ezoel ectric s_i&gl e_&ystal in_.the vibration direction |ies between the

val ues gi VEPFHE Bt Phedisiered FeEQRRHRI t HArSOUR f3FR¥5%d in the

foregoi ng description of the invention,
Table 1 shows the dielectric/piezoelectric characteristics 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 varied. The
values of d,, in Table 1 were measured by a d,, meter (ZJ-3D type
produced by Chugoku Kagakuin Seigaku Kenkyujyo). The k_33 values
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 Xk,
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 k31 val ue varies because the domain control in the direction

petr pendi cul ar to the polarization direction is insufficient. Referring now
to Table 2 , a description will be given of an enbodi nent in which a step
of applying an electric field in the direction perpendicular to the

pol ari zation direction of a piezoelectric single crystal and controlling
the direction of the ferroelectric domain structure in the direction

per pendi cular to the polarization direction, a step (1) of heating and
cooling a piezoelectric single crystal material with a tenperature of

transi ti emybétbeeha e imoubehieik vl cec dyskealk ivhisch Ixmmnlend awi tmenpidat ur e
phase of the piezoelectric single crystal and a tetragonal crystal which is

in an inkepnedimherek) tvﬁf’ﬁ}?roa@lil?QNphaéeoﬁthp@ Piez0elephlsGedi B
crystal material in between, or a step (2) of heating and coollng

e

pi ezoel ect [ e ri Rer.a wd and a

r honbohe ﬁ‘ E%?yggggtggxihg?%gén% tb 1tm\r,‘y“g sl(ca&J(?rleCtt et reasg wer yst al

in |nterned|ate t?ng at ure phase, 3 ) of heating and cool i ng
the pi ez8BPRELRHC(E ﬁé}l@%eri/sltlann%tcé?Y%all ﬁoabﬁlﬁﬂ’lu’f*e‘ﬁ’b’e?%taﬁré BHBse equal
to or higher than the T, or a step (4) of adequately conbining the steps (
1), ( 2n)Faad 3 a9 dm:;iaarth@craﬂnltaﬁtolsltmume ansa eyi 1dfcoappliyi ng a DC
electric field of 400 VVirmto 1500 V/mm for a maxi numof two hours in a

tenper at yEes4 paNge Thle 3Lat92z3096n01s PHIFUH M IGO0 BYs¥hb# & 5aPPYHinng an
electric field. The measurenent of d33, the conputation of the k33 val ue,

and the r(@&gur@ﬁergn@r&ﬂre@nfg Fﬁ@;h@é‘s Q‘fedﬁ%jd:\)nﬁgﬁ amar&€§énlm?;aE%b5§e2 are

simlar to those in Tab e 1. the sa , before the step of

appl ying ae S’i—%d Mgof Zggdegn&@%mgrf fboerca%sfgaéhgw of two

hours ina enperatu hlng cooling while

| lectric field trod formed on tywo (010) f
150l o pre.Bene: h%@a'g%ﬁgﬂ@g%s&Egsﬁz%ﬁi%%éngﬁ%a %t that of the

af orenenti oned single crystal,
polarization direction.

(Table 1)

For 1000 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

15



}

whi ch 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 20 structure in the silicon oi
of 40C for ten mnutes for polarization. After the piezoelectric single
crystal was renoved fromthe silicon oil bath, the gold el ectrodes were
renoved by an etching solution and gold el ectrodes are further forned on
the two opposing (001) faces 11 shown in Fig. 3 by sputtering, the step of
applying a DC electric field of 400 VVmmto 1500 V/mm for a maxi num of two
hour s i n wihzatgamaddrectdnegewas DO Hzon XI0Ctihedssapée No. the 601 Hzm

above- descri bed enbodi nent or perform ng cooling while applying an electric
field wasf @artieedanpile d tsheso3hazdi eddac tihed /spimd2@eNeGt i, 522 Hz'm
characteristics were nmeasured. As a result, the el ectronechanical coupling

factor k3@, 01t/ s afiile Nohe 7%530%9“}1?%.; gg&tekheosmgleohat i gat iRy

direction (longitudinal vibration node e plezoelectric constant d3,

of 2810 tai ned 0 int in _Table 2.

Furt her, ﬂ%%%gﬁlf%n%c fnioglelt%(};o%réér}gn %Z:(ﬁ?ﬂ(;r% 1% %% i the direction
per pendi cular to the polarization directiaqn g&gteral vi bration node) and
the pi ezARATRENGIC tenthe PO AT Lzadge ), A RCRE O 0BT BF R APP HIFE W8 ue of
the frequency constant fc,l ( = fr~L ) which is a product of the resonance
f r equencyo® religctiec |fdedids ofi BS54t Vénmpaopbe0i i/mhe HPP@CY/rom gred d&dd cul ar
to the polarization direction relating to k31 and the length L of the
device i minoe. vi bration direction was 483 Hz m 21 For the sanpl e Nos.

13, 14 and 15, before the step of applying a DC electric field of 400 V/mm

t2 80%:500 Vimm f ofm 81§00 MR 08 PoN et on & ihelEeialivne f&ngeoaf/mpC to

and there are multi domains for 500 V/mm, k,, becomes larger
due to the synergism of the polarization components relating
to k,;. There is a single domain for 1000 V/mm and k,, become
maximum, and there are 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 setting 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) was equal to or greater than 80%

and the electromechanical coupling factor k,, in the direction

perpendicular to the polarization direction (lateral vibration
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or performng cooling while applying an electric field, piezoelectric
single crystals of the sane shapes with that of the aforenentloned singl e
crystal were dipped in the silicon oil) and tenperature increasing and
decreasing were repeated three tinmes in~ a cycle of 30 mnutes in. the
tenperature ranges of 50 to 90C and 150 to 200C in the silicon oil and
further in the tenperature range of 200 to 400C in an electric oven.
Thereafter, gold el ectrodes were formed on two opposing ( 001 ) faces 11
shown in ﬁyg 3 by sputtering, a steﬁ of applying a DC electric field of
400 VI mmRedalbo@sverartert Hear dH  akbesteudtuftdiisntine wvamddatame range
of 20C to 200C indicated in the above-described enbodi nent for a maxi num of
two hour sfar tier sempilagNecodll ,ng pheteecbpptyingingle ectysitelf with tlkees
carried out, and then the di:electric/piezoelectric characteristics were

measur ed. g Age Bd151Hld walsha BHER L 96F AN sAak cBOUBLE NGE fEPEor akiddh afc 97.5 11

the direction parall®el to the polarization direction (longitudinal

\(;io:);ﬂlleg org%e sarrp#? ﬁbeg&gl\?%l Qéb?%rrec anl ctq{ %%é% I ngé%\a%rgr k31

f 85.3 t he di t d I to.th I t ti
(I atoral D9Te STERTAR St 30 dMPIES pi A2081 BEERLE - ORSTANEPASL of - 2360

pC/ N were obtained. For the sanple No. 14, the el ectromechani cal coupling
factor k3Bleptomeohanledk C@u@ééﬂgoﬁa%%?’é%e%ntﬁ“t RérgetappRagsanledi rection
(longi tudinal vibration node) and the piezoelectric constant d33 of 2880
pC/ N wer et olihei prelkhr fiZwet s diiremed banilealgidmdinaigvibca biokode )88 8% i n
the direction perpendicular to the polarization direction (Iateral

Vi brat i ongr@segr aihrd b8P eEed BSd tt St Al Gdupdfing?820tpE/®Y, v e
obt ai ned. For the sanple No. 15, the el ectronmechanical coupling factor k"

of 97. 4% {e LA Lbt £61 | QO P @ L €lat Ocd hﬁm@gﬁéﬂﬂé@{br@'dﬁ%d&

(longi tudi nal vibration node) and the piezoelectric constant d33 of 2820
pC/ N mere(fg{@fgde1b£§%10n mode) was less than 30%.

For the sample No. 11, when a DC electric field of 1500
V/mm was applied to a piezoelectric single crystal with the
same setting for 10 minutes, the electromechanical coupling
factor k,; in the direction parallel to th epolarization
direction (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 respectively 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 Xk,;; that
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el ectronechani cal coupling factor k,| of 85.6%in the direction
perpendi cul ar to the polarization direction (lateral vibration node) and

t he pi ezoel ectric constant d31 of -2380 pC/ N were obtained. The frequency
constant fc31 (= fr L) was 503 Hz mfor the sanple No. 13, was 506 Hz mfor
the sanple No. 14 and was 437 Hz mfor the sanple No. 15, respectively. For
the sanple No . 16 , gold el ectrodes were formed on two opposing ( 010 )
faces 13 perpendicular to the ( 001 ) faces 11 in Fig. 3 were forned by
sputtering as shown in Fig. 11, the piezoelectric single crystal was di pped
in the sidepesd onl thandomabe etateri FHe dinyesfti4p0 19/ metwddmapedi &d whil e
repeati ng tenperature increasing and decreasing were repeated three tines
23 in ahdyckabolid@nt, nbues itnwhbecbapematuthatange of 150 to 200C.
After the piezoelectric single crystal was renoved fromthe silicon oi

bath, thegs; l; s : € hd, 1164 | d,gol d
ol ect r odoa e B AP PE IR e O RUPR B TR TLE L B8 o TR 09 Cun i1
Fig. 3 by .sputterin t he st f .applying . a DC electrig field of 400 V/mm
Lo 1500 SPRMERBR AR ARE| SR Hr DT SR SOt COBASRREAEs b MRS BEhI0C 1o
200C or perform ng cooling while applying an_electric field was carried
out, andLCRPRTEAEIG ERBEEr i EPpiRIRT Beabien dHarartian ediecd s Eigdsur ed.

As a result, the el ectronechanical coupling factor k33 of 97.8 in the

di recti orrapgeal tbe appiheapbbnriime imange ravd itdre @Eppddicatdionamethbdat i on
node) and the piezoelectric constant d33 of 2870 pC/ N were obtai ned.

Furt her, fiolretieé ectaoBECHBPILERhg @ODQE!d g 186t g1 el dlo T4 096V Pminitd heodi recti on
per pendi cular to the polarization direction (lateral vibration node) and

S S

t he frequency constant _ _ 0 t hat
el ect 11 c 1 10 GFE RSG LA 1S b5 Mo PRLFARE ACrE DFE FR RIGRE n o
temperature r a% %ther, 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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of 20C to 200C or perform ng cooling while applying an electric field after
a DC electric field was applied between the ( 100 ) faces in Fig. 11 as
anot her opposi ng faces perpendicular to the 24 (001) faces in Fig. 3. For
the sanple No. 17, before the step of applying a DC electric field of 400
Vimmto 1500 V/mm for a maxi numof two hours in a tenperature range of 20C
to 200C or perform ng cooling while applying an electric field, gold

el ectrodes were fornmed on two ( 010 ) faces 13 of a piezoelectric single
crystal of the sane shape with that of the aforenentioned single crystal,
whi ch wePerdidodi p€ the Riarastieatrii skdgd eperpehat cin dha yibtkatdopol ) f
aces 11 in Fig . 3 by sputtering as shown in Fig . 11, a bipolar triangular
el ect ri c diireat iwirt,h aadgreakn wail the hdighSR) dhdrhisgid kg, pedi edioda B0Winkhec was
applied to the resultant structure in the silicon oil of 60C for ten

M nutes nikfidk;, dda SRR, theowh REl BLgt NiAREYEasH MEMEl P it hAE R € rahnlR
pi ezoel ectric Single crystal was renoved fromthe silicon oil bath, the

gol d el ect es rer ed an _etching.,sol.uti on an d el gctrodes are
Por Lher 0y i SR T o FR A I0G P Ptad Son Chaebt o ERe5 by
sputtering) the step of applying a DC electric field of 400 V/itimto 1500
V/ mm f or BOGIBATRAH (‘}’fXJtS\/\d-rhSy&rgs i%r a tenperature range of 20C to 200C or
perform ng cooling while applying an electric field was carried out , and
then the di el e@hed prprezaete@nd sdhehdeaument staiesvare abaswgeEn An a
result, tie electronmechanical coupling factor k33 of 97.1 in the direction
par al | el Ftigy.t 1@ .pohacozdin@rt dithechihor (dohngianddithal doclmerit oaluede) and

t he piezoelectric 25 constant d33 of 2780 pC/ N were obtai ned. Further

the el ectyyuechaiiendl cOMPLANE fACtQr £k3] %(iléﬁ- 30tn breadbkest 1ol

per pendi cul ar to the polarization direction ateral vibration
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 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
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mode) and the piezoelectric constant d31 of -230 pC N were obtained . The
val'ue of the frequency constant fc31 ( = fr~L ) was 863 Hz m For the
sanple Nos. 18, 19 and 20, before the step of applying a DC electric field
of 400 VVmmto 1500 V/mm for a maxi mum of two hours in a tenperature range
of 20C to 200C or performng cooling while applying an electric field,

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

af orenenti oned single crystal were dipped in the silicon oil) and

t enperature increasing and decreasing were repeated three tines in_a cycle
of 5 m nkEFPTRYHE PEAPErQT GPe PietReloFtTiC 5dngde, canatad medeciad t he
silicon oil bath and 200 to 400C in the electric oven. Thereafter, gold

el ect r odésy ertwdeny mexk an shep dRposifihded0hg faadesoblislgowhel N Fig. 3 by
sputtering ) a step of applying a DC electric field of 400 V/rmto 1500
Vimm to thiedRaddeaitc it @ vigt dihendtpeatydtedednge cofri20C t o 200C
indicated in the above-descri bed enbodi nent for a maxi mum of two hours or
per form i i j e i fLel Il t) and
Phen tne hriract i B a5ed EhghBen i S Gt 1B he B BB Y
result , for the sa t he el ectronechani cal 26 Col'l;j’:ﬁs‘l.i ng

le No . 18 ! :
factor k¥Phase 9'7.aOB/S’nFﬁaﬁ?féaJdFFKE?PEJ&%&PEFF@Fd%Bt? REMPSFRIUFSBRASR r ect i on

(1 ongi tudi nal vibration node) and the piezoelectric constant d33 of 2760
pC/ N wer @3t te®d( 3Fuet heating agidecordiBehbne cal e 2rAR G HIGLT sdin@lek31 of
18.6% in the direction perpendicular to the polarization direction (lateral
vi br at i orcrpdsl aadetrielpieackighttrdanpaxaisimnphddd afual2&d eL/hN ghere

obtai ned. For the sanple No. 19, the el ectromechanical coupling factor k33

of 97. 3%tinar thdiT eCbiron P&l (£] P ddeqiotely Zadnwihidid adld teps
(longi tudinal vibration node) and the piezoelectric constant d33 of 2810

e e R B cteg Bt e o6t opeha el ety 09 Japand L o
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,,, d,, and fc,; in fable 2 are similar to those
in Table 1.

For the sample No. 12, 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 f£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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vi bration node) and the piezoelectric constant d31 of -190 pC/ N were

obt ai ned. For the sanple No, 20, the el ectromechanical coupling factor k33
of 97 . 2% in the direction parallel to the polarization direction

(longi tudinal vibration node) and the piezoelectric constant d33 of 2790
pC/' N were obtained. Further, the el ectronmechanical coupling factor k31 of
18.2%in the direction perpendicular to the polarization direction (lateral
vi bration node) and the piezoelectric constant d31 of -220 pC/ N were

obt ai ned respectively. The frequency constant fc31l (= fr~L) was 836 Hz m
fox the sampiatute iI8,theasigddz oz -onlf of t40ECslnpl teNomingtaeadfoms 847 Hz m
for the sanple No. 20, respectively. 27 For the sanple No . 21, gold

el ect r odgo iz dtorored AfitewothpppiengelebtDiy faiesld cpestpendiazul ar to
the ( 001 ) faces 11 in Fig. 3 by sputtering as shown in Fig. 11, the

pi ezoel ecldnidved N din Sl Wash YiPPeh ) e Ydild N RitronedNthedeDC

electric field of 400 VVrm was applied while repeating tenperature

i ncreasi ng _and creasing were repeated thr times_in a cycl 5 m nutes
|t e R BY FR R 8o LRR S8R Gt HG bufEtpeBsdetiE i dhet gl o
crystal was renoved, the gold el ectrodes were renoved by an etching

sol uti on &pihegbiap dihectvodeprasdnpul PRE) FBFRBdl bnshaen til Bifhosd B ( 001 )

faces 11 shown in Fig. 3 by sputtering, the step of applying a DC electric
field of sO-t@uming.oth0dtay o dpplwimari PUelectnic Hibatd afnd@0 Vemper at ur e
range of 20C to 200C or performng cooling while applying an electric field
was carritad 160, vamns £bern mMasitugl 8Et twe My aZnaheat £ émp €hatwcd afangfel CS wer e
nmeasured. As a result, the el ectronmechani cal coupling factor k33 of 97. 7%

|0 the dig@oid-entBabBhte! 1A Qs {de @URAHA ARyl JBGILAlkd Ml dititinal

vi bration node) and the piezoelectric constant d33 of 2850 pC/ N were

ohL e o Y Elen il SIS S AP AR, Il il O
UADr el on. el g he P1SEOPLSEL 4. CONSLAN 31 30, PN vere
characteristics were measured.

As a result, the electromechanical coupling factor k.,
0of 97.3% in the direction parallel to the polarization direction
(longitudinal vibration mode) and the piezoelectric constant
d,; 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
constant d,, of -2380 pC/N were obtained. The value of the
frequency 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 Hzm.
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12 _— =

924 Hz m 28 As the nmethod of controlling the aligned state of
ferroel'ectric domains perpendicular to the polarization direction by
applying an electric field in the direction perpendicular to the

pol ari zation direction before the step of final polarization of the domain
controll ed piezoelectric single crystal, i.e. , the step of applying a DC
electric field of 400 VVrrmto 1500 V/mm for a maxi mum of two hours in a
tenperature range of 20C to 200C or perform ng cooling while applying an
electric field, the method of controlling the aligned state of

ferroel ectric deohi fise PeARPDEi ROsAr130 1heapdl BF | z10d £ OFe dieCdt i d¥y
carrying out the step ( 1 ) of heating and cooling a piezoelectric single
crystal aﬁﬁgﬁy%g%tbcaeise\?ﬂét fislefokrwélwﬁe PSLYEEH @/ fbiophohedr al
crystal I Is’in a |low tenperature phase of the piezoelectric single
crystal and a tetragonal_ crystal which is in an internedi ate tenpegature
phase of TREIPIBZBEI BEP rRRUEF ngP e cFSRRET 2 HEE @ 1T 2R 9% P het We kO gBoﬁﬁe step
(2) of heating and cooling_the piezoelectric single crystal naterial

bet ween aCCuPPELPERPREaEOPLiNGt KBipee2PRI¥ERE| @NsehgFETEeyEtaldnateri al
becomes cubic over the T with the di sappearance of the ferroelectricity)
and a rhopthehediattrigssihglia diystiae bfnpberasame shemses ovith tRatagbnal
crystal in the intermedi ate tenperature phase, or the step ( 3 ) of heating

and cool i gget ALoPERENELL 6REET §5hHDE EobfHisd Blwedtd AiipHed An the silicon
hi ght enper at ur ephase 29 equal to or higher than the Tc or the step (4) of

adequatelXiionQﬁ&iEgﬁééfhéﬁfgsiéé%eaéfa G ﬁ%kge%%9n5h§eg§tpgge9f%?

control ling fhe alig state of ferro€lectric donains perpendlcu
pol ari zat L g di £ 6Ll an by a1 LY G PUL 1BOLE 1093 SRl ARRY PGng0s

to the

electric

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 d,, 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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perpendi cular to the polarization direction of the piezoelectric single
crystal and the step of heating and cooling the single crystal

pi ezoel ectric device are executed, nmulti donmains in the crystal to be
produced in the gradual cooling process at the tine of growi ng the crystal
are controlled nore based on human efforts. As confirnmed, those nethods
were effective to nore easily control the domain structure in the direction
perpendi cular to the polarization direction in the step of final

pol ari zati on of a domain controlled piezoelectric single crystal for

fabri cat mgjzﬁﬁﬁgo%qnaa@) %%’&t{ﬁ%gl%a@eq A4 EbAsEhAg! € SeySigko g(}nto

i nprove th el ectric/plezoe tric characteristics a$ mention I'n the

f oregoi ng _descript.ion of the first d secon ects of the.invention. As
e SomaMEZEoREBEPEE  pi ESBHBE S HRELE Mt 6 Ty SHH ShBSrATRGnEG 1
invention has the above-described structure and the nmethod of fabricating

t he same cooPFringefackeraboyvefd8dcBibeéd thepdireetien margblel tte ftiisri cate a
pi ezoel ectric single crystal which effectively uses the el ectronmechani cal

30 couplalayifzadtion Kltechioas¢lohgieutihaatl ecbratkchandda@) araliphieng
factor k33 in the direction parallel to the polarization direction (

| ongi t udigialz e 1RIAH N FRER aht! B, 0BRI2480 P A el LR a
pi ezoel ectric constant d33 is equal to or greater than 800 pC N, the

l ot erechan ol S9UpkiGe G B8k, oL SAUBL L8, ShpBsca Mo and 2

pi ezoel ectric cons “equ reater 1 [
of k33 PSR BRrperaletTor denbRa s AR R E e e by
vibration) or the like in the band of usage of that value in case where k33
i s equal Wermstigrerede ) mshtBemiezmmleat g gpnesapt &u et e2380RE/800 pa/ N,
k31 is equal to or smaller than 30% and -d31 is equal to or smaller than
300 pC/ Nwem3bhtaineg .a Hegatheeszmple Ny. dufi nile @dectromechanical
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
perpendicular to the polarization direction (lateral vibration
mode) and the piezoelectric constant d,, of -2380 pC/N were
obtained. The frequency constant fc,, (= £r'L) was 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 o0il, and

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

temperature increasing and decreasing were repeated three times

23



31 Tabl e 1 Pol arization conditionsDielectric/iezoelectric
characteristi csAdapt edSanpl e No. Tenperature CElectric field E V/ nmi ne

m nk33 %33 10-'2 C/ Nk3, %3, 10"'2 C/ Nfc3, Hz~ntlains or the

| i ke12018001095. 6255061. 5-970701Pri or art26040015095. 3250048, 7-694773Pri or
art 310030012094. 0236035. 0- 520755Pr i or

art 4402501056. 016518. 8- 224741i nsuf fi ci ent

ol ari zati on5405001084. 0119076. 0- 1310601Cl ai m 16407001087. 0142077)
1-1324603C ai m 174010001095. 3250080. 8-1701522C ai m

184016001Q95. : : Q] 9200400Fi el d °

coal i a0 oS F A BEAENE H PR Gt s R3S
2112015001094, 6230027, 1- 29110Q4d ai m 2Docunent . val ue 194230053- 1100-
bocunent Aiats Brod LroE 15 66800933 EhVaraberva  TRNORR T TR o 2
Dielectric/ jiezoelectric characteristicsAdaptedSaml|e No. pProcess

cont ent sCondit9bALE BB 35he@old elrrtEodeg were gepoveffhy 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 97.8% 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,, (= fr'L) was 415 Hzm.

It 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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31 Hz~ntlains or the |ikel2d aim5DC electric field 1000 V/mm 40C, 10
m-n97. 3281085. 5- 2380483Cl ai m 113Cl ai m 650-90C, c cle of 30 mn, re sated 3
times97.5284085. 3- 2360503C ai m 114Cl ai m 6150-200C, c cle of 30 mn, re
Bated 3 tinmes97.8288085. 3-2350506C ai m 115CI ai m 6200-400C, ¢ cle of 30 m n,
re Bated 3 tinmes97.4282085. 6-2380437Claim 1li 6Caim7~C electric field 400
V/ mm 150-200C, cycle of 30 mn, re Bated 3 tinmes97.8287086. 0- 2450415C ai m
117C ai m 5h~pol ar triangul ar wave 500 V/mm cycle 800 ns) 1 o
rriing7.1278018. 3- 230863C ai m 218C ai m 650-90C, c cle of 5 mn, re Bated 3
tine597.@35@@1§a§e369§3ﬁ§gaig]219CIain16150 200C, c cle of 5 mn, re Bated
3 tines97.3281017. 8-190892C ai m 220CI ai m 6200-400C, ¢ cle of 5 mn,

150" 200, Cycl Eo8r 8 PR {15 IbERLE, 1 e filend v

What is clalne i S; onaln controlled\PlezoeIectrlc single crystal
havi ng afi @FEE%Poﬁ%E%Qn?Eaﬁo%SGﬁWP f?IBG%PPﬁlﬁuWoﬁﬁlFﬁalna

vibration node in the direction paraIIeI to a polarization direction and a
pi ezoel ebburs ¢onat aamnpdB88ter800apgeNpfc0l i 50 N2N0°En oal petrfomrmdmani cal
coupling factor k31 a 70%in a lateral vibration node in a direction

per pendi egbatintovisHl ¢l ap@llaringaah Bl tieicd fae)ldg §bEdedlertiriddesceagkant -d31
z 1200 pC/' N and a frequency constant fc31 ( = fr~L ) s 650 HZ mwhich is a

product ,@Braeaeéﬁwmoﬁbsqygeéy 1f§ deNa sgi&ééi@é@ha'sqrn@treoerggesu n said
direction perpendicular t0 said polarization direction rélating to k31 and

2 1 engt hok l 8k SRYGH LNAYI4K RALUL RGOk or £ HOMALA LGN O | o0
S

plezoelec ric S|ngle avi ng an “elec Iomech anlca coup |ng fact or

k33 z 80% a lon |tud|nal vibration node_in the dire tlo rallel to a
Sobari st POAP T RE BRI e 55,55 BFBEr, H0 e Tel BT PRsS  Gohph TAERE

conpri si an el ectronechani cal coupling factor k31 s 30%in a | ateral

vibratioﬁgﬁédefﬁﬁeﬁ Hi riEetBigh PebyeRRPEGPEANS02E oS ROWD| Y iFA& i dd -dPr ecti on,
34
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 oil 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 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 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
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a piezoelectric constant -d31 s 300 pC N and a frequency constant fc3l (=
r'L) a 800 Hz mwhich is a product of a resonance frequency fr in said

| ateral vibration node in said direction perpendicular to said polarization

direction relating to k31 and a length L of said device in a vibration

direction. 3. The domain controlled piezoelectric single crystal according

to claiml or 2, wherein said piezoelectric single crystal nmaterial is

either one of following materials (a) and (b): ( a ) a solid solution which

is conprised of X~Pb ( Al, Az, . ., B, B~-, . . . )03+ ( 1-X) PbTiO3
( 0 < X cofistankedg, AIf 2782 pC/N. werer ebandned.pl Fuathet eneindé s sel ect ed
froma group of Zn, My, Ni, Lu, In and Sc and Bl1, B2) .. . are one or

pl ural eé@@@ﬂ‘:émé@hﬁﬁ&%ﬁﬂé&iﬂﬁrﬂj 4R o Kb of 18 .GsMn e WM feafdohn Which
a sumw of valencies of elenents 1n parentheses in a chemcal formula

Zb(f{‘: vl agézr@g.x%§%ular %(Fltéf%lolba?lzzza%on d:l.r}acg_.]:ogaf9 a'\stfeI & gggrggfc&rﬁ; = =
val enci es of Al , valenC|es of Bl, Bz)

and 71, Bgde) ang éhsoeﬁsgpte#eﬁfm. 62nFha8E fucRém ab PYMukareand (b)
said naterlal (a) added with 0.5 ppmto 1% by mass of one or two of M and
Cr. 35 obtaAnpdezoBhectaliue sEnthe foegstealicyf abnstant nip,pEt=hod-I10f was
fabricating a domain controlled piezoelectric single crystal, conprising, a

step of gppl ukmg. a DC el ectric field of 400 V/immto 1500 V/mm for a maxi num
of two hours in a tenperature range of 20C to 200C as pol ari zation

conditions in gokhikakngam dbrﬁsglomaof1§ahﬁdpagzosé§e£élEhélQgéﬁ ggystal or
a step of cooling while applylng an electric field. 5. The piezoelectric

S ngl e CoYBLaLaLAN EathUg IELNed. 36CRETRY, Lo 2, Ty dpo okl Bosakd dommin

controll ectric single Crysta ricat rmng

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
0oil, 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 o0il 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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a step of applying an electric field in a direction perpendicular to a

pol ari zation direction of a piezoelectric single crystal, a step of
controlling a direction of a ferroelectric donmain perpendicular to said

pol ari zation direction, and said step recited in claim4. 6. A

pi ezoel ectric single crystal fabricating nethod according to claim4,
wherein domain control |l ed piezoelectric single crystal is fabricated by
controlling a direction of a ferroelectric donmain perpendicular to a

pol ari zation direction of a piezoelectric single crystal by perform ng 36

a step (lgowdiihreatfargtande,cond 1979 08 Anezbel @dreice ishnpheallystad tred eri al
wWth a tenperature of transition between a rhonbohedral crystal which is in

alowte b4 £ PhRse AU cSAl (RIRHAGRAHAHIC Vit onf ¥ekhah dRYiask and a
tetragonal crystal which is in an internedigte tenperature phase of said

pi ezoelectric sin .crystal pateri ' ween [._a_step 2 of

heat i ng. dELRETReT 16 s terate et 1 1 rignavers Bt taBher B i een a
Curie tenperature and a rhonbohedral crystal or a tetragonal crystal, or a
step ( 3 JPerelratToBeanrtoRt i FPRYIRG pFacber dktr PE BngtelRr{Real

material in a tenperature range of a cubic crystal which is in a high

t enper at utErediaten pgurglendd. corl ayi ghdhet pahasizat Conidd remijeonat Lakeral a step
(4) of adequately conbining said steps (1), (2) and (3),and said step

recited ivwistatod mode Aapderne|pEdzded edtidle cohythak dalyf cabionge net hod of
fabricating a domain controlled piezoelectric single crystal conprising the

steps of iy ét&&tginé@logf:dzlgtt?%n@ phkl fof! Q?d itﬂ,eaeiié{:?féﬂlé’@hanical

per pendi cul art osal d po Irection of a piezoelectric single
_ ( p g
crystal ’cgugifgg(%gcggr '3&?%%‘997"‘.'5‘% C.l%olehrég dq.rection 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 4,, 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 d,, of 2790 pC/N were obtained. Further, the
electromechanical coupling factor k,, of 18.2% in the direction
perpendicular to the polarization direction (lateral vibration
mode) and the piezoelectric constant d,, of -220 pC/N were
obtained respectively. The frequency constant fc,;, (= fr'L) was
836 Bz'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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pi ezoel ectric single crystal material with a tenperature of 37 transition
bet ween a rhonmbohedral crystal which is in a |ow tenperature phase of said
pi ezoel ectric single crystal and a tetragonal crystal which is in an

i nternedi ate tenperature phase of said piezoelectric single crystal

material in between, or a step ( 2 ) of heating and cooling said

pi ezoel ectric single crystal material between a Curie tenperature and a
rhombohedral crystal or a tetragonal crystal) or a step ( 3 ) of heating
and cooling said piezoelectric single crystal material in a tenperature
range of a cubiforcctystsdmphe civ.i 31| yedldegbctepiesarere folraed equaio t o or

hi gher than said Curie tenperature, or a step ( 4 ) of adequately conbini ng

sai d steRspdosling o 0(10% raghd {3pedfiedidilertef tRPAloINgracke Sl agiric
field of 0 Virmto 1500 V/mm for "a maxi mum of two hour's in a tenperature

range of 20C tp .200C or, perform ng cool.ing, whilge applying an.electric
freld, wigiGoy dHTRTTS LS diY OiqOh 1 T4 ert el G i S oG£ o
perpendi cul ar. to a polarization direction of a piezoelectric single
crystal . Sgleycrygtalawas dipped in the silicon 0il, and a DC electric

% AN@ AN, . Au@ AN&. A&% Aa9. A, . Aus. A. AL . A& As% Ar. Ar. AsL.As . A . A .Aa9. A's. A
u . A99. A4 eAND. 048 AR sd DR M4 ASOL 1AL . 1780 ¢4 194 AP IBRIpEra®w&9: n' b| wr nh
c"Y] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca
] ca] ca] calmadend dlatgafiedabasingwdsk rePeht@d three times in a cycle

#3%/ OM wr mhc”Y] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca]

ca] ca] ca] caleHieled 63l ¢ALCRLEBLEELGRL Gafge of 150 to 200°C. After
the piezoelectric single crystal wads 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 f£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 97.7% in the direction parallel to the polarization
direction (longitudinal vibration mode) and the piezoelectric
constant 4d,, 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,, (= £r'L) was

924 Hz'm.

28



v {

1s/ p' 60{vql gb] X] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]'ca]ca]cal\!" @R

K: { AcP| wnmhc”Y] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]cal]c

a]J ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! Q#d

?q8ulr @ 5v| wr mhc™Y] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]c
a] ca] ca] ca] caU] c a]JcaJca]ca]ca]ca]ca]ca]ca]cal 1t<{* |

SLdi K """ (#)#1#6###$U$} xsni d_Z] ] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] ca]%sa]tha] veltbafcafcapodkoaléapctheaptapoeficaf e USESS/ IMIOOE,
&P&AE&WEE 2" ' ' (F((())Q 7))) *H**+| wnhc”Y] ] ca] ca] ca] ca] ca] ca] ca]ca]ca]cal]c
a] ca] caj E@]ﬁ@]e%]c&&h@:ahwa&akca]e&?]eaah@@h@@] ¢a] eakCcabaakeaheabhcal ca! +=+h+i
+y+++. 1, (/c/17170]000001} xsnid_Z]]]ca] ca]ca]ca]ca]ca]cal

ca iéﬁi‘%%%]&%%f% é%%i%&%&?ﬁ%&%&%&é& ey ]%?*L%Jw?% i }’*éi} cal cal cal
]cg]a]cg]aca! ca] calcalUl.ca %%11'3149 ]l% - Lca] 2 lche]scta ]fca] cal ca

- Y:::;Yxsnid_Z]]]ca] ca] ca] ca] ca] ca] ca] ca] cal ca] ca] ca] ca] cajJ cal ca]ca]ca]calc
a] ca] ca] (,f;;]r@é.] (p@]l@g]l(,z@]tg@]nc@]fcg]r@a]d@ax | controlled piezoelectric
=<~<<<==! =@ A=FR=W=~===4>0>1>M>N>| >>>>>! 2008&2° ?2?2?7@@xsnid _Z]]]ca]ca]ca] ca
] ca] ca] calicajleategktalcal ca] caflmaktabcad cajpialica] eabCad ed toal « £lieafica) ca] ca
] ca] ca] ca] ca! T@AGGAXAAAAABIB?B{ BBC<C{ CCC D_Di DoDDDEPEEEFGFFF| wr mhc”Y] ] ca] ca
] ca] ca] cafc ajopavGaht aloC aldoda @it FosalaC dlasa bl ©F &aoC albtdlscahcal caj caj caj ¢
a] ca] ca] ca] ca] ca] ca! FFFFFFF: GMGGGEHr HHH, T kI 111 JJ-JkJJJ* KnKKK. LnLL} xsni d_Z]

L) cal ca) Claraiid) ERREE S AT Ve TR R R B AP PR B R S S
2] ga]Z]c!a] %SE] g@% .ca 5&:} eé:}]]ré% %ﬁ%s%%?‘! C?f! $| q? ca] ﬁa! gé] ca! 33! caj ca] cajc

Y} xsnid_Z]]] ca]ca] ca] ca] c% cal ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caLca] ca] cal
ca] ca] cala s St e eCHT NP PRREARZ PEERPER LAY,
VIV =] {1 (M g’\m"\}xsnl d Z] ] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]calc
a] ca] ca] ¢l lea) iz tdaire dilceFtapoaly ajasaiydalo ajit af b jsdairc 4 1) "of h@ating

" "aCayaaa3bsbbb+cocccd%cddd’ e;

e<eBe} xs rrli Add1ciajec @ qajecaledalatalich |sdalgia] ealyetlalapeaeadladawdahcal cal ca] ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! Be{eee: f wf f f Bguggg+hhht huhhhi Viiii |

M ] j KEkkkddnlddrettizd 8kl £a £ad £t sRlcrkndd chbatlobalaaalical-¢at salealga] cal ca]

ca] cal ca] caJca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca! | | nGhSmmmEnnnoFooooo6puppp

ggfgg?ggﬁ?aﬂ’é] calT aﬁéﬂpgeg]gc (,ﬁ X a]é:l‘gﬂsc%:}og]tcg gﬁ] %eggcﬁ.?slg?{?ﬁ?{gtq{%l ca] ca] ca|
L WE
calcal ol PR A Ao LA ERTe, Ay et ‘}'ﬁa%ﬁ el el gaealsalaganl ol el

z, {i{{{IYll1l1}3}}}~E-b~c~~~~~~0j } xsnid Z]]] ca] ca].ca] ca] ca]cal]ca ca] caj ca] c
a] ca] ca] dERRATAIUEE PhpES RS Eaf%aﬂa? %ﬂ%]@a]L‘EXF a]le&% @l g o
>?S<y(WM'} xsni d_Z] ] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]calc
a] ca] ca] ddl et ern] o dBle &t} ¢ kajt dlaatiing and cooling the
"LCOONnt)d} xsnid_Z]]]ca]ca] ca]ca]ca] ca] ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]calca
] ca] ca] cajioed el exat]xciad csal]rol] e adayed toael] o ot ick Riet welgp-*ag Curie
“}xsnid_Z]]]ca]ca] ca] ca]ca] ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]calca]ca]ca]ca]cal
ca] ca] calwagaden]ealrakea] pakedkiabt¥¥lc single crystal material
MaXY@'n" _}xsnid_Z]]] ca':] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca)] ca]ca]ca]ca]ca]c
a)J ca] ca a C al Pl¢s Z cajcajc
a] ca} ca} %%ﬂ% ca]cggc] cal ca lga %%}%a%@g cg %a] c%[?ca] cgg]a?ac]ecg]fcg]hga] ]c!a] ca} ca} C
ajcalcalc
0]2D1]h} x]srﬁa‘lcrri%ﬁcl]a%cgﬁ%ac]llcﬁ L 392 R e ) Y et e R T R Y ca] ca] ca] ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! hi m' _ANO~9u5n/ g#_ } xsni d_Y] U] ca] ca] c
a] ca] ca] cEgeRGEA LG PAAES €F] éa‘]’-% _gral apEhelafealbs) Fatearedt et caj cal ¢
a] calca] ca] calca! %
A} J] 15]8EI§]!lﬁiq1$fﬁ1}uas¢lini1_aEld] capcaheadteapchld L ajic dlecd]ica] eajicabpiahgatlheal cal] c
a] cal] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal _&KOg! UrsQT'Y- n| wr mhc
Y] ca] ca]srd £6d Ted 0] € aliaal ead:epd ol pakeal aalivah ¢ gh cahpalealnal siadsa] caj ca]
cal] ca] ca] ca] ca] ca] ca] ca] ca] cal
<467?[ a] - bXzupkfa\ W] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]c
a)J ca] ca] ca] ca] ca] ca] ca] ca] cal ca] cal cal] ca! XZ[ B+i L7t | wnhc”~Y] ] ] ca] ca] ca
] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ¢a] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]c
a] ca] ca] ca] ca] ca! 4pv*j mM', g! STAnq} xsni d_nmhc”Y]]]ca]]ca] ca] ca] ca] ca] ca]ca]ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca]ca]ca]ca




!

{ bC@ 1096& () - Y1096& ()-10%%& ()-s 10 10 10=s109%& ()-3Y:!10%& ()-

1s/ pdEbCL! 1096&' () - 3! 1096& () - & 1096& ()- & 109&6& ()-! 1096& ()-|

1 1095& ()-p' 60dEDC %@LO%& ()- #109G& ()- 1096& () -

1096& ()-& 1096& ()-f!109%6& ()-\dEbCL 10%6& ()-/ & 109B& ()--9!109%6& ()-+9!1
096& ()-f)9!1098& ()-L' 1096& ()-R dYNC 105 105

105f =s1096& ()-::!10%& ()-y8 1 109%6& ()-L6 109B& ()- 4& 109%& ()-K: dEYNC

& 10% & ()-& 10% & ()- '110% & ()-3

yf10% & ()-910% & ()-@0% & ()- :{AcdEYNC F

z10% & (8quADN & ¢ 16Ighe% &hEn- thedlrs (I |tlel @Xed ())S&F 18614 e RIEYNC

+M 100 & ()-) & 109 & ()-' 91 10% & () -1 98! 10% & () - @9! 10% & () - &

10% & () coXediEYNg Bivd 1908 8 C¥1§6M29%1&i(k3 Y418 % e (et 64 004 & () -
OM 10% & ()--: ! 10% & () - 1004 & ()-9110% & ()-,10% & ()-t 10\ 10\

1ol & FLO%hEob L9 O Ll on dOdRUE 100 £ o IO (%%}x@ﬁ% v

10% & ()-& 9! 10% -9110% & & 10% & ( dEbCF4:110% & (

10% & ()PETPeposey 8}% 3t 1HRg @%3;341%‘%&“ %‘l FEHOR &PY ) CBTK () -

10\ both the step of applying an electric field in the direction
perpendicular to the polarization direction of the
plezoelectric single crystal and the step of heating and cooling
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 fabricating 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 effectively uses the electromechanical
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:91'10%&' () -8& 10%& ()-69! 10%& ()-149!10%& () - @9! 10%9&' () -
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a product of a resonance frequency fr in said lateral vibration
mode in said direction perpendicular to said polarization

direction relating to k,, and a length L of said device in a

vibration direction.

2. A domain controlled piezoelectric single crystal having
an electromechanical coupling factor k,; = 80% in a longitudinal
vibration mode in the direction parallel to a polarization
direction and a piezoelectric constant d,, = 800 pC/N,
comprising,

an electromechanical coupling factor k,, =< 30% in a lateral
vibration mode in a direction perpendicular to said

polarization direction,
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(a) asolid solution which is comprised of X'Pb (A,, A,, ...,
B,, B, ...)0; + (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,, B,, ... 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,,*

A", ..., B,™, Byn?, ...)0, satisfies charges of W = a’Y, +
a,¥, + ... b;'Z, + b3, + ... = 4+ where a,, a,, ... are valencies
of A,, A,, ..., b, b,, ... are valencies of B;, B,, ... and Z,,
Z2,, ... are composition ratios in said chemical formula, and

(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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comprising the steps of:

a step of applying an electric field in a direction
perpendicular to said polarization direction of apiezoelectric
single crystal , a step (1) of heating and cooling a

piezoelectric single crystal materijial with a temperature of
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transition between a rhombohedral crystal which is in a low
temperature phase of said piezoelectric single crystal and a
tetragonal crystal which is in an intermediate temperature
phase of said piezoelectric single crystal material in between,
or

astep (2) of heating and cooling said piezoelectric single
crystal material between a Curie temperature and a rhombohedral
crystal or a tetragonal c¢rystal, or

astep (3) of heating and cooling said piezoelectric single
crystal material in a temperature range of a cubic crystal which
is in a high temperature phase equal to or higher than said Curie
temperature, or

a step (4) of adequately combining said steps (1), (2) and
(3), then

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,

whereby controlling a direction of a ferroelectric domain
perpendicular to a polarization direction of a piezqelectric

single crystal.
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