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Abstract

R3GaSiOy, (RGS,R: rare-earth elements) aRCa,0(B0Os); (RCOB) single crystals were synthesized by the Czochralski technique and
their piezoelectric properties were investigated. The piezoelectric mdgudinddy 4, of LagGa;SiOy4 are higher than those of N@a;SiO4.
Moreover, in theRGS-type crystal, we found that the piezoelectric modudlys, increased with the lattice parameterThe ionic size
preferences of all cation sites in tR&S-type structure were also clarified. Based on these results, R@8atype BaTaGaSi,Oy4 crystal
was synthesized. We have successfully gra&®@OB (R =La, Nd, Gd, Dy, and Y) single crystals with 1 and 2in. diameter dimensions.
The surface acoustic wave (SAW) propertiesR@fOB filters were investigated. IRCOB, the NdCOB single crystal showed the highest
electromechanical coupling factors and lowest temperature coefficient of delayRE@B crystals.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction In LBO, a very low growth rate (<1 mm/h) is needed to

produce inclusion-free crystalg]. «-AlPO4 and GaPQ,

Recent progress in electronic technology requires new which are polymorphs of quartz, also have significant tech-

piezoelectric crystals with a high thermal stability of nological growth difficulties and twinning problerf8. This
frequency and high electromechanical coupling factors. For suggests that more detailed investigations are indispensable
designing devices such as filters with a wide pass band whilefor the growth of bulk single crystals with high quality.
maintaining high stabilities and a small insertion attenuation,  For new piezoelectric materials, we have focused on the
the necessity has arisen to develop new piezoelectric crystalgare-earth element-based single crystals sudz@ssSiOr4
having intermediate properties between those of quartz and(RGS, R: are rare-earth elements) anBCa;O(BO3)3
lithium tantalate (LiTa@). Litium tetraborate (LiB4O7; (RCOB). LasGasSiO14 (LGS) is one of candidates to satisfy
abbreviated as LBO) and-AlPO,4 have been candidates the requirements mentioned abdég Very recently, for use
to satisfy these requiremenfg]. Actually, LBO wafers in a wideband-code division multiple access (W-CDMA) sta-
have been mass-produced for use in intermediate frequencyiion, surface acoustic wave (SAW) filters made of LGS wafers
surface acoustic wave (IF-SAW) devices. However, these have been mass-produced. Moreover, temperature and/or
crystals still have some disadvantages for mass-production.pressure sensors are being fabricated using LGSRU@B

have been developed which exhibit excellent non-linear opti-
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coefficient, def = 1.1 pm/V, of YCaO(BOs)3 (YCOB) is
greater than those of KiPO, and LiB3Os (deff =0.38
and 0.68 pm/V, respectively) from which bulk crystals can
be easily grown[9]. This report has led to the study of
RCOB crystals as piezoelectric materials. In this paper, we
demonstrate the successful growtlR&S andRCOB single
crystals by the Cz technique and disclose their piezoelectric
properties.
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2. Experimental procedure

Single crystals were grown by the conventional RF-
heating Cz technique using iridium crucibles with a 50 or
150 mm diameter and height. The starting materials were
prepared by mixing 99.99% pure oxide or carbonate powders (b)
in a stoichiometric ratio. The powders were mixed in air,
and then calcined at 100C for 2h. They were heated
at 1200-1300C for 2h. The calcined powders were then
pressed uniaxially in a disk form with a 48 mm diameter
and~30 mm thickness, and were charged into the crucible.
The growth atmosphere was Ar gas flowing at 4m3/min.
The pulling rate and the rotation rate were 2.0-3.0 mm/h . .
and 20rpm, respectively. The observation of bubbles and Fig. 1 shows tyP'Ca”y grown (a) L_GS and (b)
inclusions in the crystals was performed using an optical NdsG@SiOws (NGS) single crystals, pulled in the <001>
microscope. The phase identification of the as-grown crystals diréction. The grown crystals had a smooth crystal surface,
was determined by powder X-ray diffraction (XRD). The and were transparent. Th_e colors of LGS and.NGS are orange
chemical composition was determined by inductively cou- and dark purple, respectively. No crack and inclusions were

pled plasma emission spectrometry (ICP-ES) analysis. Theobserved in the grown crystals. From the results of the

density of the grown crystals was measured by Archimedes phas_e identification, it was plarified that the grown_<_:rystal
method using distilled water at room temperature. consisted of theRGS-type single phase. The densities of

The dielectric, piezoelectric, and elastic compliance the 9rown crystals were 5.74 g/érfor LGS and 6.01 g/crh

constants of the single crystals were determined using afor NGS.

YHP 4194A impedance/gain phase analyzer. Equivalent Tat?le 1Sh0W$ the electromechanical coupling factéﬁs,
resonators were fabricated in the form of bars or plates. @d piezoelectric constantg;, of the LGS and NGS single

The electromechanical coupling factor and the piezoelec- crystals. All the factors and the constants of the LGS sample

tric modulus were evaluated by measuring the resonant2'€ greater than those of NGSg. 2shows the dependence

and anti-resonant frequencies of these resonators in the®f the piezoelectric modulugyy, on the lattice parameter,

length-extensional and thickness-shear modes. a, in the RGS-type crystals. Thel;, data were collected
Plate specimens with a 1 mm thickness and 20 mm width from the literature (F3G&sSiOs4 [10], LasNbo 5Ga5.5014

were prepared. The surface of the crystal was polished [11];: L83T205Ga 5014(LTG) [12], LagAl :Gas—SiO14[13],

to be optically flat, while a lapping treatment was used >BC2G&014[14]and NaCaGeO14[15]). As can be seen

for the other side. Al interdigital transducers (IDTs) were [0 Fig. 2 an increase in the lattice parameterleads to
fabricated on the polished surface of the crystals by g anincrease of the piezoelectric moduldg,. This tendency

photolithography process. A pair of IDTs was used for the can be explained as follows': Increasing the lattice parame-
filter measurement. The IDTs were placed on the crystals at'€f @ méans enlarging the size of the polyhedra composed
22.5 intervals of azimuthal angle, and the dependence of Of @ cation and the nearest oxygens along dfeis. The

the SAW characteristics on the propagation direction was

examined. TheS-parameters of the IDTs were measured Table1

using a network ana|yzer (Advantest R3762AH), and the Electromechanical coupling factéy and piezoelectric constad}; of the

LS . . .. . LGS and NGS crystals
radiation admittance and filter characteristics were obtained. y
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Fig. 1. As-grown (a) LeGasSiO14, and (b) NdGasSiOy 4 single crystals.

3. Results and discussion

3.1. RGS-type crystals

From these characteristics, the SAW velocityand elec- ~ Cystals  Coupling factor (-) Piezoelectric
tromechanical coupling coefficient?, were calculated. In constants (pC/N)
order to obtain the temperature coefficients of the time delay k12 kas kao a1 dia
(TCD), the temperature dependence of the frequency was-GS 0.148 0089  0.138 5.95 -5.38
NGS 0.097 0029  0.121 405 —2.07

also measured from 5 to 4B in 5° increments.
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Fig. 2. Piezoelectric modulud; 1, vs. lattice constan&, of RGS-type crys-
tals.

d11 modulus of the crystal with trigonal symmetry signifies a
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For the LGS single crystal, 34 occupies thet site, G&*
occupiesB, C and half of theD sites, and it half of theD

site. We determined the ionic size preferences of the cation
sites in theRGS-type structureFig. 4 shows the structure
stability diagrams of the (&)-site, (b)B-site, (c)C-site, and

(d) D-site in theRGS-type crystal structure. The ionic radius
values were the data reported in R@f7]. In this study, we
defined the structure stability as an index of the site prefer-
ence of a cation. The diagramshig. 4 were fabricated by
modifying the stability diagram of th®GS-type structure
[18] using the crystal structure analysis dft,15,16,19]

The stability diagram in Ref18] was also prepared using
the data for the synthesis for tiR&S-type crystals reported

in Refs.[20,21] In Fig. 4, it means that a cation showing a
high structure stability is easy to form the RGS-type crys-
tal and to incorporates a corresponding site in the structure.
FromFig. 4(a)—(d), the element and ionic size preferences of
the cation sites in thRGS-type structure are summarized as

magnitude of electric charge developed by the applied stressfollows:

along the crystallographig-axis. By such an enlargement,
the cations can move more easily within the crystal. Thus,
even if the applied stress is relatively small, the polariza-
tions could easily increase. Fig. 2, the smalldi; value of
NaxCaGegO14 may be caused by the features of crystal struc-
ture as follows: (1) the coordination around both tetrahedral

A =Nat, SPH, La®t (c.a0.122nm)
B = Ga™t, srft, Nb°+, Ta®"  (c.a0.065nm)
C = Ga*t, Gé*  (c.a0.043nm)

D = Si*t, Gé, AI®  (c.a0.033nm) 1)

sites; and (2) the displacement ellipsoids for the oxygen atoms

of NapCaGgO14 are apparently different from those of the
otherRGS-type crystal§l5].

The LGS crystal belongs to the trigonal system, point
group 32, and is a compound isostructural taGaGey014
[16]. Fig. 3shows the schematic coordination polyhedra of
oxygen atoms around the cationic atoms in R@&S-type
structure. There are four kinds of cation sites in this structure,
and this structure can be represented by the chemical formula
A3BC3D2014. In this chemical formulad andB represents

the decahedral (twisted Thomson cube) site coordinated by
eight oxygen anions, and an octahedral site coordinated by

six oxygen anions, respectively. While bathand D repre-
sents a tetrahedral site coordinated by four oxygen anions,
the size of thé site is slightly smaller than that of th@&site.

“

tetrahedral

8

smaller
tetrahedral

octahedral

(6)

Fig. 3. Schematic coordination polyhedra of oxygen atoms around cationic
atoms inRGS-type structure. Small circles represent oxygen atoms.

Based on the information derived from the data in
Figs. 2 and 4 we first synthesized the SraGaSi>014
single crystals. The electromechanical coupling fagigrof
this crystal was comparable to that of LTG with the highest
kij values[12]. Moreover, we synthesized neRGS-type
BasTaGaSi,0O14 (BTGS) single crystals. The crystals
had a smooth surface, and were transparent and colorless.
Although many bubbles were observed in the center parts of
the crystal, we fabricated a Y-cut wafer for the SAW measure-
ments as shown iRig. 5. The crystal structure of BTGS was
analyzed using the single-crystal X-ray diffraction data. The
results showed that the Ba, Ta, Ga, and Si atoms occupy their
respective crystallographit, B, C, andD sites in an ordered
way, respectively. The SAW properties of BTGS were also
investigated. The maximurk? values in the Y-cut BTGS
wafer was about 0.43% for theaxis propagation. This value
is greater than those of LGS (0.382#2]) and LTG (0.39%
[23]). For the BTGS crystal, a large reduction (40-45%) in
the GaO3z amount versus LGS and LTG is expected. The
piezoelectric device made of the BTGS crystal allows the
use of a lower amount of expensive gallium oxide as the raw
material.

3.2. RCOB crystals

Fig. 6 shows typically grown (a) LaCOB and (b)
Gd,Y1_,CaO(BO3)3 (GAYCOB) single crystals pulled in
the <0 1 0> direction. The <0 1 0> pulling direction is perpen-
dicular to the mirror plane in the crystal. Both crystals have
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a smooth crystal surface, and are transparent and colorless.

No inclusions and bubbles were observed in the crystals. The
shape of the boule was a quadrilateral prism, which consisted
of planes parallel to{101} and {201}. Furthermore, the
{010} facet is observed on the solid-liquid interface at the
bottom of the crystal. The facet on the solid—liquid interface
was connected to a core formed during ®@OB crystal
growth[24]. An X-ray powder diffraction analysis confirmed
that all of the RCOB grown crystals were composed of
the RCOB single phase. The chemical composition of the
grown LaCOB crystals was determined by ICP-ES. The
composition was almost uniform from the top to the bottom
of the crystal, and the same as the melt in the crucible. We

Fig. 5. Y-cut wafer of BgTaGaSi,O14 crystal.

477

Fig. 6. As-grown (a) LaCgD(BO3)3, and (b) GdY1_,CayO(BO3)3 single

crystals.
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100 are expected to be application-competitive materials with the
quartz or LINb@, which is widely used in existing devices.

NACOB 4. Summary

Rare-earth element-based piezoelectric single crystals,
RGS (R=Laand Nd) an®COB (R=La, Nd, Gd, Dy, and Y),
were grown by the Czochralski technique. The piezoelectric
properties of th&RGS andRCOB crystals were investigated.
For theRGS-type crystal, the relationship between the crystal
structure and piezoelectric properties was determined. It
was found that th&GS-type crystals with the largest lattice
parameter have the highest piezoelectric constants. The
cation stability in theRGS-type crystal was also discussed.
The cation stability diagrams were constructed on the basis
of manyRGS-type crystal syntheses. Based on these results,
Fig. 7. Electromechanical coupling factot$, vs. temperature coefficient ~a NnewRGS-type BTGS crystal was synthesized and its SAW
of delay (TCD) inRCa;O(BOs)3-type crystal including other piezoelectric  properties were investigated. We obtained a Higtvalue
materials. than those of LGS and LTG. In tiRCOB-type crystal, large
GdYCOB single crystals up to 2in. in diameter were easily

obtained the same results on ot®R&OB crystals, in which ~ 9rown. The SAW properties of theCOB filters were also
R consisted of only one elemej@5]. Therefore, we consider measurezd. We found that the NdCOB single crystal has the
that theRCOB crystals congruently melt. In the GdycoB highestk® and lowest TCD values of thRCOB crystals.
tion and crystallographic parameters along the growth axis. €xisting quartz and LiNbexrystals. We expect that &S
The GAYCOB crystal shown iffig. 6(b) was grown with andRCOB-type crystals will be the preferable piezoelectric
a 3.0mm/h-pulling rate. In spite of the difficult conditions Materials for SAW devices.
for crystal growth, we obtained a high quality GdYCOB
crystal. Therefore, the bulRCOB crystals can be grown
by the Cz technique, and this result is a great advantage for
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