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R3Ga5SiO14 (RGS,R: rare-earth elements) andRCa4O(BO3)3 (RCOB) single crystals were synthesized by the Czochralski techniqu
heir piezoelectric properties were investigated. The piezoelectric moduli,d11 andd14, of La3Ga5SiO14 are higher than those of Nd3Ga5SiO14.
oreover, in theRGS-type crystal, we found that the piezoelectric modulus,d11, increased with the lattice parametera. The ionic size
references of all cation sites in theRGS-type structure were also clarified. Based on these results, a newRGS-type Ba3TaGa3Si2O14 crystal
as synthesized. We have successfully grownRCOB (R = La, Nd, Gd, Dy, and Y) single crystals with 1 and 2 in. diameter dimens
he surface acoustic wave (SAW) properties ofRCOB filters were investigated. InRCOB, the NdCOB single crystal showed the high
lectromechanical coupling factors and lowest temperature coefficient of delay of theRCOB crystals.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Recent progress in electronic technology requires new
iezoelectric crystals with a high thermal stability of

requency and high electromechanical coupling factors. For
esigning devices such as filters with a wide pass band while
aintaining high stabilities and a small insertion attenuation,

he necessity has arisen to develop new piezoelectric crystals
aving intermediate properties between those of quartz and

ithium tantalate (LiTaO3). Litium tetraborate (Li2B4O7;
bbreviated as LBO) and�-AlPO4 have been candidates

o satisfy these requirements[1]. Actually, LBO wafers
ave been mass-produced for use in intermediate frequency-
urface acoustic wave (IF-SAW) devices. However, these
rystals still have some disadvantages for mass-production.

∗ Corresponding author. Tel.: +81 743 72 6063; fax: +81 743 72 6069.
E-mail address: hiro-t@ms.naist.jp (H. Takeda).

In LBO, a very low growth rate (<1 mm/h) is needed
produce inclusion-free crystals[2]. �-AlPO4 and GaPO4,
which are polymorphs of quartz, also have significant t
nological growth difficulties and twinning problems[3]. This
suggests that more detailed investigations are indispen
for the growth of bulk single crystals with high quality.

For new piezoelectric materials, we have focused on
rare-earth element-based single crystals such asR3Ga5SiO14
(RGS, R: are rare-earth elements) andRCa4O(BO3)3
(RCOB). La3Ga5SiO14 (LGS) is one of candidates to satis
the requirements mentioned above[4]. Very recently, for us
in a wideband-code division multiple access (W-CDMA)
tion, surface acoustic wave (SAW) filters made of LGS wa
have been mass-produced. Moreover, temperature a
pressure sensors are being fabricated using LGS. TheRCOB
have been developed which exhibit excellent non-linear
cal properties and can be grown by the Czochralski (Cz)
nique at a low cost[5–8]. The effective nonlinear couplin
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coefficient, deff = 1.1 pm/V, of YCa4O(BO3)3 (YCOB) is
greater than those of KH2PO4 and LiB3O5 (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 growth ofRGS andRCOB single
crystals by the Cz technique and disclose their piezoelectric
properties.

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
in a stoichiometric ratio. The powders were mixed in air,
and then calcined at 1000◦C for 2 h. They were heated
at 1200–1300◦C for 2 h. 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 10−3 m3/min.
The pulling rate and the rotation rate were 2.0–3.0 mm/h
and 20 rpm, respectively. The observation of bubbles and
inclusions in the crystals was performed using an optical
microscope. The phase identification of the as-grown crystals
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Fig. 1. As-grown (a) La3Ga5SiO14, and (b) Nd3Ga5SiO14 single crystals.

3. Results and discussion

3.1. RGS-type crystals

Fig. 1 shows typically grown (a) LGS and (b)
Nd3Ga5SiO14 (NGS) single crystals, pulled in the <0 0 1>
direction. The grown crystals had a smooth crystal surface,
and were transparent. The colors of LGS and NGS are orange
and dark purple, respectively. No crack and inclusions were
observed in the grown crystals. From the results of the
phase identification, it was clarified that the grown crystal
consisted of theRGS-type single phase. The densities of
the grown crystals were 5.74 g/cm3 for LGS and 6.01 g/cm3

for NGS.
Table 1shows the electromechanical coupling factors,kij ,

and piezoelectric constants,dij , of the LGS and NGS single
crystals. All the factors and the constants of the LGS sample
are greater than those of NGS.Fig. 2shows the dependence
of the piezoelectric modulus,d11, on the lattice parameter,
a, in the RGS-type crystals. Thed11 data were collected
from the literature (Pr3Ga5SiO14 [10], La3Nb0.5Ga5.5O14
[11], La3Ta0.5Ga5.5O14 (LTG) [12], La3Al xGa5−xSiO14 [13],
Sr3Ga2Ge4O14 [14] and Na2CaGe6O14 [15]). As can be seen
from Fig. 2, an increase in the lattice parameter,a, leads to
an increase of the piezoelectric modulus,d11. This tendency
can be explained as follows: Increasing the lattice parame-
t osed
o

T
E
L

C

L
N

as determined by powder X-ray diffraction (XRD). T
hemical composition was determined by inductively c
led plasma emission spectrometry (ICP-ES) analysis
ensity of the grown crystals was measured by Archim
ethod using distilled water at room temperature.
The dielectric, piezoelectric, and elastic complia

onstants of the single crystals were determined usi
HP 4194A impedance/gain phase analyzer. Equiva

esonators were fabricated in the form of bars or pla
he electromechanical coupling factor and the piezoe

ric modulus were evaluated by measuring the reso
nd anti-resonant frequencies of these resonators i

ength-extensional and thickness-shear modes.
Plate specimens with a 1 mm thickness and 20 mm w

ere prepared. The surface of the crystal was poli
o be optically flat, while a lapping treatment was u
or the other side. Al interdigital transducers (IDTs) w
abricated on the polished surface of the crystals b
hotolithography process. A pair of IDTs was used for
lter measurement. The IDTs were placed on the crysta
2.5◦ intervals of azimuthal angle, and the dependenc

he SAW characteristics on the propagation direction
xamined. TheS-parameters of the IDTs were measu
sing a network analyzer (Advantest R3762AH), and
adiation admittance and filter characteristics were obta
rom these characteristics, the SAW velocity,v, and elec

romechanical coupling coefficient,k2, were calculated. I
rder to obtain the temperature coefficients of the time d
TCD), the temperature dependence of the frequency
lso measured from 5 to 45◦C in 5◦ increments.
er a means enlarging the size of the polyhedra comp
f a cation and the nearest oxygens along thea-axis. The

able 1
lectromechanical coupling factorkij and piezoelectric constantdij of the
GS and NGS crystals

rystals Coupling factor (–) Piezoelectric
constants (pC/N)

k12 k25 k26 d11 d14

GS 0.148 0.089 0.138 5.95 −5.38
GS 0.097 0.029 0.121 4.05 −2.07
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Fig. 2. Piezoelectric modulus,d11, vs. lattice constant,a, of RGS-type crys-
tals.

d11 modulus of the crystal with trigonal symmetry signifies a
magnitude of electric charge developed by the applied stress
along the crystallographica-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. InFig. 2, the smalld11 value of
Na2CaGe6O14 may be caused by the features of crystal struc-
ture as follows: (1) the coordination around both tetrahedral
sites; and (2) the displacement ellipsoids for the oxygen atoms
of Na2CaGe6O14 are apparently different from those of the
otherRGS-type crystals[15].

The LGS crystal belongs to the trigonal system, point
group 32, and is a compound isostructural to Ca3Ga2Ge4O14
[16]. Fig. 3 shows the schematic coordination polyhedra of
oxygen atoms around the cationic atoms in theRGS-type
structure. There are four kinds of cation sites in this structure,
and this structure can be represented by the chemical formula,
A3BC3D2O14. In this chemical formula,A andB represents
the decahedral (twisted Thomson cube) site coordinated by
eight oxygen anions, and an octahedral site coordinated by
six oxygen anions, respectively. While bothC andD repre-
sents a tetrahedral site coordinated by four oxygen anions,
the size of theD site is slightly smaller than that of theC site.

F tionic
a

For the LGS single crystal, La3+ occupies theA site, Ga3+

occupiesB, C and half of theD sites, and Si4+ half of theD
site. We determined the ionic size preferences of the cation
sites in theRGS-type structure.Fig. 4 shows the structure
stability diagrams of the (a)A-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 Ref.[17]. In this study, we
defined the structure stability as an index of the site prefer-
ence of a cation. The diagrams inFig. 4 were fabricated by
modifying the stability diagram of theRGS-type structure
[18] using the crystal structure analysis data[10,15,16,19].
The stability diagram in Ref.[18] was also prepared using
the data for the synthesis for theRGS-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 theRGS-type structure are summarized as
follows:

A = Na+, Sr2+, La3+ (c.a. 0.122 nm),

B = Ga3+, Sn4+, Nb5+, Ta5+ (c.a. 0.065 nm),

C = Ga3+, Ge4+ (c.a. 0.043 nm),

D = Si4+, Ge4+, Al3+ (c.a. 0.033 nm) (1)
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ig. 3. Schematic coordination polyhedra of oxygen atoms around ca
toms inRGS-type structure. Small circles represent oxygen atoms.
Based on the information derived from the data
igs. 2 and 4, we first synthesized the Sr3TaGa3Si2O14
ingle crystals. The electromechanical coupling factor,kij , of
his crystal was comparable to that of LTG with the high
ij values[12]. Moreover, we synthesized newRGS-type
a3TaGa3Si2O14 (BTGS) single crystals. The crysta
ad a smooth surface, and were transparent and colo
lthough many bubbles were observed in the center pa

he crystal, we fabricated a Y-cut wafer for the SAW meas
ents as shown inFig. 5. The crystal structure of BTGS w
nalyzed using the single-crystal X-ray diffraction data.
esults showed that the Ba, Ta, Ga, and Si atoms occupy
espective crystallographicA, B, C, andD sites in an ordere
ay, respectively. The SAW properties of BTGS were

nvestigated. The maximumk2 values in the Y-cut BTG
afer was about 0.43% for thex-axis propagation. This valu

s greater than those of LGS (0.38%[22]) and LTG (0.39%
23]). For the BTGS crystal, a large reduction (40–45%
he Ga2O3 amount versus LGS and LTG is expected.
iezoelectric device made of the BTGS crystal allows
se of a lower amount of expensive gallium oxide as the
aterial.

.2. RCOB crystals

Fig. 6 shows typically grown (a) LaCOB and (
dxY1−xCa4O(BO3)3 (GdYCOB) single crystals pulled

he <0 1 0> direction. The <0 1 0> pulling direction is perp
icular to the mirror plane in the crystal. Both crystals h
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Fig. 4. Structure stability diagram of the (a)A-site, (b)B-site, (c)C-site, and (d)D-site in theRGS-type crystal. CN denotes the coordination number. Ionic
radius data in nm are given by converting those inÅ in Ref. [20].

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{1 0 1} and {2 01̄}. Furthermore, the
{0 1 0} 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 theRCOB 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. 6. As-grown (a) LaCa4O(BO3)3, and (b) GdxY1−xCa4O(BO3)3 single
crystals.
Fig. 5. Y-cut wafer of Ba3TaGa3Si2O14 crystal.
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Fig. 7. Electromechanical coupling factors,k2, vs. temperature coefficient
of delay (TCD) inRCa4O(BO3)3-type crystal including other piezoelectric
materials.

obtained the same results on otherRCOB crystals, in which
R consisted of only one element[25]. Therefore, we consider
that theRCOB crystals congruently melt. In the GdYCOB
crystal, we observed continuous changes with the composi-
tion and crystallographic parameters along the growth axis.
The GdYCOB crystal shown inFig. 6(b) was grown with
a 3.0 mm/h-pulling rate. In spite of the difficult conditions
for crystal growth, we obtained a high quality GdYCOB
crystal. Therefore, the bulkRCOB crystals can be grown
by the Cz technique, and this result is a great advantage for
mass-production.

Fig. 7shows thek2 and TCD behaviors in theRCOB-type
crystals along with other piezoelectric materials. Those of
quartz, Li2B4O7, LiNbO3 and LiTaO3 are listed using Ref.
[26,27]. Both highk2 and low TCD values are important fac-
tors for the SAW device. The highestk2 of 1.0% and lowest
TCD of about 5 ppm/◦C of all theRCOBs were from in the
NdCOB crystal. This TCD value was equivalent to a quartz
crystal and thek2 value is nearly ten times greater than that of
the quartz. The SAW properties shown inFig. 7were obtained
on the X-, Y- and Z-cut substrates of theRCOB crystals.
The SAW parameters (wave propagation and cut directions)
with high k2 and low TCD value can be optimized by a
numerical simulation when the material constants (dielectric,
piezoelectric, and elastic compliance constants) and their
temperature coefficients are evaluated. Mason has reported
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are expected to be application-competitive materials with the
quartz or LiNbO3, which is widely used in existing devices.

4. Summary

Rare-earth element-based piezoelectric single crystals,
RGS (R = La and Nd) andRCOB (R = La, Nd, Gd, Dy, and Y),
were grown by the Czochralski technique. The piezoelectric
properties of theRGS andRCOB crystals were investigated.
For theRGS-type crystal, the relationship between the crystal
structure and piezoelectric properties was determined. It
was found that theRGS-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,
a newRGS-type BTGS crystal was synthesized and its SAW
properties were investigated. We obtained a highk2 value
than those of LGS and LTG. In theRCOB-type crystal, large
GdYCOB single crystals up to 2 in. in diameter were easily
grown. The SAW properties of theRCOB filters were also
measured. We found that the NdCOB single crystal has the
highestk2 and lowest TCD values of theRCOB crystals.
The SAW properties were intermediate between those of the
e
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he crystal substrates for measuring the material cons
f point group 2[28], however, there are few numero
xperimental and theoretical studies concerning thos
oint groupm, i.e., the crystal symmetry ofRCOB. We also

ried to establish how to measure the material constant
ave been reporting some of them[29,30]. The more detaile
AW characterization, as well as the evaluation of the m

ial constants are under investigation. TheRCOB crystals
xisting quartz and LiNbO3 crystals. We expect that theRGS
ndRCOB-type crystals will be the preferable piezoelec
aterials for SAW devices.
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