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ANTRODUCTION

Lithium tetraborate (LBO) is a tetragonal material in
crystal class 4mm (C4y). As such it possesses a single 4-fold
polar axis, and four symmetry planes containing the 4-fold axis.
The primitive region is 1/8th of a hemisphere, which we describe
in IEEE standard notation as (yxwl)é/6, with 0 < & < #/4 and
0 <8< x/2. Its 4mm symmetry is indifferent to sign changes in
the angles and requires that it be:

Pyroelectric

Optically uniaxial (LBO is negative)
Piezoelectric

Not enantiomorphic (no twinning)
Nonferroelectric (poling not required)

> > > >

There are 6 independent linear elastic constants, three
independent linear piezoelectric constants, and two independent
linear dielectric constants.

Particularizing to the substance lithium tetraborate (LBO),
we find from the literature [1]-[19])] the following specific
attributes:

Properties of Li,B404 = Li,0:2B,0,

v Congruently melting phase in the lithium oxide-boron oxide
system; transparent and colorless.

v Melting point: 917°C; low compared to lithium niobate.

v Czochralski growth, Pt crucibles, diameters > 50 mm along
[(100], [001]), or [110]; sensitive to thermal shock.

v Lattice spacings: a = b = 9,479 A, c = 10.280 A

v Mohs hardness = 6 (between LiTaO, gnd quartz = 7).

v Relatively low density = 2451 kg/m but acoustic velocities
are only slightly greater than in LiNbO, and LiTaO,

v Solubility: 1) dissolves rapidly in acids, siowly in bases,
2) hot water is used as etchant, 3) insolvent in
organic "solvents."

v Relatively high piezocoupling values.

v Surface acoustic wave (SAW) reflectivity per stripe greater
than five times that for LiNbO,, LiTaO;, and quartz,
leading to miniaturization.

v Zero temperature coefficients of frequency and time delay
for BAW and SAW.

TEMPERATURE COMPENSATED PLATE TRANSDUCERS

Thickness vibrations of doubly rotated piezoelectric plates
in the one-dimensional approximation are discussed in Ref. [20].
We have applied this formalism to lithium tetraborate, employing
the data of Shiosaki, et al. [12]), to calculate quantities
pertinent to transducer application. Corresponding lithium




niobate (LNO) values have also been computed for the most popular
transducer orientations [21), using the data of Smith and Welsh
[22]), to serve as a basis of comparison.

The calculations for lithium tetraborate disclose the
existence of continuous 1loci of orientations having zero
temperature coefficient of plate frequency of either first or
second order ([09], (18], [19]. These cuts are functions of
harmonic of operation, type of mode, and electrical boundary
conditions. There exist two orientations for which both the
first- and second-order temperature coefficients vanish
simultaneously at the fundamental harmonic of the resonance
frequency.

Figure 1 gives the loci of first-order, zero temperature
coefficients of resonances frequency for the extensional
(compressional, thickness-stretch) mode at the fundamental,
third, and infinite harmonics as function of the two orientation
angles. Figure 2 gives the same plots for the second-order loci.

Figure 3 shows the superposition of the fundamental harmonic
loci from Figs. 1 and 2. It is seen that in the vicinity of ¢/8 =~
40°/33°* both the linear and parabolic coefficients become zero
and the frequency-temperature behavior is at worst cubic, i.e.,
similar to that of the AT-cut of quartz. This cut (dubbed "TA")
is proposed for extensional mode transducer applications when
frequency stability with temperature over an extended range is a
requirement, jointly with moderate piezoelectric coupling. The
reference temperature for all computations is 25°C, but the
region of minimum frequency deviation may be adjusted by
variation of the phi/theta angles about the intersection point in
Fig. 3, as is done with doubly rotated quartz cuts [20].

A second compensated orientation (the "TC" cut) likewise
exists for the slow shear mode operating on the fundamental
harmonic. The first- and second-order temperature coefficients
of frequency both vanish for this cut, whose coordinates are §/6
= 19°/56°. The TC cut is proposed for shear mode transducer
applications demanding superior frequency stability with
temperature, and piezocoupling values larger than available with
quartz.

YELOCITY AND PIEZOCOUPLING

The nominal fundamental frequency of a plate resonator on a
given mode is one half the appropriate acoustic velocity divided
by the thickness. The half-velocity is referred to as the
“"frequency constant." Figure 4 gives the frequency constants Nj
for LBO (yxwl)eé=48°/6 cuts; index "m" denotes the mode: "a" =
extension, "b" = fast shear, and "c" = slow shear. In general,
each mode contains an admixture of shear and extension, so an
important consideration for transducer application is the purity




of the desired motion. We shall return later to this point when a
comparison with lithium niobate is given. The N, turn out to be
quite insensitive to ® charges in the range 3 < 8 < 45°, B8O
Fig. 4 may be used to infer the theta variation of N, about the
TA cut angle. Values about the TA cut are shown boxed; they
bracket the maximum.

The corresponding thickness excitation [TE] plezoelectric
coupling factors k;,; are plotted in Fig. 5; these are also
insensitive to & changes in the same range. Showh boxed are the
two [TE] coupling factors in an angle range about the TA cut, k,
and k,: these are nearly of equal strength.

Table 1 lists the frequency constants and plezocoupling
coefficients for the three simple thickness modes of TA- and TC-
cut lithium tetraborate transducers, as well as for the unrotated
Z cut. The kp are for thickness excitation, [TE], where the
driving field is in the direction of the plate thickness, while
the k, represent the coupling factors for lateral excitation,
[LE), with the fi~ld in the plane of the plate [23). The number
in parentheses following k, is the lateral field angle psi in
degrees. In IEEE notation ghe lateral electric fileld direction
can be expressed as a “hird rotation from the original
crystallographic X axis by the symbol (yxwlt)é/6/psi. Also 1i?§§d
in Table 1 are the direction cosines of particle motion, B, '
for each cut and mode, from which the purity of the mode can be
established. The subscript "m" refers to the mode, while the
superscript (i) refers to the crystal plate axes; (2) is the
plate thickness direction.

TEMPERATURE COEFFICIENTS

Table 2 contains values of the first-order temperature
coefficients of 1ithium tetraborate, with units of 10-6/K, as
follows: Tg is the coefficient of the nominal frequency; it is
obtained as the difference of the velocity and thickness-
directed thermoelastic coefficients. Tk and TK are the
plezocoupling [TE] and (LE]) temperature coefficients. Tgp is the
coefficient of the [TE] resonance frequency, while Tgp is the
coefficient of the [LE] antiresonance frequency. Tep i8 computed
from Ty and Tk, and Tgp is computed from T¢ and TkK; the method is
given in Refs. [24) and [25]. In all cases the effects of
electrode mass loading are not taken into account. Second-order
:emperature coefficients have been computed for LBO and are given

n Ref., [26].

COMPARISON WITH LITHIUM NIOBATE

Lithium niobate (LNO) has two major transducer orientations:
the 36° rotated Y cut (extensional mode), and the unrotated X cut
(shear mode). Table 3 lists, for these orientations, and for the




2 cut, the quantities correspondingly given for lithium
tetraborate in Table 1. Generally speaking, LNO possesses greater
plezocoupling values for both thickness and lateral field
excitation. Furthermore, in INO the shear mode cut is unrotated,
and the extensional mode is only singly rotated, making
fabrication relatively straightforward; in LBO both transducer
cuts are doubly rotated. It appears, then, that niobate enjoys
clear advantages over tetraborate as a transducer material when
temperature considerations are of no consequence.

When the influence of temperature is important, the
situation is reversed. Table 4 provides the first-order
temperature coefficients of the nominal plate frequencies for
the lithium niobate cuts mentioned above [22], [20]). The values
are all quite large. The temperature coefficients of
plezoelectric coupling are omitted from this table because they
affect the temperature coefficients of the operating frequencies
by relatively small amounts, and do not alter the uniform picture
of very large, negative temperature coefficients for both
thickness and lateral excitation.

By contrast, LBO has both the first- and the second-order
temperature coefficients of resonance fregquency equal to zero at
the TA- and TC-cut orientations, leading to superior performance
in thermally sensitive environments.

We now consider the question of the displacements produced
by each transducer, i.e., the motional purity. From the last
three columns of Tables 1 and 3, one sees that both the TA-cut
and the LNO 36° rotated Y cut produce quasi-extensional motion at
the "a-mode" resonances, with the shear component of both cuts
quite small and of approximately equal magnitude. The extensional
transducer cuts are equivalent in respect to this feature. With
regaid to the shear liansducer cuts, {lhe LBO TC-cut "c mode" is
quasi-shear in nature, with the eaextensional component comprising
about 28% of the motion. The corresponding LNO X cut has a pure
extensional mode, (undriven by [TE]), so the desired "b mode"
consists of purely shear motion, albeit at an angle to the in-
plane crystallographic axes.

In the tables, the properties of LBO and LNO Z cuts are also
compared. This cut has three pure modes, the two shears of which
are degenerate. The 1.BO [TE] "a mode" coupling is greater than
that for LNO, but for [LE] the LNO shear coupling exceeds even
that of the LNO [TE] X cut "b mode:" this fact has not apparently
been generally recognized. The LNO temperature coefficlents,
however, are very large. For LBO, the temperature situation is
much more desirable. The laterally excited shear "c mode," in
fact, can have its first-order temperature coefficient of
frequency adjusted to be zero by using a "load" capacitor Cp in
parallel with the transducer for adjustment, and/or operating at
a harmonic other than the fundamental.




CONCLUSIONS

Two doubly rotated lithium tetraborate cuts have been found
that possess, for the fundamental harmonic of operation, both
first- and second-order zeros of temperature coefficient of
frequency, along with moderately strong values of plezoelectric
coupling coefficient. One is suitable for extensional mode, and
the other for shear mode transducer operation in situations where
temperature insensitivity considerations are paramount.
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TABLE 4. TEMPERATURE COEFFICIENTS OF
LITHIUM NIOBATE TRANSDUCER CUTS.

LNO ANGLE II Te
CUT MODE
?° le (10-8/K)
36° o | 36 a * -65.
rot. b -77.
c -78.
X 90 0 a -83.
b * -59.
c -79.
2 o | 90 a -43,
b -910
c -91.

*Pundamental harmonic.
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