THE BULK ACOUSTIC WAVE PROPERTIES OF LITHIUM TETRABORATE
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ABSTRACT

-_.\\\Lithium tet raborate 1is a new piczoelectric material
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which has been shown to have improved properties for
SAW applications. In view of this the bulk acoustic
wave properties have been predicted for both singly and
doubly rotated cuts, using the values of the material
constants and their temperature coefficients currently
available.

One of the orientations investigated showed potentially
interesting properties. An Xp-cut rotated 56°40° about
X1 displayed a zero room temperature first order
temperature ccoefficient of frequency for the thickness

shear mode. Although there is strong coupling to a
thickness extensional mode this is well separated out
in frequency and the response is effectively single
moded.

The piezoelectric
shear mode was
comparing favourably with AT quartz
rotated beriinite (3%). <:

coupling constant for the thickness
predicted to be greater than 6%,
(0.8%) and 28°

resonator devices
of a parabolic

Preliminary measurewents on
have been conducted. The
frequency/t emperature performance been confirmed
with second order temperature coefficient of
30 x 10-8°C-2, Although the turnover temperature Shows
a tendency to shift with the value of 2/t (where 1 is
the electrode length and t the resonator thickness)
devices have been designed with a room temperature
turnover and a variation of +50 ppm between 0 and 40°C.
Although this is higher than AT quartz (+0.5 ppm) the
capacitance ratio of these devices has been measured as
low as 20 compared with a value for AT quartz in excess
of 200.

single
existence
has

The maximum attainable bandwidth of a filter using
quartz bulk mode resonators is 1%, achieved wusing
complicated synthesis and optimisation techniques.
Simple Tlithium borate bulk wave filters should have
fractional bandwidths significantly wider than this and
it is expected that by using dasign techniques similar
to those used for quartz filters further improvements
could be made.

ANTROOUCTION

There 1{s an 1increasing demand 1in signal processing
systems for compact electronic components using surface
acoustic waves (SAW) or bulk acoustic waves (BAW) in
piezoelectric substrates. These components include
filters, delay lines, encoders, decoders and
correlators, The most commonly used substrate material
has been ag-gquartz which offers good mechanical and
chemical stability, high intrinsic Q and single rotated
cuts with a zero first order temperature coefficient of
frequency (TCF) for both SAW and BAW applications.

Unfortunately quartz exhibits weak electromechanical
(EM) coupling which 1s a limiting factor in achieving

certain device spectfications such as bandwidth and
insertion 1loss. Over certain frequency ranges SAW
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transversal filters and BAW resonator filters provide

roughly complementary technologies. However there are
significant applications in  modern radar and
communication  systems, which require  frequency

selectivities difficult to achieve with SAW's, combined
with bandwidths impracticable for BAW crystal filters.
With AT quartz resonators a fractional bandwidth of 1%
is feasible but in this region the effects of 1losses in
inductors wnich are essential to the design are very
significant, These problems can be overcome by
sophisticated synthesis and optimisation techniques but

there is an inevitable opractical penalty in terms of
sensitivity and ease of construction. There exists,
therefore, an urgent need for a material with both high

EM  coupling and zero first order
coefficient.

frequency temperature

Materials that have been investigated in recent years
include lithium niobate, lithium tantalate and aluminium

phosphate (berlinite). Table 1 shows the EM coupling
Material EM Minimum  IMaximum
and cut coupling | k2 effectivelpandwidth
K Co/Cy o

Lithium 0.615 0.378 8 1Z2.%
niobate

163°X2

Lithium 0.408 0.166 17 6
tantalate

163°X3

Lithium 0.281 0.0792 20* 5
tetraborate

56°40' X2

Berlinite 0.15 0.0225 90 1.1
28°X7

Quartz (AT) 0.089 0.00792 250 0.4
(@] Fundamental mode

Tthium 0.61% 0.042 70 1.4
niobate

163°X%,

Lithium 0.408 0.0184 170 0.6
tantalate

163°X7

Lithium 0.281 0.0088 380* 0.26
tetraborate

56°40'Xy

Berlinite 0.15 0.0025 800 0.12
28°X%;

Quartz [AT) 0.089 0.00088 | 2000 0.05
{b} Third overtone ¥ Experfmenta]ly determined values

Table 1 Comparison of filter performance
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factors :nd maximum bandwidths of these materials for
fundamer®al and third overtone mode operation. However
attemdpts %o build useful filters with these materials
have uncarired a number of complications.

Lithium niybate and lithium tantalate exhibit trigonal
symmet ry with point group 3Im, and for both materials
there exists, in addition to the major axes, a
pseudo-threefold axis rotated 163° from +Xp about Xyl
(See Figure 1). A plate prepared at this rotation has
a vibrational mode structure similar to AT gquartz, but
the TCF {s 1 the order of -80 ppn/°C for lithium
niobate, and -20 ppm/°C for lithium tantalate., A
double rotated (a=75°, pg=14") plate of lithium
tantalate has a zero TCF at 25°C, but it has been found
that the mode spectrum of resonators operating at
fundamental mode for this orientation is distorted by
high overtone flexural modes moving through the main
response with a TCF of -S0 ppm/°C. The TCF for
operation at third overtone is -40 ppm/°C,

X

(a)

——=X,

‘\\\\\Eii\x;

Convent ions for specifying plate rotations
with respect to crystal axes Xj,X2,X3
(a) Single rotation g (b) Double rotation ap

Figure 1

More recently berlinite has been examined as a possible
substrate material?.3, Berlinite 1s {somorphic with
quartZ and has a 28° Xz plate analagous to the AT cut
in quartz. Work performed at Hirst Research Centre on
berlinite bulk wave resonators has demonstrated a cubic
frequency temperature performance with turnovers at
room temperature and 100°C, However berlinite offers
only a marginal 1improvement in EM coupling, and
berlinite resonators exhibit many undesirable features
such as an hysteresis effect on temperature cycling and
very low Q values. This was almost certainly due to
the fact that the best quality material available had a

water cgntent of as much as 1 mg/g in Xp axis grown
material®, Growth of single crystal boules by
hydrot hermal synthesis has proved difficult not least

because of its reverse solubility, and investigation of
this materia)l has subsequently been discontinued.

Lithium tetraborate (Li7B407) is a new material which
has been _arousing nterest for possible  SAW
applicationsS. It was chosan initially 1in the hope

that its low density (2451 kg/m3) would result in high

acoustic velocities. Single crystal boules have been
grown using the Czochralski technique®.’ and its
symmet ry has been determined as tetragonal 4 mm, The

elastic, dielectric and piezoelectric coefficients have
been measured along with their first order temperature
coefficients? and these have been used to calculate BAW
properties for single and double rotations of lithium
tetraborate plates.

»

THEORY OF THICKNESS MODE PLATE VIBRATORS

The first exact solution to the problem of vibrations in
piezoelectric plates with wave propagation in the
thickness direction only was due to Tiersten8. He
considered the case of an homogenous, anisotropic,
infinite plate with infinite massless electrodes
subjected to an alternating potential difference. The
faces of the plate are assumed to be traction free with
Xy arbitrarily selected as the plate normal. No X, or
X3 dependence is assumed. The analysis proceeds in the
following stages.

(i} The rotated material constants are obtained for a
particular orientation using relations of the form
Cijrt =¥ VieYjsVtViu Crstu (1)
rstu

where Vi; is the rotation matrix and C'yjyy corresponds
to the rotated elastic constant mattrix, In the

following text Cijk1. €jjk., €jj are used to represent

the rotated values of the elastic, piezoelectric and
dielectric constants,
(ii) The stiffened elastic constants C are comput ed
using the relation

éljkl = Cpjen * B11j®11K (2)

€11

(iii) Following Tiersten, solutions of the stress
equat fons of motion including piezoelectric stiffening
have been assumed to take the form Uj=AjsinnXl. This
requires

{Cyjky - €55k) Ak = 0 (3)

where &jk is the Krdnecker 5. This matrix equation is
solved by Householder reduction? yilelding three reatl
positive roots C\! corresponding to the acoustic
velocity of three modes a, b and ¢. Mode a is therefore
a thickness extensional mode whilst b and ¢ are the fast

and slow thickness shear modes. Each mode has an
associated eigenvector A(l corresponding to the
polarisation of the particle displacement.
{(iv) The EM coupling factor K(f)is defined as
i 2
(EA(k)mk)
K2 =\k (4)
A AT LN
(in )C(i)m
k
and is plotted in Figure 2 as a function of 8 for each

of the three modes where g corresponds to an orientation
from +X2 about Xj.
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Angle of Rototion (degreee)

Figure 2 Coupiing coefficient as a function of angle
of rotation 3. Fundamental mode

(v} The natural resonances and antiresonances of the
plate are obtainec from the poles and zeros of the
input admittancelU, These occur at

1 - { kz(l)tng { .
) e = for antiresonance (3)

« 0 for resonance {6)

1 - { gZ(,) anv§11
(1)

1f the plate faces occur at  Yyzeh then Y(y)=hn(i).
Equatton (S) fs simply satisfied for Y(4) o mn/% for m
0odd yielding an {infinite set of harmonlcally related
antiresonant frequencies fa, Equation (6) has three
series of couplec roots., For single rotations of
L1840, only two modes are excited simultaneously and
for simplicity i1t is assumed that these modes are
uncoupled, This is a4 reasonable assumption for certain
values of the ratio of antiresonances for the two
excited modes.

(vi) Yalues of the frequency constants are computed by
an iterative solution of the equation

1 (n
*“(1)

Y(1) = atan

{with n=} for the fundamental mode and ne3 for the
third overtone mode) using the relations

Y(') . nx ’r(n) and ’G(n) l%_v_{_‘l. where V(q) are

=
ALY
the pilezoelectrically stiffened phase velocities

C(i[ . Frequency constants for the three modes are

[
plotted as a function of 8 in Figure 3,

frequeroy Conetant (MMa. aul)

i
Angle of Rototion (degreesl

Figure 3 Frequency constant as 3 function of rotation
angle R. Fundamental mode

(vii) Finally the resonant frequencies are adjusted for
temperature by using the temperature coefficients of the
material  constants and  tieir  thermal expansion
coefticients (see Table 2). The resonant frequencics
are computed at room temperature 0,5°C and a  I(F is
calculated from the slope obtained from these points,

Coefficient Magnitude Temperature coefficient
(10-6°c-1)
t 12.67 -12%
€12 0.05 14000
€13 3.0 350
Cy3 5.39 354
C4a 5.50 -23
Co6 4.60 -480
eys 0.36 -1300
e3) 0.19 1300
33 0.49 -1000
S 8.97 <110
%33 8.15 -3
aq] 13.0
i3 -1.%

Table 2 Elastic stiffness (1010 Nm-?) piezoelectric
-Z) and relative dielectric constants and
their first orer temperature coefficient at
20°C, These were the values used in the
calculations, (From Shorrocks et al 1982].
al] and a3 are the lin?ar expansion
coefficients (10°6 m°C-
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These are plotted in Figure 4 for the fundamental mode
and Figure 5 for the third overtone mode. It is clear

from Figures 2 and 4 that there exists single a —
orientations of LiB407 plates for which there are Zero 1
TCF's for both the electrically excited modes. These 1
occur at B=238°49' (thickness extensional) and +48°48'
(thickness shear) for the fundamental mude, £71°52' and 63l _,,_—-—"""'—__——_-*r
$68°17' for third overtone, i °
o 483
n
5 g 1
-
b§
4
. |
; ~—1 . .
5 2 ® " 2 S 8 I 8
H ! /¢
- -150.} $ !
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,: .
1 RN ,)' Figure 6 Turnover temperature as a function of
i O elect rode size
=250 s ' i
3 3 ] ® ) 3 3 MATERIAL CHARACTERISATION AND DEVICE PREPARATION
Angle of Rotation [degrees)
The resonators used in these experiments were prepared
with material obtained from an X; axis grown crystal
Figure 4 Temperature coefficient of frequency as a boulell, Optical examination revealed an annular core
function of rotation angle p. Fundamental of defective material but away from the central region
mode there were larje areas of crystal that were relatively

defect free. 56°40' rotated Xp plates ~0.5 mm thick
were cut from the boule and then syton polished on both
sides., The plates were checked for orientation »y X-ray
reflection and then the bulk of the mater1al was
examined using a Schlieren imaging technique., Circular
blanks 8 mm 1in diameter were trepanned from the best
material and then reduced to ~0.i mm thickness wusing a
stretched carrier lapping machine, A final 1inspection
of the blanks by the Haidinger fringe method revealed a
thickness uniformity of 1 part in 103.

. Blank characterisation proceeded by measuring the blank
Poo frequencies at 3rd and 5th overtone in 6 mm diameter

) air-gap electrodes, Together with a measurement of the
thickness wusing a digital micrometer a value of the
frequency constant for the unplated blank was obtained.
This was found to be 1700¢50 kHz mm.

Verevoccnans;

| R

Sealae’ SINGLE RESONATOR DESIGN

8 3 $ @ ) 8 & In order to design a single resonator it is necessary to
Angle of Rotation (degrees) extend the mathematical treatment to allow for the
effect of finite electrodes with finite mass. Such a
treatment based on a wave propagation analysis for
Figure 5 Temperature coefficient of frequency as a integrate2 filters has been used previously for the
function of rotation angle 8, Third overtone desigu of AT quartz resonatorslZ and an adaptation of
mode this technique has proved successful in predicting the
prorerties of resonators manufactured from higher
The experimental data described below was obtained from coupling materials such as 163° rotated Xz lithium
1ithium tetraborate resonators manufactured on plates tantalate. As a first approximation this technique has
cut at §=-56°40', an orientation obtained from been wused for 56°40' rotated Xz lithium tetraborate.
calculat ions based on earlier data, 1t has therefore The method 1involves treating the electroded and
been necessary to adjust all predictions to this wunelectroded regions as having the iame thickness, t,
orfentation. The 56°40' plate does in fact demonstrate but separate densities pg and pyi. Solutions are
a room temperature turnover for a given value of 1/t obtained for standing waves in the eiectroded region and
where 2 is the electrode length and t the resonator an evanescent wave in the surrounding region; the
thickness. In the case of infinite electrodes where solutions being matched across the boundary. For square
g/t + » the turnover temperature for this plate tends electrodes of length t these solutions depend on the
to an wupper limiting value well away from room ratio 2/t, corresponding to the Bechmann conditions for
temperzture as anticipated, (see Figure 6). quartz.
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The information required is the rotated elastic,
piezoelectric and dielectric constants and an estimate
of the intrinsic Q of the material., The value used was
106 at 1 Mz by measuring the Q ot a device at 7th
overtone and extrapolating back (Figure 7). Thus
values of the fractional mass loading, (defined as u-1
where pf = pzpu) and resonator Q have been calculated
as functions of plateback for the fundamental and third
overtone  modes, Here plateback is defined as
(fu-fp)/fu. fu is the resonant frequency of the blank
and  fp the frequency after plating. These are
f1lustrated in Figures 8 to 11 for a range of values of

t/t and were used as the design criteria for energy
trapped resonators.
14
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Figure 7 Intrinsic Q as a function of frequency.
Extrapolated from resonator Q at third
overtone

[ Experimental value for 1,3 and 5

Differentie]l Mese Loading
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Figure 8 Differential mass loadinn as a function of
plateback for the fundame~tal mode
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Figure 9 Differential mass loading as a function of
plateback for the third overtone mode
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Figure 10 Plot of platback/resonator Q for the
fundamental mode
EXPERIMENTAL RESULTS
Groups of lithium tetraborate resonators have been

fabricated with values of t/t from 3 to 30. The crystal
equivalent circuit parameters and frequency temperature
characteristics of these devices have been examined.

EQUIVALENT CIRCULT PARAMETERS

The equivalent circuit parameters of the lithium
tetraborate resonators have been detemmined using an
dutomated measurement technique previouslx described for
the measurement of quartz resonatorsld, The four
S-parameters of the device are measured {transmisstion
measurement ), then error corrected using a standard 12
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Figure 11

term error model and finally a non-linear least squares
fit is performed using the transmission coefficient,
Sp1. A set of starting values is obtained from an
initial survey of the measurements around series
resonance which are iteratively refined to obtain
optimum values of the crystal parameters R,L,C and Cgy.
The measured and calculated responses are then

displayed. Figures 12 and 13 show typical outputs for
the fundamental and third overtone mode. Accurate,
repeatable measurements of crystal parameters can be

obtained in this way with traceability to the precision
50 ohm components used in the calibration procedure. A
comparison between the values of the measured
parameters and those predicted by the single resonator
design program is shown in Table 3. The experimental
values quoted are averaged over efght resonators.
These results are discussed below.

FreqO8is) CFolpf ESR Lm(=td Cu(pfd ]
11, 6586487 1.18 39.8 4.85 3. B41E-22 5965
\\

Cryetol Reeponee
Theoretioel Fie

18 dB/diviston

4
frequency (DELTA Fe3230kHz)

Figure 12 Typical response of a fundamental mode
crystal resonator, together with the dest
value parameter fit

Freq Ofz)
" 333821763

Copf ESR
1.14 275.53

La(atd Calph o
80,68 3, 426E-04 51608

Cryetol Reepones
Theoretical Fie

18 dB/divteton

"

Frequency @DELTA Fe120xHs

Figure 13 Typical response of a third overtone mode
crystal resonator, together with the best
value parameter fit

FREQUENCY TEMPERATURE BEHAVIOUR

The variation of resonant frequency with temperature has
been investigated in two separate ways.

In order to examine the existence of a room temperature
zero TCF, an environmental chamber equipped with both
heating elements and COp cooling was wused to provide
ambient temperature from -20°C to 80°C, Accurate
measurements of temperature were made by encapsulating
the resonators and then fastening platinum resistance
sensors to the container, The frequency was monitored
in two ways. Where possible an oscillator circuit was
used incorporating a 12 MHz low pass filter to prevent
frequency hopping to either the thickness extensional or
higher overtone thickness shear responses. The
frequency could then be read directly from a counter.
Where this was not possible, due to high insertion
losses or general lack of stability, frequencies were
monftored directly on a spestrum analyser,

The measured data was stored on magnetic tape. Analysis
of the data involved making a parabolic fit by the
method of least squares. The results are summarised in
Figure 14, 1t is clear from these results that there
exists a first order zero TCF but that the turnover
tenperature is dependent on the value of t/t,

The frequency temperature characteristic of a resonator
was measured over @ wider temperature range, 4 K to
300 K, to look for possible coupling with other modes of
vibration which could give rise to lower values of
resonator Q. Automated acoustic loss and frojuency
measurements were made as a function cf temperature
using a helium/nitrogen flow cryostat system described
previcuslylS, A slightly modified form of the precision
crystal parameter measurement technique was utilised,
The frequency-temperature characteristic of the
resonator is shown 1in figure 15 as a percentage change
relative to the frequency at 4 K. A large acoustfc loss
occurs in the 50-70 K temperature regime giving rise to
the discontinuity in the frequency-temperature plot,
Discontinuities in the range 85-105 K are findicative of

coupled modes. A large acoustic loss peak at 160 K
gives rise to the inflection in the in the
characteristics in that region. Above about 100 K the

mair response appears unaffccted by spurious modes.
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Figure 14 Frequency/temperature characteristics of
lithium tet raborate resonators for different
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Figure 15 The frequency/temperature characteristics of
a lithjum tetraborate resonator from 4,2K
to room temperature

DIScussion

Theoretical calculations have shown a number of
orfentations of lithium tetraborate offer temperature
stability and high electromechanical coupling., A study
of the temperature performance of a 56°40 Y rotated
plate has revealed some interesting points. For values
of 2/t =30 the frequency/temperature behaviour is
approximately linear with a positive sliope of 20 ppm/“C
as expected., However experiment has shown that as 2/t
decreases the temperature for zero TCF decreases rapidly
reaching 20°C for 2/t = 3. It i§s also noted that an
increase in turnover temperaure with 1/t has been
achieved by replating the same resonator with different
size electrodes. In addition it is independent of
electrode orientation with respect to the face axes X
and X3. Furthermmore, using the linear temperature
coefficients available a minimum in the
frequency/temperature curve is anticipated with a second
order coefficient of +30,10°9°C-¢ (which is comparable
to ST quartz) whereas in practice a maximum has been
ohtained with a coefficient -300:50 x 10-9°C-2, It
seems evident that the first order temperature
coefficients are only accurate for 25°:5"C and
particularly for temperatures in excess of 30° higher
order terms are required.

Measurements of the electrical parameters of single
resonators have shown a number of interesting
properties; the most striking being the ‘arge anomalies
between predicted and theoretical values for fundamental
responses whilst at third overtone far better agreement
has been obtained (see Table 3). This would seem to
point to cross-coupling between the fundamental mode and
some other mode: the oniy other electrically excited
being a thickness extensional mode with a frequency
constant more than double that of the fundamental shear
mode. Electrical coupling to this mode (k€ = 4%) cannot
explain the increase in coupling required to account for
the anomalously high platebacks shown in Figure 8.

The measured Q values for the fundamental mode are an
order of magnitude less than anticinated although good
agreement has been shown for higher overtone modes.

Reasured values Predicted
Rode [Frequency|flect rode| N anuency"lnmu Static Mt tonal Capacitance| Mt iona) lesr qQ Turnayer 2nd Mot tonal esr Q
size constam capacitance|capacitancefratio inductance temperature | TCF $ductance
etz - M owm pF oF.10°2 - ohm °c 10-9°c-2] ohas

1 10,36 0.5 b ] 1720 0.0! 1.1} 1.86 ] 12.2 270 | 2970, 19 -300

1 11.6% 1.0 7 1747 0.01? 1.1 3.8 s ] 4.8 36 | 9700 s -2%0 .2 4 (19200
) 1.3 1.0 ’ 0.003 1.4 66,8 210 |S1700 35.0 208 {35000
1 11.10 .0 14 1650 0L.038 2.9 14,5 2 1.4) 10 | 9091 <8 -4

1 11.19 4.5 30 1747 0.038 19.0 61.4 » 0.)2 10 | SS00 6s -271%

Table 3 Summary of results obtained on 1ithium tetraborale resonators
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This may be due to mechanical coupling resulting in
damping of the fundamental mode or loss of energy
through some flexural or thickness twist mode.

It is possible that some approrimations in the one
dimensional theory and tie single resonator theory
breakdown in the case of some high coupling materials.
Recently a more general theory has solved the problem
for coupled acoustic modes in partially contoured
crystal resonatorsl6 and it is hoped to extend this to
flat crystal blanks. Even while the fundamental mode
behaviour is not fully understood it is still apparent
that useful devices can be made on lithium tetraborate
at both fundamental and third overtone.
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