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Surface acoustic wave (SAW) properties of a crystal depend
on the density, elastic, piezoelectric and dielectric constants.
On the basis of literature data, calculations of SAW para-
meters in a neodymium calcium oxoborate [NdCa, OBO,),|
crystal were carried out to evaluate orientations optimal for
the correction of elastic and piezoelectric constants. SAW
velocities and electromechanical coupling coefficients were
measured using SAW delay lines deposited on differently
oriented crystal substrates. Dielectric constants were determi-
ned from measured effective permittivities. Both a nonlinear
least squares algorithm and a computer program for the cor-
rection of elastic and piezoelectric constants from measured
SAW velocities and electromechanical coupling coefficients
were developed. The correction of NdCa,O(BO),), elastic and
piezoelectric constants was carried out. It was shown that for
the corrected constants the differences between the measured
and calculated SAW parameters are marginal.
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Metoda korekcji stalych elastycznych i piezo-
elektrycznych krysztalow z wykorzystaniem
zmierzonych parametrow akustycznych fal
powierzchniowych

Wilasnos$ei akustycznych fal powierzchniowych (AFP)
w rysztale zaleza od gestosei stalych elastycznych, piezo-
elektrycznych 1 dielektrycznych. Na podstawie danych z li-
teratury obliczono parametry AFP w krysztale tlenoboranu
neodymowo wapniowego [NdCa,O(BO,),|] w celu wyzna-
czenia orientacji optymalnych do korekeji stalych. Zmierzono
predkosei 1 wspolezynniki sprzegzenia elektromechanicznego
AFP z wykorzystaniem linii opozniajgcych osadzonych na
podlozach NdCa,O(BO,),o réznych orientacjach. Wyznaczo-
no state dielektryczne z pomiaru przenikalnosei elektrycz-
nych. Opracowano metodg korekceji stalych elastycznych
1 piezoelektrycznych wykorzystujaca nieliniowy algorytm
najmniejszych kwadratéw i zmierzone parametry AFP. Prze-
prowadzono korekceje stalych elastycznych 1 piezoelektrycz-
nych krysztalu NdCa,O(BO,),. Wykazano, ze dla stalych
skorygowanych réznice migdzy zmierzonymi, a obliczonymi
parametrami AFP sg bardzo male.

Stowa kluczowe: stale elastyczne, stale piezoelektryczne,
stale dielektryczne, akustyczna fala powierzchniowa

1. INTRODUCTION

A neodymium calcium oxyborate crystal
[NdCa,0(BO,),, abbreviation: NdCOB] shows no
phase transition and maintains piezoelectricity up
to the melting point ofiabout 1470°C. It belongs to
a monoclinic class, point group m and is described by
13 elastic, 10 piezoelectric and 4 dielectric constants
[1]. These 27 material constants were previously
measured by T. Karaki [2] and by F. Yu [3] using
the impedance spectroscopy method. A NdCOB
crystal is attractive for surface acoustic wave (SAW)
components and high temperature sensor applications
because some orientations are thermally compensated
and show a relatively high electromechanical
coupling coefficient, while other orientations are
thermally sensitive [4]. In a SAW component design
procedure it is important to precisely simulate
crystal’s SAW properties. Applying constants from
[2] or [3] in SAW simulations leads to results that
are significantly different, compared to the measured
ones. The differences are caused by material
constants errors generated during measurements ofl
a large number of! differently oriented specimens,
relative to the crystal axes. Therefore, the correction
ofithese constants is necessary. The material constants
correction based on SAW velocity measurements
for such a simple piezoelectric crystal like lithium
niobate (trigonal class, point group 3m) was first
proposed in [5]. In this method, SAW velocities for
free and metalized crystal surfaces were determined
by an optical method. In this work, SAW velocities
and electromechanical coupling coefficients were
measured using delay lines. Additionally, dielectric
constants were evaluated from the measured effective
permittivities.
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2. PRELIMINARY CALCULAU
TIONS

In a monoclinic m class, a rectangular (X, Y, Z)
coordinate system relative to a crystallographic (a,
b, ¢) system is chosen such that Y||b , Z||c , X axis is
perpendicular to Y. and Z axes and forms a right-han-
ded system (Fig. la). A SAW-related, right-handed
(x,» X, X,) system is chosen such that the wave pro-
pagates along x, axis and decays along x, axis (Fig.
1b). The relation (substrate orientation) between (X,
Y. 7) and (x,, x,, X,) systems is specified by Euler
angles (v, 1, 0) (Fig. 2).

fal (h})

Fig. 1. Coordinate system related to crystal axes (a) and
to the SAW propagation direction (b).

Rys. 1. Uklad odniesienia zwigzany z osiami krysztalu (a)
1 z kierunkiem propagacji AFP (b).
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Fig. 2. Euler angles definition.
Rys. 2. Definicja katow Eulera.

In [2 - 3] material constants are given in a form

. oE T
of elastic sj;, €mn

(where 1,j,1=1,2..6; k, m,n =1, 2, 3; superscripts

piezoelectric d and dielectric

E and T, which indicate a constant electric field and
strain, respectively, will be skipped in the following
consideration). When calculating SAW parametersy

using an algorithm [6],5;Ei, iy, €0, must be trans-

formed into L';;_.Ey_! ,E:.:;,;: constants [7]:

[ef}= [s5] (1)
lewl= [da] [ cf )
lenal= [etnn) — [dul [ ] [du] 3)

where [sii]*land S indicate an inverse matrix and
constant deformation, respectively.

constants |2 - 3] used in preliminary calculations are
shown in Fig. 3.
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Fig. 3. Density (a) and initial dielectric (b), elastic (¢) and
piezoelectric (d) constants.

Rys. 3. Gestosé (a) i poczatkowe wartosci statych: dielek-
trycznych (b), elastycznych (¢) i piezoelektrycznych (d).

The sensitivity of particular s, or d,, constants in
SAW calculation depends on orientation. Computer
simulations were carried out to find orientations cha-
racterized by the velocity v and the electromechanical
coupling coefficient K? sensitive to material constants
changes. Calculated Av and AK? changes induced by
As,==+0,01s, and Ad,; ==+ 0,01d, changes, respecti-
vel, are shown in Figs. 4 - 5.
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Fig. 4. Velocity changes induced by As ==£0,01s changes
versus the angle 0 for X-, Y- and Z-planes.

Rys. 4. Zmiany predkosci wywolane przez zmiany

As =+0,01s w funkgji kata O w plaszczyznach X, Y 1 Z.

Velocities for all planes are most sensitive to s "

and s, changes. Eor X-plane, s, s, S... Ses mduce
changes in velocity of about 15 m/s, while s, s,
and s,., of about 1,5 m/s. For Z-plane, S and s,
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Fig. 5. Electromechanical coupling coefficient changes
induced by Ad,, = +0,01d,, changes versus the angle 6 for
X-, Y- and Z-planes.

Rys. 5. Zmiany wspoélczynnika sprz¢zenia elektrome-
chanicznego wywolane przez zmiany Ad,, = +0,01d,, w
funkc;ji kata © w plaszczyznach X, Yi Z.
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show medium sensitivity. For Y-plane, s, ., s, 5.
show high sensitivity, while s , shows low sensitivity.
Elastic constants s g, s, s.., s, inducd very low Av
(below 1m/s), which indicates that they are the con-
stants with the largest uncertainty. Electromechanical
coupling coefficient changes induced by Ad,, changes
(Fig. 5) are substantial in the case of both X- and

Y- planes. For Z-plane, AK? is low.

3. MEASUREMENT METHOD AND
RESULTS

A SAW delay line consisted of two double-clec-
trode inter digital transducers (IDT) and a screen
(Fig. 6a) was designed [4] to measure both substra-
te effective permittivity and SAW properties. The
following data were used for the SAW delay line:
the period of an electrodes p = 8 um, the width of
an ¢lectrode a = ¥z p, the aperture W = 1,6 mm, the
number of electrodes in each IDT and on the screen
N,=254 and N = 15, respectively. An about 0,1 pm
thick aluminum layer was used for metallization.
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Fig. 6. Structure of a delay line (a) and the measured ampli-
tude response of the YX10° NdCOB crystal substrate (b).
Rys. 6. Struktura linii opdzniajacej (a) i zmierzona cha-
rakterystyka amplitudowa podioza YX10° NdCOB (b).
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Amplitude responses were measured using the 50 Q
system (an Agilent Technologies network analyzer
type 8753ET), and an exemplary amplitude response
for YX10° orientation is shown in Fig. 6b.
Capacitances of the delay line, needed for the
determination of the effective permittivity &, were
measured using a Q-meter (Marconi Instruments).
The effective permittivity &, was evaluated from [8]:

C =0.707 W(e+ e)N 3)
r e

where Cp is the transduces capacitance (measured at a
frequency of about 5 MHz), ¢, is the dielectric permit-
tivity of vacuum, N = 4 N,. Obtained ¢ for different
orientations are shown in Tab. 1. The SAW velocity
v_under the free surfaced as well as the electrome-

chanical coupling coefficient K,:n were determined
by comparing the measured and calculated amplitude
responses [8]. For each particular orientation, three
plates were measured and a mean was calculated as a
final result. Obtained values are presented in Tabl. 1.
In orientation notation, the first axis is perpendicular
to the crystal’s plane, the angle is taken between the
second axis and the SAW propagation direction. For
example, XY20° indicates a plane perpendicular to
the X axis and the SAW propagation direction at an
angle 20° relative to the Y axis.

Table 1. Mecasured SAW parameters.
Tabela 1. Zmierzone parametry AFP.

Orienta- | Euler angles e /e, v, h;
Tl oton [y T T e [ e [t 1
1| XY20° | 90° |90°]20°| 10,3 | 3162 | 0,35
2 | XY30° | 90° |190°|30°| 10,5 | 3334 1,1
3 YX 180° [ 90° | 0° 11,9 | 3510 | 0,7
4 YX5° | 180° | 90° | 5° 11,7 | 3497 | 0,56
5 YX10° | 180° | 90° | 10°| 11,5 | 3483 0,5
6 | YXI15° | 180°190°| 15°| 11,4 |3432| 0,45
7 | YX20° | 180° 1 90°|20°| 11,2 | 3377 | 0,44
8 | YX25° | 180° [ 90°|25°] 11,1 | 3345 0,4
9 | YX30° | 180°[90°|30°] 11,1 |3280 | 0,36
10 | YX40° | 180° [ 90° | 40° | 10,7 | 3180 0,3
11 YZ 180° 190°190° | 12,0 | 2786 | 0,08
12 7X 0° [ 0° | 0° 10,6 | 3239 0,27
13 7Y 0° [ 0° [90°] 11,8 [ 2780 [ 0,08

The effective permittivity of the substrate is given
by [9]:

where: ¢’ 1s a dielectric permittivity matrix trans-
formed to (x,, x,, x,) a coordinate system [6]:

Eua= 2 IM,, - TM,, -& 3)

where: m, n, v, s = 1,2, 3; TM is a transformation
matrix of Euler angles:
sinp-3inG

vosy-cosl-siny-cosp-sendl  sinwg cosb+cosy cospesinll

T™M =] -cosw sinl- siny cosp-cosll - siny-sints cosy cosp-cash sl cost
LIANED 1] -casy-sio ) cosp

(©6)

Di¢lectric constants ¢ were obtained by solv-
ing a set of equations (4) for different orientations.
Obtained dielectric constants are shown in Tab. 2.

Table 2. Dielectric constants.
Tabela 2. Stale dielektryczne.

g, [3] [4] Measured | Accuracy [%]
&, 9.9 9.9 9.9 +3
€, -0.8 -1,6 -1.9 +15
&, 15 15,5 15,2 +3
&, 10 10.2 9.5 +3

4. CORRECTION PROCEDURE
AND RESULTS

It is assumed that the crystal density p, the initial
values of elastic g}, piezoelectric df;; and dielectric
&g constants are known (Fig. 7). Orientations cha-
racterized by the SAW velocity, sensitive to s;; and

71 changes, should be found on the basis of assumed
constants. Next, for such oriented crystal substrates,
the effective permittivities, the SAW velocities and
the electromechanical coupling coefficients ought
to be measured. After having performed the measu-
rements, one is advised to fit the calculated SAW
velocities to the measured ones using a least squares
algorithm. A sum of squares of velocities differences
(VSQ) should be taken as the target function:

VSQisg)= (v, [n] - v, [n]¥ 7

where: v_and v _ are the calculated and measured
SAW velocities respectively and # is the orientation
number. VSQ must be minimized by ¢lastic con-
stants modification, while piezoelectric constants stay

11
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unchanged at this stage. In the next step, the calcu-
lated and measured electromechanical coupling co-
efficients should be fitted by piezoelectric constants
modification. This time, elastic constants, obtained
at the previous step, remain unchanged. A sum ofi
squares ofi electromechanical coupling coefficients
(KSQ) ought to be taken as the target function:

KSO(d, )= > (Kiln)—K:[n])” (8)

where: K2 and K2, are the calculated and measured
SAW clectromechanical coupling coefficients respec-
tively, where:

k2= 2'(Vt.— szvi )
where: vfand v, are SAW velocities under free and
clectrically shorted surface conditions respectively.

The minimization procedures ought to be repeated
until both VSQ and KSQ reach minimal values.

C_START >

I Asquming. p, &y . Oy ‘

v

‘ Finding orientations where Av(As") is high l
1

Determinig £,

Fining elastic constants 5
Min { V5()s;) |

v

V502 reach minimim ?

54 = 5y |

r

Fitting piezoelectric constants dy
Min { KSQHdy) }

VS0 and KSQ reach m

Fig. 7.Correction procedure.
Rys. 7. Procedura korekcji.

An algorithm, invented by R. Hooke and T. Jeeve’s
[10], was used in the development ofithe computer
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program for both VSQ and KSQ minimization. Cor-
rected clastic and piezoelectric constants are shown
in Tab. 3 and Tab. 4 respectively. The differences
between the measured and calculated SAW parame-
ters for initial and corrected material constants are
presented in Tab. 5.

Table 3. Initial and corrected elastic constants.
Tabela 3. Startowe i skorygowane stale elastyczne.

Il.’ll- Cor- | Accu- ¢ | Initial Cor-
" E: tial | rected | racy C:: rected
[m?*/N]-10-*2 [%0] _CLEJ [N/m?]- 10"
| 83 9310 | *£2 c, 16,5 12,6
s, | -2 -0,042 | #£15 c, 5,90 2,18
| =35 | -3.100 +9 c,, 7,12 5,40
s | 0.9 | -0,88 +20 ¢, | 0,249 | 0,233
s, | 7.5 7.786 +3 c,, 16,0 154
s,, | -1.6 | -3,066 | *15 <, 4,95 6,48
s, | 0.5 0,5 +27 ¢, | 0,324 [ -0,514
s, | 94 8,413 +3 c,, 14,2 16,3
s,; | 0.9 0,88 +31 C,. -0,4 -0,574
s, | 34 | 33.874 +4 <, 2,94 2,96
S 46 1 1 +24 ¢, | 0,147 [ 0,16
s | 22 | 22,368 +5 c.. 4,58 451
S, | 20 | 18,889 3 o 5,00 5,30

Table 4. Initial and corrected piezoelectric constants.
Tabela 4. Startowe i skorygowane stale piezoelektryczne.

Ini- | Cor- | Accu- Initial | corrected
d, tial | rected | racy e,

[C/N] 1012 [%6] [N/C]
d, | 1.7 1,7 +18 e, | 0.169 -0,033
d, | 39 | 284 | =8 e, | 0472 | 0076
d, | 49 | -587 +6 e, | 0,392 -0,702
d_ | 30 | 353 16 e, | 0149 0,182
d, | 45| 295 | =12 || e, | 0,108 | 0059
d, | 165 | 17,78 | 14 e, | 0820 0,938
d, | -14 | 043 | 22 || e, | -0266 | 0270

2|25 3354 | 226 |[e, |-0416] 069

d, | L5 | 239 +8 e,, | -0,020 0,618
de | 23 | 413 | 224 || e, | 0104 | 0,156
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Table 5. Differences between measured and calculated
SAW parameters for initial and corrected material con-
stants.

Tabela 5. R6znice mi¢dzy zmierzonymi a obliczonymi
parametrami AFP dla startowych i skorygowanych stalych
materialowych.

_ 2z 2
V™ Ve Km_—_K =
[m/s] [%6] 102
Orien-
tation 0 49 a9 Jo
Si:9Kk1 S, dy. &, 5i5:0k1 Sy d.e.,
F oz (corrected) e (corrected)
=T = n
(initial) (initial)

XY20° 224 0.3 -8.8 -7,7
XY30° -122 -1,6 134 9.9

YX 274 -14 -0.8 9.8
YX5° 11,7 32 9.3 -3
YX10° 7.6 6,1 -6.8 2.2
YX15° 224 -4.6 2.3 0,3
YX20° -36,7 4.5 6,1 6.4
YX25° -39.8 43 37 1,6
YX30° -592 -6,6 14,0 10,3
YX40° -57.5 2.2 18,5 10,8

YZ 2,9 0.2 3.7 0,2

7ZX -26,1 34 25,1 6,9

7Y -8.5 4,3 -8.0 -82

5. CONCLUSIONS

Elastic and piezoelectric constants of a NdCOB
crystal were corrected by measuring SAW parame-
ters in a chosen orientation set. A nonlinear least
squares algorithm was used in the correction proce-
dure. It was shown that for corrected constants the
differences between the measured and calculated
SAW parameters are slight .
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