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Abstract. The full set of electromechanical data of langasite (LazGasSiO14) is determined in the temperature
range from 20 to 900 °C using differently oriented bulk acoustic wave resonators. For data evaluation a physical
model of vibration is developed and applied. Thereby, special emphasis is taken on mechanical and electrical
losses at high temperatures. The resulting data set is used to calculate the properties of surface acoustic waves.
Direct comparison with experimental data such as velocity, coupling coefficients and propagation loss measured
using surface acoustic wave devices with two different crystal orientations shows good agreement.

1 Introduction

Langasite (LGS, LazGasSiO14) is a single crystalline piezo-
electric material suited for high-temperature applications
(Fukuda et al., 1998; Fachberger et al., 2001; Fritze and
Tuller, 2001; Fritze, 2011b). It belongs to the point group
32 and exhibits the same crystal structure as quartz, but ex-
ceeds its operation temperature limit significantly. LGS does
not undergo any phase transformation up to its melting point
at 1470 °C and may be piezoelectrically excited up to at least
1400 °C provided that stable electrodes are available (Fritze,
2011b). The crystals exhibit mixed electronic and ionic con-
ductivity, which contributes to the loss at high temperatures.
The oxygen partial pressure-dependent conductivity impacts
the performance of the resonators in a minor way as long as
the oxygen partial pressure is kept, e.g., above 10~20 bar at
600 °C (Fritze et al., 2006; Fritze, 2006, 2011a).

LGS can be used as a resonant sensor. When operated in
the microbalance mode, small mass changes of a layer with
affinity to specific gas particles cause a shift of the reso-
nance frequency (Tuller and Fritze, 2002). Anticipated appli-
cations of such sensors include fuel cells and gas reformers
(Schneider et al., 2005). The stability of LGS in harsh envi-
ronments such as high temperatures and low oxygen partial
pressures makes it suited for wireless sensors based on sur-
face acoustic wave (SAW) devices (Fachberger et al., 2004;
Thiele and Pereira da Cunha, 2006; Bardong et al., 2008;

Wall et al., 2015; Behanan et al., 2015). Here, an accurate
set of LGS material constants determined for a wide temper-
ature range is strongly required. The availability of such data
sets is scarce, since the published materials data are either
limited to a fixed temperature or cover only a narrow range
around room temperature °C (Bungo et al., 1999; Malocha
etal., 2000). Weihnacht et al. (2012) provide the components
of elastic compliance tensor in the 25 to 600 °C temperature
range, determined using the pulse-echo ultrasonic technique
(Weihnacht et al., 2012).

In this work, the full set of elastic, electric and piezoelec-
tric properties of langasite is determined at elevated temper-
atures using bulk acoustic wave (BAW) resonators of differ-
ent orientations. Special attention is drawn to the mechan-
ical and electrical losses, which play an important role for
high-temperature applications. Subsequently, the full set of
electromechanical data is used to predict the wave velocity
of SAW resonators for two selected cuts of LGS. Their Eu-
ler angles are (0, 138.5, 26.6°) and (0, 30.1, 26.6°). Finally,
the calculated values are compared with the corresponding
data extracted from the high-temperature measurements of
specially designed SAW test structures.

The LGS crystals for BAW resonators are provided by the
Institute for Crystal Growth, Berlin Adlershof, Germany. The
wafers for SAW measurements are fabricated by FOMOS-
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Materials, Russia, and Mitsubishi Materials Corporation,
Japan.

2 Model for BAW and SAW

2.1 High-temperature losses

A piezoelectric resonator operated at room temperature can
be described by a one-dimensional physical model of vibra-
tion, where electrical losses are very low and thus negligible.
At elevated temperatures, this description is not accurate due
to, e.g., the finite electrical conductivity. In this case the elas-
tic, dielectric and piezoelectric coefficients must be extended
by imaginary parts which express the mechanical, electrical
and piezoelectric losses.

2.1.1 Mechanical loss

The mechanical loss at elevated temperatures depends on the
resonance frequency f and can be described by the viscos-
ity n. The loss of the resonator at the angular frequency w,
with w = 27 f, is related to the imaginary part of the elastic
stiffness according to (Ikeda, 1990):

c=c+ jon. 1)

The elastic compliance s must be extended by a viscous
contributions in a similar way. The relation between the elas-
tic stiffness and the viscosity can be expressed using the in-
verse resonant quality factor, 9~1 and the mechanical loss
tangent tanéy, by

J(E)  on

_Se) _en g
tanBM_m(é)— . =0 2

2.1.2 Electrical loss

A perfectly insulating resonator with two parallel electrodes,
excited by a harmonic electric field E = Ege/®!, acts as a
capacitor with a dielectric material described by the permit-
tivity . In case of materials exhibiting dielectric loss, the
dielectric tensor must be regarded as a complex property con-
sisting of real and imaginary parts (Ikeda, 1990)

~ Ny
8:8_];9 (3)

with the loss tangent tan§g given by
J(e)
ReE)

The origin of dielectric loss can be attributed to the electri-
cal conductivity o of the material. Calculating the admittance
Y for a capacitor with the thickness a, the electrode area A

and the dielectric coefficient described by the complex prop-
erty & results in (Ikeda, 1990)

tandg =

(4)

~

A
Y =— (0 + jwe). (5
a
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The equation describes the admittance of an electric circuit
with capacitor and resistance connected in parallel.

2.1.3 Piezoelectric loss

In analogy to the mechanical and electrical loss, the imagi-
nary part of the piezoelectric coefficient can be introduced.
The nature of this “piezoelectric loss” is however not clear.
It may be explained by, e.g., jumping of lattice defects or
the movement of domain walls in polycrystalline materials
(Sherrit and Mukherjee, 1998; Smits, 1976). However, for
most materials this term is negligible and assumed to be zero
(lkeda, 1990). The validity of this assumption for langasite is
proven in previous studies, where calculations with complex
piezoelectric coefficient are used to evaluate the data (Fritze,
2011b). Therefore, in this article the imaginary part of the
piezoelectric coefficient is omitted.

2.2 Piezoelectric equations

In case of piezoelectric materials, the relation between me-
chanical and electrical properties is described by the piezo-
electric equation

BIFIEN ©

where the complex stiffness ¢ and the piezoelectric constant
e are 4th and 3rd rank tensors, respectively. The complex di-
electric coefficient &, strain S and stress T are 2nd rank ten-
sors. The electric field E and electric displacement D are
vectors. In order to differentiate between tensors and tensor
components, the former is written in bold.

Due to the tensor symmetry and the crystal symmetry of
LGS many tensor components vanish, so that the number of
independent coefficients in Eq. (6) is reduced to 10 (Meitzler
et al., 1988; lkeda, 1990):

¢l f13 f4 0 0 e11 0 0
€2 ¢ 13 —C14 0 0 —e11 0 0
€13 €13 (33 0 0 0 0 0
¢14 —C14 0 Ca4 0 0 e14 0 0
0 0 0 0 ban l1a 0 —eqq O @)
0 0 0 0 ¢14 66 0 —e11 0
e —eir 0 ey 0 é11 0 0
0 0 0 0 —e14  —e11 0 811 0
0 0 0 0 0 0 &g

with égs = (¢11 — é12) /2. Here, the ¢;;, ¢;; and &;; represent
the components of stiffness tensor ¢, piezoelectric tensor e
and dielectric coefficient tensor &, respectively.

Equation (6) applies, when the strain S and electric field
E are independent variables. This is the case where a res-
onator is operated in the thickness shear mode of vibration.
In case of length-extensional mode of vibration, where the
elastic stress T and the electric field E are independent vari-
ables, an alternative notation applies

5 a2
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Here, the complex elastic compliance s is used instead of the
stiffness ¢, and the piezoelectric constant d replaces the co-
efficient e. The relation between piezoelectric tensors e and
d and the relation between elastic compliance and stiffness
are shown, e.g., in (Meitzler et al., 1988; Ikeda, 1990). The
latter is used to calculate the component s12(T) of the elastic
stiffness tensor from the coefficient cgg(T) as follows:

1 2(s14(T))>
2c66(T)  saa(T) ®

The determination of all components of the elastic stiff-
ness and compliance tensors requires different crystal cuts.
The shear components of those tensors determine two dif-
ferent modes of vibration. The stiffness cgg describes the
thickness shear (TS) vibration of a partially electroded Y-
cut resonator, and the elastic compliance s44 describes the
face shear (FS) vibration of a rectangular Y-cut plate. The
remaining four components of the elastic compliance tensor
may be determined using differently oriented rods excited in
length-extensional (LE) mode of vibration. Here, the effec-
tive compliance & is a superposition of several components
as function of the angle ¢ between the rod and the Y axis
(Tkeda, 1990; Schulz and Fritze, 2008):

512(T) = s11(T) —

5% (@) = s11c05%¢ + s335in* @ — 2514C08% @ Sin @
+ (544 + 2513) COS?sin 0. (10)

Several angles ¢ have to be chosen in such a way that for ev-
ery ¢ at least one term in Eq. (10) dominates. The effective
piezoelectric coefficient ¢ is a superposition of two differ-
ent coefficients as a function of the ¢:

d*(p) = —d11c08°p + d14COS @ SiN . (11)

From Eqg. (10) it may be seen that four differently oriented
rods with angles ¢ of —30, 0, 30 and 45° are required to
determine the majority of components of the elastic com-
pliance §. The coefficient s12 remains to be determined and
is obtained from the thickness shear mode of vibration as
shown in Eq. (9). The sum of coefficients (sa4 + 2s14) is sep-
arated using the face shear mode of vibration described by
sa4. The stiffness tensor ¢ is calculated using the relation
between stiffness and elastic compliance. Additionally, two
rectangular X- and Z-cut plates are required to determine
the two independent complex components of the dielectric
tensor, £11 and £33. The imaginary part of dielectric tensor
provides the information about conductivity o1 and o3 (com-
monly denoted as ox and oz, respectively) of langasite.

All crystal cuts used in this work are visualized in Fig. 1.

2.3 Models for different crystal orientations

2.3.1 Length-extensional mode

In case of a rod, where the width b, length / and thickness
a are chosen to be parallel to the x3, x2 and x1 axes, respec-
tively, and the applied electric field is parallel to the x1 axis,
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Figure 1. The crystal cuts of langasite used to determine the full
set of electromechanical data (lkeda, 1990). Four differently rotated
rods with electrodes perpendicular to X axis vibrate in length ex-
tensional mode (LE). The rectangular Y-cut plate vibrates in face
shear (FS) and thickness shear (TS) modes. The rectangular X- and
Z-cut plates are used for conductivity measurements.

\

the piezoelectric relation shown in Eq. (8) is reduced signifi-
cantly. Due to the boundary conditions chosen here, only the
stress and strain in x direction are relevant. All other com-
ponents of the tensors T and S vanish. Similarly, only the
electric displacement D1 and electric field E; are taken into
account resulting in the following equation:

So =8§22T2 +di2E1
D1 =d1oTs + é11E1. (12)

The strength of the coupling between the mechanical and
electrical properties of a piezoelectric medium is expressed
as coupling factor &, defined by

. d?
k3, =2 (13)
§22811

With the coupling factor, Eq. (12) can be transformed in

1 oux dp
= —
522 0x2 S22
dyp ou N N
D, = A—lz—z—i-ej_l (1—k]2_2) E;. (14)
522 0x2

Solving Newton’s equation of motion with 7> described
by Eg. (14) and under the assumption of harmonic time de-
pendence e/’ of the electric field E1, the electric impedance
of the resonator is calculated (Schulz and Fritze, 2008)

Ib\/ p522
m p§22tan( 5 )] (15)

The parameter of the tangent function reflects the phase shift
and a wave velocity in the bulk of a resonator:

b = 1b/psaa. (16)

Ib U
Y:jw—§|:1—k2+k2
a
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The capacity Cp of the resonator equals

. Ib
Co =811;. (17)

From Egs. (15), (16) and (17) the admittance Y of a resonator
is found to be

~ ~n 2 D
Y = jwCo [1—k2+k25tan (g)] (18)

2.3.2 Thickness shear mode

In case of a partially electroded Y -cut resonator with the elec-
tric field applied parallel to the x, axis, only the strain Sg and
stress Ts do not vanish. The piezoelectric relation shown in
Eqg. (6) can be expressed as

Ts = Co6S6 + €26 E2,
Dy = e26S6 + £22E>. (19)

Under the assumption of a harmonic time dependence of
an electric field, Eq. (19), Newton’s equation of motion may
be transformed analogously to the case of length extensional
mode of vibration. The resulting equation is found to be (Ma-
son, 1964)

2 2
. e d
(cee + f6) 2+ w?puy =0. (20)
£22

Here, a new property, the piezoelectrically stiffened shear
modulus ¢ is introduced

356 5’%6
C=tCp+ -2 =cpp+ ——2——
% £22 e €22 +02/e200°?
. 02
+joln+ ————1. 21
/ (77 1+622/e§6a)2) 1)

This shear modulus depends on the piezoelectric and dielec-
tric coefficients, as well as on the electromechanical losses,
i.e., electric conductivity and viscosity. The consequences of
these relations are discussed elsewhere (Fritze, 2011b).

Using these equations, the electric impedance of the thick-
ness shear resonator is obtained

1 np 2 D
Z=—|1-RZt@n(2)]. (22)
JjwCo v 2

with coupling factor k? = e3,/éesé22 and the reduced wave

velocity v = wa+/p/¢. Here, a denotes the thickness of the
resonator.

2.3.3 Face shear mode

The face shear vibration of a Y-cut resonator is determined
by the elastic compliance s44. This two-dimensional motion
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cannot be described by a physical model which has a straight-
forward analytical solution. Therefore, only an approximate
solution for the resonance frequency f; of such a resonator
as presented in (Ikeda, 1990; Bechmann, 1951) is used:

f= 2L 23)

7l \ psas’

Here, « is a solution of transcendental equation tanx 4+« = 0,
and © is a correction factor defined as

1 [(k?2-2 3/2 $11 + 533
O=1-— / . 24
2k (K2+2) 2544 24

2.4 Parameters of SAW propagation

The parameters of SAW propagation, like velocity v, propa-
gation loss « and coupling coefficient k2, are calculated from
the tensor data, obtained from the impedance measurements
of BAW resonators as described in Sect. 2.3.

For this purpose the equations of motion

821,{,' _ 8T,'j

32 dx;’
aD;
27 o, (25)
axi

with i, j = 1,2, 3, have to be solved together with the piezo-
electric Eq. (6) for the semi-infinite substrate crystal of the
given cut. For this, the Green function method described in
(Peach, 1995, 2001; Koskela, 1998) is used. The poles and
zeros of the Green function component Ga4 on the complex
slowness space s correspond to surface acoustic waves, prop-
agating on a free and on a metallized surface, respectively. A
complex pole

K

s — 580

Gl = (26)
where the value so = sy + jsy is associated with a SAW,
which propagates on the free surface with the velocity vg =
1/s. The attenuation is

1

o« =2mf > -20-Ige[dB/ps]. 27)
S

Here, f and e are the frequency of the SAW and the Euler
number, respectively.

2.5 Parameters of SAW propagation extracted from the
SAW measurements

Special test SAW devices are designed for the experimen-
tal determination of the surface acoustic wave parameters v,
o and k2. These are four delay lines of two different lengths.
Two of them have free propagation paths, the other two prop-
agation paths are metallized as shown in Fig. 2.
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Figure 2. Delay lines of different length.

Figure 3. IDT with eight electrodes per period.

Thereby, identical input and output interdigital transduc-
ers (IDTs) with eight electrodes per electrical period are used
(see Fig. 3).

They can be regarded as multi-electrode transducers with
double spatial sampling. As shown in (Engan, 1975), the
transfer function S»; of such IDT has four pass bands (four
harmonics) with central frequencies corresponding to 1/4 fo,
3/4 f0,5/4 fo, 7/4 fo, where fo = v/(2p). The pitch p corre-
sponds to the period of the electrode in the IDT. In our case
the transfer function S»1 shows the 1st, 3rd, 5th and 7th har-
monics at about 150, 450, 750 and 1050 MHz (Fig. 4).

During signal processing the difference between time de-
lay of long and short delay lines at each harmonic is obtained
very precisely (Shrena et al., 2008). This allows the determi-
nation of the group velocity based on the known length dif-
ference between both delay lines. The influence of the IDTs
is, therefore, automatically eliminated. The results for the
group velocity of SAWSs on the free surface and on the met-
allized surfaces are extrapolated to zero frequency. This way,
the phase velocity for SAW on the free LGS surface vg and
on the short-circuited LGS surface vy, (i.e., metallized sur-
face without mass loading by the metal film) is determined.
Further, the electromechanical coupling coefficient k2 is ob-
tained from the phase velocities vg and vy using the Inge-
brigtsen relation (Ingebrigtsen, 1972)

Um — V0
v

K=—_2. (28)

The propagation losses « at the harmonic frequencies are
calculated to be

1 |Slong|
= — . 20lg—2L_[dB/us 29
where S and S$1°" are the transfer function of the long

and short delay line at the harmonic frequency, respectively,
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Figure 4. Transfer function Sy of a delay line with four harmonics
(after signal processing).

and At is the difference of delay times of the two delay lines
for this harmonic.

3 Experimental

3.1 Sample preparation
3.1.1 Crystal cuts

For the determination of the bulk properties of langasite crys-
tals several orientations as shown in Fig. 1 are used. Two
rectangular 10 x 10 x 0.5 mm® X- and Z-cut plates are used
for impedance measurements at low frequencies. The Y-cut
sample has the same dimensions and operates in the face
shear mode of vibration. A circular Y -cut sample of 0.27 mm
in thickness is excited in the thickness shear mode. For de-
termination of most components of the elastic compliance
tensor, four differently rotated 10 x 2 x 0.5mm?3 rods with
electrodes perpendicular to the X axis are prepared. During
the machining of langasite rods, the angle ¢ could not be
adjusted as precise as other dimensions of the sample with
typical uncertainty of about +1°. In order to overcome this
limitation, the samples are characterized at room temperature
and the elastic compliance tensor is calculated. The compar-
ison of the resulting tensor with literature data and previous
pulse-echo measurements on the same crystals enable precise
determination of the cut angles.

For the SAW measurements two cuts with Euler angles (0,
138.5, 26.6°) and (0, 30.1, 26.6°) are selected. They show
large k2 and zero power flow angle (PFA) (Naumenko and
Solie, 2001; da Cunha and Fagundes, 1999; Plessky et al.,
1998). In addition, the first cut is temperature compensated
around room temperature, which makes it attractive for many
applications. Because of that, this cut is commercially avail-
able from many distributors.

3.1.2 Electrodes
BAW samples

All samples are coated with platinum electrodes by pulsed
laser deposition (PLD). The thickness of this electrodes is

J. Sens. Sens. Syst., 4, 331-340, 2015
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about 250 nm. A titanium adhesion layer of a few nanometers
is applied.

SAW devices

The metallization of the SAW test devices is done by SAW
Components Dresden GmbH using the lift-off technique.
Thin Pt layers of 45 and 75nm are deposited. A Zr film of
4 nm in thickness is taken as adhesion layer. Dewetting of the
thin Pt film above that temperature determines a temperature
limit for the measurements. In contrast to the BAW samples,
thicker Pt layers cannot be used due to increasing reflection
and scattering effects at the IDTs which distort the signal and
cause additional losses.

3.2 Setup and data evaluation
BAW measurements

The electric impedance at low frequencies is measured using
a Solartron 1260 gain-phase analyzer to determine the elec-
trical conductivity. The impedance in the vicinity of the res-
onance frequency of all BAW resonators is acquired using a
HP 5100A network analyzer. For high-temperature measure-
ments in artificial air containing 20 % O,/ Ar, a gas-tight fur-
nace with temperature varying between 20 and 900 °C at the
rate of 2K min~1 is used. In case of the conductivity deter-
mination, the temperature is held constant before each mea-
surement in order to equilibrate the samples.

The measured impedance data are further fitted using the
physical models of the corresponding resonators in order to
obtain the components of stiffness and elastic compliance
tensors. It is obvious that the number of free parameters for
the fit procedure must be much smaller than the total num-
ber of parameters, i.e., 16 for the one-dimensional model of
thickness shear resonators. Reasonable fits can be, in gen-
eral, expected if the number of free parameters does not ex-
ceed three or four (Fritze, 2011b). As a starting point at room
temperature, variables such as the sample dimensions, den-
sity and electrode areas are determined precisely. Thermal
expansion of the material, which influences the dimensions
and density, is taken into account. Further, the thickness of
electrodes is measured precisely using the surface profiler. In
order to calculate the mass load, their density is assumed to
be 100 % of the theoretical Pt density as they are prepared by
PLD.

The determination of remaining parameters is performed
in several steps:

1. Impedance measurements of X- and Z-cut plates at low
frequencies provide information about the dielectric co-
efficient and the conductivity in the form of complex
coefficients £11 and £s3.

2. The fit of analytically solved piezoelectric equations
uses the dielectric coefficient and conductivity from
step (1).

J. Sens. Sens. Syst., 4, 331-340, 2015

The determination of elastic properties of langasite involves
several crystal orientations and modes of vibration. First, the
four differently oriented rods shown in Fig. 1 provide the co-
efficients s11(7), s14(T), s33(T) and (s44(T) + s13(T)). Sec-
ond, the rectangular Y -cut plate vibrating in face shear mode
provides the elastic compliance s44(7T), and thus, enables
the separation of s13(7") compliance from length-extensional
measurements. Finally, the round Y -cut resonator excited in
the thickness-shear mode of vibration provides the stiffness
coefficient cg6(7) used to calculate the elastic compliance
s12(T).

The data evaluation applied here potentially delivers un-
reliable absolute values due to, e.g., residual stray capaci-
tance of the high-temperature sample holder. To overcome
this problems and to verify the models, fit results are com-
pared with preliminary pulse-echo measurements performed
on the same langasite single crystal.

SAW measurements

Two delay lines — one long and one short — are positioned
on one chip. They are connected to the same ports and are
measured simultaneously. The chip is mounted on a holder
and is connected to the RF-flange of the high-temperature
furnace via two rigid coaxial cables made of steel tubes with
ceramic husked steel wires. The other side of the RF-flange
is connected by standard RF coaxial cables to the network
analyzer, which measures the transfer function S»;1. Before
starting measurements, the atmosphere inside the furnace is
changed to nitrogen in order to reduce oxidation effects. The
sample is heated at a slow continuous ramp of 50 Kh=1 up
to the final temperature of 800 °C. The transfer function S»;
is measured in temperature steps of 5K.

A specially developed signal processing algorithm utiliz-
ing cross-correlations, is used for the determination of the
precise time delay and for extracting SAW propagation pa-
rameters as described in detail in (Shrena et al., 2008, 2009).
As shown in (Shrena et al., 2009), using a cross-correlation
algorithm gives better accuracy for the determination of time
delays in comparison to other methods.

4 Results and discussion

4.1 Materials parameters
4.1.1 Electric properties at elevated temperatures

The conductivity of the X- and Z-cut langasite plates is
summarized in Fig. 5. The anisotropy of the conductivity is
clearly visible.

4.1.2 Full set of piezoelectric and elastic properties

As a result of the procedure described in Sect. 3.2, the com-
plete elastic compliance tensor and the piezoelectric tensor
as a function of temperature, s(7') and d(T), are available.

WWW.j-Sens-sens-syst.net/4/331/2015/
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Figure 5. Conductivity of LGS as function of temperature.
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Figure 6. The full set of elastic stiffness coefficients of langasite
as function of temperature calculated from BAW measurements
(solid line) in comparison with the data obtained by Weihnacht et al.
(2012) (dotted line).

They are used to calculate the stiffness tensor ¢(7) and the
piezoelectric tensor e(T) using the respective relations. The
elastic stiffness and the piezoelectric coefficient as function
of temperature are summarized in Figs. 6 and 7, respectively.

A comparison of elastic data from this work with data ob-
tained by Weihnacht et al. (2012). Weihnacht et al. (2012)
show a very good agreement except for the stiffness coef-
ficient ¢33 which differs by about 5% from the referenced
work. In case of the purely acoustic method as used by (Wei-
hnacht et al., 2012) it is possible to measure the phase veloc-
ity along the x3 axis directly. However, in case of resonant
measurement, the excitation of resonant vibration in this di-
rection is not possible. As shown in Eq. (7), all components
of piezoelectric tensor d or e related to the x3 direction equal
zero. Therefore, the stiffness coefficient c33 as well as the
elastic compliance s33 can be determined using the effective
stiffness or compliance resulting from a vibration of a rotated
crystal. In the related Eq. (10), the term sin*e , dominates
only for 45° rotated rod and nearly vanishes for all other ro-
tation angles. For this reason the coefficients s33 and ¢33 are
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Figure 7. The piezoelectric coefficient of langasite as function of
temperature.
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Figure 8. The inverse resonant quality factor 0~ and the elec-
tric conductivity ox of langasite rod operated at 220 kHz in length
extensional mode of vibration.

most error-prone which explains the small discrepancy men-
tioned above.

4.1.3 Temperature-dependent loss

As already mentioned in Sect. 2.1, the electrical conductivity
and mechanical properties such as viscosity contribute to the
losses in high-temperature piezoelectric materials. The vis-
cosity of the langasite rod with the angle ¢ = 0 (see Fig. 1)
expressed in form of the inverse resonant quality factor 01
(see Eq. 2) is calculated from the physical fit. These data and
the electric conductivity ox are shown in Fig. 8. Here, a max-
imum of loss around 500 °C is clearly visible.

4.2 SAW properties

The characterization of SAW devices is carried out up to
about 730 °C where the Zr / Pt-metallization failed through
de-wetting and decomposition into droplets as visualized in
Fig. 9.

The phase velocities vg and vy, on free and metallized
surfaces for the cut (0, 138.5, 26.6°) are shown in Fig. 10.
The obtained phase velocities at room temperature and co-
efficients of frequency for a second order polynomial fit are
given together with literature data in Table 1.

Figure 11 shows the electromechanical coupling coeffi-
cient calculated from Eq. (28) for the propagation geome-
try with Euler angles (0, 138.5, 26.6°) and from the tensor
data of BAW resonators. The difference between BAW and
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Figure 10. Phase velocity of Rayleigh waves on free surface vg
(solid line) and on metallized surface vm (dotted line), cut (0, 138.5,
26.6°).

SAW data for k2 are caused by the uncertainty of the SAW
method. As shown in Eq. (28), k2 results from subtraction
of two large numbers which were obtained by an extrap-
olation procedure. Furthermore, room temperature data are
in satisfactory agreement with the corresponding electrome-
chanical coupling coefficient, k2 = 0.33, calculated from the
tensor data given in (Kosinski et al., 2001), and with data
obtained by other authors, k2 = 0.5 (Fachberger et al., 2004)
and k2 = 0.34 (Naumenko and Solie, 2001).

The propagation losses « on free surfaces for both inves-
tigated cuts of langasite are shown in Fig. 12. Similar to the
langasite rods operated in length-extensional mode of vibra-
tion, SAW devices exhibit a local propagation loss maximum
at around 520 °C for all measured frequencies.

The propagation loss on the metallized surface shown in
Fig. 13 increases monotonically. However, they exhibit sharp
changes of the slope approximately at the same temperature
as for the free surface.

4.3 Stability of the electrodes for BAW and SAW
resonators

LGS-based SAW and BAW devices exhibit an operation tem-
perature limit caused by the stability of the platinum elec-
trodes. It is found, that their lifetime drops drastically as their
thickness decreases. This effect is described by, e.g., Fire-
baugh et al. (1998). Due to this effect the SAW devices used
in this work failed at about 730 °C, whereas the BAW res-

J. Sens. Sens. Syst., 4, 331-340, 2015

Table 1. Comparison of our measurement results with literature
data. In case of (Kosinski et al., 2001), the values are calculated
using tensor data.

cut vg,ms~1  TCF1,ppmK~1 TCF2, ppb K2

(0, 138.5, 26.6°) 2741.9 15 —41

(0,30.1, 26.6°) 2464.6 28 —39
results of other authors

2741.82 -7 -512

(0, 138.5, 26.6°) 27340 1P -

2743¢ - _

2462.12 312 —692

(0,30.1, 26.6°) 5307.1¢ - g

@ Fachberger et al. (2004), b Naumenko and Solie (2001), © Kosinski et al. (2001).

0.5
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Figure 11. Coupling coefficient k2 for Rayleigh waves on cut (0,
138.5, 26.6°), calculated with tensor data from BAW measurements
(dashed lines) and extracted from SAW measurements (points).
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Figure 12. The propagation loss in [dB/us] of Rayleigh waves on
free surface on both cuts (0, 138.5, 26.6°) and (0, 30.1, 26.6°), mea-
sured at different frequencies.

onators wearing thicker electrodes could be operated up to
900°C. If more stable electrodes, obtained by, e.g., screen
printing, are used, even higher operation temperatures for
BAW devices are demonstrated (Fritze, 2011b).

Above the mentioned temperatures, de-wetting of the
metal layer is observed, as shown in Fig. 9 for SAW struc-
tures. Several attempts have been made to investigate and
possibly reduce this effect. Da Cunha et al. conducted a se-
ries of experiments with different layer combinations for the
metallization to extend the temperature limits for the SAW
devices (da Cunha et al., 2007; Behanan et al., 2015). Most
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Figure 13. The propagation loss in [dB/us] of Rayleigh waves on
metallized surface on cut (0, 138.5, 26.6°) for different frequencies.
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Figure 14. Comparison of Rayleigh wave velocity on free surface
vo obtained from SAW and BAW measurements (solid and dashed
lines, respectively).

recent attempts to minimize the degradation of electrodes
and prolong the lifetime of SAW elements include use of
metal alloys as well as high-temperature ceramic electrodes.
Richter et al. report about successful operation of SAW el-
ements at 800 °C for several hours using Ti / Pt coated lan-
gasite (Richter et al., 2011). Further attempts include appli-
cation of thin protective layers, like Al,O3. An example of
successful application of multi-layer stack metallization con-
sisting of Al / Al O, / Pt for the high-temperature sensors is
given in (Wall et al., 2015).

4.4 Correlation of SAW-measured phase velocities with
calculated BAW data

In order to compare the bulk and surface acoustic wave prop-
erties, the full set of temperature-dependent materials data is
determined using BAW resonators and applied to calculate
the phase velocity vg of SAW devices with Euler angles of
(0, 138.5, 26.6°) and (0, 138.5, 26.6°). As seen in Fig. 14, the
results of the calculation and the measured data are in good
agreement especially for the (0, 138.5, 26.6°) cut, which con-
firms the validity of the fitted parameters and the calculated
materials data.
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5 Conclusions

A method of materials data extraction from measured data of
BAW resonators is developed for piezoelectric crystals. All
components of the stiffness, elastic compliance and piezo-
electric tensors for langasite are determined in the temper-
ature range from 20 to 900°C. Furthermore, the conduc-
tivity of the crystal in X and Y directions and the qual-
ity factor Q for resonant deformations in the X direction
are obtained as function of temperature. For these experi-
ments, BAW resonators with frequencies in the range 200-
5000 kHz are used. The obtained elastic stiffness tensor is in
good agreement with data published by other authors, except
for the stiffness coefficient c33, which exhibits a deviation of
about 5 % from the literature data.

Based on the obtained tensor data, the phase velocity and
the coupling coefficient for SAW propagation of the crystal
cuts (0, 138.5, 26.6°) and (0, 30.1, 26.6°) is calculated. The
same parameters are extracted from measurements of SAW
delay lines up to 730 °C, which are fabricated using the crys-
tal cuts mentioned above and operated at frequencies from
150 up to 1050 MHz.

Values for the velocity of SAW propagation and coupling
coefficients obtained from SAW and from BAW measure-
ments show a good agreement. SAW devices exhibit a local
maximum of propagation loss at around 520 °C. BAW rods
exhibit a maximum of losses at the same temperature.

Thin film Pt electrodes for BAW and SAW devices limit
the maximum temperature of measurement to 900 and
730°C, respectively. The operating temperature may be sig-
nificantly increased by application of protective layers and
thick electrodes. The latter is, however, feasible in the case
of BAW resonators only.
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