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Abstract Conventional piezoelectric materials such as
quartz are widely used as high precision transducers
and sensors based on bulk acoustic waves. However,
their operation temperature is limited by the intrinsic
materials properties to about 500°C. High-temperature
applications are feasible by applying materials that re-
tain their piezoelectric properties up to higher temper-
atures. Here, langasite (La;GasSiOy4) and compounds
of the langasite family are the most promising candi-
dates, since they are shown to exhibit bulk acoustic
waves up to at least 1400°C. The mass sensitivity of
langasite resonators at elevated temperatures is about
as high as that of quartz at room temperature. Fac-
tors limiting potential use of those crystals include ex-
cessive conductive and viscous losses, deviations from
stoichiometry and chemical instability. Therefore, the
objective of this work is to identify the related mi-
croscopic mechanisms, to correlate electromechanical
properties and defect chemistry and to improve the
stability of the materials by e.g. appropriate dopants.
Further application examples such as resonant gas sen-
sors are given to demonstrate the capabilities of high-
temperature stable piezoelectric materials. The electro-
mechanical properties of langasite are determined and
described by a one-dimensional physical model. Key
properties relevant for stable operation of resonators
are found to be shear modulus, density, electrical con-
ductivity and effective viscosity. In order to quantify
their impact on frequency and damping, a general-
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ized Sauerbrey equation is given. Mass and charge
transport in single crystalline langasite are correlated
with langasite’s defect chemistry and electromechanical
properties. First of all, the dominant charge carriers
are identified. Undoped langasite shows predominant
ionic conduction at elevated temperatures. As long as
the atmosphere is nearly hydrogen-free, the transport
is governed by oxygen movement. A dominant role
of hydrogen is observed in hydrogenous atmospheres
since the diffusion coefficient of hydrogen is orders
of magnitude higher than that of oxygen. The loss in
langasite is found to be governed up to about 650°C
by viscoelastic damping related to the above mentioned
movement of oxygen ions. Donor doping is shown to
lower the loss contribution. Above 650°C the impact
of the conductivity related loss becomes pronounced.
Here, lowering the conductivity results generally in
decreased losses. The evaluation of langasite’s applica-
bility is focused on mapping the regimes of gas in-
sensitive operation. The most relevant feature with
respect to frequency fluctuations of resonator devices
is the formation of oxygen vacancies. In nominally
hydrogen free atmospheres the calculated frequency
shift becomes pronounced below oxygen partial pres-
sures of 10717, 10~2* and 1073¢ bar at 1000, 800 and
600°C, respectively. Water vapor is found to shift the
resonance frequency at higher oxygen partial pressures.
In the hydrogen containing atmospheres applied here,
langasite can be regarded as a stable resonator material
above 107!3 bar and 10~2° bar at 800 and 600°C, respec-
tively. The incorporation of OH-groups determines the
frequency shift.

Keywords Langasite - Piezoelectric transducers -
High temperature
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1 Introduction
1.1 High-temperature piezoelectric materials

High-temperature piezoelectric devices open a wide
range of new applications due to the option to realize
advanced operation principles. Related examples in-
clude high-temperature surface acoustic wave devices
which can be interrogated remotely [1, 2] or the in-
situ monitoring of high-temperature processes using
the ability of piezoelectric resonators to determine gas
composition and temperature dependent mechanical
and electrical properties of sensor films [3]. Beyond
that anticipated applications of resonant sensors in-
clude the deposition rate monitoring during chemi-
cal vapor deposition and thermogravimetry on small
volumes. Thus, operating temperatures considerably
above 500°C are often required.

Stable long-term operation of piezoelectric devices
at high temperatures causes demands on the materials
which exceed those of room-temperature applications
significantly. Basic requirements include the absence
of phase transformations and low damping of mechan-
ical movements or oscillations at high temperatures.
As a consequence, conventional piezoelectric materi-
als such as a-quartz («-SiO;) and non-stoichiometric
lithium niobate (LiNbO;) are not suited for high-
temperature applications. Quartz undergoes a destruc-
tive phase transformation at 573°C [4]. In practice, the
maximum temperature of about 450°C is determined
by high losses [5]. Nonstoichiometric lithium niobate
and lithium tetraborate (Li,B4O;) either decompose
at 300°C or exhibit phase transformations at 500°C,
respectively [6-9].

Polycrystalline materials can be generally excluded
from further discussions due to their low Curie temper-
ature, high electrical conductivity and grain boundary
related damping. The highest theoretical limits given
by the Curie temperature are 490°C for lead titanate
(perovskite structure: PbTiO3), 685°C for bismuth ti-
tanate (Aurivillius phase: Biy Ti301,) or 940°C for bis-
muth titanium niobate (double perovskite structure:
Bi3;TiNbOy). Analogously, the operation of strontium
niobate (Sr;Nb,O5) is limited by its melting point at
1700°C. In practice much lower limits apply due to
losses caused by low electrical conductivity. Many of
those materials become extrinsic semiconductors. Fur-
ther, scattering of the acoustic waves at grain bound-
aries (or pores) causes high losses [6].

Further requirements include the stability in oxi-
dizing or reducing atmospheres, i.e. the formation of
oxides or the (partial) reduction of the materials is not
tolerable. Aluminium nitride (AIN) can be, in principle,

used up to 1150°C. However, poor oxidation resistance
and the lack of sufficiently large crystals prevent its use
[10-13].

Langasite (La;GasSiO,4), its isomorphs and gallium
phosphate (GaPQOy) are promising candidates for high-
temperature applications. They enable operation tem-
peratures significantly above 500°C. The ultimate tem-
perature limits are given by the melting point of langa-
site and the phase transition of GaPOy at 1470 [14, 15]
and 970°C [16-18], respectively. Another important as-
pect focussing the interest on langasite is the availability
of high quality and large size single crystals manufac-
tured by the Czochralski technique [14, 15, 19]. GaPO,
is, in principle, very attractive since shows extremely
low losses [20-22]. However, productivity and yield of
growing GaPOy single crystals is rather low. Extremely
anisotropic growth rates, twinning and the incorpora-
tion of OH-groups in the crystals are observed [23-26].
Due to those difficulties the availability of GaPOy is
limited which prevents its large scale application.

Recently, oxyborate single crystals (ReCa,;O(BO3)s,
Re: rare earth element) has been developed. They do
not show phase transformations up to its melting point
at about 1500°C and are, therefore, promising materi-
als for high-temperature operation. Most remarkably,
those crystals exhibit very low conductivity, for exam-
ple 5 x 1077 S/m at 800°C [27-29] which is about one
and three orders of magnitude lower than that for
GaPO, and langasite, respectively. As a consequence,
the loss is very low which results in resonant devices
with exceptional high resonator quality factors even at
900°C. Currently, a maximum operation temperature
of 1000°C is reported for GdCa;O(BO3);. Above that
the thin film platinum electrodes used here degrade
strongly [28]. However, higher operation temperatures
are expected.

Table 1 lists piezoelectric materials of practical rele-
vance and their operation temperature limits. Further
materials of the langasite-related family of composi-
tions are not given since langasite is regarded as the
model representative.

Langasite has been demonstrated to be operational
as bulk acoustic device up to temperatures close to its
melting point at 1473°C [32]. This fact motivates the
objective of this work to explore its materials properties
in detail. For comparison, data of GaPO, and «-quartz
are included.

1.2 Langasite
The first compound of the langasite-related family of

compositions was discovered at Moscow State Uni-
versity in 1979 [33]. Since then the material attracted
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Table 1 Operation

A . Material Temperature Remarks Reference
temperature limits of single . to
. . . limit [°C]

crystalline piezoelectric - — —

materials Li; B4Oy 230 Excessive ionic conductivity [6]
LiNbO3 300 Decomposition [6-9]
LiTaOs3 300 Decomposition [6]
a-quartz 573 Phase transformation [4,5]
AIPOy4 588 Phase transformation (6,20, 30]
GaPOy 970 Phase transformation [16-18, 31]
AIN ~1000 Oxidation resistance [10-13]
Langasite 1470 Melting point [14, 15, 32]
Oxyborates ~1500 Melting point [27-29]

significant attention for improved electronic oscilla-
tors and filters. Advantages of langasite over a-quartz
include higher piezoelectric coupling which results in
higher resonator quality factors, and thus in reduced
phase noise [34-36]. A couple years had to pass be-
fore the interest turned on langasite’s high-temperature
properties [37-39]. The literature in those days did not
contain meaningful data about the high-temperature
properties of langasite [6]. In particular, the option
to operate langasite as Bulk Acoustic Wave (BAW)
resonator at high temperatures was under question.
The latter was caused by the lack of conductivity data
and of the knowledge about their impact on the res-
onance behavior. In 1999, langasite BAW resonators
could be operated up to 750°C [40]. Increasing expe-
rience in data acquisition and electrode preparation
enabled the demonstration of even higher operation
temperatures such as 900°C in 2000 [41, 42] and more
than 1400°C in 2005 [32]. Figure 1 demonstrates the
appearance of BAW’s in langasite at extremely high
temperatures by showing the temperature dependent
resonance frequency. The data are normalized using

| *— phase
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transformation
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e
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I 4

melting
point

(f= For) /o 17

langasite

-10 — T T T ' T T T T T T T T T T
0 200 400 600 800 1000 1200 1400
rra

Fig.1 Temperature dependent resonance frequency of langasite,
gallium phosphate and quartz BAW resonators
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the room temperature resonance frequency frr and
compared with that of GaPO, and «-quartz.

Langasite belongs to the structure type of the trig-
onal calcium gallium germanate Ca;Ga,GesO,4 as vi-
sualized in Fig. 2. Due to the presence of four distinct
cation sites according to A3;BC;D,04, the langasite
structure is very complex and allows, therefore, sev-
eral substitutions. In this regard, langasite is partic-
ularly suited as model compound since nearly every
size cation can be accommodated on one of its four
different cation sites [33]. Layers of vertice-connected
C- and D-tetrahedra alternate with layers of A-site
Thomson cubes and B-octahedra. A special feature of
the langasite structure is the appearance of gallium in
the differently coordinated B- and C-sites [43]. The
corresponding ions, oxygen coordination numbers and
ionic radii are shown in Table 2.

Appropriate growth conditions have to be chosen
to suppress microstructural defects. Nowadays, large
and high quality crystals can be grown [15, 19, 45, 46].
Beyond that, the composition of the melt determines
the properties of the crystals. Two issues have to be re-
garded. First and most obviously, the stoichiometry and
the purity of the oxide mixture used for the Czochral-
ski growth impacts the defect chemistry. Secondly, the
growth process itself impacts the melt composition.

[001] = ¢

[210]

e Thomson cube (A site) W € tetrahedron (C site)
B ® octahedron (B site) W 4 tetrahedron (D site)

Fig. 2 Ca3;Ga;GesOj4-type crystal structure [33]
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Table 2 Sites and oxygen coordination of the cations in langasite as well as ionic radii of the cations [44]

Site A B C D

Occupation La3t Ga*t Ga’t 50% Ga’*t 50% Si*t
Oxygen coordination 8 6 4 4

Tonic radii [1071° m] 1.16 0.62 0.47 0.47 0.26

Here, crucial factors are the segregation coefficients
and the mass ratio of crystal and melt. Stoichiome-
try derivations of the melt composition are commonly
compensated by the formation of either cation or anion
vacancies [39, 47]. For example, the activation energy
of the electrical conductivity varies depending on the
position where the specimen is taken from the crystal
boule (seed end, central part, tail end) by up to about
0.1 eV [39]. The fact underlines that even samples from
the same crystal boule exhibit significant differences
in their properties. The situation might be even worth
if crystals of different size or purchased samples are
compared. Here, the mass ratio of crystal and melt
and the position in the crystal are under question. In
order to exclude the latter problems to some extend,
crystals from a single manufacturer (IKZ Berlin, see
Appendix A) are used predominantly.

1.3 Research objectives

Specific demands on the piezoelectric materials are
defined by anticipated applications such as resonant
microbalances. Those devices correlate very small mass
changes during film deposition onto resonators or gas
composition dependent stoichiometry changes of thin
films already deposited onto the resonators with their
resonance frequency [48, 49]. Thereby, specific surface
affinity layers allow chemical sensing. For example,
changes in mass equivalent to submonolayers of oxygen
atoms can be detected which enables the stoichiometry
determination of surface oxides [50]. Consequently, the
mass or density of those piezoelectric transducers must
be environmental independent to insure high mass res-
olution. In other words, the minimization of stoichiom-
etry changes is essential to ensure stable resonance
frequencies. In this context the detailed understanding
of the defect chemistry is required.

Further, atomistic mechanisms which cause exces-
sive conductive and viscous damping must be under-
stood. Thus, the kinetic mechanisms controlling elec-
tronic and ionic transport in the piezoelectric materials
must be investigated at high temperatures. Those in-
sights might motivate the application of certain dopants
to decrease e.g. losses or to minimize environmental
dependent stoichiometry variations.

The evaluation of the application limits of high-
temperature piezoelectric devices must include the
detailed determination of the temperature depen-
dent electromechanical properties such as piezoelectric
coefficients, elastic constants and viscosity. However,
those issues are not in the main focus of this article.
Those properties are presented in detail elsewhere [3]
and summarized in Section 2. Thereby, special empha-
sis is put on the identification of the most relevant
materials properties for stable operation at high tem-
peratures.

The work is focussed exclusively on BAW resonators
since they can be operated using robust electrode struc-
tures. Thus, the electrodes are not the limiting compo-
nents while determining the properties of the piezoelec-
tric crystals at extremely high temperatures. In contrast,
common SAW devices require rather tiny electrode
structures whose limited thermal stability prevents re-
liable measurements.

2 Electromechanical properties
2.1 Thickness shear mode resonators

The piezoelectric materials langasite, gallium phos-
phate and «-quartz belong to the same crystal class
and point group, namely the trigonal system and 32,
respectively. Therefore, their electromechanical prop-
erties can be described by a single physical model.
In particular, approaches known for «-quartz can be
reviewed and modified for resonators operated at high
temperatures.

Unless specified otherwise the resonators used here
are plane-parallel disks where the axis normal to the
surface is oriented in the x;-direction according to
Fig. 3 (y-cut!). The electric field is applied in the x,
direction which results in a mechanical displacement in
the x; direction as shown schematically in Fig. 4 [3]. In
other words, the piezoelectric plate undergoes a shear
deformation across its thickness. The corresponding
vibration mode is called thickness shear mode (TSM).

IThe crystal cut designation follows [51].
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Fig. 3 Cross section of a circular TSM resonator showing the
electrodes and the extent of the characteristic areas Ag and A
(see text) which lie in the x;—x3 plane

The electromechanical properties mechanical stiff-
ness cg, piezoelectric eg and dielectric constant eg as
well as physical properties such as the mechanical stress
are tensors of different order. The inherent tensor no-
tation can be transformed into a compressed matrix
notation since the symmetry of the crystals reduces
the number of non-zero tensor components drastically.
The independent materials constants for the y-cut res-
onators are reduced to cg = c¢6, €R = €26 = —eq; and
er = €2 = €11. The approach is described in detail in
[51-53].

2.2 Losses in piezoelectric resonators

Factors which affect the loss in piezoelectric resonators
include [53, 54]

e Resonator design and manufacturing such as res-
onator blank geometry (contour, dimensional ra-
tios), electrode geometry, surface finish,

e Operation conditions such as mounting stresses,
drive level, overtone number, viscosity of the sur-
rounding medium and

e Intrinsic properties of the resonator material
such as electronic and ionic transport, interstitial
diffusion, motion of dislocations.

The resonator design and manufacturing as well as
the operation conditions must meet certain standards

z)
I ——
il
< U .
‘TL z IE dy

Fig. 4 Orientation and displacement of the TSM resonators used
here
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to insure proper operation of the resonators. These
requirements are well known and excessively published
for quartz under room temperature conditions, e.g.:

e Flat or plano-plano resonators with a diameter to
thickness ratio greater than 50 usually provide ac-
ceptable performance if they are operated in the
fundamental mode [55].

e The diameter of the electrodes should be generally
smaller than 40% of the resonator diameter.

e The separation of unwanted spurious modes from
the resonance frequency can be achieved by lim-
iting the diameter of electrodes as function of the
resonator thickness as described in [56].

The resonators used here follow essentially these stan-
dards and show low losses at room temperature.

Since the resonators shall be operated at high-
temperatures, material related losses are expected to
be dominant. To include these losses, the above men-
tioned electromechanical properties have to be, in gen-
eral, treated as complex quantities. The imaginary parts
ong and og/w in

ERZCR+é%Q/§R+jw77R and g‘R:SR—de/a) (1)

stand for the mechanical and dielectric loss, respec-
tively [53, 57].> Thereby, ng and og represent the
effective viscosity and the electrical conductivity of the
resonator, respectively. It should be noted that the me-
chanical and dielectric losses are related by the complex
dielectric constant £g included in the piezoelectrically
stiffened shear modulus ¢g. The fact reflects the piezo-
electric coupling which causes a depolarization field.
The latter is affected by dissipation effects of mobile
charge carriers [53]. The complex piezoelectric constant
is given by

er = er + Jer. (2)

Thereby, the name of the imaginary part ez is not
specified since there is no simple physical interpreta-
tion. Irrespective of its origin, ez can be seen as phase
lag between the electrical and mechanical properties.
Microscopic explanations are e.g. the jumping of lattice
defects or the movement of domain walls in polycrys-
talline materials [58, 59]. However, for most materials
systems eg can be set to zero [53]. The validity of this

2In [57] the electromechanical coupling K2 = ¢2/(ec) is consid-
ered instead of .
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approximation for the materials of interest in this work
is demonstrated in [3]. Nevertheless, €z is included
into to the set of equations in order to evaluate its
impact on the resonance behavior. If applies, films are
described in analogy to Eq. 1 by ¢f = cf + jonr with
nr as viscosity of the film.

The overall loss can be expressed by the resonator
quality factor Q (Q-factor) as given at the end of
Section 2.4. The Q-factor is determined from the band-
width A fs at half maximum of the conductance peak
Gmax/2 and the series resonance frequency fs accord-

ingto Q = fs/Afs[53, 60].

2.3 Modeling of the electromechanical properties

The electrical impedance Z = Z' + j Z” or admittance
Y = G+ jB = 1/Z of a coated TSM resonator can be
calculated using a set of constitutive equations which
includes linear piezoelectric equations, Newton’s equa-
tion of motion and Maxwell’s equations. Without elec-
trical losses the approach is state of the art and can
be found in textbooks [52, 53, 61]. A complete ana-
lytical solution of the one-dimensional physical model
reflecting all types of material related losses is pre-
sented in [3] and results in case of a single film on each
side of the resonator in the electrical impedance Z

Z=

dg B K? (¢r 4L, +2tang)
JwARER ar (1=¢r, &p+ (Er+CR) cotag) |

3)

Thereby, the abbreviations K2 = é%/(égcg) for the
electromechanical coupling coefficient of the resonator
material, ¢, = +/Pr,Cr,/v/ PRCR tana g, for the nor-
malized acoustic load impedance of the front and rear
film (index n = 1 and 2), ag = wdpr+/pr/Cr and o, =
wdp,/ pF,/CF, for the acoustic phase shift inside the
resonator and the films, respectively, are used. The
density and the angular frequency are expressed by p
and o, respectively. The tilde indicates intermediate
results which refer temporarily to the area Ag. The
final expressions are given in Section 2.5.

2.4 Electrical equivalent circuit
For the further discussion Z is interpreted as a parallel

arrangement of the motional impedance Z j; and static
impedance Zg

V/Z =1/Zu+1/Zs 4)

127
with
7o dr ar(l— a6+ (G + ) cotar)
M= n -
jwARER K2 (£1 + 2 + 2tan %)
Q)
and
- dr
Zo= " 6
$= JwArin ©

Zg is the static impedance and represents the bulk
properties of the resonator. The fact becomes obvious
by expanding the complex dielectric constant é lead-
ing to a parallel arrangement of the static capacitance
E’s and resistance R s

1/Zs = joCs+1/Rs @)
with
Cs=er Ag/dg (®)
and
Rs=1/og dg/Ax 9)

The corresponding equivalent circuit is visualized in
Fig. 5(a). For completeness, a lead resistance R; and
a stray capacitance C; have to be added. These el-
ements reflect predominantly the properties of the
sample holder. Actual measurements are performed
using a calibrated setup consisting of network analyzer
and sample holder. Therefore, R; and Cg essentially
vanish.

Further, the motional impedance Z ), remains to be
evaluated. Its transformation and approximations lead-
ing to the extended Butterworth—-van Dyke equivalent

S -———{ "
— T 1+—%
g Ry
I 11
!l 1
o CS o o CS o

Fig. 5 Equivalent circuit for the resonator (a) and extended
Butterworth-van Dyke equivalent circuit (b)
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circuit according to Fig. 5(b) are described in [3]. Here,
the result for an uncoated resonator

N372d N2 —8)dgror
Ry = I;WR ( > 2) N (10)
8Ager 8AR(8RCL) +UR)
—— ———
R, R,
SAR e%geR
Cy= 11
M= e N (S + ceen) — 88 (1
and
dr dipr
Ly=—— 12
M SAR 6% ( )

is given, only. The intermediate steps are of minor
relevance for the further discussion.

It have be noted that R, represents losses and can
be interpreted as series of R, and R,. The physical
property therein expected to exhibit the strongest tem-
perature dependence is used as index. The limits of
R, for 0 — 0 and ¢ — oo vanish. The maximum in
between is found at the so-called dielectric relaxation
frequency w. = or/er.

The elements of the equivalent circuit can be used
to express the total loss in form of the Q-factor which
follows from the ratio of stored Eg and dissipated
energy Ep multiplied by 27 according to [62]

0= 27,3 _ [Lm 1 Ry _ 0 Rs
Ep Cum Ry Rs+ Ry "Rs+ Ry
(13)

The quality factor Q, represents highly resistive res-
onator materials, i.e. the low-temperature case.

The figure of merit used here for the resonant struc-
tures is the Qf-product since it enables to compare
devices showing different frequencies.

2.5 Effective resonator area

The calculation of the electrical impedance Z for a
finite resonator device requires the introduction of
the area Ag. However, the one-dimensional physical
model describes a resonator of infinite dimensions in
the x;—x3 plane which results in a constant amplitude
of mechanical vibration u; for a given value of x,. In
contrast, finite and, in particular, partially electroded
resonators exhibit a distribution of their amplitude
in the x;—x3 plane which can be approximated by a
Gaussian function [63]

uy(xy) = u™ e_“”‘lz. (14)

@ Springer

Thereby, w and u["™* stand for the width and the
maximum of the distribution, respectively. As a con-
sequence, the one-dimensional model is applicable
to finite devices provided that the problem of the
conflictive amplitude distribution can be solved. For
that purpose, the approach chosen here is to replace the
area showing the amplitude distribution by an effective
area of constant amplitude.

Within the one-dimensional model, the effective
area corresponds to the already introduced property
Apg. Measured values of Ay are substantially smaller
than the effective electrode area Ap. Their ratio is
found to be Agr/Ag~04...0.7 [3]. The difference
between the areas can be explained qualitatively by
comparing the distributions of the mechanical ampli-
tude and of the electrical field which determine the
effective values of Ar and Apg, respectively:

e The amplitude of the mechanical vibration at the
border of the electrode u? with respect to the max-
imum at the center of the electrode u™* is small,
e.g. ub /u™™> = 0.08 for typical TSM resonators [63].
The amplitude distribution depends on the mass of
the electrodes. Even gold electrodes® of only 25 nm
lead to ub /u™ = 0.4 [64]. Therefore, the average
amplitude is always smaller than the maximum am-
plitude. The fact can be described by an effective
area A which is smaller than the geometrical area
of the electrode.

e The distribution of the electrical field is largely
homogenous. There is a minor impact of fringing
fields, only. According to calculations by finite el-
ement analysis the effective electrode area Ap is
5-10% larger than the geometrical electrode area.

So far, the static impedance 4 s refers to Ag. Con-
sequently, the property does not reflect the effective
electrode area Apg of finite resonators. The required
modification can be achieved by replacing Ag with Ag
in Egs. 6-9 leading to the capacitance Cs = eg Ag/dr
and the resistance Rg = 1/og dgr/Ag. Thus, the im-
pedance of the resonator device follows in analogy to
Eq. 4 from

1/Z2 =1/Zy+1/Zs=1/Zy+ joCs+1/Rs. (15)

The distinction of effective resonator area and the
effective electrode area is not necessarily required at or

3The situation is comparable to platinum electrodes applied here
since their density is similar.
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near room temperature where the resonators are highly
resistive. Under such circumstances

e The static resistance Rg does not appear in com-
mon models and

e The part of the static capacitance which is related
to the difference Ar — Ag can be assigned to the
stray capacitance Cy .

Despite the inconsistency regarding the static capaci-
tance, common models describe the experimental re-
sults satisfactorily. However, problems arise as soon as
the static resistance and capacitance get changed due to
e.g. high operation temperatures.

2.6 High-temperature materials data

The bulk properties of the piezoelectric crystals are
extracted from impedance spectra at frequencies far
below the resonance frequency of the samples. In con-
trast, the electromechanical properties are determined
by fitting the solution of the one-dimensional physical
model to the resonance spectra Z ( f). The fit procedure
is presented in [3]. The description of the experiments
and initial values for the fit procedure are given in
Appendix B. The dashed lines in the plots for og and
nr represent data used for the parameter study in
Section 2.7.

Figure 6 shows the bulk conductivity og of the ma-
terials of interest as function of temperature. Most
remarkably, the values of langasite are more than two
orders of magnitude higher than those of GaPO, and
quartz. Therefore, the impact of the conductivity on the

rc

711400 1000 800 600 400

10
10'2__; ~~s~

-3 1

10%

Jangasite

o, [S/m]

10'6 1 GaPO4

-7 7 quartz

6 7 8 9 '14'0'1'1'1'2'1'3'1'4'1'5
10'/T [1/K]

Fig. 6 Arrhenius plot of the conductivity of langasite, gallium
phosphate and quartz
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Fig. 7 Temperature dependent dielectric constant of langasite,
gallium phosphate and quartz

resonance spectra is expected to play a pronounced role
in case of langasite resonators.

The temperature dependence of dielectric constants
eR is given in Fig. 7. The value for langasite is in accor-
dance with literature data measured up to about 350°C
[33]. This comparison cannot be done for GaPOy, since
high-temperature data are obviously not published.

The shear modulus cg is presented in Fig. 8. Its tem-
perature dependence determines predominantly the
course of the resonance frequency as is becomes obvi-
ous by comparing Figs. 1 and 8. A modified presenta-
tion of the shear modulus according to (c¢s — CrRT)/CRT
matches the pattern of ( f — fr7)/frr in Fig. 1. The rel-
ative change in the respective entire temperature range
are the smallest for GaPO, (5%). Stronger changes
are found for langasite and quartz (9 and 17%, respec-
tively). The values presented here are in reasonable

4.8 7
46 ] quartz
441 |
é 4.2 S .
iﬁ 3.87
2_4:’ GaPO, .
2.9 +—"=r=5 . N .
0 200 400 600 800 1000
rc]

Fig. 8 Temperature dependent shear modulus of langasite, gal-
lium phosphate and quartz
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agreement with literature data determined e.g. by reso-
nant ultrasound spectroscopy up to 450°C [65, 66].

Figure 9 shows the temperature dependent piezo-
electric coefficient eg. Since its sign does not impact
the dynamic behavior of TSM resonators, its modulus
is of interest for the further discussion. Remarkably,
the piezoelectric coefficient of langasite is about three
times as large as that of quartz. Further, the property
is expected to decrease with increasing temperature as
observed for GaPO,4 and quartz. In contrast, langasite
shows a reverse temperature dependence which might
be an intrinsic piezoelectric property. In any case, the
large value and its increase with increasing tempera-
ture are advantageous features of langasite for high-
temperature applications. Another important issue is
the very little temperature dependence of the piezo-
electric coefficient of GaPQO,. At 930°C, the modulus
is only 5% lower than that at room temperature. The
results for GaPO, matches very well the data from the
crystal’s manufacturer measured at temperatures up to
about 700°C by the Michelson interferometry [67, 68].
The piezoelectric coefficient of langasite correspond to
data given up to 500°C in [38]. Further, independent
measurements performed in our laboratory [69, 70] are
in accordance with these data.

The viscosity of the piezoelectric materials exhibits a
quite different behavior as presented in Fig. 10. GaPO,
and quartz show an almost linear slope in the log(ng) —
T plot. The only exception is found in a narrow temper-
ature range around 400°C where the resonance spec-
tra of the quartz resonators cannot be fitted due to
numerous spurious resonances. Explanations for this
behavior can be found in [71, 72]. In contrast, langasite
undergoes some loss maximus as seen by the shallow
peaks of the viscosity at about 250, 700 and 950°C.

0.6
0.5 -
R langasite
g
O 0.4+
o -0.14 quartz
st GaPO,
024 " IR
0 200 400 600 800 1000
T [°C]

Fig. 9 Temperature dependent piezoelectric constant of langa-
site, gallium phosphate and quartz
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Fig. 10 Temperature dependent viscosity of langasite, gallium
phosphate and quartz

Remarkably, the loss tends to decrease with increasing
temperature above 950°C.

2.7 Crucial resonator properties

Crucial properties with respect to high-temperature
operation of the resonators must be identified. For that
purpose, the impact of the physical properties on the
resonance frequency and the resonator quality factor is
calculated.

The materials data used for the following parameter
study correspond largely to those of langasite. They are
extrapolated to 1400°C in order to extend the calcu-
lations to extremely high temperatures which are not
experimentally accessible because of the limited stabil-
ity of the thin film electrodes applied here. Further,
single activation energies for the conductivity oz and
the viscosity ng are assumed. Those data are indicated
by dashed lines in Figs. 6 and 10. Details about the
materials data and the dimensions of the resonators
used here are summarized in Appendix B.

The first part of the parameter study focusses on the
series resonance frequency fs which is calculated from
Eq. 15 using the condition to Im(Z) = 0. Numerical
values are obtained with a accuracy of 10~ Hz. Further,
the derivatives of these frequencies dfs/d[..] for all
parameters [..] being included in the physical model
are calculated and multiplied by [..]/fs. The approach
results in relative values of the derivatives | |

[10fs L1 Afs

B L S 16
VT T fs AL (16)

which enables their comparison. The right hand side
of Eq. 16 is written using small differences in order to
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relate relative changes of the frequency to that of the
parameters [..] by «_;

Afs _ K[.JM- (17)

fs ]

The meaning of Eq. 17 becomes obvious taking the
thickness of the resonator as example, i.e. [..] = dg. Its
change Adp can be related to a mass change Am by
Adgr/dr = Am/m which results in

Afs Am
=Ky —. 18
fS KdR m ( )
Since the numerical calculation yields x4, = —1, the

example corresponds to the Sauerbrey equation [64]

Afs__ZLm (19)
Is m

which is the first order approach to relate relative

changes in mass and frequency. In general, Eq. 17

can be regarded as a kind of generalized Sauerbrey

equation for the corresponding physical property or

dimension of the resonator.

Figure 11 shows values for « ; calculated from the
series resonance frequency fs. The signs of the changes
are indicated in the plot. This calculation is performed
for langasite, GaPO, and quartz at room temperature.
Obviously, these piezoelectric materials exhibit a simi-
lar behavior. The impact of the resonator properties on
the series resonance frequency can be summarized as
follows:

e Changes in thickness dg, shear modulus cs and
density pg influence fs predominantly.

e The piezoelectric coefficient eg and the dielectric
constant g show a little impact, only.

10
| langasite = gallium phosphate | quartz
i — + —
— 10"+
e
S|= + - -
ol -
7] e
107
1075 T T T T T T T T T T T T T

T T
v Ar A Coo T € r Ok Pr dp o T P O R,
parameter [..]
Fig. 11 Relative derivatives of the series resonance frequency for

the parameters of the resonator device calculated for different
materials at room temperature

o The effective resonator area A g, the effective elec-
trode area A g, the viscosity g and the conductivity
or do not affect fg at room temperature.

The influence of the film properties on the piezoelectric
resonators made of different materials is also similar.

e Changes in thickness dr and density pr dominate.
e The shear modulus ¢y and the viscosity nr does not
affect fg under the conditions chosen here.

Finally, it should be noted that the stray capacitance
Cr and the lead resistance R; do not impact fs. This
fact is the reason why fs is commonly determined while
operating resonant sensors.

The most important issue in the context of this
work concerns the relative frequency shift at elevated
temperatures which is calculated taking langasite as
example. Thereby, special attention has to be drawn
to loss related properties, i.e. ng and og. Figure 12
shows remarkable features for changes in fg at 500 and
1000°C:

e The impact of the conductivity og becomes pro-
nounced at 1000°C.

e The sign of the relative deviation of ez changes
going from 500 to 1000°C.

e The effect of the film properties remains almost
unchanged.

So far, relative derivatives of the frequency are cal-
culated and compared. If the focus is drawn exclusively
on the resonator, dr, ces and pr cause the strongest im-
pact. In order to identify the dominant parameters for
absolute frequency changes according to A[..]dfs/d[..],
the magnitude of environmentally dependent varia-
tions of the corresponding parameter A[..] must be
considered. Thereby, the temperature is expected to

L | RT | 500°C | 1000°C
109 n -
1
% — 107 _ +
= n
10 7 +
10’5 T T T T T T T T T T T T

T T T

dy Ap Ap Cos Ty €, & O Pp &y Cp T P CL By
parameter |..|

Fig. 12 Relative derivatives of the series resonance frequency for

the parameters of the resonator device calculated for langasite at
different temperatures
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cause the strongest impact. Since the conductivity og
and the viscosity nr are commonly thermally activated,
they might be subject to changes by several orders of
magnitude. In contrast, the parameters dg, c¢s and pr
are expected to show a relatively weak temperature
dependence. The conclusion is that changes in o po-
tentially govern the resonance frequency even if its
relative derivative «,, is smaller than that for d, c¢s and
PR-

Further, the impact of the materials parameters on
the resonator quality factor is of particular interest. Its
derivatives d Q/9d [..] for the parameters [..] are calcu-
lated and multiplied by [..]/ O to get v,

[] Q [--] Af
= == 20
M O ad T AL (20)
which allows to relate relative changes
AQ ATL]
e 21
0 ~ U] (1)

Figure 13 shows the result of the calculation for
different temperatures. In general, dg, ces, ng, €r and
pr dominate the behavior. The most remarkable result
is the increasing impact of Agr, AE, er, ¢g and og with
increasing temperatures.

The comparison of v, and v, with the other dominant
parameters shows differences smaller than one order of
magnitude, only. The fact must be discussed in concert
with the expected changes in the corresponding para-
meters. Again, dg, ce, €g and pr undergo relatively
small changes in a wide temperature range. On the
other hand, ng and og exhibit changes of some orders
in magnitude. Therefore, the latter parameters are ex-
pected to affect Q predominantly. The result meets the

19— RT ' 500°C | 1000°C
_ 1.0_ _
‘_ 05 + _
= ] +
-|@ 0.6 n
0.4 + = n
0.2 | B
1 [
T T T T T T T T
dy Ay Ap ¢ T & & G
parameter |..|

Fig. 13 Relative derivatives of the resonator quality factor for
the parameters of the resonator device calculated for 5 MHz
langasite resonator at different temperatures
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expectations since ng and oy are introduced to reflect
losses.

In summary, dg, c¢s, pr and oy are identified as the
most relevant properties for stable, i.e. environmen-
tal independent, operation of resonators at its series
resonance frequency at elevated temperatures. Conse-
quently, the dependence of these parameters from the
environmental conditions and the underlying atomic
mechanisms must be studied in detail.

3 Mass and charge transport

In order to take advantage of the high mass sensitiv-
ity of langasite resonators, environmental-independent
operation must to be ensured. In other words, the
stability of the most crucial properties must be eval-
uated as function of temperature and surrounding gas
composition using a defect chemical approach.

The focus is put on stable resonance frequencies
and low losses. According to [3], frequency fluctuations
equivalent to noise of £4 Hz can be defined as criterion
to determine the range of stable operation of 5 MHz
resonators. Extreme conditions such as

e High temperatures or low oxygen partial pressures
and

e High concentrations
species

of hydrogen containing

potentially cause changes in the most relevant para-
meters ces, PR, or and ngr and, thereby, frequency
shifts larger than the limit mentioned above. The fre-
quency shift might be explained by different scenarios
including

e Formation of vacancies which primary impacts the
density and potentially the strength of the inter-
atomic bonds leading to modified elastic constants,
Incorporation of hydrogenous species and
Increase of the viscosity and conductivity due to
the movement of ionic and electronic charge car-
riers. Thereby, moving ions are expected to show a
stronger effect than electrons.

Initially, charge carriers and defects related to the
presence of hydrogen are excluded by application of
atmospheres containing residual amounts of hydrogen.
In practice, the oxygen partial pressure (pg;) is ad-
justed by CO/CO, gas mixtures. Under such conditions,
the remaining hydrogen or hydrogenous species are
found to impact the defect chemistry of langasite in a
minor way.

Systematic measurements at reduced total pressure
are not performed. However, short-term annealing runs
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in vacuum do not result in obvious degradation of
langasite.

3.1 Diffusive transport

First, the diffusivities of the relevant constituents and of
potential dopants are presented. These results point to
the most mobile charge carriers and enable to calculate
the time constants of equilibration processes. When-
ever possible, diffusion experiments and conductivity
measurements are performed using langasite single
crystals. However, the preparation of doped samples
and the need to achieve reasonable equilibration times
require, in some cases, the application of polycrystalline
samples.

3.1.1 Oxygen dif fusion

The oxygen self-diffusion in langasite is studied in
the temperature range from 600 to 1000°C by oxygen
isotope exchange experiments using 'O, enriched at-
mospheres and subsequent analysis of the '®0 depth
profiles by secondary ion mass spectrometry (SIMS).
Details about the experiments and the data evaluation
are given in Appendix C. The correlation factor for
the diffusion of the oxygen tracer is close to unity for
a vacancy mechanism. Therefore, the tracer diffusion
coefficient and the chemical diffusion coefficient are
not distinguished.

Figure 14 shows the results for single crystalline
(sc) and polycrystalline (pc) langasite in form of an
Arrhenius plot. For the single crystals, the diffusion

rra
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Fig. 14 Arrhenius plot of the oxygen diffusion coefficients. The
curves denoted by pc and sc correspond to polycrystalline and
single crystalline material, respectively. Considerable amounts of
dopants are given in parenthesis

coefficients along the y-direction are given. The val-
ues for the z-direction are slightly larger (not shown).
The plot indicates that oxygen diffusion is controlled
by a single mechanism in the temperature range from
600 to about 1000°C, i.e. the activation energy E 4 ac-
cording to

DO = DQEiEA/kBT (22)

is constant for the respective sample. Section 4 summa-
rizes the values of E 4 and of the temperature indepen-
dent pre-exponential factor D.

Small differences in magnitude and activation energy
of the oxygen diffusion coefficients are observed for
nominally undoped and 0.6% Rh containing langa-
site single crystals. According to Section 4, rhodium
impurities could be neutral or act as donor. In the
latter case, the electron concentration is expected to
be increased thereby suppressing the oxygen vacancy
concentration and oxygen diffusion. However, the ex-
perimental findings point to the inverse case leading to
the conclusion that rhodium is neutral. Therefore, the
differences observed in Fig. 14 may be related to other
background impurities or intrinsic non-stoichiometries
of the crystals.

The calculated diffusion coefficients of polycrys-
talline langasite are lower than that of the single crys-
tals. This discrepancy is potentially caused by the large
error in estimation of diffusion coefficients in polycrys-
talline samples using the technique described in Appen-
dix C. The approach requires high quality data. For the
polycrystalline specimens which show a relatively low
density, tracer diffuses rapidly through the pores by gas
phase diffusion, thereby implying a very high boundary
diffusion which effectively masks bulk contributions.
Therefore, only two (less reliable) data points could be
extracted for nominally undoped polycrystals. Niobium
doped langasite shows even higher porosities which
prevents any reasonable data evaluation.

Sr doped samples could be evaluated. The addi-
tion of the acceptor, in this specific example 1% Sr,
markedly increases the oxygen diffusion. The observa-
tion supports the defect model (see Section 4) since
acceptor doped langasite is expected to show an even
higher ionic conductivity due to the increased oxygen
vacancy concentration.

3.1.2 Hydrogen dif fusion

Hydrogen or hydrogenous species are generally sus-
pected to contribute substantially to the mass and
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charge transport [73]. Therefore, their chemical
diffusion is investigated. The annealing of the samples
in 6% H,/Ar results in very flat depth profiles even
if the annealing time is in the order of minutes, only.
Within the depth accessible by SIMS, the concentra-
tion does not show significant changes. Further, the
penetration of hydrogenous species from both surfaces
of the sample overlaps potentially. As a consequence,
the data cannot be evaluated using Fick’s second law.
Alternatively, the time dependent hydrogen content
inside the samples can be used to estimate the diffusion
coefficient. The approach bases on the description of
the total content of the diffusing species as function
of its diffusion coefficient and annealing time. The
approach and its reduction to practice using the actual
samples are described in [74] and [70], respectively.
Thereby, the OH-content is determined by Fourier
Transform InfraRed (FT-IR) spectroscopy using the
absorption peak at 3,400 cm~!. The 0.5 mm thick sam-
ples are annealed in 6% Hy/Ar at 600°C for different
periods of time and subsequently analyzed. The re-
sulting normalized OH-content is shown in Fig. 15.
For reference, the OH-content is determined by SIMS.
However, the data are not reliable since the system was
operated close to the resolution limits. The fact causes
the large scattering of these data points in Fig. 15.

The diffusion coefficient found at 600°C is 1.12 x
10" m?/s. The value is orders of magnitude higher
than that of oxygen. Therefore, a dominant role of
hydrogen must be encountered.

3.1.3 Cation dif fusion

Gallium is known to contribute substantially to the
ionic conduction in systems such as NdA1O;-NdGaOs3

1.0-
0.8
= 0.6
= ] SIMS (OH )
5 044 = SIMS (H)
021 o FT-IR
1 model
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0 50 100 150 200
¢ [min]

Fig. 15 Normalized OH-content of single crystalline langasite as
function of time during annealing in 6% H,/Ar at 600°C [70]
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[75] and (La,Sr)(Ga,Ni)Os [76] and, therefore, sus-
pected to play a significant role in langasite. Conse-
quently, the diffusivity of gallium must be determined
to evaluate its contribution to the ionic conductivity.
Contrary, silicon is, in general, covalently bound and
lanthanum is large. Therefore, it is unlikely that both
ions migrate easily within langasite.

The gallium self-diffusivity is determined in single
crystalline langasite by implantation of the stable iso-
tope "'Ga, subsequent annealing and depth profile
analysis. Details about the data evaluation are given in
Appendix C.

Figure 16 shows the resulting diffusion coefficients.
The activation energy of 3.13 eV is significantly higher
than that of oxygen diffusion. Moreover, the gallium
diffusion is orders of magnitude less than the oxygen
diffusion. Therefore, gallium does not contribute sig-
nificantly to conduction and can be dismissed from that
standpoint. The related surface exchange coefficient is
discussed in Section 3.2.

Further, the chemical diffusion of potential dopants
(see Section 4) is investigated. Their diffusivity is of
interest since local doping is an option to form highly
conductive areas or to modify the rate of chemical etch
processes. These diffusion coefficients are determined
using thin films as source for the diffusing species. The
diffusion coefficients of strontium, praseodymium and
niobium are fairly small as shown in Fig. 16. Remark-
ably, strontium and praseodymium exhibit virtually the
same diffusivity which is consistent with their similar
ionic radii and the occupation of the same site in the
langasite lattice.
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Fig.16 Arrhenius plot of the diffusion coefficients of gallium and
potential dopants along the y-direction in langasite single crystals
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The characteristic diffusion depth along the y-axis
yp can be estimated from the diffusion coefficient and
the annealing time ¢ according to

yp =2vDr. (23)

At 1400°C, where the diffusion coefficients of stron-
tium, praseodymium and niobium are quite similar, a
diffusion depth of 5 um requires annealing periods of
several days. Consequently, the preparation of locally
doped langasite samples by thermal diffusion might
be time consuming and prevent the application of
the method. Alternatives are the epitaxial deposition
of doped langasite layers [77] or the field enhanced
diffusion. Contrary, once the doping is performed, op-
eration temperatures of 900°C virtually do not change
the extent of the doped region. For example, yp in-
creases for strontium or praseodymium from 3.0 to
3.1 um within 4,000 years.

3.2 Gallium loss

So far, reversible changes in materials properties of lan-
gasite are reported. However, unfavorable conditions
such as extremely high temperatures and low oxygen
partial pressures are suspected to reduce the material
or to result in gallium loss. Reduction of langasite
leading to irreversible modifications is not observed for
the experimental conditions described in the previous
sections. In contrast, gallium loss occurs at 900°C at
or below pp, = 1077 bar in CO/CO, atmospheres.
Figure 17 presents SIMS depth profiles for the cations
gallium, lanthanum and silicon. Thereby, the acquired

. . . . .

0.0 0.5 1.0 1.5 2.0 2.5
y [nm]

Fig. 17 Concentration depth profiles for the gallium, lanthanum

and silicon after different annealing steps (see text) determined
by SIMS

data are normalized to the background concentration
of given elements within langasite. The curves denoted
by (1) are determined after annealing of single crys-
talline langasite for 24 h at the conditions mentioned
above. A significant decrease in gallium concentra-
tion is observed in a surface region of about 1.5 um.
Obviously, the gallium concentration forms a plateau
near the surface and does not fall below about 5%
which corresponds to the ratio of gallium to silicon of
about unity at the surface (see Table 3). The observa-
tions imply that only sixfold coordinated gallium at the
B-sites remains in the sample. The occurrence of the
B-site is 4.3%. In other words, the fourfold coordinated
gallium is obviously removed from the lattice. Unfor-
tunately, analysis by X-Ray Diffractometry (XRD) do
not deliver conclusive information about the phase at
the surface.

A second annealing of the same sample in air (900°C,
24 h) results in an increase in gallium concentration at
the surface. In particular, the formerly gallium-depleted
area is almost filled by outward diffusion of gallium.
The curve denoted by Ga(Il) in Fig. 17 visualizes the
situation. Consequently, the gallium loss at the surface
must be largely suppressed at high pg,. The observation
goes along with that for Ga,Oj; reported in [78] where
the partial pressure of the volatile gallium suboxide
Ga,0 decreases with increasing po».

The annealing leads to a decrease of the total gallium
content. An uniform decrease is expected for low evap-
oration rates where the chemical diffusion maintains a
nearly constant gallium concentration. However, small
changes as estimated for the actual sample cannot be
detected due to the limited resolution of the analytical
tools. Therefore, the gallium loss is calculated using the
surface exchange coefficient K¢, which is a secondary
result of the diffusion measurements. It must be noted
that the diffusion annealing is performed in air. In
order to back up the approach, the surface exchange
coefficients are calculated from the difference in the in-
tegrals of the gallium concentration profiles determined
by SIMS before and after annealing. The difference
provides information about the gallium loss for a given
annealing time. The surface exchange coefficients de-
termined by both approaches are presented in Fig. 18.

Table 3 Surface concentration after annealing (900°C, pgr =
10717 bar, 24 h) determined by Wavelength Dispersive X-ray
spectroscopy (WDX)

Concentration ¢ [%] CGa/Csi
La Ga Si O
26.01 9.44 8.94 55.62 1.06
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Fig. 18 Gallium surface exchange coefficients for single crys-
talline langasite at ambient oxygen partial pressure

The difference of the results is fairly small and can be
explained by the errors of measurement.

If the surface exchange determines the gallium loss
solely, samples held at 750 and 900°C in air lose one
monolayer of gallium (6.6 x 10'* atoms/cm?) within 10
and 1 h, respectively. Therefore, the gallium loss is neg-
ligible at 750°C and high pg,. Even at 900°C a surface
layer of 1.5 um would be depleted within 160 days,
only. The estimation ignores the chemical diffusion
of gallium within langasite. The situation changes in
reducing CO/CO, atmospheres as demonstrated above.
At 900°C, the gallium loss is increased by a factor
of 160.

An essential consequence for the operation of
langasite-related compounds under extreme condi-
tions, i.e. high temperatures and reducing CO/CO,
atmospheres, is to use compositions which contain
less gallium. A possibly suited gallium-free material is
La3SbZn3G€2014 [79]

3.3 Equilibration times

Single crystalline langasite samples exhibit time depen-
dent materials properties as long as they are not heated
to high temperatures. To quantify this fact, the mini-
mum temperature for achieving equilibrium conditions
of the oxygen stoichiometry can be estimated by solving
Eq. 23 for D(T). Taking the thickness of a 5 MHz
langasite resonator yp = dg/2 &~ 135 um and equilibra-
tion times in the order of several hours as example,
temperatures of at least 1050°C are required. For the
calculation an extrapolated oxygen diffusion coefficient
according to Eq. 22 is used. As a consequence, the
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single crystalline samples presented in this work are
pre-annealed for at least 24 h at or above 1050°C.
Exceptions are indicated.

Contrary, below about 1000°C equilibrium condi-
tions for oxygen stoichiometry cannot be expected
within reasonable periods of time for the given dimen-
sions of the langasite crystals. The fact is particular
unfavorable for pp, dependent conductivity measure-
ments. Dimensions in the order of few micrometers
would be required. Alternatively, polycrystalline lang-
asite samples obviously providing fast transport paths
can be used for such measurements. These insights mo-
tivate the fundamental decision to evaluate the defect
chemistry of langasite based on polycrystalline samples.

However, polycrystalline samples do not enable the
investigation of piezoelectric properties. Single crys-
tals must be applied which results to some extend
in time dependent materials properties. Pre-annealing
does not solve the problem of non-equilibration at
medium and low temperatures. However, relatively
strong fluctuations of the materials properties occurring
during the first annealing are not observed anymore.
Therefore, the use of pre-annealed single crystalline
samples is the only feasible option to determine the
piezoelectric properties. In order to recognize potential
errors, special attention must be drawn on time de-
pendent fluctuations of the properties. At this point it
should be noted that long term experiments at 600°C do
not indicate fluctuations of the piezoelectric properties.

The hydrogen diffusion coefficient of 1.12 x
10~!"" m?/s at 600°C enables to estimate the time
to saturate langasite with hydrogen or hydrogenous
species at that temperature. Taking again the thickness
of a 5 MHz langasite resonator yp = dg/2 ~ 135 um,
the calculation according to Eq. 23 results in 108 min.
The saturation time at higher temperatures is even
shorter. Consequently, time independent conditions
with respect to the hydrogen content of the samples
could be realized easily during the experiments in
hydrogenous atmospheres.

3.4 Electrical conductivity

The electrical conductivity of langasite is measured in
the temperature range from 400 to 1050°C. In the first
part of this section, the conductivity data of polycrys-
talline langasite presented in [80-82] are summarized.
These results are compared with that of single crys-
talline langasite in the second part.

Assuming diffusive transport which is appropriate
for either ionic or electron hopping, the activation en-
ergy of the process is preferably derived from the tem-
perature dependence of the conductivity-temperature
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product (see Section 3.5). In case of e.g. electron mi-
gration, the activation energy is directly related to the
conductivity and extracted from its temperature de-
pendence. Since the dominant process is, a priori, not
clear the plots show in general the conductivity. Nev-
ertheless, the activation energy is determined from the
conductivity-temperature product whenever applies.

3.4.1 Hydrogen free atmospheres

Nominally undoped polycrystalline langasite exhibits
Po> independent electrical conductivity at medium and
high po, as visualized in Fig. 19. Here, the bulk con-
ductivity op is shown which reflects the conductivity of
the grains. The value can be compared with the conduc-
tivity o of the langasite single crystals. Accompanying
concentration cell and thermoelectric power measure-
ments confirmed the dominance of ionic conduction
[80-82].

With decreasing po,, the conductivity increases in-
dicating predominant electronic conduction. The —1/4
slope in the log —log plot becomes obvious by sub-
tracting the ionic part from the total conductivity (not
shown).

Donor doped polycrystalline langasite shows a po»
independent conductivity at medium and high pg,,
too. However, the accompanying concentration cell and
thermoelectric power measurements points to predom-
inant electronic conduction. With decreasing pp;, an
even enhanced electronic conduction with a —1/6 slope
is found as seen in Fig. 20.

The conductivity of acceptor doped langasite is
shown in Fig. 21. In contrast to the nominally undoped
and the donor doped material, the pp, independent
conductivity occurs at low and medium pg,. Here, ionic

log(o,, [S/m])

log(p 02

Fig. 19 Oxygen partial pressure dependent conductivity of nom-
inally undoped polycrystalline langasite taken from [83]

log(a;, [S/m])

Fig.20 Oxygen partial pressure dependent conductivity of donor
doped polycrystalline langasite (5% Nb) taken from [83]

conduction dominates. Further, the plot indicates p-
type electronic conduction at high po,. A slope of 1/4
becomes obvious by subtracting the ionic part from the
total conductivity (not shown).

The comparison of Figs. 19-21 shows almost iden-
tical conductivities of nominally undoped and donor
doped polycrystalline langasite in the pp, independent
range, i.e. at medium pg,. The equality is seen as co-
incidental phenomenon since the predominant charge
carrier type differs. At low po,, donor doping leads to
enhanced electronic conduction.

Acceptor doping increases the conductivity by about
one order of magnitude at medium pp, as illustrated
in Fig. 22. The fact goes along with the increase in
oxygen diffusion by about one order of magnitude as
seen in Fig. 14 for polycrystalline langasite and confirms
the dominance of ionic conduction. Further, the result
corresponds to the conductivity prediction presented
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Fig. 21 Oxygen partial pressure dependent conductivity of ac-
ceptor doped polycrystalline langasite (1% Sr) taken from [83]
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1 Table 4 Activation energy of the conductivity in langasite in the
-1.04 Ppo> independent range
= -1.24 Langasite Property E 4 [eV] Temperature
E . range [°C]
®, -1.44 sc o 0.82 400-700
° 1 opT 1.15 700-1050
< 164 sc (0.5% Sr) opT 0.98 400-550
i) 18] opT 1.39 550-950
-1 sc (0.5% Nb) o 0.91 400-550
50, undoped & —oo9 o8 1.29 550-950
) B pe opT 0.91 750-1000
T T T T T T T T T
1% Sr) opT 1.27 700-1000
-20 15 -10 5 0o rel B
pc (5% Nb) 0B 0.91 700-1000

log(p,, [bar])

Fig. 22 Oxygen partial pressure dependent conductivity at
1000°C for nominally undoped, acceptor (1% Sr) and donor
(5% NDb) doped polycrystalline langasite

in Section 4 (see Fig. 32) for an increase in net donor
concentration from [A,] —[Dg] 2 0 to 1% Sr. These
statements remain largely true for high pg,. Even at
po2 = 0.2 bar, the p-type electronic conduction causes
an increase in conductivity of about 7%, only. Fully p-
type conduction is expected for higher doping levels
and/or higher po,.

In the po, independent range, the temperature de-
pendence of the conductivity-temperature product en-
ables to extract the activation energy of the ionic
transport in nominally undoped and acceptor doped
langasite. The property is visualized in Fig. 23. The acti-
vation energy of the electron transport in donor doped

T
1000 900 800 700
0 L 1 L 1 L 1 L 1
10" 5
> ]
& J
B
= 07
S
, undoped
107 - | | | | | |
8 9 10

10'/T [1/K]

Fig. 23 Arrhenius plot of the conductivity-temperature product
for nominally undoped and acceptor (1% Sr) doped polycrys-
talline langasite in the pp; independent range and indication of
the respective activation energy
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langasite is found to be 0.91 eV which is interpreted as
sum of donor ionization and electron migration ener-
gies [80-82]. The activation energy for strontium doped
langasite is significantly larger which goes along with
the activation energy of the oxygen diffusion. Numeri-
cal values for the activation energies are summarized in
Table 4.

Further, the magnitude of the conductivity of nom-
inally undoped single crystalline and polycrystalline
langasite is compared. Figure 24 shows orientation de-
pendent conductivities for the single crystalline ma-
terial which differ by about one order of magnitude.
The effective conductivity of polycrystalline materials
results from the statistical orientation of the grains. The
limits are given by [84]

1
Vo2o. <op < §(2Uz +0.)

(24)
T
800 700 600 500
10‘2 1 L 1 L 1 L 1 L
sc: A Gy, O,
el e o
107 fhaay “ =37 -
El ] It e, T Cest
Nag ] —“~_~ e
£ ]
8] 10_4_E aE Y .
5] pc: O o
103 T T T T T T T T T
10 11 , 12 13
10'/ T [1/K]

Fig. 24 Electrical conductivity of langasite single crystals (o, =
oy and o) and of polycrystalline langasite (o5) at po, = 0.2 bar.
The predicted range of the effective conductivity of polycrys-
talline langasite (oefy) is indicated
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Fig. 25 Conductivity of nominally undoped, 0.25% Sr and
0.5% Pr doped single crystalline langasite as well as conductivity
of a strontium doped layer at pp, = 0.2 bar

and indicated in Fig. 24. It is clearly obvious that the
measured conductivity of polycrystalline langasite falls
within these limits. Consequently, the differently pre-
pared materials satisfy this condition necessary to be
comparable.

The electrical conductivity of undoped langasite as
presented in Fig. 25 shows a clear change in activation
energy at about 700°C. The observation is highly re-
markable since it indicates a change in the dominant
conduction mechanism. The suspicion is supported by
the following arguments:

e The electronic conduction dominates below about
700°C. The comparison with the ionic conductivity
as done in Section 3.5 supports this statement. Fur-
ther, the activation energy of the total conductivity
of n-type polycrystalline (donor doped) and single
crystalline langasite is close and, in particular, lower
than that of the oxygen diffusion. The facts become
obvious by the values in Tables 4 and 5.

e The ionic conduction takes over the total conduc-
tivity above about 700°C. The activation energy of
the oxygen diffusion is found to be higher than
that of the electronic conduction which leads to

an increased impact of the former with increasing
temperature. Further, similar activation energies of
the total conductivity and the oxygen diffusion are
observed in this temperature range.

e The previous arguments are strongly supported by
a direct demonstration of the change in dominat-
ing charge carrier type by measurements of the
ionic transfer number [85]. The effect is shown at
720°C for the langasite-related compound langatate
(LazTagsGass014).

These arguments turn the above mentioned suspicion
in a fact, i.e. the conduction in the nominally undoped
langasite prepared by the Czochralski technique is
dominated by electronic carriers below 700°C and turns
in predominant ionic conduction above that temper-
ature. In other words, the material behaves like net
donor and acceptor doped langasite below and above
700°C, respectively. Since undoped langasite is always
operated close to this transition, the presumably strong
effect of moving oxygen ions on damping must be
expected even at low temperatures.

Finally, the impact of dopants is evaluated.
Figure 25 compares the conductivity of nominally
undoped, 0.25% Sr and 0.5% Pr doped langasite single
crystals. It becomes obvious that light doping changes
the conductivity in a minor way.

In order to determine the impact of heavy strontium
doping on the conductivity locally doped areas are
prepared by inward diffusion of strontium using SrO as
source. The langasite samples evaluated here exhibit a
strontium concentration of up to 6 x 10?! cm~2 in an
effectively 2.7 um thick surface layer. About 60% of
lanthanum are expected to be replaced by strontium
which is in agreement with the option to replace lan-
thanum largely [33]. The change in conductivity of the
locally doped area is found to be three to four orders in
magnitude as visualized in Fig. 25.

Further, a second homogenously doped langasite
crystal containing 0.5% Sr is investigated. The material
shows a considerable decrease in conductivity as visual-
ized in Fig. 26.

Doping with 0.5% Nb is performed in order to ex-
plore the effect of donors. Niobium doped langasite

Table 5 Activatiqn cnergy Langasite Species E4 [eV] Dy [m?/s] Temperature range [°C]
and pre-exponential factor T —
of diffusion in langasite ¢ 0 1.25 7.6 x 10 750-950

sc (0.6% Rh) 180 1.22 2.5 %1076 600-800

pc (1% Sr) 180 1.20 2.6 x 1077 600-900

sc "Ga 333 9.1 x 1078 750-1000

sc Sr, Pr 4.50 1.1 x 1074 1200-1450

sc Nb 1.83 2.8 x 1078 900-1400
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Fig. 26 Conductivity of nominally undoped, 0.5% Sr and
0.5% Nb doped single crystalline langasite at pg, = 0.2 bar

shows a lower conductivity than undoped single crys-
tals. Obviously, the material is effectively compensated.
Remarkably, the activation energy of the conduction is
lower than that of strontium doped langasite.

3.4.2 Hydrogen containing atmospheres

The pop,-dependence of the conductivity in hydroge-
nous atmospheres differs from that in nominally hydro-
gen free atmospheres. The fact is visualized in Fig. 27
where the conductivity decreases with decreasing po,.
The difference in conductivity by about half an or-
der of magnitude at 800°C goes along with the fact
that y-cut single crystalline and polycrystalline lang-
asite are compared. Consequently, the origin of the
decreasing conductivity with decreasing pp, remains to

9.5 \C\CL/COQ 800 °C
Bl
—
A 3.0 O
Mm
L H /H,O 800 °C
a0
©]
~ -3.5-
17 H /HO 600 °C
—40 T T T T T T T T T T
25 20 -15 -10 -5 0

log(p,,, [bar])

Fig. 27 Oxygen partial pressure dependent conductivity of lang-
asite in hydrogenous and nominally hydrogen free atmospheres
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be explained. The further presentation of the results
is preferably done using the py»o-dependence of the
conductivity since the corresponding equations for z-
cut and y-cut langasite introduced in Section 4 show
distinct relations.

The experimental results presented in Fig. 28 indi-
cate a 1/2 dependence of the conductivity along the z-
axis at 800°C in the log(op) — log(poz) plot. The same
applies at 600°C (not shown). For the actual resonators,
the properties along the y-axis are of particular interest.
Here, Fig. 28 shows a 1/2 — 0.07 and 1/2 — 0.3 depen-
dence at 600 and 800°C, respectively.

3.5 Tonic conductivity

The cation diffusion data indicate that oxygen ions
are the only ionic charge carriers which might con-
tribute significantly to the total electrical conductivity.
Assuming an oxygen transport mechanism via oxygen
vacancies, the contribution of oxygen transport
oo =qvlVylny (25)
to the total conductivity may be calculated based on the
measured oxygen tracer diffusion. The oxygen vacancy
concentration [V¢'] and mobility ny can be eliminated
using the Einstein relation [86, 87]

kT
qv
RT
log(p,,, [Par]) for p,, = 8 mbar
-20.7  -20.2  -19.6 -19.0 -182 -15.8
| | | | |
-2 .
1 12

A

1/2 - 0.30 y
A

] y
44 1/2-007

T T T T T
3.0 2.5 2.0
log(p,,,, [Par])

log(o [S/m])

Fig. 28 Water vapor pressure dependent conductivity of single
crystalline langasite at 800 (solid symbols) and 600°C (open
symbols). The shape of the symbols corresponds to different
levels of hydrogen provided to the reaction chamber ( ng range:
2-18 mbar) [62, 70]



J Electroceram (2011) 26:122-161

141

T[°C]
1000 700 600 500

1074
_3:
= 107
- 1
_— -4

o 10 -§ \O‘O
10°
10°

8 9 10 11 12 13
10"/ T [1/K]

Fig. 29 Total bulk and oxygen ion conductivities in langasite as
a function of reciprocal temperatures

and

DolOol = Dy[Vy] (27)

where kg, T, [Ool, gqv =2q and Dy are the Boltz-
mann constant, the absolute temperature, the oxygen
concentration, the charge of the mobile species and
vacancy diffusion coefficient, respectively. The calcula-
tion yields

29)*
ksT

At 800°C, o resultsin 2.1 x 10~* S/m. The value corre-
sponds to about 15% of the total conductivity as it can
be seen in Fig. 29. At 600°C an ionic contribution of 5%
is found.

oo = [00] Do. (28)

4 Defect model

Langasite can be doped by a variety of cations. The
sites where they substitute into are known [33, 88-90].
Based on the ionic radii and the coordination num-
bers strontium or praseodymium dopants occupy La**
sites (A site). Under these circumstances, strontium
acts as acceptor whereas praseodymium is a neutral
substituent or a donor. Niobium replaces Ga** thereby
acting as donor. Rhodium impurities originating from
the growth process in Pt/Rh crucibles are expected to
occupy Ga** sites and act as donor for Rh*" or Rh>*
valence states. In case of the absence of acceptors,
the charge compensation would be fulfilled by elec-
trons. Another option is the appearance of Rh** which
does not change the charge with respect to the lattice.

Table 6 Sites, potential dopants, their oxygen coordination and
ionic radii [44]

Site Dopant Oxygen Tonic radii Effect
coordination [10710 m]
A Sr2t 8 1.26 Acceptor
A Pr3t 8 1.13 Neutral
A Prtt 8 0.96 Donor
B Nb*+ 6 0.68 Donor
B Nb>+ 6 0.64 Donor
C,D Nb>+ 4 0.48 Donor
B Rh3+ 6 0.67 Neutral
B Rh*+ 6 0.60 Donor
B Rh3+ 6 0.55 Donor

Table 6 lists potential dopants, their coordination num-
bers and ionic radii. These substitutions are in accor-
dance with the subsequently presented defect model
which reflects the effect of these dopants consistently.

4.1 Nominally hydrogen-free environments

The defect model presented in the following summa-
rizes parts of the detailed description given in [80-82].
Key defect reactions are selected whereby the forma-
tion of oxygen vacancies Vg (Kroger-Vink notation
[91]) atlow po; is the most relevant feature with respect
to mass changes of the resonator material leading po-
tentially to frequency shifts of resonator devices. These
reactions and their mass action laws are the

e Reduction,

Of < Vi +2+1/20; (29)

kr=[V5] npg; (30)
e Ocxidation,

120, + Vi < O} + 2h° 31)

ko=p[VE]" poy” (32)

e Generation of electrons and holes,
null < h* + ¢ (33)
kg=np (34)
e Schottky reaction and

null < 14Vy + 3V +5VE, + V! (35)

+ VI + [VaT + v (36)

e Anion Frenkel reaction.

ks=[ve]"

0 < Vi + 0] )
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kr=[Vg][O!]. (38)

Further, for dopants additional reactions and mass ac-
tion laws for the

e Jonization of acceptors and

Ao Ap+h° (39)

ka=[A¢] p (40)
e Jonization of donors

D < Dy +¢ (41)

kp = [D'C] n (42)

apply. The subscript C represents cation sites. Manifold
charges with respect to the lattice do not have to be
introduced since the model describes the experimental
findings consistently.

Finally, the general neutrality equation for electrical
charges in the crystals

2[Ve]+p+[De] =2[0]]+n+[AL] (43)

must be fulfilled.

The solution of the above set of equations provides
the relation between temperature, oxygen partial pres-
sure, dopant level and concentrations ¢; of charge carri-
ers indexed by /. The latter enable the calculation of the
partial conductivities o; provided that their charges g,
and mobilities p; are known. Thus, the experimentally
accessible total conductivity o follows from*

OB = ZUI = ZQI i cr. (44)
! !

The complexity of the set of equations can be re-
duced by applying the Brouwer approximation [92]
where a dominating defect relation is regarded in re-
stricted ranges of temperature and pp,. Accordingly,
the neutrality equation includes a single dominating
type of positive and negative charge carrier, only.

Even nominally undoped langasite is expected to ex-
hibit some intrinsic non-stoichiometry and, therefore,
to behave like net donor or acceptor doped material.
Under such circumstances, typical defect regions and
their neutrality equations are the

e Reduction,

n~2[Vy] (45)

4The property op reflects the bulk conductivity of polycrystalline
or single crystalline langasite. In the latter case op equals og.
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e lonic compensation,

o[V~ [Ar]  for  [A]>[Dr] (46

2 [0;’] ~ [D’C] for [D'C] > [A’C] (47)

e Electronic Compensation and

pr[AY] for [AL] > [De] (48)

n~[Dg] for [Dg] > [A¢] (49)
e Oxidation.

p~2[0] (50)

Among other conclusions, these equations enable
the calculation of the pp,-dependence of the charge
carrier concentrations. Criteria to identify the partial
conductivity o; which dominates the total conductiv-
ity op are the concentration and the mobility of the
different charge carriers. The concentrations can be
taken from the defect model. The mobilities of the ions
follow from the diffusivities presented in Section 3.1. It
turns out that oxygen vacancies are the only ionic carri-
ers which contribute substantially to the conductivity.
Of course, electrons (and holes) must be considered
since they are in general significantly more mobile
than ions.

Taking net acceptor doped material as example, the
concentration of oxygen vacancies is fixed according
to Eq. 46 at sufficiently high pgp,. Further, electrons
are suppressed which results in predominant ionic con-
duction carried by oxygen vacancies. Consequently, the
dominating charge transport is pp, independent

o ~ V51 # f(pod). (1)

With decreasing po, electrons are generated and take
over the conductivity op even if their concentration is
lower than that of oxygen vacancies. The former are
expected to be more mobile than oxygen vacancies.
Under such circumstances, the pg;-dependence of the
electron concentration and, thereby, of the conductivity
follow from Egs. 30 and 46

o ~n~ po)'t. (52)

At very low po, the reduction reaction controls the for-
mation of electrons and oxygen vacancies. The combi-
nation of Eqs. 30 and 45 results in the pp,-dependence

o ~n~ po°. (53)

The slope of the pp,-dependence of the electron con-
centration in the subsequently presented log-log plots
is Alogn/Alog pp, = —1/6.
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Fig. 30 Kroger—Vink diagram for net acceptor doped langasite
and ranges of operation for nominally undoped (UD) and accep-
tor doped (A D) langasite taken from [83]

Calculations for the complete set of equations are
presented in [80-82]. In the following these results are
summarized by the Kroger-Vink diagrams for net ac-
ceptor and donor doped langasite and given in Figs. 30
and 31, respectively. The defect regions mentioned
above are separated by vertical dashed lines and de-
noted by the dominating neutrality relation above
the diagrams. Further, the modulus of the slope of the
curves is indicated in the bottom part of the figures. The
appropriate sign and vanishing slopes become obvious
from the curves themselves. The example concerning
acceptor doped langasite from above corresponds to
the left hand regions in Fig. 30.

log c.

Fig. 31 Kroger-Vink diagram for net donor doped langasite
and range of operation for donor doped (D D) langasite taken
from [83]

4.2 Oxygen partial pressure ranges of operation

The po, ranges of operation of langasite must be ex-
plored with respect to the defect model. Section 3
provides the corresponding experimental results. The
accessible pp; (1-1072° bar) and temperature ranges
(700-1000°C) results from a comparison of the conduc-
tivity (Figs. 19-21) and the corresponding Kroger—Vink
diagrams (Figs. 30 and 31). The following regions of
operation denoted by AD, UD and D D are found:

e AD in Fig. 30 for acceptor (1% Sr) doped
langasite.’
Acceptor doped langasite exhibits mixed ionic-
electronic conductivity. At low and medium pos,
the charge transport is dominated by mobile oxygen
vacancies. The ionic conductivity is fixed by the
acceptors, thereby being po, independent. With
increasing po, p-type electronic conduction takes
over the bulk conductivity. The n-type conductivity
is fully suppressed.

e U D in Fig. 30 for nominally undoped langasite.
Nominally undoped langasite, prepared by ce-
ramic processing routes, shows ionic conduction at
medium and high po,. At low poa, n-type elec-
tronic conductivity becomes pronounced due to the
generation of electrons by reduction. The situation
corresponds to slightly acceptor doped material. As
a consequence, the pp, range of operation is shifted
to lower values with respect to the intentionally
acceptor doped material.

e DD in Fig. 31 for donor (5% Nb) doped langasite.
Donor doped langasite is a n-type electronic con-
ductor in the entire accessible pg, range. At low
Po2, the generation of electrons leads to an in-
creased conductivity with respect to the situation at
medium and high pp, where the electron concen-
tration is fixed by the donor doping.

The analytical relations between pp, and total con-
ductivity summarized in Table 7 are restricted to the
specific po, regions of operation mentioned above.
As intermediate information, neutrality equations and
dominating charge carriers in langasite are given for the
experimentally accessible pp, ranges.

So far, the discussion refers to the temperature
and oxygen partial pressure dependence of the bulk
conductivity. However, both types of dopants lead to

5The amount of dopant is always given as molecular percentage
of the target cation site. Strontium and praseodymium dopants
refer to lanthanum. Niobium dopants are given with respect to
gallium.

@ Springer



144

J Electroceram (2011) 26:122-161

Table 7 Dominating charge carriers in langasite for different net dopant types in the experimentally accessible pp, range and

conductivity of langasite as function of pg,

Po2 Nominally undoped® [A[.] > [D¢.] Acceptor doped [A] > [Dg] Donor doped [Dg] > [A(]
Neutrality Conduction Neutrality Conduction Neutrality Conduction
Low n>[Vyl] Un > Uy
Oe > Oy O > oy
~2(Ves
N — electronic [Vel>n " Vol — electronic
o~ p5;/4 oy > Oe og~ paé/ﬁ
— ionic
Medium 2Vl ~ [AL] 2Vl ~[AL] o # f(po2)
[Vol>n n>[Vy]
oy > O Oe > oy
J — ionic p>1Vyl n~[Dg] — electronic
op # f(po2) oe > oy op # f(po2)
— electronic
. 1/4
High OB ™~ Poo

4Prepared by ceramic processing routes

regions of pp, independent conduction determined by
either oxygen vacancies or electrons. Consequently,
conductivity measurements as function of pp, by one-
self are not suited to identify the predominant charge
carrier in the entire pp, range. Therefore, accompany-
ing experimental methods are applied and presented in
[80-82] to support the defect model. In particular, ther-
moelectric power and concentration cell measurements
are performed to confirm sign and concentration of
the dominant charge carriers and to determine reaction
constants and mobilities.

4.2.1 Conductivity prediction

The detailed analysis presented in [80-82] enables, for
example, to predict the bulk conductivity of langasite
as a function of net dopant concentration [A}.] — [D{]
for a given temperature. Figure 32 shows the results
for 800 and 1000°C which follow essentially the same
pattern.® As already mentioned, acceptor doped lang-
asite exhibits mixed ionic-electronic conductivity with
predominant ionic contributions. Consequently, a weak
Po2 dependence of the conductivity is observed.
Donor doped langasite shows electronic conductivity
at all pp, leading to enhanced conduction at low pp;.
To reduce the conductivity to a minimum in air, a per-
fectly compensated langasite is required. This region
is indicated in Fig. 32 by a gray bar. According to the

6 At 800°C the curves for po>» = 1 and 10719 bar are almost identi-
cal. At 800°C and pp, = 10~20 bar the branch for [A’C] —[Dg] <
01is not shown in order to avoid confusion because of overlapping
curves. It is a nearly horizontal line at o3 ~ 6 x 1073 S/m.
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slope of the curves around [A,] —[Dg] =0, it is, a
priori, difficult to predict whether materials processing
will result in a predominant ionic or electronic conduc-
tivity. For example, nominally undoped polycrystalline
langasite prepared by ceramic processing routes, be-
haves like acceptor doped langasite. The fact applies
not necessarily for single crystalline langasite prepared
be the Czochralski technique.

The defect model predicts a relatively weak im-
pact of the dopant concentration if the material is not
perfectly compensated. Assuming for example [A{.]—
[Dg] = —1%, the increase of the acceptor concentra-
tion by 0.25% would decrease the conductivity by a
factor of 0.84 (see Fig. 32). Donor doping by 0.5%
would increase the conductivity by a factor of 1.18.
Such changes are hardly measurable. The conductivity

10

o o ¢ o e o e o oo o w

10'1 100000

10°

— Tt e -

o, [S/m]

10°

10 L A

[A' DL ] (%]

Fig. 32 Bulk conductivity prediction for langasite at different
oxygen partial pressures at 800 and 1000°C as function of net
dopant level taken from [83]
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change of niobium doped langasite goes along with the
expected trend as seen in Fig. 25. The letter statement
does not apply for praseodymium doped langasite.
Therefore, it is under question, if praseodymium is
ionized thereby acting as donor (see Table 6). In order
to exclude the latter option, further attempts to dope
langasite by donors are done using niobium. Its effect
on the conductivity is already demonstrated in case of
polycrystalline langasite.

In contrast, the conductivity prediction according to
Fig. 32 points to an increase in conductivity by some or-
ders in magnitude if langasite is highly acceptor doped.
The expectation is confirmed by the measured change
in conductivity of locally doped areas by three to four
orders in magnitude as visualized in Fig. 25. The result
confirms the effect of strontium doping predicted by
the defect model. However, quantitative comparisons
should not be given since the extrapolation of the con-
ductivity prediction to high dopant levels as well as the
determination of the conductivity of the doped area is
a rough estimation, only.

Further, a homogenously doped langasite crystal
containing only 0.5% Sr shows a considerable decrease
in conductivity as visualized in Fig. 26. However, it
cannot be decided whether the material is net donor or
acceptor doped. The two branches for [A.] — [Dg] < 0
in Fig. 32 show identical conductivities for doping levels
of different sign. The activation energy delivers the
required information. The value of 1.39 eV for oT
(see Table 4) indicates ionic conduction in the tem-
perature range from 550 to 950°C since it corresponds
roughly to the activation energy of the oxygen diffusion
and the conductivity of strontium doped polycrystalline
material.

Doping with 0.5% Nb results in a lower conductivity
than undoped single crystals as seen in. Obviously,
the material is effectively compensated. Remarkably,
the activation energy of the conduction is lower than
that of strontium doped langasite thereby indicating
suppressed ionic conduction. The observation supports
the defect model. As a consequence, the material is
expected to show lower losses than nominally undoped
or strontium doped langasite. The statement originates
from the presumably stronger interaction of moving
oxygen ions and lattice in comparison to that of elec-
trons and lattice.

Further, the analysis in [80-82] includes a qualitative
description of the oxygen vacancy concentration which
enables to calculate mass changes of the resonator ma-
terial. The formation of oxygen vacancies and electrons
follows from the reaction constant according to Eq. 30

kra = [Vb']nngg = 107¢737¢V/ksT cm~=9 bar'/2. (54)

for acceptor and

107 e=6:57eV/ksT 0 =9 har!/2.

(35)

krp=Vglnipls =

for donor doped langasite, respectively. Changes in
[V can be calculated in concert with the general neu-
trality condition 2[Veg]+[Dg] =n+ [A[] applying
at low pg,. The related mass change and the resulting
frequency shift of langasite resonators are discussed in
Section 5.

4.3 Hydrogen containing environments

The experimental results found in nominally hydrogen
free atmospheres are consistent with the defect model
presented so far. However, atmospheres containing
substantial amounts of hydrogen lead to contradictions
if the po, is lowered. In particular, the conductivity
decreases with decreasing po, as shown by the corre-
sponding experimental results in Section 3.4.

Hydrogenous atmospheres are created by Hy/H,O
gas mixtures where the amount of H, provided to the
reaction chamber (~ pfT) is kept constant. Thus the
resulting hydrogen partial pressure pp, at elevated
temperatures pyn = pRY — puno is reduced due to the
formation of water vapor via 2 H, + O, — 2 H,O. The
equilibrium

p%{z p02/p%.120 = const. (56)
results in
Pino ~ Po2 (57)

with « = 2 in the marginal case of very low pp,. With
increasing po,, @ becomes po, dependent and increases
slightly.

Since langasite belongs to the same crystal class
as «-quartz, similar impact of hydrogenous species
is expected. In particular, the diffusion along the
z-axis should be much faster than in other directions.
Oxygen tunnels may be formed [93] where water reacts
with e.g. Si-O-Si bonds. From the reaction of water
incorporation into the crystal structure via

HzO + 00 <~ (ZOH)O, (58)
the dependence of the conductivity along the z-axis as
function of the water vapor partial pressure pmo is

estimated to be

oz ~ [(OH)ol ~ pY2,. (59)
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Equation 59 does not contains effectively charged par-
ticles. However, protons can migrate in the electrical
field since the OH-groups are polar [94-96].

Further, hydrogen may react with e.g. Si-O-Si bonds
according to

H, + Op < (H, OH)o. (60)

If both hydrogen atoms contribute to the charge trans-
port in form of mobile protons, the mass action law and
Eq. 56 result in

o7~ Pipo- (61)

For geometrical reasons, conduction of water
through oxygen tunnels is not expected in the y-
direction. Defect and transport mechanisms reported
e.g. for perovskites [97] can be applied here. There,
water incorporation relies on the existence of oxygen
vacancies via the reaction

H,0 + V3 + Op <> 2(OH)%,. (62)

The conductivity depends on both, the water partial
pressure and the concentration of oxygen vacancies

oy ~ [(OH)Y] ~ p'2 V12, (63)

At low temperatures, where [V]] is frozen in or where
[V&]is fixed by acceptors,

oy ~ [((OH)H] ~ p'2, (64)

is expected. With increasing temperature the concen-
tration of oxygen vacancies at sufficiently low po,
depends on the oxygen partial pressure according to
Ve~ po® (see Eqgs. 30 and 45). Using Eq. 57, the
dependence of oy from p o follows

oy ~ [(OH),] ~ ping "™ (65)
In the limiting case of very low pp, from « = 2 results

[(Omy] ~ o (66)

For higher po, with « =2 smaller exponents are
expected.

Another option is the formation of protons at the
surface of langasite according to

H, < 2H*® + 2¢. (67)

In this case, the conductivity depends on the hydrogen
partial pressure py; as follows

oy~ Pirn (68)
and can be related to po using Egs. 56 and 57
oy ~ Pipot (69)

For very low poy’s (@ =2) a ppo independent con-
ductivity results if the latter reaction applies. With
increasing po, (o« > 2) a negative exponent, i.e. de-
creasing conductivities with increasing pmo is ex-
pected (Table 8).

The appropriate reactions can be identified using
the experimental data as presented in Section 3.4.
Figure 28 indicate a 1/2 dependence of the conductiv-
ity along the z-axis at 800°C in the log(op) — log(po2)
plot. Thereby, the water incorporation according to
Eq. 58 is confirmed. Further, the exponent at 600°C
is very close to 1/2 as shown in Fig. 28. The observa-
tion supports Eq. 64 which describes the conductivity
for fixed oxygen vacancy concentration. At 800°C, the
exponent found in the experiment indicates an impact
of the oxygen vacancy concentration. It corresponds to
the predicted value for proton conduction for « = 3.6
(see Eq. 65) and confirms the reaction according to
Eq. 62. Numerous other tested models could not fulfill
the experimentally determined p,0-dependence of oy
and the pX! independence of the conductivity. The
latter becomes obvious by the different symbols in
Fig. 28 which lie on a line for a given orientation and
temperature.

Table 8 Potential reactions and corresponding p >0 dependent conductivities of langasite

Direction Reaction Conductivity Remark
z H>O0 + Op < (20H)o oz ~[(OH)ol ~ piao
1/4
Hy+ 00 < (H,OH)o 57 ~ Pino
y H,O+Vy 4+ Op < 2(0OH)Y, oy ~ Plf/lzo Low temperature ([V§] = const)
oy ~ [(OH)y ] ~ p}/{zzba/n high temperature ([V] ~ p(_)lz/é)
y Hy < 2H® +2¢ oy ~ p%égx/g high po, (o > 2)
oy = const. low po; (o =2)
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5 Correlation of electromechanical properties
and defect chemistry

5.1 Gas atmosphere dependent frequency

In order to take advantage of the high mass resolution
of langasite resonators, atmosphere-independence of
the resonance frequency must to be ensured. There-
fore, this section focuses on mapping the regimes of
gas insensitive operation of langasite resonators and
the correlation to langasite’s defect chemistry for tem-
peratures up to 1000°C. For the discussion, frequency
fluctuations equivalent to noise of +£4 Hz (see [3]) are
taken as criterion to determine the po, range of stable
operation.

5.1.1 Nominally hydrogen free atmospheres

First, CO/CO, atmospheres are regarded since addi-
tional mass loads are expected due to the incorporation
of hydrogen or OH-groups. In the absence of hydrogen,
the most relevant feature of the defect model vis-a-
vis analysis of resonator operation is the formation of
oxygen vacancies [Vg'] at low po,.

In case of net acceptor concentration [A.] > [Dg],
the concentration of oxygen vacancies is fixed accord-
ing to Eq. 46 by 2[V}]~ [A{] at high pp,. Conse-
quently, mass and frequency of langasite resonators
are expected to be constant. With decreasing po,, the
reduction reaction controls the concentration of elec-
trons and oxygen vacancies. Based on the neutrality
condition 2[Vg] = n + [A[] and the reaction constant
according to Eq. 54, changes in [V ] are calculated and
converted into a fractional density change (Apgr/pr) by
relating the mass of formed [V}}] (~ Apg) and the mass
of the resonator material (~ pg). The corresponding
frequency shift A f is calculated using Eq. 17. For [..] =
pr the numerical approach described in Section 2.7
yields k, = —1/2. The result is visualized in Fig. 33 for
f = 5MHz.

At 1000°C, the calculated frequency shift exceeds
the limit of +4 Hz below po, = 10~!7 bar, whereas
resonators are expected to be stable down to 1072
and 1073 bar at 800 and 600°C, respectively. Figure 33
shows further that the mass change, i.e. the formation of
oxygen vacancies, already begins (A[V{] > 10 cm™)
at about 10~> and 10~'* bar at 1000 and 800°C, re-
spectively. In contrast, the oxygen vacancy concentra-
tion remains unchanged (A[Vy] < 10" cm™) down
to 1072 bar at 600°C (not shown in Fig. 33). In case
of net donor doped langasite, a similar approach can
be followed and results in a slightly smaller range of
independent operation (dashed lines in Fig. 33).
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Fig. 33 Calculated relative mass change and frequency shift
of 5 MHz langasite resonators as function of oxygen partial
pressure for different acceptor and donor concentrations at 800
and 1000°C

5.1.2 Hydrogen containing atmospheres

So far, the impact of hydrogenous species on the con-
ductivity is presented. The reaction according to Eq. 62
includes the incorporation of OH-groups. Therefore,
frequency shifts related to the resonator density are
expected. Under the experimental conditions chosen
here, pmo is fixed (Alog(pmolbar] < 1073) due to
the H,/H,O buffer above po, ~ 1072 and 10~!3 bar
at 600 and 800°C, respectively. Therefore, a constant
frequency is expected above that po,’s.

The frequency shift is investigated experimentally
by tracing the resonance frequency for pp, = 1076-
10=2 bar at 600°C. Thereby, a 2.1 MHz resonator is
used. The observed resonance frequency shift Af,; =
fr1(po2) — fra( pgz) is converted into values for 5 MHz
resonators A f by

Hz

A s
f(po2) (%)

Afri1(po2) (70)

thus enabling a direct comparison with the 5 MHz
resonators. Thereby, p?, is chosen to be 107!° bar.
The result is shown in the upper part of Fig. 34. The
resonance frequency remains constant above about
po> = 10729 bar. Below that pg,, the resonance shifts to
higher frequencies. At pp, = 1073 bar, Af &~ 1200 Hz
is found. The change occurs at a pg, significantly higher
than pp, = 107%° bar which is the lower limit of con-
stant conductivity in CO/CO, atmospheres at 600°C.
The fact indicates a minor impact of mechanisms which
determine the conductivity under these circumstances.
In particular, the concentration of oxygen vacancies
[V&]1is expected to be virtually constant.

A detailed discussion requires the separation of
the materials parameter related contributions to the
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Fig. 34 Resonance frequency shift (top), materials parameters
related frequency shift contributions (center), shear modulus
and density (bottom) as function of po in hydrogen containing
atmospheres at 600°C. Note the inverse scale for pg

frequency shift. For that purpose, the resonance spectra
are analyzed using the one-dimensional physical model.
First, the BvD parameters are extracted and converted
into the materials parameters as described in [3]. In-
termediate results are their relative changes A[..]/[..]
as function of pp,. Secondly, Eq. 16 is rewritten to
determine the frequency shift

a Al
f A[] = fK[“]g.

_ 71
] (] 1)

Af

The calculation refers to 5 MHz resonators, i.e. f
is chosen to be 5 MHz. The values of the relative
derivatives k[ j required for the calculation result from
the numerical approach described in Section 2.7. The
values given for 500° in Fig. 12 correspond roughly to
those at 600° used here. It must be noted that frequency
shifts related to changes in shear modulus and density
cannot be separated. The fact becomes obvious from

@ Springer

Eq. 63 in [3]. Therefore, the calculation is initially done
for p = const. The related change in density follows
from

Ce6 (p?)z)
co6 (Po2)

The central part of Fig. 34 shows the frequency shift
caused by the po, dependence of the materials parame-
ters. The result indicates a predominant impact of cgs Or
pr. Changes caused by the other materials parameters
are almost negligible (o and eg) or small (eg). Table 9
presents the numerical results, since accurate numbers
cannot be taken from the plots.

Finally, the question must be discussed whether
changes in shear modulus or density determine the
frequency shift predominantly. The left and right hand
scale in the bottom part of Fig. 34 indicate their po,-
dependence, respectively, if the other property is fixed.

According to Eq. 62, H,O is removed from the lattice
with decreasing p 0. The situation corresponds to de-
creasing poy’s. Consequently, the calculated decrease
in density goes along with the model which is already
confirmed by the pp,o-dependence of the conductiv-
ity (Fig. 28). Further, from Apg/pr = —5.2 x 107* fol-
lows Anppo ~ —10% cm™3 which requires the existence
of about 10?° oxygen vacancies per cm~3. The latter
sounds about reasonable with respect to

or (P02) = Pr (Pdy) (72)

e The oxygen sites available in langasite (5 x
10?2 cm~?) and

e The oxygen vacancy concentration reported in [39]
for nominally undoped single crystalline langasite
of 10" cm—3.

Based on these insights, the frequency shift can be
described by the removal of OH-groups at low pg,. The
model is in accordance with conductivity changes which
makes it a likely explanation. However, an impact of
Po> on the shear modulus can not be excluded entirely.

At 800°C, density changes and related frequency
shifts are expected be even stronger. More important,
5 MHz langasite resonators are already operated close
to its dielectric relaxation frequency. Consequently, the
impact of conductivity changes on the resonance fre-
quency becomes pronounced. With k, = —5.5 x 107
and Ac/o =0.19 follows Af = —522 Hz. Such fre-
quency shifts prevent the application of langasite res-
onators as resonant sensors. Consequently, operation
frequencies far off the dielectric relaxation frequency
have to be chosen (see also Section 5.2).

As discussed in Section 3, the calculated frequency
shift induced by redox related reactions in nominally
hydrogen free atmospheres only exceeds the limit of
+4 Hz at fairly low pp,’s. Water vapor is found to
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Table 9 Relative derivatives of the materials properties, relative changes in materials properties and absolute frequency shift
contributions of 5 MHz resonators for changes in po; from 10710 to 10723 bar in hydrogen containing atmospheres at 600°C

[..] Co6 (pR) eRr ER OR

K] 0.5 (=0.5) 6.2 x 1073 —3.1x 1073 —82x107°
ALL/L] 52 x 107 (=5.2x 107% —6.1 x 1073 —53x 1073 3.8 x 1072
Af (Hz) 1300 (1300) —190 82 -2

shift the resonance frequency already at higher pp,’s.
In the hydrogen containing atmospheres applied here,
langasite can be regarded as a stable resonator mater-
ial above oxygen partial pressures of about 1072 and
10~13 bar at 600 and 800°C, respectively.

5.2 Correlation of loss and conductivity
5.2.1 Dielectric relaxation frequency

Mechanical losses include contributions related to the
electrical conductivity. Piezoelectric coupling causes
this impact of electrical properties as already men-
tioned in Section 2.2. Its maximum is found at the
(angular) dielectric relaxation frequency w, = or/eg.
The corresponding frequency f, = w./(27) for nomi-
nally undoped langasite is denoted by f;(og) in Fig. 35.
Any operation frequency off that curve is advantageous
since the contribution of the conductivity to the me-
chanical loss would be low.

Further, the resonance frequency is influenced by
the conductivity in the vicinity of the dielectric relax-
ation frequency. Detailed insights provide the relative
derivatives «, in Fig. 12. A temperature difference
AT of at least 250 K between maximum (at 925°C)
and small impact (below 675°C) of the conductivity

f(0.1¢q,)

Pl !
fotelels,

(KM
%‘0{

o

400 600 800 1000 1200
T[Cl

Fig. 35 Dielectric relaxation frequency f; calculated for the
conductivity of nominally undoped langasite ( f;(og)) and for a
conductivity reduced by a factor of 10 ( f;(0.1og)). The corre-
sponding ranges of pronounced conductivity related frequency
shifts are indicated by the gray and hatched area, respectively

can be estimated. Assuming the same temperature
difference of +250 K for other operation frequencies
than 5 MHz, the unfavorable range of conductivity
affected resonance frequencies follows. It corresponds
to the gray area in Fig. 35. For example, 5, 10 and
15 MHz resonators should be used up to about 675,
760 and 810°C, only. Consequently, the choice of an in-
creased resonance frequency does not increase the rec-
ommended temperature limit significantly. One option
to overcome the problem is to modify the conductivity
as presented in Section 3.4. For a conductivity reduced
by a factor of 10 with respect to nominally undoped
langasite, the dielectric relaxation frequency denoted
by f:(0.1og) in Fig. 35 is calculated. The corresponding
range of strongly conductivity affected frequencies is
given by the hatched area. The effect of the decreased
conductivity is clearly obvious. The recommended op-
eration temperatures are shifted to significantly higher
values, namely 1000, 1110 and 1185°C for 5, 10 and
15 MHz resonators, respectively.

Thinking reverse, low frequency resonators can be
operated at temperatures above the unfavorable range.
For example, 5 MHz resonators are expected to be
usable again above about 1200°C. As seen in Fig. 35,
at this temperature the above mentioned frequency
is already outside the unfavorable range around the
dielectric relaxation frequency (gray area). Despite
of increased total losses, the approach is reasonable
since the conductivity related loss dominates the overall
behavior above about 650°C (see Fig. 37). Here, the
increase of bulk conductivity does not increase the
bandwidth of the resonance spectrum if expressed as
admittance. The fact becomes obvious by regarding
the static admittance Ggs (~ 1/Rgs) which shifts the
entire resonance spectrum. (For details see Section
442 in [3].) Therefore, the frequency determination
by network analysis is still feasible. In practice, the
overall loss, expressed as the inverse Q-factor, tends to
decrease above about 1000°C as seen in Fig. 37. Thin
film platinum electrodes prevent test temperatures
above 1050°C. Calculations for 5 MHz resonators us-
ing extrapolated materials properties of langasite (see
Section 2.6) result in Q-factors of about 50 at 1400°C.
Resonators wearing lanthanum strontium manganate
(LSM) electrodes are used for comparison. Those films
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Fig. 36 Temperature dependent resonance frequency and res-
onator quality factor of a 5 MHz langasite resonator wearing
LSM electrodes

become sufficiently conductive above about 500°C.
Most remarkably, 5 MHz langasite resonators wearing
LSM electrodes show Q-factors of about 50 at 1350°C
(Fig. 36).

5.2.2 Dominating loss parameter

The Q-factor for langasite is derived from the para-
meters of the equivalent circuit according to Eq. 13
and compared with the viscosity as shown in Fig. 37.
Appropriate scaling of the left and right hand axis
demonstrates their equivalence up to about 550°C
for langasite. Above that temperature, langasite is
influenced by conductivity related losses. The transition
temperature can be defined by the condition Q7! =
2 Q;l leading to about 650°C. For comparison, the data
for GaPO, and quartz are given which match in the
entire respective temperature range.

GaPO4

- =
-
-

0 200 400 600 800 1000

rrc
Fig. 37 Inverse Q-factor (solid lines and symbols) and viscosity

(dashed lines) as function of temperature for langasite, gallium
phosphate and quartz
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5.2.3 Activation energies of loss and conductivity

In this section, the activation energies of loss and con-
ductivity are compared in order to evaluate if both
properties are determined by the same microscopic
mechanism. Initially, the temperature range appropri-
ate for that comparison must be identified.

(1) Room temperature to 350°C.
A local loss maximum is observed at about 250°C
(see Fig. 37). The extend of the peak depends
on the thermal history of the sample as also re-
ported in [66, 98]. Further, the observation is in
general agreement with results presented in [99].
An activation energy of 0.34 eV for point-defect
relaxation and an Arrhenius like background be-
havior with an activation energy of 0.1 eV are
reported at temperatures up to about 350°C. This
loss peak is of minor interest for this work since
other mechanisms overwhelm its effect at high
temperatures.

(2) 350-650°C.
The loss is governed by the viscosity. However,
the previously described loss peak influences the
slope of the viscosity in this temperature range.
The situation is shown schematically in the inlay of
Fig. 38. At some elevated temperature, the curve
for n appears to be nearly linear in the Arrhenius
plot.” With decreasing temperature, the curve be-
comes flatter. A temperature independent contri-
bution 7y can be subtracted which results in an
Arrhenius like behavior of n — 5. This contribu-
tion is interpreted as sum of losses applying in
range (1) and losses caused by imperfect resonator
design, manufacturing, electrodes and mounting.
An analogous subtraction of the background loss
is chosen in [99] and [72] for langasite and quartz,
respectively.?
The modified viscosity 1 — 1o is not impacted by
either background contributions, conductivity re-
lated mechanical loss or bulk conductivity and
enables to extract the activation energy of the
dominant mechanism as done at the end of this
section.

(3) 650-1050°C.
The loss is governed by several parameters, i.e.
viscosity, conductivity related mechanical loss and

7The subscript of g is skipped in this section.

8In both publications, the inverse resonator quality factor is used
to describe the loss.



J Electroceram (2011) 26:122-161

151

T [°C]
1000 800 600 400
1 1 1 1 1 1
4 \
0 “ﬁ s
10 o % S,
) ] °
ch 4
= ] \ 0.83 eV
=
g 1 Ui
107 5 n-1,

8 9 10 1'41 12 13 14 15
10'/ T [1/K]

Fig. 38 Viscosity of undoped langasite without its temperature
independent contribution and scheme of the viscosity with ()
and without (n — 59) its temperature independent contribution
no (inlay)

bulk conductivity. Thus, a single activation energy
cannot be extracted.

In summary, the intended comparison of the activa-
tion energies can be done only in the temperature range
from 350 to 650°C where the loss is determined solely
by the viscosity.

Figure 38 presents n — 1o as function of the inverse
temperature and the related activation energy. The
value of 0.83 eV corresponds very well to that of the
conductivity (see Table 10). Consequently, it is highly
likely that the predominant conductivity mechanism
also controls mechanical loss in temperature range (2).
Based on the apparent correlation of conductivity and
viscosity, lowering the electrical conductivity should re-
sult in lowering of damping and is, therefore, desirable.
The latter conclusion applies in range (3) without any
restrictions since conductivity related losses dominate
(see Fig. 37).

Table 10 Activation energy of viscosity and conductivity in
langasite

Langasite Property E 4 [eV] Temperature
range [°C]

sc oB 0.82 400-700
n—no 0.83 400-600

sc (0.5% Nb) oB 0.91 400-550
n—no 0.95 420-580

sc (0.5% Sr) ogT 0.98 400-550
n—1no 0.83 400-600

5.2.4 Strontium and niobium doped langasite

The effect of dopants on the loss is discussed separately
for temperature ranges (2) and (3).

(2) 350-650°C.

Figure 39 presents the corrected viscosities n —
no of nominally undoped, strontium and nio-
bium doped langasite. Niobium doped langasite
exhibits a decreased viscosity and, therefore, a
decreased loss with respect to undoped langa-
site. Contrary, strontium doped langasite does
not show any change in viscosity. The observa-
tion must be discussed in concert with the con-
ductivity of the differently doped crystals. They
exhibit about the same change with respect to
undoped langasite as seen in Fig. 26. Conse-
quently, decreased conductivities go along with
decreased losses in case of donor doping, only.
In other words, the suppression of oxygen vacan-
cies by donors decreases the loss. The observa-
tion confirms the expected stronger interaction
of moving oxygen ions and lattice in comparison
to that of electrons and lattice. Most remark-
ably, minimized losses do not require generally
minimized total conductivity. In particular, the
ionic contribution must be lowered in temperature
range (2).

Further, similar activation energies of o and n —
no are observed for undoped and niobium doped
langasite, respectively. The statement becomes
obvious from the numerical values summarized in
Table 10. The fact indicates the control of both

T[C]
600 500 400

107
[72) ]
o] ]
ST . N - Nt
S 05%Sr
< e 0.5 % Nb 0.83 eVd 1

4 undope

] 0.95 eV 0.83 eV

1 12 13 14 15 16

10"/ T [1/K]

Fig. 39 Viscosity of nominally undoped, strontium and nio-
bium doped langasite without its temperature independent
contribution
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Fig. 40 Resonator quality factor of undoped, strontium and
niobium doped langasite

processes by the same mechanism. Contrary, the
activation energies of opT and n — n differ in
case of strontium doped langasite thereby indicat-
ing different mechanisms.
(3) 650-1050°C.

In temperature range (3), the loss is described by
the (inverse) Q-factor since the sum of different
loss phenomena has to be regarded. Figure 40
compares the loss of undoped and doped langa-
site. Strontium doping decreases the loss slightly
whereas niobium doping causes strong lowering
of loss. The observed pattern in magnitude corre-
sponds to that of the conductivity in temperature
range (3) as presented in Fig. 26. Consequently,
lowering the conductivity results generally in de-
creased losses. The latter statement corresponds
to the dominance of conductivity related losses in
the actual temperature range for undoped langa-
site. The validity of the statement for doped lang-
asite can be seen from the comparison of Q! and
n — no as presented in Fig. 41.° The results indicate
the dominance of conductivity related loss above
about 650 and 700°C for strontium and niobium
doped langasite, respectively.

6 Application relevant studies

Application relevant studies are performed in parallel
to the investigation of the electromechanical properties

9The alignment of the left and right hand axis is done for data
points in temperature range (2) where the viscosity dominates
the loss solely (see also Fig. 37).
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Fig. 41 Resonator quality factor (Q, open symbols) and viscosity
(n — no, solid symbols) of strontium and niobium doped langasite

and defect chemistry presented so far. The following
sections summarize this results thereby underlining
the application capabilities of high-temperature stable
piezoelectric materials. The corresponding details are
described in the references given below.

6.1 Micro-electromechanical structures

The availability of large size langasite wafers enables
micromachining of this high-temperature stable piezo-
electric material. Special emphasizes is taken on the
development of monolithic structures to overcome
problems originating from thermal stress. The concept
includes the local doping of langasite by niobium, stron-
tium and praseodymium. The doping is expected to
result in locally increased conductivities to form elec-
trodes. Another anticipated effect is the modification
of the rate of wet chemical etching and, thereby, the
option to etch the material locally.

To demonstrate the etching process and the poten-
tial of langasite as substrate for bulk micro-machining,
micro-cantilever beams [100, 101] and membranes [102,
103] are designed and structured. As an example, the
depth profile of a biconvex membrane is shown in
Fig. 42. Such membranes exhibit higher Q-factors than
the planar membrane type.

Further, the temperature dependent resonance fre-
quency and Q-factor of an about 23 um thick langa-
site membrane are given in Fig. 43. Due to the high
resonance frequency, such membranes are operated far
above their dielectric relaxation frequency (see Fig. 35)
leading to relatively low electrical losses. Nevertheless,
the resulting Qf-product of 4.7 x 10'° Hz at room
temperature is lower than that for conventional 5 MHz
resonators which can reach Q f-values of 10'> Hz. The
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Fig. 42 View and depth profile of a langasite membrane pre-
pared by wet chemical etching

fact can be explained by the ignorance of some design
rules [56]. Diameters of 3 and 1.5 mm for the membrane
and the electrode, respectively, are not the optimum.
Smaller electrodes should result in higher Q f-products.

Taking the materials data of langasite at 600°C, the
mass sensitivity S = 2 f2/./ces/p [3] results for 60 MHz
resonators in a very high value of 4.6 cm? Hz/ng.
In comparison, 5 MHz langasite or quartz resonators
which show a mass sensitivity of 0.033 cm? at 600°C
or 0.056 cm? Hz/ng at RT, respectively [104]. The mass
sensitivity of 60 MHz membranes enables, in particular,
to monitor the absorption of sub-monolayers of gas
particles and thereby gas sensing.

6.2 Monolithic electrodes

Thin film platinum electrodes used in this work are
prepared by pulsed laser deposition. They impact the

- 10”
N
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Fig. 43 Temperature dependent resonance frequency and res-
onator quality factor of an about 23 pm thick langasite membrane

resonance behavior very little due to their thickness
of typically 200 nm, only. However, evaporation of
volatile platinum suboxides and agglomeration of plat-
inum [105] are a major concerns if thin films are used.
As a consequence, the operation temperature is lim-
ited to about 1000°C. Mesh-printed platinum electrodes
can be used at higher temperatures. Such films are
significantly thicker which results in less pronounced
relative changes of their properties for a given pe-
riod of time and temperature. However, the funda-
mental problem of platinum loss is not solved. Fur-
ther, differences in thermal expansion of e.g. platinum
electrodes (ap; = 8.8 x 107® K~! [44]) and langasite
substrates (o,_76s =5.1 x 107 K™, a,_ ;65 =3.6 x
10~% K~! [106]) result in mechanical stress which affects
the thermal stability of the electrodes and of small
langasite structures.

In order to minimize or exclude the mechanical
stress, the metallic electrodes are replaced by mono-
lithic electrodes in form of heavily strontium doped ar-
eas in langasite. They are prepared by thermal diffusion
of strontium into langasite single crystals [103]. Such
electrodes show a strongly increased conductivity (see
Fig. 25) and are used to operate BAW resonators at
elevated temperatures in ambient air. The inlays of
Fig. 44 show the extent of the Sr-doped areas used for
the tests and the Pt-contacts which are added outside of
the oscillating area to connect external wires. Further,
a reference resonator without Sr-doped areas, but with
comparable Pt-contacts outside of the resonating area,
is prepared and characterized. Resonance spectra are
obtained by impedance spectroscopy as function of
temperature. The resonator with monolithic electrodes
shows a Q f-product of 2.8 x 10'° Hz at room tempera-
ture and of 1.5 x 10° Hz at 700°C.

blank - «— Pt contact

- ™~ langasite

" Plank

S Pt contact
r doped
—————™= «— Sr doping  locally
0.04 {m—— T~ langasite ot doped
T T T T T T T
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Fig. 44 Temperature dependent resonance frequency of a res-
onator with monolithic electrodes
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6.3 Field emitter tips

Langasite structures of dimensions below 1 pum can
be prepared using the above mentioned anisotropic
etching process. The approach is applied to prepare
field emitter tips as seen in the inlay of Fig. 45. Crystal
faces and, thereby, sharp tips are formed due to the
anisotropic etch process. Subsequently, they are used
to demonstrate the operation of active electronic com-
ponents. In order to decrease the work function of the
surface, the tips are coated with platinum and installed.
In order to test the devices, the tips are installed in a
tube furnace which can be evacuated down to about
108 bar. The field emitting characteristics are deter-
mined using an electrometer (Keithley 6517A) using an
internal voltage supply of £1000 V.

Figure 45 shows the current as function of the ap-
plied voltage at room temperature. Here, the typical
characteristics of a field emitting diode becomes ob-
vious. Only positive voltages result in an exponential
increase in current. A significant current is observed
above about 400 V which reaches 67 nA at 1000 V. The
field emission current can be described by the Fowler—
Nordheim equation [107, 108]. A linear slope of the
data in the corresponding plot reflects the occurrence
of field emission and enables to calculate the radius of
the tip. For the actual device a radius of only 27 nm is
found.

At elevated temperatures the current-voltage char-
acteristic changes slightly due to an ohmic contribution
of langasite. The latter is visible at lower voltages, only.
At higher voltages the field emission is dominating
and determines the diode characteristics. The effect is
demonstrated up to 600°C. Here, the emission of ther-
mal electrons can be neglected. Further, the maximal

400 0 400
U V]

"800 800

Fig. 45 Field emission current extracted from a langasite tip at
room temperature

@ Springer

current is decreased to about 70 nA at 510°C. Since the
slope in the Fowler-Nordheim plot remains unchanged,
the decreased current is ascribed to a lower emitting
area of the tip. The latter is attributed to partial cov-
ering of the tip by gas particles due to the increasing
residual pressure in the test chamber with increasing
temperature.

6.4 Gas sensor applications

In this section the gas sensing capabilities of sensor film
coated langasite resonator devices at 600°C are demon-
strated. It is already shown that the electromechanical
properties of undoped langasite are suited for the oper-
ation of 5 MHz resonators at this temperature.

Stoichiometry changes induced in metal oxide films
and related surface adsorption phenomena can be used
for gas sensing at elevated temperatures. Variations in
the composition of the surrounding gas atmosphere are
expected to influence simultaneously the mechanical
and electrical properties of the sensor film, in particular
its mass, and its electrical conductivity (see [3]) thereby
providing often orthogonal information about the gas.
In order to increase the gas selectivity, the simultaneous
measurement of changes in mechanical and electrical
sensor film properties is desirable.

The effect of both properties is detected using
TiO,_s coated langasite resonators with specially
adapted electrode geometries. Platinum electrodes
with different diameters are deposited on the opposite
faces of the resonators as schematically shown in the
upper part of Fig. 46. Thereby, resonator (M) is oper-
ated in the conventional microbalance mode. Changes
in TiO,_; conductivity do not influence the resonance
behavior since the underlying platinum electrode is
larger than the platinum film. Contrary, resonator (E)
reflects changes in the TiO,_s conductivity due to its
influence on the effective electrode size. In this case,
the TiO,_; film exceeds the underlying platinum elec-
trode. The electrode layout and the related effects are
explained in detail in [3, 109].

The existence of a combined conductivity and
mass related sensor response motivates the attempt
to distinguish between CO and H, containing gases.
Figure 46 presents temperature-compensated fre-
quency shifts A f;c obtained as a function of the oxygen
partial pressure at about 600°C for gas mixtures of
H,/H,0O and CO/CO, with Ar as buffer gas. While
the response of resonator (E) appears to be influenced
only by the po,, resonator (M) reflects the type of gas.
In practice, where the pgp, is unknown, the signal of
resonator (E) has to be used to acquire this informa-
tion. Most important, the different slope and magnitude
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Fig. 46 Resonance frequency of TiO,_s coated langasite res-
onators with different electrode design as function of oxygen
partial pressure at 600°C in different Ho/H>O and CO/CO,
containing atmospheres

of the frequency shift of both resonators enables the
detection of CO in hydrogen containing atmospheres
in the po, range from 1073 to 1072 bar. Further in-
vestigations include other sensor film materials such as
CeO, which enable gas detection at higher pp,’s [110].

7 Conclusions

A one-dimensional physical model is summarized
which describes the electromechanical behavior of
thickness shear mode resonators at elevated tempera-
tures. Finite lateral dimensions of such devices require
the introduction of areas which reflect the effective
amplitude of the mechanical vibration and the effective
electrode area. Most remarkably, both areas differ by
a factor of about two. The accurate description of
high-temperature resonators must consider this fact.
Further, the physical model includes losses in form of
imaginary parts of the materials constants. The analysis
of the resonance spectra showed that the loss in lan-
gasite can be described satisfactorily by the mechan-
ical and electric contributions expressed as effective
viscosity and finite bulk conductivity, respectively. A
parameter study is performed to evaluate the impact
of the materials properties on the resonance behavior.
The expressions developed can be regarded as general-
ized Sauerbrey equations. Properties most relevant for
environmentally dependent frequency shifts and losses
are identified to be shear modulus, density, electrical
conductivity and effective viscosity.

The contribution of viscosity and conductivity to the
total loss is analyzed. The essential result is the appear-
ance of three distinct temperature ranges dominated by

mechanical losses related to the viscosity, mechanical
losses related to the electrical conductivity and electric
losses. Most remarkably, the mechanical loss is sig-
nificantly impacted by the electrical conductivity due to
the piezoelectric coupling. That loss contribution shows
a maximum which is found at the dielectric relaxation
frequency. Minimization of the conductivity or the res-
onator operation off that frequency is recommended.
Data of langasite indicate dominant viscoelastic losses
up to about 650°C while the dielectric loss dominates
about that temperature. The loss peak related to the
piezoelectric coupling is observed at about 900°C for
5 MHz resonators.

In order to explore the operation limits and options
to improve the resonance properties of langasite its de-
fect chemistry is investigated. Thereby, a defect model
developed using polycrystalline langasite is found to be
valid for single crystals. Most remarkably, the electrical
conductivity of nominally undoped langasite prepared
by the Czochralski technique is dominated by n-type
electronic carriers below 700°C and turns in predom-
inant oxygen ion conduction above that temperature.
The activation energy of the oxygen diffusion is found
to be higher than that of the electronic conduction
and almost equal to the activation energy of the to-
tal conductivity above 700°C. The former statements
apply for high oxygen partial pressure. With decreas-
ing oxygen partial pressure n-type electronic conduc-
tion becomes always dominant, e.g. below 10~2* bar
at 800°C. Mobile anions do not impact the electrical
conductivity as verified by measurements of the gallium
diffusion.

Moving oxygen ions are always present even if they
do not govern the electrical conductivity. Therefore,
their presumably strong effect on damping is expected
also at low temperatures. Consequently, donor doping
appears to be always appropriate to decrease the loss.
Donors are expected to suppress the oxygen vacancy
concentration and, thereby, the oxygen movement. The
prediction is proven by niobium doping and found to
be valid. The loss could be decreased in the entire
temperature range of investigation.

In the absence of hydrogen, the formation of oxy-
gen vacancies limits the stable operation of langasite
resonators at fairly low oxygen partial pressures. The
material shows increased n-type electronic conduction
with decreasing oxygen partial pressure. Above e.g.
10717, 1072* and 1073 bar at 1000, 800 and 600 °C,
respectively, the oxygen vacancy concentration remains
almost constant and a stable resonance frequency is
expected. In contrast, hydrogenous atmospheres cause
a different behavior. The conductivity decreases with
decreasing oxygen partial pressure. The incorporation
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of OH-groups in oxygen vacancies results in a dis-
tinct correlation which is experimentally confirmed.
Essentially, at low oxygen partial pressures the OH-
groups are removed from the lattice which lowers the
concentration of mobile hydrogen containing carriers
and, thereby, the conductivity. The related frequency
shift starts at higher oxygen partial pressures than in
nominally hydrogen free atmospheres, i.e. below about
1013 and 1072° bar at 800 and 600°C, respectively. The
frequency shift of langasite resonators is in accordance
with conductivity changes which supports the model.

Application examples are summarized to demon-
strate the capabilities of the high-temperature stable
piezoelectric material. First, langasite based miniatur-
ized structures are prepared. Thereby, the concept of
monolithic electrodes is realized to reduce thermal
stress. Heavily strontium doped langasite exhibits an
increased conductivity by four orders of magnitude in
comparison to nominally undoped langasite. Therefore,
local strontium doping in the vicinity of the surface cre-
ates monolithic electrodes which are demonstrated to
be operational up to 800°C. Langasite membranes are
prepared by wet chemical etching. Thereby, 60 MHz
membranes with a thickness of 23 um show a mass
sensitivity of 4.6 cm?> Hz/ng. In addition, field emitter
tips are realized and characterized at temperatures up
to 600°C. The maximum field emission current is 67 pLA.
The minimum tip radius is calculated to be 27 nm.
Finally, the simultaneous determination of mechanical
and electrical properties of thin sensor films by an
array of resonant sensors enables detection of CO in
hydrogen containing atmospheres at 600°C.
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Appendix A: Crystal growth

Nominally undoped and doped langasite single crys-
tals are prepared by the Institute for Crystal Growth,
Berlin-Adlershof, Germany (IKZ Berlin) using the
Czochralski technique [37]. Thereby, the starting pow-
der is prepared by mixing stoichiometric amounts of
La,03, Ga,03, and SiO; (purity 4N). After calcination,
the material is charged into a crucible and heated. Sub-
sequently, the crystals are pulled at a rate of 1.5 mm/h
under N>-2% O,. Since the crystals are grown in irid-
ium crucibles undoped material appears transparent
independent of its treatment in oxidizing or reduc-
ing atmospheres. Intentionally doped langasite single
crystals are also provided by IKZ Berlin. The growth
process corresponds to that described above except
for the partial replacement of lanthanum or gallium
by the dopants, namely strontium, praseodymium and
niobium.

Appendix B: Materials data

The bulk conductivity of the resonator materials is de-
termined by impedance spectroscopy in the frequency
range from 10 to 1 MHz. The low frequency intercept
of the RgCs-semicircle in the complex impedance plane
represents the resistance of the parallel arrangement
and is converted in the bulk conductivity og. Further,

Table 11 Room temperature

; Langasite GaPOy Quartz
materials constants of

langasite, gallium phosphate [111] [69] (67, 68] [44, 51]
and quartz P [10° kg m™3] 5.748 3.57 2.648
£11/€0 18.99 6.1 4.428

£33/€0 50.44 6.6 4.634

eq Cm-2 —0.436 0.2092 0.171

el [Em™] 0.092 0.1072 0.041

c11 18.924 6.658 8.674

c1 10.489 10.33 2.181 0.699

c13 9.782 9.71 2.487 1.191

Ci4 [10'0 Nm~2] 1.448 1.50 0.391 1.791

€33 26.330 26.19 10.213 10.720

aCalculated from C44 5.343 5.33 3.766 5.794
4.232 4.28 2.238 3.988

eip = digcqp [51] Co6
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the dielectric constant e is extracted from the data.
The resonance spectra of the piezoelectric resonators
are determined by recording the real R and imaginary
X parts of the impedance spectra in the vicinity of
the resonance frequency using an high-speed network
analyzer.

The fit procedure to determine the materials prop-
erties requires room-temperature data as initial values.
They are taken from different publications and listed
in Table 11. In addition, key values determined inde-
pendently by pulse-echo measurements using the actual
langasite crystals are given [69]. The high-temperature
data of the piezoelectric material used for the para-
meter study correspond to some extend to those of
langasite. The extrapolation up to 1400°C is done

e Linearly for the dielectric constant and the piezo-
electric coefficient as given for 500, 1000 and
1400°C in Table 12,

e Parabolically for the shear modulus as given in
Table 12,

e Exponentially for the conductivity and viscosity ac-
cording to og T = ope™Fo/k8T and ng = noe=En/ksT
as given in Figs. 6 and 10, respectively.

Appendix C: Diffusion coefficients
C.1'°0/80 exchange

Self-diffusion coefficients can be extracted by analysis
of the movements of stable tracers within a given sam-
ple. Oxygen diffusion measurements base commonly
on the exchange of the stable tracer isotope '#O with
low natural abundance (0.206 at%), with that of natu-
rally occurring 'O in the solid.

In order to prepare the samples, pre-annealing runs
are performed in artificial air at the same temperature
and po, as the subsequent diffusion runs. Thereby, the
period of time is chosen to be at least four times longer
than that of the tracer diffusion. After pre-annealing,
the samples are temporarily moved into a cooler area
of the furnace (AT = 250°C) to replace the gas at-
mosphere with '®O, enriched gas (typically 80-90%).
The samples are then exposed to the tracer at temper-

Table 12 Material constants used for the parameter study at
elevated temperatures

Temperature &R R eR C66

[°C] [10710] [Pas] [Cm~2] [10° Nm—2]
500 2.02 1.14 0.52 4.11

1000 2.33 2.57 0.61 3.87

1400 2.54 347 0.67 3.58

atures ranging from 500 up to 1000°C to achieve the
180-10 exchange. Subsequently, the resulting concen-
tration profiles are determined by secondary ion mass
spectrometry (SIMS, Cameca IMS 3f) or secondary
neutral mass spectrometry (SNMS, VG SIMS Lab).
The 80 concentration at the surface of the sample cg
is potentially lower than the concentration in the sur-
rounding gas environment cg. Therefore, the surface
exchange kinetics must be taken into consideration.

C.2 Diffusion in single crystals

The diffusion model given in [112] describes the such
situations for a single diffusion mechanism. Here, the
surface exchange kinetics and the bulk diffusion are
expressed by k and D, respectively

ac

k(CG — Cs) =D
dy

(73)

y=0

The measured depth profiles are fitted by a least square
regression procedure based upon the diffusion solution
according to Eq. 74

c(y,)—cpG ( y ) (k k2>
—  — =—erfc| — |—exp|—=y +—t¢
CG—CBG 24/ Dt DY D

y t
x erfc + k[ — 74
(2\/ Dt D ) 74

where y, t and cps are the depth, the diffusion
time and the natural background '*O concentration,
respectively.

C.3 Diffusion in polycrystalline materials

The analytical solution in the form of Eq. 74 can-
not be applied if more than one diffusion mecha-
nism takes place simultaneously. For example, poly-
crystalline samples exhibit diffusion in the volume and
the grain boundaries. The common way to plot the cor-
responding diffusion profiles is to express the logarithm
of the concentration as a function of depth to the power
of 6/5. The grain boundary term is then visible as the
linear part of the concentration profile, and from the
slope the grain boundary diffusion coefficient can be
calculated [113] when the volume diffusion coefficient
is known. In this study, the analytical approach pro-
posed in [114] is used. The linear part of the depth
profile, plotted versus x%° and extrapolated to x = 0,
represents the contribution of grain boundaries, ¢2p |
approximated by

c&p =0.9cGr2vDt. (75)
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Here, A and D are the grain boundary length per
unit area and the bulk diffusion coefficient, respec-
tively. The grain boundary length may be extracted by
processing cross sections of the specimen. Examples for
diffusion profiles and cross sections of the specimen are
given in [115]. A typical grain boundary length per unit
areais A = (0.7£0.1) um™".

C.4 Ion implantation

The determination of the gallium diffusion coefficients
can be performed using the stable isotope "'Ga. The
small difference in abundance of the gallium isotopes
%Ga and "'Ga (61 and 39 at%, respectively) requires
the application of large quantities of 7'Ga. Neverthe-
less, a poor signal resolution during analysis has to be
expected.

The isotope 'Ga is implanted into the specimens
at the University of Frankfurt, Germany. The tracer,
extracted from a gallium arsenate plasma, is accelerated
to 50 keV and focused on the surface of y-cut langasite
plates. The total amount of implanted "'Ga ions is
about 8 x 10'® ions/cm?. To avoid electrical charging of
the surface, the samples are treated with an additional
electron beam. The subsequent diffusion runs are per-
formed in air at temperatures from 700 up to 1000°C.

'Ga is implanted by a 50 keV accelerator. Damage
of the lattice in the implanted region is, therefore, ex-
pected and the evaluation of the diffusion coefficients
must account for the damaged region. Fick’s second
law still describes the transport. But the equation has to
be solved numerically by e.g. using the Crank-Nicolson
scheme [116]. Details are presented in [115].
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