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Abstract The electrical and gravimetric properties of
langasite, La3Ga5SiO14, are related to its underlying defect
and transport processes via previously developed predictive
defect and transport models. These models are used here to
calculate the dependence of the partial ionic and electronic
conductivities and the mass change for langasite as functions
of temperature, dopant type and level and pO2. Doping
strategies devised for minimizing conductivity in langasite
based on use conditions are described. For example, the
required dopant level to achieve minimum conductivity and
thus minimum electrical losses in acceptor-doped langasite is
shown to depend on the operating pO2. Likewise intrinsic
mass changes in langasite, dependent on dopant level, pO2

and temperatures, if high enough, can mask mass changes
induced in active layers applied to langasite when used as a
microbalance. For example, the model predicts that the
dopant level in donor-doped langasite has less of an impact
on intrinsic mass change due to external environmental
changes when compared to acceptor-doped langasite. The
models are also applied in defining acceptable operating
limits needed to achieve and/or the design of properties for
desired levels of microbalance resolution and sensitivity.
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1 Introduction

Langasite retains its piezoelectric properties up to its
melting point of 1,470 °C and as such holds potential as a
resonator platform for precision mass measurement and
chemical sensor applications at high temperatures [1–4].
Surface acoustic wave (SAW) devices utilizing langasite
have demonstrated operation to 750 °C [5, 6] and 1,000 °C
[7], while bulk acoustic waves (BAW) devices have been
operated to 1,400 °C [8].

By applying environmentally sensitive surface layers to
langasite, high temperature resonant sensors can be devel-
oped. Specifically, adsorption or absorption of chemical
species by the layers induces shifts in resonant frequency
which may be correlated with mass changes and/or
mechanical property changes. Likewise, such devices may
be used as thin film deposition monitors, as commonly
achieved today with the quartz crystal microbalance
(QCM), but at elevated temperatures, allowing for in-situ
deposition monitoring.

A typical BAW resonator consists of a single crystalline
piezoelectric disk and a pair of key-hole shaped electrodes.
An additional mass load can be applied as illustrated at the
left of Fig. 1. In this work, langasite resonators are operated
in the thickness shear mode for crystal cuts perpendicular to
the y-axis as indicated at the right of Fig. 1.

The correlation between frequency shift, ΔfF, and mass
uptake of a thin rigid foreign film, ΔmF, is given by the
Sauerbrey Equation 1 [9]:

$fF=fR ¼ �$mF=mR ð1Þ
where fR and mR are the resonance frequency and the mass
of the unloaded resonator, respectively. Normally, this is
adequate to explain the operation of a QCM, which
typically operates at room temperature, where the mass of
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the quartz, mR, remains unchanged with time. On the other
hand, when the resonator is being operated at elevated
temperature, the possible influence of operating conditions
e.g., temperature and atmosphere, on the mass of the
piezoelectric material (e.g., langasite) becomes important
and requires a more sophisticated treatment than that of the
Sauerbrey equation. The derivation of Eq. 2 is based on a
one-dimensional physical model and reflects the influence of
the density ρR, shear modulus cR, piezoelectric constant eR
and dielectric constant eR on the resonance frequency [10]:

fR ¼ 1

2dR

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cR � 8e2R

�
eRπ2ð Þ

ρR

s
ð2Þ

Changes of the resonator material density or resonator
mass (Δmρ=ARdRΔρR) result in a frequency shift denoted
by Δfρ:

Δfρ ¼ � 1

4dR

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cR � 8e2R

�
eRπ2ð Þ

ρ3R

s
ΔρR

¼ � 1

4Ad2R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cR � 8e2R

�
eRπ2ð Þ

ρ3R

s
Δmρ ð3Þ

Here, the thickness and the effective area of the
resonator are denoted by dR and AR, respectively. Similar
to the Sauerbrey equation, the frequency shift can be related
to a relative mass change:

$fρ
�
fR ¼ 1

2 Δmρ

�
mR ð4Þ

At sufficiently high temperature and/or extremes in pO2,
excessive reduction or oxidation of the langasite would
result in sufficiently large changes in resonator mass $mρ to
interfere with the detection of mass changes ΔmF in the
active films deposited onto the resonator, thereby effective-
ly limiting its resolution. The prediction of how the
resonator mass change $mρ depends on temperature and
gas atmosphere and the implication this has on the mass
resolution of langasite resonators is a major objective of
this paper. Changes induced in the shear modulus cR,
piezoelectric constant eR and dielectric constant eR of
langasite need also be taken into consideration but are
beyond the scope of this paper.

At sufficiently elevated temperatures and certain ranges
of oxygen partial pressure (pO2), the resonant peak may
become sufficiently broadened so as to negatively impact
the resolution of the frequency measurement. The latter is
strongly affected by the damping of the resonator which can
be expressed by the resonator quality factor Q. Thereby,
high losses correspond to low Q factors. Independent of
particular models for the resonance behavior of the BAW
resonators, Q can be calculated from the ratio of the
resonance frequency f and the width w at half maximum of
the admittance peak according to the right hand side of
Eq. 5 [11]. Fitting the Lorentz function to the admittance
peak, the resonance frequency follows from its maximum
and the width at half maximum corresponds to its width.
The lower part of Fig. 2 shows the resulting Q factor of
langasite determined at temperatures up to 1,000 °C in air.
Thereby, a network analyzer is used to acquire the
resonance spectra in the vicinity of the resonance frequen-
cy. Simultaneously, the uncertainty of the resonance
frequency is determined and expressed as its standard
deviation σ. The upper part of Fig. 2 shows a clear increase
in the uncertainty of the resonance frequency determination
with temperature. The term 1.96 σ corresponds to a 95%
probability of finding the frequency within the given
values. A clear correlation between the loss expressed as
the inverse resonator quality factor Q−1 and the uncertainty

Fig. 1 Piezoelectric resonator
showing shear mode operation

Fig. 2 Uncertainty of the frequency determination (upper part) and
corresponding inverse resonator quality factor (lower part) of a
5 MHz langasite resonator as function of temperature
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in the peak frequency became obvious. Consequently, low
losses or high quality factors are desirable to achieve
accurate frequency measurements.

The increased associated electrical losses leading to
performance degradation can be modeled using a modified
Butterworth–van Dyke equivalent circuit model (Fig. 3). At
high temperatures, the parallel resistive element Rp is added
to represent the increased loss due to the lower bulk
resistance of the resonator crystal and leads to the following
expression for the quality factor [10]:

Q ¼
ffiffiffiffiffiffi
Ls
Cs

r
1

Rs

Rp

Rp þ Rs
¼ Q0

Rp

Rp þ Rs
� f

w
ð5Þ

Here, Q0 represents the quality factor at room temper-
ature, i.e., for infinite values of Rp. The right hand side of
the equation is already discussed above.

Since the quality factor, Q, has a direct dependence on
Rp, the bulk resistance of the resonator, it must be
controlled so that it remains sufficiently high. In this study,
we examine means for decreasing the electrical conductiv-
ity and thus increase Rp via doping and control of
temperature and oxygen partial pressure.

In order to engineer both the conductivity and the
oxygen nonstoichiometry of langasite, we characterized its
electrical properties under equilibrium conditions and
determined its defect structure [12, 13]. In [12], acceptor
doped langasite was shown to be a mixed ionic-electronic
conductor with the ionic conducting specie being the
oxygen vacancy fixed in concentration by the acceptor

impurity. The electronic conductivity is dominated by
electrons under reducing conditions for low acceptor levels
and by holes under oxidizing conditions for higher acceptor
levels with characteristic −1/4 and +1/4 power law depen-
dences on pO2, respectively. In [13], donor doped langasite
was shown to be a predominantly electronic conductor via
electrons. At high pO2, the electron density is fixed by
ionized donors; whereas at lower pO2, electrons generated
by reduction dominate with a characteristic −1/6 power law
dependence on pO2. Based on these studies, the oxidation
and reduction equilibrium reactions were established and
the mobilities of the major electrical carriers, i.e., oxygen
vacancies, holes and electrons, were determined (see Table 1).
The parameters listed in Table 1 provide means for
predicting the bulk electrical conductivity and oxygen
nonstoichiometry (i.e., mass change $mρ) as functions of
oxygen partial pressure, temperature and dopant concentra-
tion. The equilibrium constant Kr , Ko, Ke are defined in
previous papers [12, 13] and are repeated here for
convenience:

Kr ¼ V ��
o

� �
n2pO

1
2

2 ¼ kr exp
�Er

kT

� �
; ð6Þ

associated with the reduction reaction,

OX
O ! V ��

o þ 2e0 þ 1
2O2; ð7Þ

Ko ¼ p2 V ��
o

� ��1
pO

�1
2

2 ¼ ko exp
�Eo

kT

� �
ð8Þ

associated with the oxidation reaction,

1
2O2 þ V ��

o ! O x
o þ 2h� ð9Þ

and,

Ke ¼ np ¼ ke exp
�Eg

kT

� �
; ð10Þ

associated with the electron-hole pair generation,

null ! h� þ e0: ð11Þ
Note that distinct equilibrium constants Kr defining the

reduction reaction are utilized for acceptor and donor doped
langasite, respectively.

Rp

Cp

Rs Cs Ls

Fig. 3 Modified Butterworth–van Dyke equivalent circuit model with
an additional Rp representing bulk resistance

Table 1 Summary of langasite
defect and transport model
parameters.

Acceptor-doped Donor-doped

Kr (cm
−9atm0.5) Kr ¼ 1067 exp � 5:7�0:06eV

kT

� 	
Kr ¼ 1071 exp � 6:57�0:24eV

kT

� 	
Ko (cm

−3atm−0.5) KO ¼ 4:6� 1018 exp � 2:18�0:08eV
kT

� 	
N/A

Ke (cm
−6) Ke ¼ 6:8� 1042 exp � 3:94�0:07eV

kT

� 	
N/A

Dopant Ionization N/A D�½ � ¼ k
1=2
Dn exp � 1:52�0:06eV

2kT

� 	
μe (cm

2/Vs) N/A me ¼ 1:1� 10�2 exp � 0:15�0:01eV
kT

� 	
μh (cm

2/Vs) mh ¼ 4:9� 0:1ð ÞT 0:096�0:002ð Þ N/A
μVo (cm

2/Vs) mVo ¼ 217
T exp � 0:91�0:01eV

kT

� 	
N/A
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2 Bulk conductivity prediction for langasite

2.1 Acceptor doped langasite

As acceptor doped langasite is a mixed ionic-electronic
conductor, its total bulk conductivity is the sum of
electronic and ionic conductivity:

σtotal ¼ σionic þ σelectronic ð12Þ

σtotal ¼ 2q V ��
o

� �
μVo þ nqμe þ pqμh ð13Þ

And since, for the acceptor-doped langasite, the Brouwer
approximation 2 V ��

o

� � � A
0
c

� �
can be applied, Eq. 13 can be

written as [11]:

σtotal ¼ qμVo A
0½ � þ qμe

ffiffiffi
2

p
A0½ ��1

2pO
�1
4

2 K
1
2
r

þ qμh

ffiffiffi
1
2

q
A0½ �12pO1

4
2K

1
2
O ð14Þ

Using the parameters in Table 1, σtotal can be predicted as
function of temperature, pO2, and acceptor concentration. In
all predictions, we assume no defect association or ordering
(dilute solution approximation) nor cation nonstoichiometry
given the generally excellent correlation obtained between
theory and experiment. Discussion of possible acceptor-
oxygen vacancy association is presented in [12] but does
not influence the predictions presented here.

2.2 Donor doped langasite

The total conductivity of donor doped langasite, being
predominantly electronic, is simply the n-type electronic
conductivity:

s ¼ qnme ð15Þ
As derived previously in [13], the electron density for

donor-doped langasite can be defined as:

n3 � Nb�½ �n2 � 2KrpO
�1
2

2 ¼ 0 ð16Þ
which can be solved to obtain a closed form solution for n.
Using the parameters in Table 1, σ for donor doped
langasite can be predicted as function of temperature,
pO2, and donor concentration.

2.3 Prediction of langasite conductivity; examples

The predictive model was built using the defect chemistry
framework. Several examples are illustrated here to
demonstrate the usefulness of the model in examining
how the bulk conductivity can be minimized as a function
of different variables (i.e., acceptor concentration, temper-
ature, pO2). Figure 4 illustrates the effect of acceptor

concentration [A0] on the conductivity of langasite at
1,000 °C. Increased [A′] markedly depresses the n-type
conductivity at low pO2, while increasing the pO2 inde-
pendent ionic conductivity. Note that the effect of increased
acceptor concentration is depressed conductivity at low pO2,
but at the expense of increased conductivity at high pO2.

This is further illustrated in Fig. 5 which shows that the
minimum conductivity (for minimizing electrical losses) for
a given acceptor level depends on the operating pO2. For
example, if a langasite resonator is designed for operation
in air, the lower the acceptor concentration, the lower the
conductivity. However, if the operation is in a reducing
environment, for example at log pO2=−10, the minimum
conductivity will be at ∼1018 cm−3 acceptor level. Even
higher acceptor levels would be needed to minimize the
conductivity at log pO2=−20.

Likewise, the conductivity of donor doped langasite was
calculated at T=1,000 °C as a function of D for log pO2=0,
−10 and −20. These results are shown in Fig. 6. Here, one
observes that minimum conductivity for langasite at pO2=
1 atm is achieved by maintaining the donor concentration
below 1017 cm−3, where the conductivity remains reduction
controlled; above 1017 cm−3 the conductivity becomes
donor controlled. Indeed, at lower pO2, where langasite
becomes more strongly controlled by reduction, the donor
concentration has little influence on the conductivity.

The predicted variation of langasite conductivity as
function of dopant level (both acceptor and donor) is shown
in Fig. 7. It is possible to infer that the lowest conductivity is
obtained when langasite is intrinsic. However, to totally
eliminate impurities from langasite, a large bandgap
material, via dopant compensation will be difficult. Alter-
native doping strategies for langasite resonators operating at
800 °C can be devised based on Fig. 7. If a langasite resonator
is to be used in the pO2 range from 1 to 10−10 atm, a low
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Fig. 4 Conductivity of acceptor doped langasite with [A0] equal to 6×
1020 and 8×1019 cm−3 at 1,000 °C
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concentration of donors will ensure a lower conductivity than
using acceptor dopants. However, under strongly reducing
environment (e.g., pO2=10

−20 atm), low acceptor concen-
trations ensure a lower conductivity than do donor dopants.

The situation changes when the temperature is increased
to 1,000 °C (Fig. 8). In air (pO2 ∼1 atm), a low
concentration of donor dopant will allow for low conduc-
tivity. At a reducing environment (pO2=10

−10 atm), a low
acceptor dopant concentration will actually produce lower
conductivity than donor doping. At extremely reducing
environments (pO2=10

−20 atm), the minimum conductivity
is produced with an acceptor doping level of about 0.2%.
This ability to incorporate operating conditions (i.e.,
temperatures and pO2) together with doping considerations
enables the design of langasite properties for improved
operation performance (i.e., low electrical losses).

3 Mass change prediction for langasite

The changing oxygen vacancy concentration with temper-
ature or pO2 results in a corresponding mass change in a
langasite resonator, and, if significant, can mask the
frequency shifts induced in the active layer designed to
provide sensing. Predicting the mass change will assist in
defining the resonator operating conditions for which
oxidation and reduction processes will not interfere with
the sensing process.

In the defect model for acceptor doped langasite, the
Brouwer approximation was applied, fixing the oxygen
vacancy concentration to the acceptor level 2 V ��

O

� � � A0½ �� 	
in the ionic conduction regime. Nevertheless, reduction still
occurs at those pO2’s as reflected in the generation of
electrons with changing pO2. The Brouwer approximation

simply states that the generation of oxygen vacancies by
redox processes is negligible compared to the total oxygen
vacancy concentration formed in reaction to the acceptor
doping. However, when considering changes in stoichiom-
etry, as reflected in mass change, the oxygen vacancy
creation accompanying the generation of electron has to be
taken into account.

The more complete neutrality condition for acceptor
doped langasite is as follows:

n ¼ 2 V ��
O

� �� A0� � ð17Þ
Substituting Eq. 17 into the mass action law for

reduction reaction gives:

V ��
O

� �3 � V ��
O

� �2 þ 1
4 A0� �2

V ��
O

� �� 1
4 pO

�1
2

2 Kr ¼ 0 ð18Þ
Using Eq. 18 and the Kr function listed in Table 1, the

total oxygen vacancy concentration V ��
O

� �
can be calculated

and n can then be determined as function of temperature,
pO2 and acceptor concentration with the assistance of Eq. 6.
The change in oxygen vacancy concentration accompa-
nying the generation of electrons is simply:

$n ¼ 2$ V ��
O

� � ð19Þ
The change in the vacancy concentration during opera-

tion (as temperature or pO2 changes) can than be correlated
to mass change.

In Fig. 9, the fractional mass change $mρ

�
mR in

langasite (normalizing to pO2=1 atm) was predicted at
1,000 and 800 °C at three and one different acceptor dopant
levels, respectively. The fractional mass change can be
related to fractional frequency change using Eq. 4. For a
bulk acoustic wave resonator fabricated from a 0.1%
acceptor doped langasite operating at a typical resonant
frequency of 10 MHz, a Δf of 16 Hz is expected if the
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Fig. 6 Conductivity of donor doped langasite as function of donor
concentration at 1,000 °C
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oxygen partial pressure changes from pO2=1 atm to pO2=
10−20 atm due to generation of oxygen vacancies
(1=2 $m=m ¼ �$f =f ¼ �1:6� 10�6). This would limit the
mass resolution of the resonator if it is to be used as a mass
balance for investigating thin film oxygen stoichiometry

which requires change in oxygen partial pressure of that
magnitude, for example.

In Fig. 9, it can also be observed that the acceptor level
has a small effect on the magnitude of mass change.
Therefore, acceptor effects on both ionic and electronic
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Fig. 8 Conductivity and ionic
transport number prediction for
langasite at three different pO2

and 1,000 °C as function of
dopant level
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conductivity, which are considerably higher, will have
larger impacts on the resolution and mass sensitivity limit
of the resonator (i.e., from electrical losses).

The donor doped langasite is electronically compensated
and the oxygen vacancy concentration varies with pO2,
either with −1/4 or −1/6 power law depending on the defect
region. The mass change in donor doped langasite can be
calculated using Kr (Table 1) and n (Eq. 17), which give
oxygen vacancy concentration as function of temperature,
donor level and pO2. Figures 10 and 11 show the fractional
mass change of three different donor doped langasite
specimens at 1,000 °C as function of pO2.

When compared to the acceptor case, it can be
observed that donor concentration has an even smaller
effect on the mass change (Fig. 11). For a bulk acoustic
wave resonator fabricated from donor doped langasite
operating at 10 MHz, Δf of 25 Hz is expected if the
oxygen partial pressure changes from pO2=1 atm to
pO2=10

−20 atm due to generation of oxygen vacancies
(1=2 $m=m ¼ �$f =f ¼ �5� 10�6, regardless of the dop-
ant level). The frequency change in this case is comparable
to the acceptor doped case.

4 Impact of transport properties on resonator

With the ability to predict bulk conductivity and mass
change in langasite as functions of temperature, dopant
level and pO2, it becomes possible to define the acceptable
operating range (temperature and pO2) for a langasite
resonator, or to intentionally dope langasite for operation
within specific conditions.

One way to define the operating requirements is to state
an acceptable Q value from which the required Rp and

hence the required conductivity can be calculated. Using an
isoconductivity plot, for example, the desirable conditions
can be defined. For example, Fig. 12 shows the isoconduc-
tivity lines of nominally undoped langasite (used in this
work and in [15]). If the required conductivity is 10−4 S/cm
or lower and the required pO2 is ∼10−15 atm, the operating
temperature must be 950 °C or lower. In addition to
electrical losses, significant mass change for nominally
undoped langasite must be considered and could further
restrict operating conditions.

The expression for Q can also be used for examining the
influence of decreasing resonator resistance on Q. As
temperature increases, Rp decreases while Rs increases. At
high temperature (at approximately 900 °C or above for a
2 MHz Y-cut langasite crystal resonator studied previously
[14, 15]), the values of Rp and Rs converge. At those
temperatures, Rp becomes smaller than Rs, making Q
proportional to Rp. Q is also inversely proportional to the
half-height-width (HHW) of the spectrum obtained by the
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network analyzer, which can be equated to the uncertainty, δ,
in resonant frequency of the resonator. Hence, Rp can be
related and is inversely proportional to the uncertainty (δ).
This relationship shows that increasing the conductivity by
an order of magnitude (due to dopant or reduction/
oxidation) can increase δ and thereby lower the sensitivity
limit of the resonator by one order of magnitude at
temperatures when electrical losses are high.

In fact, for the abovementioned 2 MHz Y-cut langasite
crystal resonator (with electrode area of 0.43 cm2 and
assuming a 0.1% acceptor level), Q can be calculated as
function of temperature and pO2, and an iso-Q map can be
derived (Fig. 13). This map gives us the operating limits of
the resonator for a certain Q. For example, if Q is designed
to be 1,000, the resonator must operate below 611 °C,

whereas if Q must be greater than 100, the temperature
must be kept below 850 and 775 °C for pO2=10

−1 and
10−26 atm, respectively.

The fractional frequency change (Δf /f ) due to change in
oxygen vacancy concentration can also be related to the
theoretical sensitivity limit for the resonator. The fractional
frequency change caused by decreasing pO2 by 20 orders of
magnitude from pure oxygen at 1,000 °C is on the order of
∼10−6 (at 1,000 °C for both acceptor and donor doped
langasite), which translates to ∼10 Hz sensitivity limit in a
10 MHz langasite resonator. It has been stated above that,
in theory, the frequency change would limit the resolution
and sensitivity limit of the resonator. In practice, at high
temperatures, the errors in resonant frequency measure-
ments will be tens of hertz; the frequency change of a few
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tens of hertz due to intrinsic mass change in langasite will
play an insignificant role in limiting its resolution and
sensitivity limit.

Figure 14 shows a map of resolution limit of langasite
resonator. Since dopant levels play an insignificant role in
the determination of Δf /f, this map can be used for all
dopant levels to estimate the operation limits (i.e., the
temperature and pO2) of the langasite resonator. For
example, if the required Δf /f is 1 ppm (for around 10 Hz
change due to oxygen non-stoichiometry in a 10 MHz
crystal resonator), the operating condition must be below
the 1 ppm line in Fig. 14.

5 Conclusion

The previously derived defect model was utilized in
building a predictive model for langasite. This model was
used to calculate the bulk electrical conductivity and mass
change of langasite due to oxygen vacancy generation as
functions of temperature, dopant level and pO2. The
establishment of defect specie concentrations and their
mobilities as function of pO2 and temperature allowed us to
define the acceptable operating range and/or design the
properties of langasite for minimum resistive loss and mass
change, which affect the resolution and sensitivity limit of
the resonator. At high temperature (900 °C or higher for
2 MHz langasite resonator), the electrical loss of langasite
becomes significant. With the bulk resistance proportional
to Q, this leads to increased uncertainty in the measure-
ments, δ, of the resonator (i.e., lower resolution). On the
other hand, it was also demonstrated that langasite exhibits
only very small mass change due to oxygen stoichiometric

change, and, even at 1,000 °C, Δf /f is 2.5 ppm or less for a
pO2 change of as much as 20 decades.
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