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Abstract Both nominally undoped and 1%Sr-doped langa-
site were found to exhibit acceptor behavior and correspond-
ingly mixed ionic-electronic conductivity under experimen-
tally accessible conditions. At high pO,, the conductivity
of nominally undoped langasite was pO,-independent (ionic
behavior) but became increasingly pO,-dependent (n-type
behavior) under reducing conditions. The substitution of
strontium on lanthanum sites, increased the ionic and intro-
duced a p-type electronic conductivity behavior at the high-
est pO,’s, while completely depressing the n-type electronic
conductivity — observations consistent with predictions of the
proposed defect model based on oxygen vacancy formation
in response to negatively charged acceptor impurities.

Sr-doped langasite was found to have a higher activation
energy for oxygen ion transport (1.27 &= 0.02 eV) than nom-
inally undoped langasite (0.91 £ 0.01 eV). This difference
could not be successfully explained by applying a simple de-
fect association model but required the assumption of long
range defect interactions.

Using the defect model, a number of key equilibrium con-
stants (reduction (5.7 £0.06 eV), oxidation (2.18 - 0.08 e V),
electron-hole generation (3.94 + 0.07 eV), and defect mo-
bilities (oxygen vacancies and holes) were derived and sum-
marized.
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Introduction

Langasite, which retains its piezoelectric properties to ele-
vated temperatures, has operated as a surface acoustic wave
device to temperature as high as 1000°C [1], greatly surpass-
ing the temperature limitations of other piezoelectric mate-
rials [2]. The high temperature capabilities of langasite, for
example, make it a prime candidate as a crystal microbalance-
based sensor for in-situ monitoring of e.g., automobile ex-
haust [3-5]. This not only requires that langasite retain its
piezoelectric properties to high temperatures, but that it also
remain stable in atmospheres ranging from highly reduc-
ing to oxidizing. In addition to chemical stability, electrical
and mechanical losses must be minimized to prevent loss
of sensor resolution and hence sensitivity [6]. Consequently,
the ability to characterize and ultimately predict the electri-
cal behavior and transport properties of langasite at elevated
temperatures and over a wide oxygen partial pressure range is
crucial.

Previously, in [7-9], brief preliminary descriptions of lan-
gasite’s defect chemistry were reported. However, key pa-
rameters, including carrier mobilities, were unavailable to
enable a complete description of the defect equilibria. Fur-
thermore, certain assumptions regarding the nature of the
charge carriers, e.g. ionic versus electronic, were uncon-
firmed. Since then, complementary thermoelectric power,
mass spectroscopy and concentration cells measurements
have been completed, allowing for a more accurate and com-
plete picture of the defect equilibria and transport proper-
ties of langasite to be established. In this paper, the defect
chemistry and transport properties of acceptor-doped lan-
gasite are examined. Donor-doped langasite is treated in a
companion paper [10]. A third paper examines how the de-
fect and transport properties of langasite need to be controlled
to achieve optimum performance in langasite-based crystal
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microbalance gas sensors operating under high temperature
conditions [11].

Theory

The defect structure and chemistry of materials have a signifi-
cant influence on their electrical properties, with correspond-
ing implications for electrical losses in crystal resonators.
In addition, the generation of oxygen vacancies, resulting
in corresponding mass changes, contributes to undesirable
frequency shifts when the crystal is being used as a sensor
platform. Determination of langasite’s defect chemistry will
therefore provide the means for understanding the origins of
these changes and thereby provide the tools needed to miti-
gate or eliminate these superfluous effects.

Preliminary studies point to an oxygen vacancy defect
model, with singly ionized acceptors playing a dominant role
under most conditions [12, 13]. One can describe equilibra-
tion of the material with the gas phase by the reduction re-
action under which double charged oxygen vacancies and
compensating electrons are formed

0y — Vi +2¢ + 30, (D)

The related mass action equation is:

—E,
K, = [V5]n2p0)* =k, exp< T ) 2)

Correspondingly, one could instead describe equilibration
with the gas phase via an oxidation reaction, in which oxygen
vacancies are annihilated and electron holes are generated.

10,4+ V5 — OF +21° A3)

The related mass action equation is:

R —E
Ko =p*[V,)] l p0;'* =koexp (k—T0> 4)

Intrinsic ionic disorder is assumed to be based on the dis-
placement of oxygen ions from normal to interstitial sites,
i.e. the anion frenkel reaction:

0} — V; + 0/ (5)

The related mass action equation is:

—F
Kr = [V5]10/1= krexp (k—TF) (6)
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The thermal generation and recombination of electrons and
holes is represented by:

null = "+ ¢ @)

which gives the mass action equation:

n==k —2 ) = NcN —= )
= k; ex = ex
4 p T cNy exp T

with E, being the thermal bandgap and N¢ and Ny the ef-
fective density of states in the conduction and valence bands
respectively. Taking the product of Egs. (2) and (4), one can
easily demonstrate that the np product is given by:

VK, Ko =np = kko exp <M> )

2kT

Hence by comparing Egs. (8) and (9), the thermal bandgap
can be related to the oxidation and reduction enthalpies:

E,= Dt (10)

N.N, = ki = /k k, (11)

Following statistical thermodynamics, one derives expres-
sions for the density of states given by [14]:

_ _ m:-,h T e 19 -3
N. =N, =25 — x 10" cm (12)
m, 300K

Combining all the charged species (assuming predominantly
singly-charged acceptor dopants), results in the electrical
neutrality equation:

n+2[0/1+[A]1=p+2[V5] (13)

Based on Egs. (2), (4), (6), (8) and (13), it becomes possi-
ble, in principle, to determine the concentration of all charged
species and their respective partial conductivities, at any tem-
perature, oxygen partial pressure and dopant level, assum-
ing knowledge of the respective defect mobilities. However,
solving the above set of simultaneous equations is normally
difficult and so the so-called Brouwer approximation is often
applied, in which the neutrality and mass balance equations
are simplified to include only one defect species on either
side of the equality over restricted ranges of pO, and tem-
perature [15-17]. Commonly, for acceptor-doped materials,
four defect regions are defined: reduction, ionic compensa-
tion, electronic compensation, and oxidation. The solutions,
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based on the Brouwer approximations, are summarized in
Table 1 with the corresponding Kroger-Vink diagram, illus-
trating the characteristic pO,-dependence of the various de-
fect species, shown in Fig. 1.

Based on Table 1, for the defect region characterized by
oxygen vacancy — acceptor dopant compensation, one pre-
dicts a pO, 1 4-dependence of the electron conductivity, a
pO;r 1/ 4—dependence of the hole conductivity and pO, inde-
pendence of oxygen vacancy conductivity (see Region II,
Fig. 1).

In order to independently confirm that the ionic conduc-
tivity dominates in certain pO, and temperature regimes,
concentration cell measurements are used. This experiment
involves measuring the open circuit voltage across a sample,
exposed on one side to say a reference atmosphere such as
air and the other to a different pO,. The open circuit voltage
(V) isrelated to the average transport number by the Eq. [18]:
_kT  pO,

t;i—In
4q p 02 air

V= (14)

where 7; is the average ionic transport number, & is the Boltz-
mann’s constant, g is the elementary charge, and pO, and
POa ,ir correspond to oxygen partial pressures at the two sides
of the sample. To obtain a precise value for ¢; at a specific oxy-
gen partial pressure (pO,), a differential form of the above
equation must be used [18]:

‘ _ 4V (15)

d(In pO2)|,0,

_t(o)kT
=L(p 246]

To assist in fitting the data to the form of Eq. (15), it is
convenient to have an expression which relates Vto pO,. An
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appropriate expression is given by [18]:
y o KT [, (2 o)™
“ 7" P 1 (por) T
1/4 ( )
+In| —————+ (16)
(P”“+( )”4>}

where P, and P, are the pO,’s at which electronic transport
numbers of holes and electrons are 0.5 respectively, pO,/ is
the reference pO,, and pO,” is the working pO,. By fitting
Eq. 16 to the V versus pO; plot, and taking the first derivative
with respective to log pO,, the precise ionic transport number
(¢;) can be obtained.

Experimental
Sample preparation

Nominally undoped and 1%Sr-doped polycrystalline lang-
asite samples were produced using the mixed oxide route.
Proportional amount of La,03, Ga,03, SiO, and Sr(CO3)
(for 1%Sr doped) powders (Alfa Aesar, 99.99% metal ba-
sis) were mixed and ball milled in deionized water (without
dispersant) for a day. The mixture was then dried at 110°C
while stirred, and then uniaxially pressed into 1”7 (2.54 c¢m)
pellets. The pellets were calcined at 950°C for 3 h and then
sintered at 1450°C for 10 h. Densities achieved for undoped
langasite were greater than 94% and for Sr-doped langasite

Fig. 1 Kroger-Vink diagram for |
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Fig. 2 Experimental setup for
concentration cell measurements FU-I'nEJ_.CC

Sample
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]
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Glass seal

greater than 90%. No observable second phase was observed
by X-ray diffraction. Pellets were cut into 2 x 2 mm cross
sectional sample bars using a die-saw. Platinum electrodes
were painted on the specimens using platinum paint from
Engelhard-Clal and then fired at 850°C for 3 h.

Bulk electrical conductivity measurements

Two-point impedance measurements using a Solartron 1260
Impedance Analyzer were performed on both undoped and
1%Sr-doped langasite samples as a function of temperature
and oxygen partial pressure. Measurements were made in
a resistively heated tube furnace and the pO, was varied by
using CO/CO, or O,/Ar gas mixtures. Samples were allowed
to equilibrate from one day (at 700°C) to 2 h (at 1000°C).
Tests for reversibility were performed after measurements at
low pO, by repeating measurements at high pO,.

The bulk electrical conductance was extracted from the
impedance spectra with the assistance of an equivalent cir-
cuit containing parallel R-C elements, one each for elec-
trodes, grain boundaries and bulk. Conductivity values were
then obtained by normalizing conductance to the appropri-
ate geometrical factor. Note that no normalization was taken
for porosity given that the undoped and Sr doped specimens
exhibited densities of greater than 94 and 90% densities re-
spectively.

Concentration cell measurements

The experimental apparatus for obtaining the ionic transport
number is shown in Fig. 2. The sample, in form of a pellet, was
cemented onto one end of an alumina tube using a high tem-
perature cement (Ceramabond 569, Aremco Products Inc,
Valley Cottage NY). After the cement dried overnight at
room temperature, the interface was sealed against gas leak-
age using a glass frit dispersed in deionized water (Glass #13,
Elan Technology, Midway GA), which was fired at 1000°C
before measurements were performed. The experiment was
performed in a tube furnace (Thermolyne 21100) with tem-
perature varying from 700 to 1000°C (controlled by a
Eurotherm 818), and the oxygen partial pressure was varied
by using CO/CO, or O,/Ar gas mixtures. The open circuit

voltage (V) was measured after equilibrating the setup at a
set condition for 2 hrs.

The open circuit voltage was plotted as function of pO,,
and the first derivative of the plot, evaluated at various pO,,
was related to the ionic transport number via Eq. (16).

Results

The bulk electrical conductivity for both undoped and 1%Sr-
doped langasite are plotted as a function of pO, for isotherms
700 to 1000°C at 50°C intervals in Figs. 3 and 4 respectively.
For undoped langasite, the electrical conductivity is observed
to be pO, independent at high pO,, but becomes pO, depen-
dent (n-type) under reducing conditions. This is typical be-
havior for a mixed ionic-electronic conductor that becomes
increasingly electronic as the pO, decreases [12, 13]. The
1%Sr-doped langasite shows an elevated pO, independent
conductivity with the appearance of p-type behavior at high
pO, while the n-type conductivity is fully depressed. The ad-
dition of Sris indicative of acceptor behavior, as successfully
predicted by the defect model (Table 1).
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Fig.3 Electrical conductivity vs pO, for nominally undoped langasite.

Dotted lines are fitted values of the bulk conductivity as predicted by
the defect model defect model
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Fig. 4 Electrical Conductivity vs pO, for 1%Sr-doped langasite.

Dotted lines are fitted values of the bulk conductivity as predicted by
the defect model

The pO, independent regimes in Figs. 3 and 4 can be at-
tributed, according to the defect model, to ionic conduction,
in which the dominant charge carrier, the doubly charged
oxygen vacancy, is charge compensated by the acceptor
dopant. To verify this assumption, concentration cell mea-
surements were performed on the nominally undoped langa-
site sample to determine the ionic transport number at differ-
ent pO,. The ionic transport numbers, derived from the raw
open circuit voltage versus pO, data (example of data ob-
tained at 800°C is shown in Fig. 5) and with the assistance of
Eq. (15), are plotted as function of pO, for various tempera-
tures (Fig. 6). Consistent with the as-derived defect model for
langasite based on electrical conductivity measurements, the
bulk conductivity is predominantly ionic (#; &~ 1) at high oxy-
gen partial pressures and becomes increasing electronic as
pO;, is decreased. The ionic transport numbers, derived from
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Fig. 5 Typical open circuit voltage versus log pO, data for nominally
undoped langasite at 800°C. Dotted line is fitted using Eq. (15)
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log pO, (atm)

Fig. 6 Ionic transport numbers of nominally undoped langasite. Dotted
lines are transport numbers derived from analysis of electrical conduc-
tivity measurements. Solid lines are data obtained from concentration
cell measurements

the electrical measurements, are largely consistent with those
obtained from the concentration cell measurements (Fig. 6).
The pO, independent ionic conductivity data for the Sr
doped and undoped specimens are plotted as a function of re-
ciprocal temperature in Fig. 7. As noted above, the Sr doped
specimen exhibits a higher ionic conductivity than the nom-
inally undoped specimen. The respective activation energies
are 1.27 £ 0.02 and 0.91 £ 0.01 eV. Since the vacancy con-
centration is fixed by acceptors, the activation energy is ex-
pected to largely reflect the defect migration energy [12]. For
high defect concentrations, an additional energy contribution
from defect ordering often comes into play [19, 20]. These
are discussed below, as well as the calculated ionic conduc-
tivities based on measured oxygen ion diffusivities [21].
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0.0

-0.2

047 1%Sr doped
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log oT (S/cm K)

nominally undoped
1.6 E, =(0.91£0.01) eV

T T T T
0.75 0.80 0.85 090 0.95 1.00 1.05
1/T (x10°K™)

Fig. 7 Ionic conductivity of nominally undoped and 1%Sr-doped
langasite
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Fig. 8 N-type electronic conductivity of nominally undoped langasite
as function of oxygen partial pressure

The electronic components are readily deconvoluted from
the total conductivity by subtracting the constant ionic from
the total conductivity at each pO,. Note that the n-type con-
ductivity follows closely the predicted pO, 1/4 dependence
in nominally undoped langasite (Fig. 8) and the p-type con-
ductivity the predicted pO;r 1/ 4dependence in the Sr doped
specimen (Fig. 9). The temperature dependence of the n-type
and p-type conductivities evaluated at fixed pO, are shown
in Figs. 10 and 11 respectively. The n-type conductivity is
characterized by an activation energy of 3.0 £ 0.02 eV and
the p-type conductivity by an activation energy of 1.09 £
0.04 eV.
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-4.04 1000°C (A=3.14)_..@ |
L A
-4.5 ._..ni'"' o =
...... L~
- ~~*7"900°C (A=3.57)
1 //'/ i ) 1
o A
£ 501 e ,,,»/ E
% /_,.J// ,’/"/’ 800°C (A=4.04)
o o
o e - P -
o -55 P // 1
g -

> o
700°C (A=4.57)

-6.0 4

-6.5 4

T T T T T T T T T T T
55 -50 -45 -40 -35 30 -25 -20 -1.5 -1.0 0.5 00 05
log pO, (atm)

Fig.9 P-type electronic conductivity of 1%Sr-doped langasite as func-
tion of oxygen partial pressure
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Fig. 10 Extracted n-type electronic conductivity of undoped langasite
at pO, =1 atm

Discussion

Acceptor doped langasite was shown to be a mixed ionic-
electronic conductor (Defect Region I, Fig. 1). The proposed
defect model, based on acceptor compensated oxygen vacan-
cies, was found to be consistent with both the bulk electrical
conductivity data and concentration cell measurements. Both
the pO, dependence of the total conductivity and ionic trans-
ference number and the Sr induced changes in both ionic and
electronic conductivities were found to be consistent with ac-
ceptor control even in nominally undoped langasite. Given
this agreement with the model, it now becomes possible to
extract key thermodynamic and kinetic parameters.
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Fig. 11 p-type electronic conductivity of 1%Sr-doped langasite at
pO; =1 atm
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T(°C) to conduction. One can describe the dissociation reaction by:
,,]0501000 850 900 850 800 750 700
1.4 .
164 _ with the corresponding mass action relation given by:
16 p g g y
g
e g 4 .
g K _ [Sria] [VO] —k exp ( Eassoc> Cm_3
- assoc — B .\ 7 — Massoc -
- (510 — Vo) T
(=2
o
224 . (19)
24+ log T = -4602/T +2.336 1 The following mass conservation law applies:
-26 T T T T T T .
075 080 08 090 085 100 105 [Sriotal = [S7y,]+ [(Sr’La — V(‘)‘) ] (20)
1T (10°KY)
Fig.12 Oxygen vacancy mobility-temperature product plotted as func- The following electroneutrality also applies:
tion of temperature )
[Sreal =2[V5] +[(Sr2 = V5) ] @n

First, we proceed to estimate the oxygen vacancy mobility.
Na was determined, by glow discharge mass spectroscopy, to
be the major impurity specie in nominally undoped langasite
with concentration of 1.5 x 10'> cm™3 (Northern Analyti-
cal Laboratory, Merrimack, NH). Na acts as an acceptor on
the La site [22] and, within the ionic conductivity regime,
should produce the same concentration of oxygen vacancies
(according to Brouwer approximation [Naj ] ~ [V,;]). With
knowledge of the ionic conductivity and the oxygen vacancy
concentration, the oxygen vacancy mobility can be calcu-
lated. The oxygen vacancy mobility-temperature product is
plotted as function of reciprocal temperature in Fig. 12.

Figure 12 shows that the activation energy for the oxy-
gen vacancy mobility-temperature productis 0.91 = 0.01 eV
(equal to the activation energy of ionic conductivity-
temperature product of nominally undoped langasite). The
calculated oxygen vacancy mobility equation is:

a2 27, 0.91(£0.01)eV
oT)= —exp| —————
Hv T P kT

> cm?/Vs (17)

The ionic conductivity activation energies were 0.91 =+
0.01 eV and 1.27 £ 0.02 eV for nominally undoped and
1%-Sr doped langasite respectively (Fig. 7). Note that the ac-
tivation energy for ionic conduction in 1%Sr-doped langasite
exceeds that in nominally undoped langasite by 0.36 (£ 0.03)
eV (1.27 £ 0.02 vs 0.91 £ 0.01 eV). One possible explana-
tion for the disparity between the activation energy of ionic
conduction in 1%Sr-doped and undoped samples is defect as-
sociation [15, 23], in which oppositely charged defects (i.e.
Vv, and Sr; ) form defect pairs such as (Sr;,, — V,;)". Under
these circumstances, only the dissociated defects contribute

@ Springer

Substituting Eq. (20) into Eq. (19), gives:

[Vo11SrL,]

Kagsoe = ————4—
ST [Srotal] — [S7,]

Eassoc
22
=) @

= Kassoc EXP (_
It is useful to examine the predictions of this model at the
extremes of low and high temperature, i.e., for very low dis-
sociation and nearly full dissociation. For a high degree of
association at low temperatures, based on Eq. (21):

[Sr/La] = [(Sr,La - VO)] (23)

Substituting this expression into Eq. (19) results in the fol-
lowing expression for the unassociated oxygen vacancy con-
centration (see Regime III in Fig. 13):

. E
[Vo] = Kassoc eXp (_ l:s;oc) (24)

On the other hand, at high enough temperature, dissociation
becomes nearly complete (Regime I in Fig. 13) and then
Eq. (21) becomes:

[Sri.) =2[V5] = [Sro] (25)

Thus, the vacancy concentration is predicted to shift from
an activated process at low temperature to a constant value
at high temperature. In the transition from the low to high
temperature regime, one expects to observe curvature in the
log[ V1 vs 1/T plot (Regime II in Fig. 13).
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[Vo - ]z 1/2 [Srtota]]

log [V,"]

I 1I

/T

Fig. 13 Dissociated oxygen vacancy concentration as function of re-
ciprocal temperature. In Regime I, defects are nearly completely disso-
ciated while in Regime III, defects are nearly fully associated

The disparity between the activation energy of
ionic conduction in 1%Sr-doped and undoped langasite
(1.27 £ 0.02 vs 0.91 £0.01 eV) could in principle be at-
tributed to defect association as discussed above. Indeed, we
can calculate the ionic conductivity of 1%Sr-doped langasite
assuming that defect association is the correct explanation
for the larger activation energy. To do that, we define x as:

Using Eq. (20) and (21):

LIS

= 27
2 [Sriota] @7

Substituting Egs. (26) and (27) into Eq. (22):

kT

x(x+1
Kissoc = M[srtotal] = Kassoc EXP <_
2

Eassoc
) (28)

The pre-exponential k,s .. 1S defined as the product of de-
gree of freedom of the defect pair and the number of oxygen
lattice sites in langasite (~2.14 x 10 ecm™3) [15, 17, 23],
and E,c 18 0.36(£ 0.03) eV, which is the difference in ac-
tivation energy for ionic conductivity between 1%Sr-doped
and nominally undoped langasite. Solving Eq. (28) gives us
the concentration of unassociated oxygen vacancies (see in-
sert, Fig. 14) and, with the oxygen mobility derived in Eq.
(17), the ionic conductivity that is based on defect association
model can be calculated (Fig. 14). From Fig. 14, it can be
seen that for the temperature range examined in the conduc-
tivity measurements (700-1000°C), the defect pairs would
be largely dissociated (Regime I in Fig. 13) and the activa-
tion energy should only reflect the oxygen vacancy migration
energy (0.91 eV). In order to observe Eygo. of 0.36 eV (for a
total activation energy of 1.27 eV as seen in the case of 1%Sr-

¥ = Vol (26) doped langasite), its conductivity would have to be measured
[S7iotal at temperatures below 300°C. Therefore, defect association
Fig. 14 Ionic conductivity of T(CC
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cannot explain the disparity between the activation energy of
ionic conduction in 1%Sr-doped and undoped langasite.

An alternative explanation, taking into account the failure
of the dilute solution approximation at the 1% Sr level, is
next discussed. For concentrated solutions, long range de-
fect interactions must be taken into account. Wang et al [19],
for example, observed that the activation energy for oxygen
ion conductivity in Y,03; doped CeO, increased systemati-
cally as the yttrium content increased from 1 to 40 mol%.
In a number of fluorite and pyrochlore systems [20, 24, 25],
this has been attributed to long range defect ordering which
effectively traps the defects in deeper potential wells to over-
come as they move through the lattice. This would explain
the higher activation energy observed for ionic conductivity
in 1%Sr-doped langasite as compared to nominally undoped
langasite which more reasonably remains in dilute solution.

In order to independently verify that oxygen ions domi-
nate the ionic conductivity, Schulz et al [21], using oxygen
tracer exchange and SIMS concentration profiling, obtained
values for the oxygen self diffusivity of 1%Sr-doped and un-
doped langasite samples prepared in this laboratory. While
they found an activation energy of oxygen self diffusivity
in the range of 1.2 £+ 0.2 eV for the langasite specimens,
in reasonable agreement with the values reported above for
the conductivity measurements, they were inverted in order,
i.e. 1.39 eV for undoped and 0.96 eV for the doped speci-
men. While the diffusivity data are in qualitative agreement
with the findings from the conductivity and concentration
cell measurements, i.e., a significant contribution to electrical
transport by oxygen ions, precise quantitative agreement is
lacking. This may be related to difficulties with the diffusion
measurements as described in [21]. In addition, Ga tracer
diffusion measurements were performed on single crystal
langasite, demonstrating that self-diffusivity of Ga is many
orders of magnitude lower than that of oxygen.

Turning to the electronic conductivity, it should be pos-
sible to extract values for E, and E, from the activation
energies characterizing the n and p type conductivities re-
spectively (see equations listed under Region II, Table 1).
According to the defect model for acceptor-doped langasite,
the activation energy for electron generation (n-type con-
ductivity) equals %E, (half of reduction enthalpy) plus the
electron migration energy E,,, . From studies on donor-doped
langasite, we learned that electrons migrate by an activated
mechanism, with an activation energy of 0.15 £ 0.01 eV
[10]. This leads to values of E, = 5.7 £ 0.06 eV. Similarly,
the activation energy for hole generation (of p-type conduc-
tivity) equals %E,, (half of oxidation enthalpy) plus the hole
migration energy E,,. Since we have no independent infor-
mation, we will assume that holes move through the lattice
in a nonactivated manner, and thus the oxidation enthalpy is
given as E, =2.18 £ 0.08 eV. Next the thermal bandgap can
be calculated from Eq. (10), i.e. E, = 3.94 £ 0.07 eV. The
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optical bandgap of single crystal langasite reported by
Dubovik et al. [26] was ~4.5 eV, in reasonably good agree-
ment with the value derived in this study.

Referring to Table 1, K, can be extracted from knowledge
of the temperature dependence of n at a given pO, and dopant
level (i.e. in Region IT). Beginning with values for n (i.e. elec-
tron mobility and conductivity known — Fig. 10) and known
dopant level, K, for acceptor-doped langasite was calculated:

5.7+0.06eV

K, =10¢
XP( kT

) cm~’atm® 29)
And as k, is now known from Eq. (29), and k, is simply
NyN., where N, and N, are the density of states for hole
and electron respectively, k, can be subsequently determined
from Eq. (11).

With the hole mobility assumed to be nonactivated, it fol-
lows that the semiconductor model for the density of states
(as described in, for example, [14]) can be applied (Eq. (12)).
Using the equation, N, can be estimated (assuming mj ~ 2
and T ~ 1000 C) to be about 4 x 10%° cm™3. The electron
mobility in langasite is activated and is described by polaron
hopping [10]. The density of states for electrons is also cal-
culated in [10] and is given as N, = 8.9 x 10" cm™3.

The value for k., (= N.N,) is calculated to be 3.6 x
10cm® and k, can be estimated to be 1.3 x
10" cm~3atm™0. K,, for acceptor-doped langasite is then:

2.18 £0.08 eV

Ko=13x 10" —
0 X exp( T

) cm 3 atm™0?

(30)

The hole density, p, can be determined using Egs. (4) and
(30). Since the hole conductivity of 1%Sr-doped langasite is
known, the hole mobility can be calculated and is found to
be ~120 cm?/Vs, decreasing slightly with increasing tem-
perature. The negligible dependence on temperature for the
hole mobility is consistent with the initial assumption of a
non-activated mobility. The value of ~120 cm?/Vs is con-
sidered high for hole conduction in oxide materials but still
plausible [27].

Table 2 summarizes the results obtained for acceptor
doped langasite. From these results, the concentrations of
the major defect species (i.e. oxygen vacancies, electrons
and holes) and their electrical mobilities can be calculated
and consequently the bulk conductivity can be predicted as

Table 2 Summary of results

K, (cm= atm®) K, =107 exp (— 3100V
Ko =13 x 10" exp (— 2182008V

K, = 6.8 x 1042 exp (_ 3.94:tk0T.07 eV)

K, (cm~3 atm=%9)
K. (cm™)

wy, (cm?/Vs) wup ~ 120

217 (_ 0,91:5{0,01 eV)
T

“vo (sz/VS) Kyo = =~ €Xp
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function of dopants, temperatures and pO, (see dotted curves
in Figs. 3 and 4).

Conclusions

Acceptor doped langasite was found to exhibit mixed ionic-
electronic conductivity behavior. At high pO,, nominally
undoped (with background acceptors) langasite was a pre-
dominantly ionic conductor due to mobile oxygen vacan-
cies. The ionic conductivity was pO;-independent and fixed
by background acceptors. At low pO,, the conductivity be-
comes increasingly n-type electronic dominated by electrons
generated by reduction. Increasing the acceptor dopant level,
by adding strontium on lanthanum sites, increase the ionic
and p-type electronic conductivity, while fully depressing the
n-type electronic conductivity — observations consistent with
predictions of the defect model based on oxygen vacancies,
formed to compensate extrinsic acceptor impurities, being
the dominant defect

Sr-doped langasite was found to have a higher activation
energy for oxygen transport (1.27 & 0.02 eV) than nominally
undoped langasite (1.27 £ 0.02 eV). This difference could
not be successfully explained by applying a simple defect
association model but required the assumption of long range
defect interactions.

Using the defect model, a number of key equilibrium con-
stants and defect mobilities were derived as summarized in
Table 2.
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