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Electrical properties of Mg-doped and Mg, Si co-doped

alumina

Julia Ramirez-Gonzalez and Anthony R. West
Department of Materials Science and Engineering, The University of Sheffield, Mappin Street, Sheffield S1 3JD, UK

Abstract

Impedance measurements on Mg-doped alumina ceramics, over the temperature range 400-910 °C, showed a combination of
oxide ion conductivity and p-type electronic conductivity, depending on temperature and oxygen partial pressure. The oxide
ion conductivity is attributed to oxygen vacancies, introduced as charge compensation for the Mg dopant. The p-type
conductivity is attributed to hole creation on under-bonded oxide ions and is the dominant conductivity for measurements in
air at high temperatures. In samples co-doped with Mg and Si, impedance measurements showed a reduction in oxide ion
conductivity and therefore, number of oxide ion vacancies because the self-compensation mechanism of co-doping lead to
direct replacement of AP*by Mg?* and Si**; the level of p-type conductivity was also reduced.
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1.Introduction

The defect structure and electrical properties of pure and doped Al,Os have been the focus of many
studies since 1960 [1]. Extensive reviews on the diffusion of oxygen and aluminium have been written
[2][3][4] which reflect the continuing debate and unresolved questions on this topic.

The defects responsible for conductivity and/or diffusion were considered variously to be aluminium
), oxygen vacancies (Vo') and oxygen interstitials (O; )

vacancies (Var ), aluminium interstitials (Al;
[S]-[17]. These were suggested from a wide range of diffusion experiments, dc and ac conductivity
measurements, consideration of the thermodynamics of defect equilibria including the energetics of
formation of Schottky and Frenkel defects, molecular dynamic and atomic scale simulations.
Difficulties in identifying the intrinsic defects in alumina arise from the similarity in formation energies
of oxygen Frenkel and Schottky defects [16], [17] and their sensitivity to impurities: a few ppm may
create defects whose consequences overshadow the effects of intrinsic defect concentrations [17].

Studies involving a wide range of dopants suggested that divalent ions are compensated by Vo™ and
tetravalent ions by Vi~ [7], [16]. However, it was also suggested that if Frenkel defects predominate,
[7] and O;" species compensate for the dissolution of Ti*,

divalent cations are compensated by Al;
rather than Vo, [15]. There is general agreement that oxygen diffusion increases with Mg-doping and
decreases with Ti-doping; it was concluded that oxygen diffusion occurs via Vo™ in the former and O;
in the latter and that Vo™ diffusion is 2-2.5 times faster than that of O; [2]. Nevertheless, aluminium
diffusion, as either vacancies or interstitials, was also considered possible, with the conclusion that Al;™
dominates in the presence of Mg”* and Va,  in the presence of Ti** [2]. When comparing aluminium
and oxygen diffusion, Al;"™" diffuses 10>-10* times faster than Vo™ [2] and the presence of Si increases
the amount of Vo [12].

Conductivity measurements at 1650°C showed a large variation with pO,. The electronic
conductivity increased in either reducing or oxidizing atmospheres and was separated by an electrolytic
domain that became increasingly broadened as temperature decreased to 1200°C [11]. Due to the
resistive nature of the material, long times were necessary to reach equilibrium below 1200°C [12].
Depending on stoichiometry and experimental conditions, especially temperature and oxygen partial
pressure, pO», AlOs could present both electronic (n- or p-type) and/or ionic conductivity. Consistent
with this observation, thermoelectric emf experiments showed that the hot junction on a single crystal



of Al,O3 was positive under pure oxygen and negative under low pO, (~10"' atm) [5]. Other factors to
be considered in rationalising knowledge of defect concentrations and equilibria with conductivity and
diffusion data include the distinction between continuous, long range conduction and short range hops
over barriers that have the lowest energy, the possibility of defect-defect interactions and the formation
of charged or neutral clusters; these appear to be ignored in most cases [4].

Alumina-based ceramics have found use in a wide range of commercial applications due to their
many key properties. Exceptionally high electrical resistivity, high mechanical strength, corrosion
resistance and thermal stability well above 1000 °C, as well as biological inertness, combine to allow
extensive utilisation of Al>Os.[18] The cost of manufacturing Al,O3 ceramic components is highly
dependent on the purity and processing routes used, which in turn influence the microstructure and final
properties. A balance in both cost and final properties must be reached depending on the final
application. For example, a small grain size (< 2 pm) and high purity (> 99 %) are desired in demanding
mechanical and chemically corrosive applications, but can be costly. There is also a necessity for the
addition of a sintering aid, commonly MgO, which enables the Al,O3 ceramic to sinter to near full
density, whilst controlling grain growth [19], [20].

Often, a secondary glass phase is used as a processing aid, despite potentially lowering the ceramic’s
mechanical strength. As an electrical insulator, Al,O3 ceramics can benefit from a glass phase through
improved bonding strength to metallisation inks used for metal assemblies. The use of a glassy
secondary phase also aids sintering, with rates of mass transport increased at relatively lower firing
temperatures, allowing for the use of a larger starting particle size Al,O3, reducing the overall cost of
production [21]. For electrically insulating applications, such as electrical feedthrough or high voltage
power tubes, it is important that the addition of a sintering aid does not diminish the electrical resistivity
of the AlOs. Understanding the electrical resistance behaviour of an AlOs ceramic can aid in
understanding why some grades perform better in specific applications, whilst directing the future
development of new grades.

The main purpose of this study has been to use impedance spectroscopy to measure the electrical
properties of doped alumina ceramics at much lower temperatures,~500-900 °C, than those used to
evaluate defect equilibria, usually in single crystal materials, at very high temperatures, > ~1400 °C.
The objective is to identify and understand the main factors and principal defects that control the
conductivity of doped ceramics, whether ionic or electronic. Although the materials are unlikely to be
in thermodynamic equilibrium with the atmosphere at these relatively low temperatures, the properties
should nevertheless be dominated by the defects and their concentrations that have been frozen in from
higher temperatures. The materials may, therefore, exhibit kinetic stability and associated metastable
equilibria that have a controlling effect on electrical properties at lower temperatures. Two types of
Mg-doped alumina ceramics have been studied, both with and without the addition of silica. It was of
interest to see whether the addition of silica led to the presence of a separate glassy phase or whether it
could dissolve in the alumina lattice. The results demonstrate particularly well the sensitivity of
electrical conductivity to the charge compensation mechanism associated with aliovalent dopants.

2.Experimental

Samples of composition: 0.05wt%MgO-Al,O3 (Mg0.05) and 0.5wt%(MgO/Si0,)-Al,0s3, with a Mg:Si
ratio of 1:6 (Mg0.5) were analysed. These compositions were prepared from reagent grade (> 99%)
Al,Os3 (Almatis), Mg(NO3),-4H,O (Sigma Aldrich) and Si(OC,Hs)4(Sigma Aldrich). The reagents were
combined with inorganic additives and organic binders and mixed in an aqueous slurry before spray



drying. Dried powders were pressed uniaxially in air using a 20 mm pellet die at 150 MPa before
debinding and sintering at typically 1550°C for 8 h in air. The final fired density of the pellets was 3.94
and 3.86 g/cm’® for Mg0.05 and Mg0.5, respectively.

Sintered samples were polished metallographically, thermally etched at 1350°C for 20 min and sputter-
coated with 10 nm of carbon. Ceramic microstructures were determined by secondary electron (SE)
images taken on a field-emission scanning electron microscope (FEI Inspect F50) using an acceleration
voltage of 15 kV and energy-dispersion analysis of x-rays (EDS) from Oxford Instruments using 20
kV.

For impedance measurements, Pt paste electrodes were applied to opposite pellet faces and dried at
900°C for 2 h. Electroded pellets were attached to the Pt leads of a conductivity jig which allowed the
flow of gas. Isothermal impedance measurements were taken after 30 min of flowing N, O, and dried
air at 101.325 kPa, over the temperature range 400-950 °C. Two impedance analysers were used: a
Solartron SI 1260 (measurement accuracy +0.1%), frequency range 10 mHz-1 MHz and an Agilent
Agilent 4294A (measurement accuracy +0.08%), frequency range 40 Hz-1 MHz, with a nominal ac
voltage of 100 mV in both cases.

Two sets of corrections were made to the collected data: (i) a geometric factor consisting of pellet
thickness and sample-electrode contact area and (ii) jig impedance characteristics consisting of the
blank, open circuit capacitance, typically 6 pF and the closed circuit resistance of, primarily, the leads,
1-2 Q. The reported values for bulk resistances, Ri, correspond approximately to their resistivities;
grain boundary resistances, R, are not resistivities as they were not corrected for grain boundary
geometries, although they are reported also in units of ohm cm. Data analysis was performed using
ZVIEW software (ZVIEW-Impedance Software version 2.4 Scribner Associates).

3.Results

Mg0.05 gave a typical impedance complex plane response characterised by 3 electrical components,
Figure 1(a-c). At 433°C (a), part of a poorly-resolved semicircular arc with resistance R, is observed at
high frequencies (schematic fit is shown, dashed, as a visual aid) and at lower frequencies, a spike. The
spike becomes the high frequency tail of a second arc with resistance R, at higher temperatures, as
shown in (b). The same data plotted as a capacitance, C’ spectroscopic plot (d), show a high frequency
!, that is attributed to the bulk response and corresponds to a relative
permittivity of ~ 6.04, given by:

plateau, C; ~ 0.54 pFcm™

e'=C"% (1)
where ¢y is the permittivity of free space, 8.854x10 ' Fcm . Further evidence of the bulk response is
given in the spectroscopic M” plot (e); this shows a Debye-like peak in the same frequency range as
the poorly-resolved, high frequency arc in Z*. Because the largest peak in an M” spectrum is dominated
by the component with the smallest capacitance [22], M” spectra provide a very useful, visual way to
identify the bulk response of a sample.

The second arc and resistance R, dominates the impedance complex plane at 762°C (b); at 923 °C
(c) a third, low frequency arc with resistance (extrapolated) Rs is seen. The capacitance data at 762 °C
(d) show a plateau, C, around 10 pFem ' at similar intermediate frequencies to the second impedance
arc. At 923 °C, a low frequency dispersion in C” with values above 10 uFem ™' is observed (d) at similar
frequencies to the low frequency arc. From the magnitudes of their capacitances, these three impedance
elements were attributed tentatively, with decreasing frequency, to the bulk effect (R;), grain boundary



or minor second phase (R») and sample-electrode interface (R3). Values for the resistances R; and R»
were estimated directly from the intercepts of semicircles with the Z’ axis and are shown as conductivity
Arrhenius plots in (f). R; has activation energy 0.92(4) eV and, as discussed later, is associated primarily
with bulk oxide ion conduction whereas R, is more resistive, with high activation energy, 2.29(2) eV,
and is attributed to a grain boundary whose conductivity is mainly electronic.
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Figure 1. (a)-(c) Impedance complex plane plots and spectroscopic plots of (d) capacitance and (e) Z"/M" at different
temperatures for Mg0.05; (f) Conductivity Arrhenius plot of bulk, Ri and grain boundary, Rz impedances

Mg0.5 also gave typical impedance data sets with three electrical components, Figure 2. The impedance
complex plane at 909°C (a) shows two arcs of similar size at high frequencies and a broad depressed
arc at low frequencies. The C’ data at this temperature (b) show, similarly, a low frequency dispersion

approaching 0.62 yFcm™

, an intermediate plateau around ~ 15 pFcm ™' and a high frequency limiting

capacitance ~ 0.88 pFem ™', which is seen more clearly at lower temperature, 708°C (b) and corresponds
to a bulk relative permittivity of ~ 9.9. The Z”’/M” plots at 909°C, (c), show that the highest frequency
7>’ peak and impedance complex plane arc (a) correspond to the component with the lowest

capacitancgy ;1 that is responsible for the M’ peak.
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Figure 2. (a) Impedance complex plane plot and spectroscopic plots of (b) capacitance and (c¢) Z"/M" at different
temperatures for Mg0.5; (d) Conductivity Arrhenius plot of bulk, Ri and grain boundary, Rz impedances

The main difference between Mg0.05 and Mg0.5 datasets is that, although both have impedance
components of similar geometric dimensions from the values of C; and C,, the values of resistances R,
R> and Rs are comparable for Mg0.5 whereas for Mg0.05, R; is relatively, much smaller than the other
two resistances. Arrhenius plots for Mg0.5, Fig 2(d), show that there is not the same dramatic difference
between R; and R; that is seen with Mg0.05, Fig 1(f); we attribute this difference to the reduced level

of oxide ion conduction in Mg0.5, discussed later.
Arrhenius plots for both samples are collected in Figure 3 where they are separated into (a) bulk and

(b) grain boundary components. The bulk conductivities, o1 decrease with increasing amount of dopant,
in the sequence Mg0.05 > Mg0.5. However, the grain boundary conductivities, o> have similar

activation energy and differ by only one order of magnitude in conductivity.
T/°C

T/°C
900 750 600 450 4 900 750 600
. (@) ‘ (b)
o 0920 ® Mg0.05 u 22902) = Mg0.05
e Mg0.5 = Mg0.5
- L]
€-6r ° € -6 "»
o - d 5] .
n n
\—‘ o . ° \N -
° ©1.79(2) o .
o o
o o 2.36(9) ®
-8+ 8t
0.8 1.0 1.2 1.4 0.8 1.0 1.2
1000K /T

1000K /T
Figure 3. Comparison of conductivity Arrhenius plots of (a) bulk and (b)grain boundary conductivities

Both samples showed dependence of conductivity on oxygen partial pressure, pO, at~900 °C, as shown
in Figure 4(a-b), but not at lower temperature (c-d). In each case, at~900 OC the total resistance of the
samples, as well as the three individual resistance components for both Mg0.05 and Mg0.5, decreased

with increasing pO,. This behaviour suggests a p-type electronic contribution to the conductivity at
higher temperatures since the following idealised equilibrium at the sample surfaces is displaced to the

1/20, O, + 2h’ (2)
At lower temperatures, the absence of any pO, dependence suggests that under these conditions (c,d),
the samples are within the electrolytic domain and any p-type conductivity is too small to detect in the

right with increasing pO,:

presence of the oxide ion conductivity.
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Figure 4. Impedance complex plane plots showing pOz-dependence of Mg0.05 and Mg0.5 at different temperatures.

SEM/EDS results are shown in Figures 5 and 6. Secondary electron, SE, images, 5(a), for Mg0.05
show a small amount of closed porosity and grain sizes in the range 0.7-5 pum with an average of~2 pm;
EDS images, 5(b,c), show a homogeneous distribution of Al and Mg. For Mg0.5, SE images, 6(a), show
a wider range of grain sizes, 0.7-40 um with an average of~15 pm and slightly more closed porosity;
EDS maps, 6(b-d), show a homogeneous distribution of Al, Mg and Si through the grains with minor
amounts of isolated Si segregation.

Figure 5. (a) SE and (b,c) EDS images of polished and thermal-etched pellet of Mg0.05.



Figure 6. (a) SE and (b-d) EDS images of polished and thermal-etched pellet of Mg0.5.

4.Discussion

The impedance data for both Mg0.05 and Mg0.5 show three components which indicate an equivalent
circuit consisting, to a first approximation, of three parallel RC elements in series. Resistance values
were obtained readily from the intercepts, or extrapolated intercepts, of arcs on the Z’ axis of impedance
complex plane plots. However, the impedance arcs were broadened from an ideal semi-circular shape;
detailed circuit analysis and fitting would require inclusion of constant phase elements in the equivalent
circuit but was not deemed necessary since resistance values were obtained directly from Z* plots.
Resistance data gave linear Arrhenius plots and activation energies in the range 0.92(4) to 2.36(9) eV.

Capacitance values were estimated from plateaux in spectroscopic plots of log C’. Using the relation:
C = epe’Ad 3

where A and d represent the area and thickness of regions responsible for a particular impedance effect,
the capacitance values were assigned as follows: C; - sample bulk; C, - grain boundaries; Cs - sample-
electrode interface. Permittivity values calculated from C; were in the range 6-10, consistent with values
expected for dielectric Al,Os. Values for C,, around 10 Fem™, indicated that the thickness of the grain
boundary regions was approximately 5-10 % that of the bulk grains, assuming a simple model in which
Cod', equation (3). It should be emphasised that these capacitance values and relative thicknesses refer
to the electrical microstructure of the samples, which is not necessarily the same as the microstructure
determined by direct microscopic observation. Limiting values of Cs at 102 Hz were, for Mg0.5, >10°
Fem™! and for Mg0.05, >10° Fem™, which clearly correspond to the sample-electrode contact
impedances.

Information on the nature of the current carriers responsible for the conductivity data was obtained
from a combination of impedance measurements at different frequencies and in atmospheres of
different pO,. The results taken together indicate a temperature- and composition-dependent
combination of oxide ion conduction and p-type electronic conduction.

Ionic conduction is indicated by a high value of sample-electrode capacitance at low frequencies:
double layer capacitances of ~10° Fecm™ are typical of ion blocking at sample-electrode interfaces.
Experimental values obtained here, >3x10” Fem™ at 10 Hz for Mg0.05, are attributed to oxide ions as



the conducting species responsible, consistent with a charge compensation mechanism of oxygen
vacancy creation on doping alumina with Mg**. For Mg0.5, the alumina appeared to be double-doped
with self-compensating Mg?* and Si**, which greatly reduced the need for oxygen vacancy creation;
the smaller value of the capacitance, 10% Hz at 10> Hz, is consistent with a reduced level of oxide ion
conductivity.

The impedance response of oxide ion conductivity may also be sensitive to pO, for two possible
reasons. First, redox transfer of oxygen usually occurs across the sample-electrode interfaces and can
be represented by a charge transfer resistance, Rcr, in parallel with a blocking double layer capacitance,
CpL. The effect of Rer is to transform an ‘electrode spike’ into a low frequency impedance arc whose
magnitude may depend on pO, in the surrounding atmosphere. The oxygen redox reaction, given
ideally by:
1/20, +2e <> O™ “4)

occurs in opposite directions at the two electrodes, one of which, either the oxygen evolution reaction,
OER, or the oxygen reduction reaction, ORR, is likely to control the overall impedance and measured
Rer value.

Second, permeation of oxygen molecules, either towards or away from the sample-electrode interface
may be a rate-limiting step in the overall impedance. To represent this, a Warburg impedance, Zw, is
usually placed in series with the rest of the equivalent circuit and becomes the limiting, zero frequency
impedance of the measuring system. Both of these effects, Rcr and Zw, may therefore make a
contribution to the value of R3. Although the electrode response, R3Cs of oxide ion conductors may be
sensitive to pO,, the sample resistances themselves, R; and R> do not change because the effect of pO»
on oxide ion vacancy concentration is very small. As discussed later, a small uptake of oxygen may
occur at sample surfaces and interfaces with increasing pO», which is compensated by the onset of p-
type electronic conductivity, but the overall change in oxygen vacancy concentration is too small to
influence the level of oxide ion conductivity.

Electronic conduction can also be studied by measurements in atmospheres of different pO, which in
particular, can provide information concerning the nature of electronic charge carriers, as shown in the
data obtained at~900 °C, Figure 4. For materials that are conductors of oxide ions alone, as indicated
above, the bulk and grain boundary conductivities should not be sensitive to pO,. For materials that are
low level electronic semiconductors, however, measurements in different pO, allow distinction
between n- and p- type carriers. From equations (2) and (4), the effect of increasing pO: is either to
decrease the number of n-type carriers (4) or to increase the number of p-type carriers (2). Results
obtained here with both samples showed enhanced conductivity with increased pO, and therefore, p-
type extrinsic conductivity. This must occur in parallel with any oxide ion conductivity and therefore,
the materials are mixed conductors.

At this stage, we have no information on the relative transport numbers of holes and oxide ions, but
clearly both are significant and the electronic transport numbers are not fixed but vary with pO,. The
bulk conductivity of Mg0.05 is 1-2 orders of magnitude higher than that of Mg0.5 and also has a much
lower bulk activation energy, whose value, 0.92(4) eV is typical of oxide ion conductors such as yttria-
stabilised zirconia, YSZ [23]. We therefore suggest that Mg0.05 is primarily an oxide ion conductor
whereas Mg0.5 is primarily an electronic conductor.

In our experience of sample-electrode contacts in materials that are electronically conducting, a contact
impedance is commonly observed (ie contacts may be non-ohmic) but is not double layer in nature.



Since there is no capacitive charge build-up, the interface behaves effectively as a parallel RC element
in which the capacitance represents an, often poor, contact between rough surfaces of the sample and
metal electrode and typically, has much smaller capacitance values. The smaller value of the low
frequency capacitance for Mg0.5 compared with that for Mg0.05 is consistent with electronic
conductivity but also a certain amount of oxide ion conductivity.

We consider next the possible mechanism(s) for incorporating Mg and Si dopants into the alumina
samples. The SEM/EDS results give two important conclusions. First, in composition Mg0.05, the Mg
is distributed homogeneously through the alumina grains with no indication of any segregation. Second,
in Mg0.5, both Mg and Si are distributed homogeneously through the alumina lattice.

Mg?* and AI** are similar-sized ions with similar bonding character and are able to substitute readily
for each other in crystal structures, as shown by the variable stoichiometry of MgAl,Oy4 spinel in the
MgO-Al,O3 phase diagram. Addition of MgO to Al,O3 could, in principle, involve two possible ionic
charge compensation mechanisms. The general formulae that arise, as well as use of Kroger-Vink
notation to describe the reactions, are as follows:

1.Creation of oxygen vacancies in Al,_yMg,0,_x
2

Al,03 ' . X
2Mg0 —= 2Mg}, + V&' + 205 (5)

2.Creation of interstitial cations in Al>.»xMg3,Os:

A1203 ] e
3Mg0 — 2Mg), + Mg;" + 30§ (6)

A related possibility is that the interstitial Mg®* ions may change places with lattice AI**ions to give
interstitial AI**ions, consistent with a Frenkel defect model for alumina.

3.Creation of holes. An electronic charge compensation mechanism requires the creation of holes, but
neither Mg®* or AI’* are possible as locations of holes due to their very high subsequent ionisation
potentials. The observed, thermally-activated p-type conductivity at high temperatures and its
dependence on pO», is therefore attributed to creation of holes on oxygen to give, Alb.xMgxOs.x2)+5:

1202+ Vo© + O e 20, (7N

In this mechanism, O, molecules from the surrounding atmosphere absorb on the sample surface,
dissociate, pick up electrons from neighbouring under-bonded oxide ions which ionise singly and
occupy oxygen vacancies as O’ ions.

In summary, only mechanism 1, equation (5), involves oxygen vacancy creation and therefore, readily
accounts for the observed oxide ion conduction. Mechanism 2 could conceivably give rise to
conduction by interstitial Mg** or Al** ions but not to hole conduction. Mechanism 3 accounts for hole
conduction and the ready variation in p-type conductivity with changing pO,, but not oxide ion
conduction. Both ionic and electronic mechanisms are generally involved, therefore and the relative
importance of each depends on experimental conditions, especially temperature and pOs.



The sizes of Si** and Al** are also similar and many examples of mixed site occupancy exist in the large
family of aluminosilicate minerals and their synthetic analogues. In these, Si occupies tetrahedral sites
exclusively. It is rare, but not unknown, for Si to occupy octahedral sites, as in glassy and crystalline
Si phosphates [24]. In Mg0.5, the SEM / EDS results support a mechanism by which Al,Os3 is co-doped
with both Mg?** and Si**:

.. AlO3 , ..
MgO + SiO, — Mgai + Sial + 30, (8)

Further work is required to determine whether both Si and Mg occupy octahedral sites or whether Si
occupies tetrahedral sites. However, a direct consequence of the co-doping mechanism, irrespective of
the details concerning the location of Si, is that creation of oxygen vacancies is not necessary to
compensate for equal amounts of Mg and Si dopants.

We now consider the requirements for p-type conductivity in the doped aluminas. Equation (7) appears
to be the mechanism responsible and in particular, requires (i) the availability of oxygen vacancies to
absorb oxygen with increasing pO» and (ii) the availability of underbonded oxide ions which can ionise
readily, transferring one electron to an incoming oxygen atom and thereby generating two singly
charged O ions. Under-bonded oxide ions may be regarded as those in the vicinity of Mg** dopantions,
also regarded as acceptor dopants, since such oxide ions are not surrounded exclusively by Al**ions
and do not experience a full quota of positive charge, 2+.

The bulk conductivity of Mg0.5 is significantly lower than that of Mg0.05 although it contains 10x
more Mg than Mg0.05, but nevertheless, it is still a modest mixed hole/oxide ion conductor. We find a
ready explanation of this based on our results in which the concentration of both oxygen vacancies and
electron holes is reduced and also in the literature on sintering and microstructural studies of doped
alumina ceramics [25-27]: a key result was that the solubility of Mg in alumina is greatly enhanced by
co-doping with Si. The sintering studies also showed that the initial location of dopants at grain
boundaries (as expected by the in-diffusion mechanism associated with dopant incorporation) was
followed by a gradual incorporation of Mg and Si into the grain interiors after, for example, heating at
1525 °C for 3 hours.

Literature data on well-sintered ceramics [25-27] show well-defined, thin grain boundaries, typically 1
nm thick, with segregation of dopants, at least in the early stages of sintering. Electrical microstructure
results presented here on the well-sintered samples indicate that electrically, the grain boundary regions
are very much thicker, even though the SE images show clear microstructures with narrow and pore-
free contacts between grains. There is an apparent conflict, therefore, between the two types of
microstructure, determined either directly by microscopy [25-27] or indirectly by impedance
spectroscopy. Possibly, there are two types of grain boundary, thin ones seen by high resolution electron
microscopy [25-27] which do not impact on the electrical properties and thick ones detected indirectly
by impedance spectroscopy but for which there is no direct microscopic evidence. The grain boundary
regions seen in the impedance data are more resistive than the bulk regions; they have higher activation
energy and therefore, the concentration of mobile oxygen vacancies is less. The EDS results do not
show any significant variation in Mg distribution throughout the grains. Possibly, a different
mechanism of charge compensation exists in the grain boundary regions, such as the creation of either
interstitial Mg** ions, equation (6), or O ions, equation (7) both of which avoid the creation of oxygen
vacancies. Further studies, including high resolution TEM would be required to determine whether
there is any cation segregation at the thin grain boundaries; from the impedance results, however, there
is no evidence of any additional impedance associated with thin grain boundary regions.
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The results reported here, showing high temperature conductivity properties that range from oxide ion
conduction to p-type electronic conduction, depending on composition, pO, and temperature, are
consistent with early measurements on the dc conductivity of pure and Mg-doped alumina single
crystals and polycrystals [6], [10]. Direct comparison with the literature is difficult, however, since our
ac results show that grain boundary resistances dominate the impedance at lower temperatures whereas
the higher activation energy of grain boundary resistances means that bulk resistances may dominate
their impedance at temperatures > 900°C, beyond the present measuring range and assuming linear
Arrhenius behaviour.

Nevertheless, it is clear from [6], [10] that the materials are essentially p-type conductors at high
temperature and increasingly, show a broad, pO,-dependent electrolytic domain with ionic conductivity
at lower temperatures. The general behaviour of Mg-doped polycrystalline Al,O3 [6] was reported to
be similar to that of single crystal samples but the transition to electronic conduction occurred at lower
temperatures and lower pO,; possibly, this was because the higher oxygen vacancy concentration in the
samples promoted an increase in p-type conduction. The activation energies for conductivity reported
in [6] were in the range 2.5 to 3.5 eV; these are not inconsistent with our grain boundary activation
energies in the range 2.29-2.36 eV. Our much lower bulk activation energy of 0.92 eV for Mg0.05
would not have been observed in dc measurements because of (i) the high grain boundary activation
energy at lower temperatures and (ii) a switch to electronic conductivity at high temperatures.

We are unable to resolve the conundrum of the discrepancy between experimental and calculated
diffusion parameters highlighted in [2]-[4], but are able to suggest some additional factors that may
merit consideration. From our results and the early literature on electrical properties, it is clear that for
conductivity measurements in air or O,, of both nominally pure and doped Al,Os, the materials are
mixed conductors ranging from mainly oxide ion conduction at lower temperatures to p-type semi-
conduction at the high temperatures,~1600 °C, that are typically used in diffusion measurements. The
p-type conductivity is likely to be a hopping conductivity which means that the holes are localised on
an atomic species, for which the only realistic possibility is oxygen. Holes on oxygen equate to lower
valence O ions instead of the ubiquitous O* ions. The structures therefore contain mixed anions, O
and O%, as well as showing mixed ionic and electronic conductivity. Since O ions and the associated
holes appear to be the dominant defects that control conductivity at 1600°C, their role in diffusion
processes, of both Al and O, may be significant.

We show clear evidence for two ionic charge compensation mechanisms, leading to either oxygen
vacancies or self-compensation of aliovalent cations, with the possibility under certain circumstances
of a third mechanism involving either interstitial Mg** ions or O™ ions that fill available oxygen
vacancies. Each of these compensation mechanisms may impact differently on the measurement of
diffusion coefficients.

5. Conclusions
Some general conclusions can be drawn concerning the electrical properties of alumina ceramics, based
on samples prepared with different doping schedules that were studied here.

The main charge compensation mechanism for incorporation of Mg>* ions as a single dopant into the
alumina lattice appears to involve oxygen vacancy creation. This is responsible for the observed oxide
ion conduction, for which evidence is provided by the presence of double layer capacitance effects in
low frequency impedance data.
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In the presence of Si, literature data suggest that dissolution of Mg is enhanced by a double substitution
mechanism in which charge balance is achieved without oxygen vacancy creation. This is confirmed
by our EDS results showing a uniform distribution of both Mg and Si dopants through the alumina
grains and accounts for the much reduced oxide ion conductivity associated with a reduced oxygen
vacancy concentration observed in composition Mg0.5 compared with Mg0.05.

The Mg-doped samples are mixed conductors of both oxide ions and holes. The level of hole
conductivity is sensitive to oxygen partial pressure in the surrounding atmosphere. This sensitivity
indicates rapid oxygen exchange between the surrounding atmosphere and sample surfaces at ~900 °C
and is probably facilitated by the presence of oxygen vacancies in Mg-doped alumina.

The easy creation of holes on oxygen, as O ions, is attributed to the under-bonding of certain oxide ions
associated with the acceptor dopant Mg**. Absorption of O, molecules and creation of holes may be
represented ideally by equation (2), similar to what was proposed to account for the occurrence of p-
type conductivity in acceptor-doped Ba and Sr titanate perovskites [28].

Although Al,Os is regarded as a ‘classic’ ionic oxide, at high temperatures it is a p-type electronic
semiconductor with holes located on oxygen. This means that, to achieve charge balance of O ions, a
slight excess of oxygen, beyond that of the Al,O3 stoichiometry, may be required and especially, be
facilitated by the availability of oxygen vacancies in Mg-doped alumina. In contrast to ceramic oxides
such as TiO; and BaTiOs, that lose a small amount of oxygen at high temperature by oxidation of some
near-surface lattice O* ions and exhibit n-type semiconductivity, Mg-doped alumina shows only partial
oxidation of O% ions, by reaction with O», giving rise to p-type semiconductivity associated with the
resulting O ions.
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