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Microstructural origin of the dielectric breakdown strength
in alumina: A study by positron lifetime spectroscopy
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Abstract

The dielectric breakdown strengths of two series of sintered alumina samples of low and high impurity content (with Si being the dominant
element) and single crystal of low impurity level are compared with positron lifetime measurements. It is found that, in sintered alumina,
the breakdown strength increases linearly with increasing concentration of positron traps at grain boundaries. These traps are likely clusters
c he
b Si impurity
i
d mpensation
o
©

K

1

s
s
t
i
t
t
A
n
s
s
f
n
c
t

ated

ied

i.e.,
7 ps
inter-
s are
as-

ain
e-
ea-
s and

ding
wn
ects
empt
ngth

0
d

ontaining negatively charged cationic vacancies, which are induced by silicon dissolution into Al2O3. Therefore, the improvement of t
reakdown strength can be traced to silicon segregation at grain boundaries. More precisely, it is deduced that the dissolution of

nto Al2O3, when it is compensated by a cationic vacancyV
′′′
Al , is responsible for such an improvement. A solubility of Si in Al2O3, achieved

uring the firing schedule of the sintering process, and which does not take into account enhanced solubility caused by mutual co
f Si with lower valence foreign cations such as Ca and MgO, is estimated at 120 ppm.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Positron annihilation lifetime spectroscopy (PALS) is sen-
itive to vacancy-like defects in materials.1 In oxides, the dis-
olution of foreign cations, greater or lesser in valence than
he host cation, requires that charged point defects be created
n order to preserve electrical neutrality. Neutral and nega-
ively charged vacancies (or vacancy clusters) act as positron
raps. In Al2O3, only the cations greater in valence than
l, such as Si, can spawn negatively charged vacancies,2,3

amely the cationic vacanciesV
′′′
Al . In addition, it has been

hown that the defect structure achieved during the firing
chedule of the sintering process comprises, among other de-
ects that are not felt by positrons, isolatedV

′′′
Al as well as

eutral and negatively charged defect complexes containing
ationic vacancies.3,4As a result, PALS measurements can be
raced to the Si concentration or, more precisely, to the frac-
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tion of that concentration whose dissolution is compens
by V

′′′
Al .

In previous works,4,5 PALS measurements were carr
out at room temperature in two series of sintered Al2O3 sam-
ples. In both materials, Si was the dominant impurity (
90 ppm and 1500 ppm). Two lifetime components of 13
and 400 ps were resolved for both series, which can be
preted as an indication that the nature of positron trap
identical in the two materials. The shorter lifetime was
signed toV

′′′
Al located within the grain and the other to gr

boundaries clusters (i.e., likelyV
′′′
Al associated with segr

gated impurities4). The dielectric breakdown strengths (m
sured at room temperature) of the same sintered sample
of single crystal have also been reported.6,7

The purpose of this work is to improve the understan
of the microstructural origin of the dielectric breakdo
strength by calling for the nature and localisation of def
that are provided by PALS measurements. An earlier att
to establish a relation between the breakdown stre
and PALS measurements has been reported.7 In this first
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.03.146
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approach, thetwo state trapping model, which considers
only one trapping process, was used. In the present work,
the results derived from a more complete description4,5

(i.e., the three state trapping model8) are utilised. This
description allows an access to two trapping processes,
which are expected to stem from positron trapping in defects
located within the grain and at gain boundaries. Hence, the
particular role of the grain boundaries and of the segregated
elements can be investigated.

2. Materials preparation and experiments

2.1. Materials characteristics and preparation

The sintered materials referred below as “doped” sam-
ples contained SiO2 (1497 ppm), MgO (723 ppm), CaO
(686 ppm), Fe2O3 (415 ppm) and Na2O (404 ppm). The other
ones considered as “pure” contained SiO2 (90 ppm) Na2O
(40 ppm) and background impurities (of total amount near
20 ppm). Sintering was performed in air and the differ-
ent grain diameters were reached by controlling the firing
schedule.6 In addition, we used Al2O3 single crystal which
has about the same impurity level as the “pure” sintered ma-
terials.
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Fig. 2. The ratio of positron trapping ratesκGB/κV into defects at grain
boundaries and into vacancies inside grains versus specific surface of grains
(symbols as inFig. 1).

is also given, which evidently corresponds to an infinite grain
radius.

2.3. Positron lifetime measurements: analysis and results

For the PALS experiments, the same single crystal and
“doped” samples were taken as in the breakdown strength
measurements. However, in the case of “pure” materials, two
other samples were used. These samples have the same im-
purity contents as those ofFig. 1, but differ by their grain
size.4 The positron lifetime spectra were recorded at room
temperature using a conventional fast–fast coincidence sys-
tem. The spectra were measured in 2000 channels (calibra-
tion 27 ps/channel and FWHM of 270 ps) and collected about
6× 106 counts. They were analysed via aLT v.9 program,9

in which the three-state trapping model8 was introduced into
the source code. The three states refer to different locations
of positron annihilation (i.e., in the bulk material, in vacan-
cies within the grains and in defects at grain boundaries). In
the case of “doped” samples, the first state (annihilations in
the bulk) turned out to be negligible. In single crystal, the
third process (annihilation at grain boundaries) is considered
equal to zero as there are no grain boundaries. The details
of the experiments and their analyses have been described in
our previous works.4,5

-
t und-
a tion
o erest
f

3

a
q c
s
r is
p c-
t aries
a ted
t ed”
.2. Breakdown strength determination

The specimen were tested after sintering. Each sa
as clamped between two hemispherically ended brass

rodes. The measurements were carried out at room te
ture in transformer oil under an alternative current (50
he details of the experimental set up and measuremen
edure were described in Ref.6.

The breakdown strengthEc as a function of specific su
ace of grain boundaries (sGB) is plotted inFig. 1. The spe
ific surface is estimated by assuming grains of sphe
hapes, i.e.,sGB = 3/R whereR is the mean radius of grain
or the “pure” samples,Ec seems to be constant at value ab
5.2 kV/mm whereas for the “doped” ones a linear de
ence,Ec = 0.454sGB + 12.16 kV/mm, is observed. The val
f the breakdown strength of a single crystal (12.3 kV/m

ig. 1. Breakdown strength versus specific surface of grains in alu
amples of different impurity contents.
In Fig. 2, the ratioκGB/κV (whereκGB andκV are respec
ively the positron trapping rates in defects at grain bo
ries and in defects within the grain) is plotted as a func
f sGB. Only these PALS spectrum parameters are of int

or the scope of the following discussion.

. Discussion

From the comparison ofFigs. 1 and 2, one can observe
uite similar dependence ofEc andκGB/κV on the specifi
urfacesGB. This suggests a correlation betweenEc and the
atio κGB/κV. According to the trapping model, this ratio
roportional tocGB/cV, wherecGB andcV express, respe

ively, the concentrations of positron traps at grain bound
nd within the grains. The proportionality factor is expec

o be of order of unity. For a given type of samples (“dop
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Fig. 3. Breakdown strength as a function of defect concentration at grain
boundaries. The straight line represents the best fit to the points (see text)
(symbols as inFig. 1).

or “pure”), the relative variation ofcV is not significant (i.e.,
almost independent of the grain size and hence of the firing
schedule4). In contrast,cGB is expected to be much more
sensitive to the extent of segregation. Indeed, the segregated
elements are confined within a rather small volume (com-
pared to the volume of the entire grain whose diameter lies
between 1 and 4.5�m) characterised by a grain boundary
width of about 10−9 m. Consequently, the variations of the
ratio�GB/κV reflect mainly the changes of the concentration
of positron traps,cGB, at grain boundaries.

To determine the changes ofcGB = const× cVκGB/κV, the
concentrationcV within the grains in “pure” and “doped”
samples must be known. For “pure” samples,cV can be es-
timated with some assurance from the Si content,4 which is
well below its solubility limit,10,11 at about 28 ppm. How-
ever, in the case of “doped” samples,cV cannot be evaluated
on the basis of impurity content, because it is so high that
cV achieves its ultimate value, which is determined by the
solubility of Si. Assuming that the correlation betweenEc
andcGB is the same for “pure” and “doped” samples, one
could estimate the unknown valuecV for “doped” samples
by fitting a straight line to all of the experimental points in the
plot Ec againstcGB = const× cVκGB/κV(Fig. 3). The best fit
can be obtained ifcV in “doped” samples is 40 ppm. Taking
into account that a vacancy is induced by the dissolution of
three Si atoms,4 one can estimate the lower limit of the solu-
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bility (200–300 ppm) could be seen as an assessment of the
mutual compensation effects.

The correlation which emerges fromFig. 3 indicates that
the breakdown strength is improved by the existence of grain
boundaries. However, it illustrates that such an improvement
can be furthermore traced to the concentration of positron
traps at grain boundaries. Since the positron traps are induced
by Si dissolution into Al2O3, the breakdown strength is also
sensitive to silicon segregation. Such a correlation appears
as a signature of the effect of the microstructural develop-
ment during the sintering process on a macroscopic property,
i.e. the dielectric breakdown strength. However, a relevant
question arises (i.e., why the concentration of positron traps
seems higher in the “pure” samples, with only 90 ppm of Si,
than in the “doped” ones, with 1500 ppm of Si, as it is in-
dicated inFig. 3). Here again, mutual compensation of Si
with Ca and Mg could be responsible for such effect. Fur-
thermore, preferential segregations, and in particular of Ca,
which exhibits the strongest tendency for segregation13 that is
characterised by an enrichment ratio higher than 1300, could
interfere via the reduction of Si concentration at grain bound-
aries. We have to acknowledge that, at this stage, the present
work does not lead to a unique explanation. Nevertheless,
from the above correlation, one can speculate that the disso-
lution of Si impurity into Al2O3, when it is compensated by a
cationic vacancyV

′′′
, plays a significant role in the improve-
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ility of Si at 120 ppm. Here, it must reminded that Si is
nly foreign element whose dissolution can give birth to n
tively charged cationic vacanciesV

′′′
Al and hence to positro

raps.2,3 This value is lower than the solubility reported
efs.10,11 under sintering conditions close to ours. Th
i level in the range 200–300 ppm was found just suffic

or the formation of glassy grain boundary films. We hav
cknowledge that PALS cannot reflect the actual solub

imit of Si in the “doped” samples. Indeed, some fraction
ilicon could be prevented from inducingV

′′′
Al , due to possibl

utual compensation of Si with lower valence impuritie2

uch as Ca and Mg, which are present in substantial am
n the “doped” samples. Such mutual compensations
lso called for an explanation of the solubility enhancem
f Si in sintered alumina.11,12Therefore, the departure of t
alue derived from PALS (120 ppm) from the actual so
Al
ent of the breakdown strength of sintered alumina. Fu
nambiguous clarification of this role requires investigat
sing series of materials of well defined impurity conte
o this end, it is felt that this work provides a suitable fra
ork, which can also be geared to the optimisation of
ielectric properties of sintered alumina.
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