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Abstract

Dielectric breakdown is the main cause of insulator degradation. Breakdown strength strongly depends on materials microstructure (grain size, grain
boundaries nature,. . .) [Liebault, J., Vallayer, J., Goeuriot, D., Tréheux D., Thévenot, F., How the trapping of charges can explain the dielectrics
breakdown performance of alumina ceramics, J. Eur. Ceram. Soc., 2001, 21, 389-397; Si Ahmed, A., Kansy, J., Zarbout, K., Moya, G., Liebault,
J., Goeuriot, D., Microstructural origin of the dielectric breakdown strength in alumina: a study by positron lifetime spectroscopy, J. Eur. Ceram.
Soc., 2005, 25, 2813-2816]. The experimental study of these materials behaviour towards charge injection was performed by the scanning electron
microscopy mirror effect (SEMME) method. It allows to measure the amount of injected charges finally trapped in the insulator. In order to explain
the experimental results, we developed an iterative computer simulation of the self-consistent charge transport in bulk alumina samples during
electron beam irradiation, based on a new flight-drift model (FDM). Ballistic and drift electron and hole transport as well as their recombination,
trapping and detrapping (due to temperature and electric field) are taken into account. As a main result the time dependent secondary electron
emission rate and the spatial distributions of currents, charges, field and potential are obtained. The analysis of these two kinds of results allowed
us to identify the effect of the microstructure on the behaviour of the injected charges in the insulator and then to propose some mechanisms
depending on the temperature leading to a good dielectric breakdown resistance. Indeed, at room temperature a huge localisation of charges limits
further injection into the sample that permits to delay breakdown. On the other hand, when the temperature increases, the efficiency of the charge
spreading behaviour is improved, leading to a higher dielectric breakdown strength.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: Grain boundaries; Interfaces; Dielectric properties; Al,O3

1. Introduction electrical conductivity and the breakdown strength of alumina
materials has been shown by several authors.>~°

The dielectric properties of insulators, and specially dielec- Studied materials are alumina ceramics with around 6-8%

tric strength, strongly depend on defects. Defects are considered
as sites where polarizability is modified and where charge and
energy localisation can occur. In ceramics, such defects can
be porosity, grain boundaries or interfaces with a secondary
phase.

In this work, a correlation is proposed between breakdown
strength, trapping of charges and materials microstructure. The
amount of defects is controlled by modifying the grain size of
materials, i.e. the grain boundaries density or the crystallization
state of the secondary phase. The influence of these defects on the
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of sintering additives (minerals containing Al,O3, MgO, SiO;
and Ca0). The intergranular phase is controlled by raw alumina
grain size and sintering conditions: all the materials contain a
small amount of spinel phase (MgAl,Oy4) after sintering, and
the remaining intergranular phase is vitreous or crystallized.
Microstructural parameters and breakdown strength at room
temperature are shown in Table 1.

Considering that interfaces play the main role in trapping
phenomena, it is useful to classify the materials versus this
parameter, from the microstructures described before:

e Comparison of materials 1-3: they present almost the
same grain boundary composition, so the same types
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Table 1
Microstructural chararacteristics and dielectric breakdown strength at room tem-
perature (about 300 K)

Reference Secondary phase Average grain Breakdown
size (m) strength, Ey,
(kV/mm)
! Glass +eMgAl Oy 1.8 15.1 £ 0.8
2 Glass +eMgAl Oy 2.1 143 £ 0.6
3 Glass +eMgAl, Oy 34 143 £ 0.4
4 Anorthite + sglass 22 149 £ 0.9
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Fig. 1. Breakdown strength evolution with temperature for materials 1 and 4.

of interfaces (Al,O3/A1,03, Al,O3/glass, Al,O3/MgAl> Oy,
glass/MgAl>Oy4); but the lower the grain size, the higher the
interfaces number, so material 1 presents the higher trap con-
tent.

e Comparison of materials 1 and 4: material 4 presents a
grain size slightly higher than that of material 1, but grain
boundaries contain small anorthite particles that leads to new
kinds of interfaces (Al Os/anothite, anorthite/anorthite, anor-
thite/glass).

In conclusion, it can be supposed that materials 1 and 4
present more traps than materials 2 and 3.

1)

Fig. 1 shows the evolution of the dielectric breakdown
strength with temperature for materials 1 and 4. Materials 1
and 4 present the highest breakdown resistance at room temper-
ature. The evolution of the breakdown strength with temperature
is different for these two materials: at high temperature, we only
observe a decrease of dielectric strength for material 4, not for
material 1. That shows the huge influence of microstructure on
breakdown resistance and its evolution with temperature.

2. Numerical simulation of the charge transport

The flight-drift model (Fig. 2) developed by Fitting allows
us to simulate the charge transport and charging-up of insulat-
ing Al,O3 samples during electron bombardment. This model
is an evolution of the one used by Meyza et al.”® to calcu-
late the secondary electron emission and self-consistent charge
transport and storage in alumina bulk insulators. In this new
model, we consider, in addition to the electrons and holes bal-
listic current, a drift current due to the internal electrical field.
Moreover, we take into account the role of the temperature on
the charges detrapping by considering the Poole—Frenkel (PF)
effect.

Fig. 3 shows the evolution during irradiation of the surface
potential and the secondary electron emission at room temper-
ature. The surface potential strongly decreases during the first
20 ms of irradiation and then remains constant at a very neg-
ative value (~—24keV). This negative surface potential leads
to a injection limitation of new electrons. The secondary elec-
tron emission rate starts from 0.45 to a little bit higher than 1
and then stabilizes at 1, meaning that an equilibrium between
injection and emission is reached. The charge repartition at
room temperature has also been calculated, it is presented in
Fig. 4.

We can notice at the extreme surface of the sample an excess
of positive charges controlled by the secondary electron emis-
sion. Deeper in the material, the total charge is negative and
separated into two populations because of the internal electrical
field sign change. At 300 K, charges tend to be stabilized in the
material, the repartition doesn’t move so much any more after
80 ms of injection.
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Fig. 2. Energy band scheme with excited, drifting and trapped electrons and holes.
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Fig. 3. Evolution with time of the surface potential and secondary electron emis-
sion, T=300K, Eg=30keV, jo = 1075 A/em?.

The evolution with temperature of this distribution is shown
in Fig. 1. By comparing Figs. 4b and 5 we see that at 600 K,
charges are not stabilized, they keep on spreading into the
sample after 100 ms of irradiation. If we compare the charge
repartition at 100 ms (Fig. 5b) for three different temperatures,
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Fig. 4. Evolution of the charge distribution with time at room temperature: (a)
up to 75 nm and (b) up to 1.2 pm.
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Fig. 5. Evolution of the charge distribution: (a) with time at 600 K and (b) with
the temperature after 100 ms of irradiation).

we see that the higher the temperature, the deeper charges
spread.

The temperature increase leads to a transition from a charge
stabilization behaviour to a charge spreading one.

3. Experimental results

The possibility to create and store charges in ceramics can
be measured experimentally using a scanning electron micro-
scope equipped with a cold-hot stage.” During injection using
the SEM electron beam at high energy (30 kV), negative trapped
charges appear in the insulating material that produce positive
“influence” charges in all conductor pieces of the SEM cham-
ber. The current measured between the holder and the ground
is directly proportional to the quantity of charges Q inside the
material. After injection, the observation of the sample surface
at low accelerating voltage (few 100 V) can reveal “a mirror
effect” if the trapped charge Qs is sufficiently concentrated to
create an electric field strong enough to deflect the incoming
electrons, as a convex mirror with light. This effect permits to
evaluate the quantity of stabilised charge Qg and then by calcu-
lating the ratio ((Qs/Q) x 100 = R), the stabilised charge R rate is
obtained.
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Fig. 6. Breakdown field strength E}, evolution as a function of the stabilised
charge rate R at 25 °C (about 300 K).

3.1. At room temperature

The breakdown strength evolution in dependence on the sta-
bilisation rate is plotted on Fig. 6.

Despite dielectric breakdown strength values present high
dispersion, the mean values obtained for the four material per-
mit to highlight tendencies: Fig. 6 shows that the two materials
presenting the highest stabilisation rates (R ~ 70%) are those that
offer the best resistance to dielectric breakdown at room tem-
perature: Ep = 14.9 and 15.1 kV/mm, respectively. An important
amount of stabilised trapped charges leads to the creation of a
very negative surface potential that limits further charge injec-
tion and then delays the dielectric breakdown. It seems that a
stabilized charge rate R below 60% is not high enough to cre-
ate a surface potential negative enough to block further electron
injection. In this case R has no more influence on Ey,.

Grain size is inversely proportional to grain boundaries den-
sity that are considered as charge trapping sites. Stabilised charge
rates versus grain size of aluminas with an intergranular phase
mainly vitreous (called below “vitreous materials™) are plotted
in Fig. 7.

The decrease of R with grain size confirms that grain bound-
aries are the main trapping sites in the “vitreous materials”.

Atroom temperature, materials 1 and 4 are those that have the
best resistance to dielectric breakdown. These materials present
a great defect amount: material 1 has a high grain boundary
density, material 4 presents a very high-crystallized secondary
phase. These two kinds of microstructure permit to stabilise an
important quantity of charges within the material at 25 °C (about
300 K). That’s why the surface potential adopts a very high neg-
ative value that limits charges injection and increases breakdown
strength.

3.2. Influence of temperature on charge trapping

By increasing temperature, materials go from a charges sta-
bilisation behaviour to a charge spreading one. Temperature
increase leads to a decrease of the effective traps energy. The
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Fig. 7. Stabilized charge rate evolution with alumina grain size for “vitreous
materials” 1-3.
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Fig. 8. Stabilized charge rate evolution with temperature for materials 1, 3 and
4.

higher the temperature, the lower the detrapping energy. The
evolution of the material behaviour towards charge injection as
a function of temperature gives information on trap depths.

The stabilized charge rate evolution with temperature is plot-
ted in Fig. 8 for materials 1, 3 and 4.

For the three materials, the main traps are no more active
at 40°C (about 315 K). For the material 3, R is lower for all
the tested temperatures: due to the large grain size, the trap con-
centration is the lowest for this sample. For the high-crystallized
secondary phase material 4, a small amount of traps is still active
at 60 °C (about 335 K). That means that traps due to intergranu-
lar crystallised phases are deeper than those due to intergranular
glassy phases.

4. Conclusion

At room temperature, the dielectric breakdown strength is
improved in cases when materials are able to stabilise a great
amount of charges. This behaviour is observed in materials with
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microstructures containing high interface densities. This kind
of microstructure corresponds to very fine grains and/or high-
crystallized secondary phase materials. Measurements at higher
temperature show that traps contained in crystallized secondary
phase materials are deeper than those contained in vitreous sec-
ondary phase materials. At higher temperature, traps loose their
activity and materials adopt a charges spreading behaviour. In
this case, the good breakdown resistance would depend on the
ability of the charges to diffuse within the materials.
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