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It is suggested that an electric field above a given value eliminates the barriers to the transport of
trapped charge carriers so as to produce an extended state in the form of a percolation cluster, and
that the consequent current multiplication results in electrical breakdown. This model provides an
estimated value of intrinsic breakdown strength close to the actual value. By considering the
interactions between trap barrier potentials, the effect of electrical aging can be explained in terms
of an increase in trap density. Many phenomena, such as the effect of weak points and the change
of breakdown strength with the content of co-monomers or additives, can also be explained using
this model. ©2004 American Institute of Physics. [DOI: 10.1063/1.1819526]

The mechanism of intrinsic breakdown associated with
the transition of electron behavior at high electrical field in
insulating polymers is still not clearly understood. Their con-
duction band is near or above the vacuum level, a large en-
ergy gaps,8 eVd exists between the valence and the con-
duction bands,1 and the mean free path is less than 3 nm.2,3

These factors cause the breakdown strength calculated from
the classical models for electron driven breakdown to be
above 109 V/m,2 much larger than experimental values of
the order of 108 V/m. It is usually argued that this reduction
is related to weak points, such as free volume, submicro-
voids, and low-density regions. In the model of free-volume
breakdown4,5 it is noted that the largest empty spaces in
polymers may be as large as several decades of nanometers,5

the longest free path of electron can therefore be large
enough for electrons to overcome the trap barrier or to in-
duce impact ionization. However, this model seems only able
to describe the development of degradation around the large
free volume regions, it is unsatisfactory to explain the overall
current multiplication in an intrinsic breakdown process. A
contrary example is partial discharge in which breakdown
may not occur at all even though the internal gas cavity has
been discharged.

In respect of electrical aging it has been suggested that
the creation of low-density regions near the electrodes at
high fields is a necessary step leading to breakdown.6,7 The
formation of such regions is associated with molecular dis-
sociation due to the energy released in the trapping process
of hot electrons,2 in kinetic energy transfer during space-
charge injection and extraction processes,8 or lattice defor-
mation on charge trapping.9 However, these aging models do
not seem suitable for instantaneous impulse breakdown when
low-density regions have no time to form. It is also still not
very clear how the molecular dissociation affects the electron
behavior and the breakdown strength. Other models, such as
the filamentary theories10,11 for the creation of a breakdown
path and the simulation models12,13 for the shape of break-
down paths, use the breakdown strength as a parameter. They

are not concerned with the physics behind the transition of
the electron state in the breakdown process. This letter pro-
poses a percolation model for intrinsic breakdown, which not
only provides estimated breakdown strengths close to the
actual value, but also describes the ageing effect on break-
down strength.

Because the band gap is so larges.8 eVd in insulating
polymers very few charge carriers are produced by thermal
promotion from the valence band to the conduction band.
Instead the conductivity is mainly due to charges produced
by ionized donor(acceptor) molecules and injected charges,
which hop between localized states(or traps).

Ionized donors(acceptors) produce traps of the Poole–
Frenkel type in which the barrier potential energy function is
assumed to be of Coulombic form following a simple inverse
square law with distance from the site. In the presence of a
field E, the trap barrier is reduced byDw.14

Dw = se3/p«d1/2E1/2, s1d

where« is the dielectric permittivity.
Equation(1) implies that a trap barrier may decrease to

zero when the field becomes high enough. In polymers, the
traps are distributed over a range of trap depths, with conse-
quently a range of fields required to eliminate them as traps.
Clearly, if the field is so high thatall barriers are reduced to
zero, extended states will be formed and the charge carriers
can move freely over all space. This will result in an abrupt
increase in charge mobility and electron mean free path, and
an irreversible breakdown via current multiplication and im-
pact ionization becomes possible. This is the condition for
breakdown in one-dimensional systems. However, in two or
three dimensions, according to percolation theory,15,16 an in-
finite percolation path(i.e., the extended state) may be
formed when the barriers of only a fraction of the traps dis-
appear.

We have represented the polymer by a three-dimensional
cubic network(Fig. 1), in which each site stands for a trap
with its barrier uniformly distributed in a range from
0 to 1 eV. Each site has 26 neighbor sites and thus 26
bonds connected to it. When the field is zero, all the bonds
are nonconductive. Assuming the distance between traps is
large enough that the interactions between the Coulombic
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site potentials can be neglected, the bondAB from siteA to
site B becomes conductive when the following condition is
satisfied:

E cosu . p«wA
2/e3, s2d

wherewA is the barrier at site A, andu is the angle between
the fieldE and the bond direction vectorBA.

In an infinite system, the conductive bonds can connect
to form an infinite conductive path(i.e., the percolation path)
when the field is high enough. By using Monte Carlo simu-
lation, the fraction of the samples with percolation paths can
be calculated as a function of a field-dependent parameter
wE, which is the largest barrier that can be reduced to zero by
the fieldE,

wE = se3/p«d1/2E1/2. s3d

Figure 2 indicates that a percolation thresholdwEc
does exist

with an estimated value ofwEc
<0.188.

Generally, if the trap barrier is uniformly distributed in a
range offa,bg, the percolation threshold should be

wEc
= 0.188sb − ad + a. s4d

Above the percolation threshold, the percolation prob-
ability PswEd (i.e., the ratio of the number of bonds in the
percolation path to the total number) increases with the field
(or wE), acting as a scaling factor.15,16 Thus the number of
carriers in the percolation path and the current increase rap-
idly with the field. Moreover, the increase inPswEd also
leads to an increase in electron free mean path. WhenwE just
reaches the thresholdwEc

, only a small number of sites are

included in the percolation path, and carrier movement in the
percolation path is dominated by the large number of singly
connected sites. This restricts the mean free path, because of
the scattering effects of the traps surrounding the percolation
path. However, when the percolation probabilityPswEd be-
comes large at higher field, there are more multiply con-
nected sites and less peripheral sites giving an increase in
mean free path. When the carrier free mean path becomes
large enough irreversible breakdown may be induced by cur-
rent multiplication or impact ionization.

Although the breakdown strength is larger than the criti-
cal fieldsEcd for the extended state, we suppose that it cannot
be more than several times ofEc. In polymers, the traps are
mainly distributed in a range of 0.6–1.2 eV.17–19 The effect
of deeper traps up to 2 eV or even larger may be neglected
due to their low density. Shallow traps(or localized states)
below 0.5 eV will be present but are difficult to detect
though they may be of a high density. If we assume that it is
the deeper traps that determine the carrier mobility, and
hence that traps in the range of 0.6–1.2 eV play the impor-
tant role in determining the breakdown strength, the critical
field for extended state formation can be estimated to be
2.13108 V/m [referring to Eq.(4)]. This value coincides
with the actual breakdown strength of polymers.

If the trap density is high, the trap distance becomes
small, and the interaction between the barrier potentials can-
not be neglected. Considering the interactions between the
barrier potentials of two Poole–Frenkel-type traps, the corre-
lation between the trap density and the critical field for bar-
rier elimination is shown in Fig. 3. It can be deduced that the
critical field for percolation threshold decreases with the in-
crease of trap density.

Although we have concentrated on donor traps a similar
argument would apply to acceptor(neutral when empty)
traps. In this caseDw would have a different functional de-
pendence uponE and the numerical values for percolation
threshold would be different to those given above, but not by
more than a small multiplicative factor. It is not clear
whether or not a high acceptor density will increase the prob-
ability of percolation path formation since this will depend
upon the details of the local potential surface. When both
donor and acceptor traps co-exist however, an increase in the
density of either will promote percolation path formation.

It has been frequently observed that the breakdown
strength of co-polymers at first increased with the co-
monomer content and then decreased at higher

FIG. 1. A sketch for a three-dimensional cubic network.

FIG. 2. Variation of the fraction of percolation samples withFE.

FIG. 3. Relationship between trap density and the critical field for barrier
elimination.
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concentration.20,21 The same behavior was found with addi-
tive concentration.22 The increase of breakdown strength was
explained in terms of the scattering or trapping effect of the
co-monomers or additives, which prevented electron
acceleration.21,22 However, the decrease of breakdown
strength at high concentrations is not yet understood. Our
percolation model can provide a simple explanation for this
kind of phenomena. Co-monomers or additives can introduce
new traps with higher barriers, which can be expected to lead
to a higher critical field for percolation path formation and
thus an increase in breakdown strength. However, when the
density of the co-monomers or additives becomes high
enough, the interaction between trap barrier potentials causes
the reduction of the breakdown strength. It was reported that
the maximum breakdown strength was achieved when the
content of the co-monomers or additives was at 0.1 mol %,
0.2–0.3 wt % and 1.5–6 wt %, respectively.20–22 These cor-
respond to an estimated range of 1024–1026 m−3 for the mol-
ecule density of co-monomers or additives. This range agrees
with Fig. 3, which indicates that the critical fieldEc begins to
decrease rapidly when the trap density becomes larger than
1024–1025 m−3. The different contents of co-monomers or
additives at the breakdown strength peak may be due to dif-
ferent barriers for the traps that are introduced into the poly-
mers.

The enhancement of percolation path formation by the
increase in trap density in polymers is similar to the
insulator–metal transition in phosphorus-doped silicon when
the donor density is increased to a threshold.23 This transition
is explained as the formation of a percolation path due to the
overlapping of donor wave functions,16 and can be achieved
without an electric field because the Bohr radii of the donor
wave function can be much larger than the crystal constant in
semiconductors. In polymers, the intrinsic disorder in mol-
ecule structure produces intrinsic localized states(or traps)
regardless of the content of co-monomers or additives.
Therefore, a high electrical field is necessary to reduce the
barrier of the intrinsic traps and form the percolation path.
This is also different from the percolation-path formation in
the case when conducting particles(e.g., carbon black, etc.)
are added to polymers. Moreover, practically, unlike Fig. 3,
the critical field in copolymers cannot be reduced to zero
even when the content of co-monomers is very high.

Figure 3 can be also used to qualitatively describe the
ageing effect. In electrical ageing, molecular dissociation,
bond scission, or lattice deformation is assumed to occur as
the result of a variety of processes,2,8,9 all of which can lead
to an increase in trap density. In particular molecular disso-
ciation or bond scission may lead to the creation of ions and
free radicals, i.e., donor traps. Referring to Fig. 3, final
breakdown can be induced when the trap density becomes
high enough. This agrees with the assumption that break-
down occurs when the density of free radicals reaches a cer-
tain value.24 Our model implies that the threshold trap den-

sity for percolation path formation should be different at
different electrical fields.

The percolation model can also easily explain the fact
that breakdown paths tend to pass through weak points(such
as cavities and other impurities). In the case of cavities(or
nano-holes), the large electron free mean path in these re-
gions may lead to impact ionization and carrier multiplica-
tion, so the current passing through these regions in the pre-
breakdown process tends to be higher. Thus the final
breakdown is likely to go through these regions. In the case
of impurities that can cause field distortion and local field
enhancement, the barriers of surrounding traps may be re-
duced to zero in advance of the final breakdown due to the
high local field. Therefore, the percolation path also tends to
pass through these regions. The existence of weak points
therefore favors the final breakdown process with their in-
volvement depending statistically upon their density.
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