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Percolation model for electrical breakdown in insulating polymers
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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 Physid®Ol: 10.1063/1.1819526

The mechanism of intrinsic breakdown associated withare not concerned with the physics behind the transition of
the transition of electron behavior at high electrical field inthe electron state in the breakdown process. This letter pro-
insulating polymers is still not clearly understood. Their con-poses a percolation model for intrinsic breakdown, which not
duction band is near or above the vacuum level, a large ersnly provides estimated breakdown strengths close to the
ergy gap(~8 eV) exists between the valence and the con-actual value, but also describes the ageing effect on break-
duction bandg,and the mean free path is less than 37im. down strength.

These factors cause the breakdown strength calculated from Because the band gap is so lafge8 eV) in insulating

the classical models for electron driven breakdown to bedolymers very few charge carriers are produced by thermal
above 16 V/rn,2 much |arger than experimenta] values of promotion from the valence band to the conduction band.
the order of 18 V/m. It is usually argued that this reduction Instead the conductivity is mainly due to charges produced
is related to weak points, such as free volume, submicroby ionized donoi(acceptoy molecules and injected charges,
voids, and low-density regions. In the model of free-volumeWhich hop between localized states traps.

breakdowfi® it is noted that the largest empty spaces in  lonized donorgacceptors produce traps of the Poole—
polymers may be as large as several decades of nanonr‘neteﬂé,re”ke' type in which the bgrner potentlal energy funptlon is
the longest free path of electron can therefore be |arg@ssumed to bg of Qoulomb|cform foI.IOW|ngaS|mpIe inverse
enough for electrons to overcome the trap barrier or to inSduare law with distance from the S|te.14ln the presence of a
duce impact ionization. However, this model seems only abl&i€!d E, the trap barrier is reduced hye.

to describe the development of degradation around the large

free volume regions, it is unsatisfactory to explain the overall ~ Ae = (€%/me)E"?, (1)
current multiplicatiqn in an intrinsic bre_akdO\_Nn process. Anheres is the dielectric permittivity.

contrary example is partial d|schargg in which breakdown Equation(1) implies that a trap barrier may decrease to
may not occur at all even though the internal gas cavity Nagero when the field becomes high enough. In polymers, the
been discharged. _ o traps are distributed over a range of trap depths, with conse-

In respect of electrical aging it has been suggested thajuently a range of fields required to eliminate them as traps.
the creation of low-density regions near the electrodes atjearly, if the field is so high thaall barriers are reduced to
high fields is a necessary step leading to breakdbWfihe  zero, extended states will be formed and the charge carriers
formation of such regions is associated with molecular diS'Can move free|y over all space. This will result in an abrupt
sociation due to the energy released in the trapping processcrease in charge mobility and electron mean free path, and
of hot electrons, in kinetic energy transfer during space- an irreversible breakdown via current multiplication and im-
charge injection and extraction procesies, lattice defor-  pact ionization becomes possible. This is the condition for
mation on charge trappirigHowever, these aging models do breakdown in one-dimensional systems. However, in two or
not seem suitable for instantaneous impulse breakdown wheiree dimensions, according to percolation thédry,an in-
low-density regions have no time to form. It is also still not finite percolation path(i.e., the extended stgtemay be
very clear how the molecular dissociation affects the electrofiormed when the barriers of only a fraction of the traps dis-
behavior and the breakdown strength. Other models, such asppear.
the filamentary theorié&™ for the creation of a breakdown We have represented the polymer by a three-dimensional
path and the simulation modéts™ for the shape of break- cubic network(Fig. 1), in which each site stands for a trap
down paths, use the breakdown strength as a parameter. Theyth its barrier uniformly distributed in a range from

0 to 1 eV. Each site has 26 neighbor sites and thus 26
¥Also at: Central Research Institute of Electric Power Industry, 2-6-1 Na—bonds ConneCte,d to It. Wh‘?” the fle,ld is zero, all the bond;
gasaka,  Yokosuka  240-0196,  Japan;  electronic  mail:@'€ nonconductive. Assuming the distance between traps is
wukai@criepi.denken.or.jp large enough that the interactions between the Coulombic
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FIG. 3. Relationship between trap density and the critical field for barrier
B elimination.

FIG. 1. A sketch for a three-dimensional cubic network. ) ) ) ] )
included in the percolation path, and carrier movement in the

site potentials can be neglected, the b@&l from site A to percolation path s c.jomina_ted by the large number of singly
site B becomes conductive whe,n the following condition is connected sites. This restricts the mean free path, because of

satisfied: the scattering effects of the traps surrounding the percolation
' path. However, when the percolation probabilRyeg) be-
E cos6 > Trs<pf\/e3, (2) comes large at higher field, there are more multiply con-

nected sites and less peripheral sites giving an increase in

, S mean free path. When the carrier free mean path becomes
the :‘|eld E.apd.tthe bct)nd dtlgectlondve?cBAb q large enough irreversible breakdown may be induced by cur-
tof hanin IPI '(ta Sys edm,t' € con uctlpl/e on T i:.an conr?ec}ent multiplication or impact ionization.
Oh orrr:hanf_lnkljnl_ et::_or;] uc |vehpa§11.e., the E/Ierc;) aclonl pa)_ Although the breakdown strength is larger than the criti-
when the Tield 1S high enough. By using Monte Lario simu-.,, field (E;) for the extended state, we suppose that it cannot
lation, the fraction of the samples with percolation paths cal .

; . e more than several times Bf. In polymers, the traps are

be calculated as a function of a field-dependent parameter

. . . . 19
¢, Which is the largest barrier that can be reduced to zero bg}alnly distributed in a range of 0.6-1.2 éV:°The effect

where g, is the barrier at site A, and is the angle between

the field E deeper traps up to 2 eV or even larger may be neglected
' due to their low density. Shallow trager localized statgs
og = (e%e)YPEY?. (3) below 0.5eV will be present but are difficult to detect

. Lo ) , though they may be of a high density. If we assume that it is
Figure 2 indicates that a percolation thresheld does exist  {he deeper traps that determine the carrier mobility, and

with an estimated value afe ~0.188. o ~ hence that traps in the range of 0.6—1.2 eV play the impor-

Generally, if the trap barrier is uniformly distributed in a tant role in determining the breakdown strength, the critical

range offa,b], the percolation threshold should be field for extended state formation can be estimated to be
_ _ 2.1x 10 V/m [referring to Eq.(4)]. This value coincides

PE. T 0.188b-a) +a. ) with the actual breakdown strength of polymers.

Above the percolation threshold, the percolation prob-  If the trap density is high, the trap distance becomes
ability P(¢g) (i.e., the ratio of the number of bonds in the Small, and the interaction between the barrier potentials can-
percolation path to the total numbeéncreases with the field Not be neglected. Considering the interactions between the
(or ¢g), acting as a scaling factdt*® Thus the number of barrier potentials of two Poole-Frenkel-type traps, the corre-
carriers in the percolation path and the current increase rapation between the trap density and the critical field for bar-
leads to an increase in electron free mean path. Wheost  critical field for percolation threshold decreases with the in-
reaches the thresholg , only a small number of sites are Crease of trap density. .

¢ Although we have concentrated on donor traps a similar

100 . argument would apply to acceptgneutral when empty
£_. /"7 traps. In this casé ¢ would have a different functional de-
iﬁ 80 pendence upoit and the numerical values for percolation
s g 60 / / threshold would be different to those given above, but not by
Ec / / more than a small multiplicative factor. It is not clear
n 5 . . . [
5 40 . Network size: - whether or not a high acceptor density will increase the prob-
5 g 0 / j —-200x200x200 | ability of percqlation path formation _since this will depend
©e _._y/ Ay/ ——100<100x100 upon the details of the local potential surface. When both
IC 0 +3b PUNON , , donor and acceptor traps co-exist however, an increase in the
0.16 0.17 0.18 0.19 0.2 density of either will promote percolation path formation.
P: (V) It has been frequently ot_)ser\(ed that the. breakdown
strength of co-polymers at first increased with the co-
FIG. 2. Variation of the fraction of percolation samples wdbh. monomer content and then decreased at higher
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concentratiorf>?! The same behavior was found with addi- sity for percolation path formation should be different at
tive concentratiofi” The increase of breakdown strength wasdifferent electrical fields.

explained in terms of the scattering or trapping effect of the  The percolation model can also easily explain the fact
co-monomers or additives, which prevented electrorthat breakdown paths tend to pass through weak p¢suish
acceleratiof? However, the decrease of breakdown as cavities and other impuritiesn the case of cavitiegor
strength at high concentrations is not yet understood. Oufiano-holey the large electron free mean path in these re-
percolation model can provide a simple explanation for thisgions may lead to impact ionization and carrier multiplica-
kind of phenomena. Co-monomers or additives can intrOdUCﬁon, so the current passing through these regions in the pre-
new traps with higher barriers, which can be expected to leagreakdown process tends to be higher. Thus the final
to a higher critical field for percolation path formation and preakdown is likely to go through these regions. In the case
thus an increase in breakdown strength. However, when thgf impurities that can cause field distortion and local field
density of the co-monomers or additives becomes highsnhancement, the barriers of surrounding traps may be re-
enough, the interaction between trap barrier potentials causgg,ced to zero in advance of the final breakdown due to the
the reduction of the breakdown strength. It was reported thatig |ocal field. Therefore, the percolation path also tends to
the maximum breakdown strength was achieved when thgass through these regions. The existence of weak points
content of the co-monomers or additives was at 0.1 mol %yherefore favors the final breakdown process with their in-

- o220
0.2-0.3 wt% and 1.5-6 wt %, respec%vé‘?_;gz These cor- 5 \vement depending statistically upon their density.
respond to an estimated range of4010?® m™3 for the mol-

ecule density of co-monomers or additives. This range agrees This work was supported by EPSRC Grant No. GR/
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