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A model based on space charge dynamics under high dc electric field has been proposed to

explain commonly observed thickness dependent breakdown of polymeric material. The

formation and dynamics of space charge will result in local electric field enhancement that has

a direct impact on dielectric breakdown. The simulation results show that the breakdown

depends on the sample thickness with a power index of 0.143, indicating the space charge and

its dynamics are responsible for thickness dependent breakdown. The model also predicts the

effect of voltage ramping rate on the electrical breakdown strength. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4721809]

High electric field breakdown and ageing failure of insu-

lating materials have been important phenomena in both

electronic and electrical industries. Much effort has been

spent to understand the breakdown processes as they are not

only scientifically challenging but also practically important.

Several different mechanisms have been proposed including

electronic, avalanche, electromechanical, thermal break-

downs, and partial discharges.1 One of the important obser-

vations during breakdown studies is that the electrical

breakdown strength of solid dielectrics has been found to

decrease with the increase in sample thickness. An inverse

power law is generally reported2

EðdÞ ¼ kd�n; (1)

where E is the applied electric field at breakdown and k and

n are two constants that are associated with the testing

material.

The relationship described in the above equation is

purely empirical and obtained from many electrical break-

down experiments of different dielectrics under ac, dc, and

impulse conditions. Various attempts have been made to

understand why such a relationship exists. Early work

reviewed by Forlani and Minnaja3 revealed that for inorganic

materials such as NaCl single crystal, the power index n
changes from 0.5 for thinner thickness to 0.25 for thicker

thickness. While for polycrystalline materials such as Al2O3

and SiO2, n varies in the opposite way with sample thick-

ness. Different mechanisms were proposed to explain the

change in power index. It is generally acknowledged that the

breakdown event may be controlled by defects presented in

the material. The characteristics of breakdown should be

described by the Weilbull statistics. The most common ex-

planation is to extend the applicability of the Weibull statis-

tics by including volume effect.4 The number of defects in

the material increases with the volume. By fixing the testing

area, it is reasonable to expect an inverse power relationship

between the electrical breakdown strength and sample thick-

ness. Following the same argument, it can also be derived

that a similar relationship is true for the electrical breakdown

strength and testing area with the same power index when

the sample thickness is fixed. However, there are clear exper-

imental evidences showing the power index is very differ-

ent,5,6 indicating invalidity of the argument.

Review by Boggs7 on the issue of space charge in poly-

meric dielectrics has shown that the power index in Eq. (1)

should be 0.5 following consideration of energy criteria

upon breakdown. The role of space charge in electric per-

formance was considered but not as a dominant factor. It has

been pointed out that the other factors such as material man-

ufacturing processes may influence the value of n. On the

other hand, when considering the thickness dependent

dielectric breakdown of silicon dioxide that is widely used as

insulation in IC devices, Zhou et al.8 have realized the im-

portance of charge dynamics in the process of breakdown

and proposed a dynamic electron trapping-detrapping pro-

cess in the material under the application of an electric field.

It has been proposed that the conductive path (breakdown)

occurs when a critical electron trap density is reached. This

can only happen when the trapping rate exceeds the detrap-

ping rate. The model also predicts a threshold thickness

below which no breakdown should take place because the

electron detrapping rate is greater than the trapping rate.

Unfortunately, there is no strong experimental evidence to

support the existence of the threshold thickness. Addition-

ally, it is not clear why trapping and detrapping rates change

with the sample thickness.

Percolation theory has been proposed to dielectric

breakdown.9 Recently, Wu et al.10 have proposed a percola-

tion model to describe electric breakdown and ageing in

polymers as containing a 3D lattice of electron trap sites. A

range of barriers dependent of electric fields were set to sim-

ulate electron transfer. In the higher electric field, the sites

are connected to form clusters due to the reduction in poten-

tial barrier. Further increases in electric field may lead to per-

colation of the clusters causing breakdown. Recently, they

have used the field-assisted proposed percolation model to

simulate statistical behavior of electrical breakdown in insu-

lating polymers and the effect of area on breakdown strength

has been studied. The thickness effect has not been

addressed.

It is clear from the literature review that thickness de-

pendent dielectric breakdown is a common phenomenon but

the detailed mechanisms are poorly understood. All the
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proposed models lack creditable experimental support and

are therefore difficult to relate to physical processes taking

place in the material under higher electric fields. In the con-

sideration of reliable operation of electronic devices and

high voltage apparatus, it is extremely important to under-

stand the underlying physical processes under high electric

fields.

The electrical breakdown in solid dielectric materials is

directly related to charge injection and space charge dynam-

ics. It has been shown11 when a steady dc voltage is applied

to the fixed sample, thickness charge injection takes place

and positive charge packet forms and it moves towards the

cathode but stops at a certain position when the applied dc

field is higher. The final positive charge packet position

towards the cathode increases with the applied field.

Recently, it has been experimentally demonstrated12 that the

positive charge mobility decreases with the applied electric

field in the high field region. Considering the characteristics

of positive charge mobility, we have modeled the positive

charge packet formation and dynamics in polymeric material

based on the bipolar charge injection model. Additionally,

the experimental results from polyethylene under constant dc

voltages have shown the charge injection and charge

packet.11 It is interesting to notice that the breakdown occurs

when the local electric field reaches a constant value of

550 kV/mm. This strongly suggests that the material has an

“intrinsic breakdown strength” at which the breakdown

occurs. It also suggests that space charge plays an important

role in breakdown event as its presence determines the local

electric field.

Based on these strong experimental evidences, we pro-

pose the following electric breakdown model. The break-

down under dc condition is governed by space charge

injected from the electrodes and injected charges are respon-

sible for electric field enhancement in the bulk. Once the

local field reaches the intrinsic breakdown strength of the

material, the electrical breakdown occurs. The bipolar charge

injection model widely used for space charge simulation and

high field phenomena13 is equally applicable here.

Charge transportation in dielectrics is essentially gov-

erned by a set of basic equations. They describe the behav-

iour of charge carriers in the system through a time and

space dependent total flux j(x,t) by neglecting diffusion:

Transport equation

jCðx; tÞ ¼ lnðx; tÞEðx; tÞ: (2)

Continuity equation

@nðx; tÞ
@t

þ @jðx; tÞ
@x

¼ s: (3)

Poisson’s equation

@Eðx; tÞ
@x

¼ qðx; tÞ
e

; (4)

where l is the mobility of carriers, n the density of mobile

species, E the electric field, j the current density, x the spatial

coordinate, t the time, s the source term, e the dielectric per-

mittivity, and q the net charge density.

In this bipolar charge model charge carriers are injected

from the electrodes, electrons from the cathode, and holes

from the anode. Injection occurs based on the Schottky
mechanism whereby overcoming a potential barrier at the

interfaces. After penetrating into the material, the carriers,

under the influence of the applied field, will drift across the

material characterized by an effective mobility. Throughout

its motions, some carriers are trapped in the localized states,

i.e., deep trap centres and therefore, the total amount of

charges moving across reduces. However, no extraction bar-

rier is introduced in the model. On the other hand, positive

and negative charges are prone to recombine with their oppo-

site species (electrons with holes).

In our initial attempt, the parameters from our previous

simulation of bipolar charge model14 were adopted. The mo-

bility for holes at a higher electric field has been extended

using curve fitting. The material used in the simulation is

low density polyethylene with a thickness range from 25 to

250 lm. Based on the existing experimental results from the

literature,11 the intrinsic breakdown strength for polyethyl-

ene is set to be 550 kV/mm, i.e., when the internal local field

in the material reaches 550 kV/mm, the simulation stops.

Then the applied electric field is obtained based on the

applied voltage for a particular sample thickness.

Figure 1 shows simulation results for different sample

thicknesses when the dc voltage rise rate is 300 V/s. The

same bipolar charge model widely employed to simulate dy-

namics of charge packet15 was used in the present simulation

with a field dependent velocity showing in Figure 2 being

used. The velocity curve has been extended to much higher

field region based on the results from literature.9 The nega-

tive differential mobility (Gunn effect) is a well known phe-

nomenon in semiconductors. However, for polymeric

material such as polyethylene the microstructure and its

associated energy diagram are very different. Lewis et al.16

have proposed a different mechanism based on a tunneling

concept of holes between molecular chains for negative dif-

ferential mobility. The negative differential mobility in poly-

ethylene has been observed by us.12 The values for other

parameters in the model have been kept the same as that in

the previous simulation.

FIG. 1. Breakdown strength versus sample thickness in polyethylene,

clearly indicating the measured breakdown strength decreases with sample

thickness.
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It is obvious that the breakdown strength decreases with

sample thickness. The decreasing rate of electric breakdown

field reduces with the sample thickness. Considering gener-

ally observed inverse power law the data in Figure 1 has

been re-plotted with a logarithmic scale as shown in Figure 3.

It becomes clear that a liner relationship between the electric

breakdown field (applied) and the sample thickness can be

obtained with the power index n¼ 0.143.

It has been noticed that the linear relationship holds for

the other rise rates but the breakdown field changes. Figure 4

shows the effect of a voltage rise rate from 100 V/s to 400 V/

s on the electric breakdown field for 100 lm thick polyethyl-

ene sample. It is evident that the breakdown field increases

with the voltage rise rate. A similar trend for the electric

breakdown strength has been observed experimentally, fur-

ther validating the present model.

The proposed model also allows one to view charge dy-

namics and electric field evolution prior to the breakdown

and electric field distribution. Figures 5 and 6 show charge

distribution and electric field distribution at various times

during the voltage raise stage with the last one showing the

local electric field reaches a set value of 550 kV/mm. The

simulation results are obtained from 100 lm thick sample

and the voltage rise rate is 300 V/s.

From Figure 5, it can be seen that a positive charge

packet has been developed during voltage rise stage and its

magnitude increases with time and its position moves

towards the cathode with time. Negative charges are more

spread due to a high charge velocity used in the model. It has

been noticed that the charge dynamics are different from that

under steady dc voltage where the charge packet is further

into the bulk. This is related to the fact that a rise voltage is

simulated to mimic the dc breakdown test. It has been

noticed that when the voltage rise rate is low the positive

charge packet moves deep into the bulk at the time when the

breakdown occurs.

As the electric field inside the sample is determined by

the applied electric field and the contribution from space

charge, therefore, the electric field distribution shown in

Figure 6 is expected. At the beginning, the applied voltage is

very low and there is no charge injection. Consequently, the

electric field is purely determined by the applied voltage,

FIG. 2. Positive charge velocity versus the electric field used in the simula-

tion. The first part of velocity up to 100 kV/mm is based on our own meas-

urements12 and the velocity in high field region was obtained from Ref. 11.

FIG. 3. Logarithmic representation of the simulated data in Figure 1 show-

ing a linear relationship. The power index n¼ 0.143 is obtained from the

slope of the line.

FIG. 4. Influence of voltage rise rate on the electric breakdown strength,

indicating the voltage ramping rate affects the measured breakdown

strength.

FIG. 5. Space charge dynamics across the bulk of the sample showing posi-

tive charge front moves slowly into the bulk of the sample during voltage

rise stage.
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resulting in a uniform distribution. However, at a later time

the applied electric field is high enough and charge injection

takes place; the contribution from space charge becomes

increasingly important. The maximum electric field increases

with the applied voltage (time) and moves from the anode

towards the cathode. The maximum electric field always

occurs in the bulk of the sample; this suggests that the break-

down under dc condition is initiated from the bulk.

The thickness dependent breakdown of material under

dc condition has been simulated based on the space charge

model. Several important aspects observed during experi-

mental breakdown tests have been simulated, indicating the

above model is appropriate. The range of breakdown

obtained from the simulation is very reasonable compared

with the experimental data.

The thickness dependent electric breakdown strength

occurs for ac, dc, and impulse voltages. The power index n

obtained from our simulation is on the lower side of reported

value. This is to say that the simulated thickness dependent

electric breakdown strength is not as strong as those

observed experimentally. Recent report17 on impulse break-

down of poly(methyl methacrylate) (PMMA) shows an even

lower power index (n 5 0.125) which is similar to the value

for several other polymers such as polypropylene (PP), poly-

ethylene (PE), and polytetrafluoroethylene (PTFE). Cur-

rently, there is limited dc breakdown data for polymeric

materials while ac breakdown dependence is much more

abundant. There may be different reasons but of one of them

could be due to the selection of parameters in the model.

Although the values for majority parameters are consistent

with those appeared in many published work, it is very diffi-

cult to justify their selections such as electron mobility, trap-

ping coefficient and recombination coefficient etc. On the

other hand if the material is more homogeneous, i.e., less

defects, a lower power index is expected.

The model does not consider the effect of surface. It has

been mentioned that the surface will play important role

when the thickness of sample gets thinner.3 In this case, the

effect of space charge on breakdown strength of the thinner

material can be overtaken by surface defects, leading to a

different relationship with sample thickness.

Breakdown scattering observed in experiment is not

mimicked in the simulation. This is because the material in

the simulation is considered as homogeneous, therefore,

charge formation and dynamics are governed by a unique set

of equations, leading to a unique result. In practice there

may be various defects in the material, which will affect the

charge movement and dynamics, hence causing scattering in

the final breakdown result. It has been experimentally dem-

onstrated in 2D space charge measurement18 that space

charge is different at the cross section. The inhomogeneity

is, therefore, the cause for breakdown scattering in a

material.

In summary, a model for thickness dependent electric

breakdown under dc conditions has been proposed. The

model is based on strong experimental evidence of bipolar

charge injection and the formation of charge packet under

higher electric fields. From the simulation it is clear that the

thickness dependent dielectric breakdown is the result of

charge dynamics in the material. In addition, the model also

shows correctly the relationship between the dielectric

breakdown strength and dc voltage rise rate.

This is our initial attempt and the simulation based on

generally accepted parameters of the bipolar charge model

has shown a promising result. We are working on the charge

measurements during voltage rise stage and the results will

provide us more evidence about charge dynamics during

voltage rise stage up to pre-breakdown.
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